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SUMMARY

Pulsed high current, high pressure, SFg arcs, 100 mm long, burn
ing between Cu/W electrodes in an axial supersonic Mach 1.5 gas flow 
have been investigated. The current range examined was 1 kA to 45 kA,I
the pulses were half sine waves with durations of 6 ms to 12ms, and 
the gas pressures were 0.65 MN m ^ (6.5 bar) upstream (anode) and
0.31 MN m~^ (3.1 bar) downstream (cathode).

Time and space-resolved photoelectric and photographic emission 
spectroscopy was used to determine the arc temperature (by ion/atom 
and atom/atom line intensity ratio techniques), the electron density 
(by quadratic Stark broadening of gas and metal lines) and the metal 
vapour impurity concentration from Saha calculations and relative line 
intensities. L.t.e. assumptions were confirmed for the current range 
1 kA to 20 kA. The arc radius and shape were determined by high speed 
photography. Specific column features, a vapour-rich core consisting 
of thin vapour filaments, were revealed using interference filters 
tuned to characteristic emission lines. Variations in the thermal 
zone surrounding the arc were examined with a laser shadowgraph 
technique.

A convection-loss dominated arc model has been extended and, in 
the middle current range, the arc temperature, radius and voltage dis
tributions have been accurately predicted using equilibrium plasma 
properties and a single independent geometrical parameter - the axial 
pressure distribution. Using a two-zone arc representation it is 
shown that the input heat fraction removed by convection within the 
electrical zone exhibits a maximum (75%) at 10 kA to 15 kA. At low 
currents radial losses to the molecular thermal zone are dominated by 
atomic sulphur and fluorine v.u.v. line radiation. The effective 
transport coefficient is some two orders of magnitude larger than the 
electron diffusion coefficient. At very high currents resonance radi
ation from the metal core escapes completely from the arc and dominates 
the energy balance in this range. Formation of the core is attributed 
to the self-magnetic pinch effect. The excitation temperature 
increases from 20,000 K to 30,000 K upon formation of the core and, 
together with a high (1.3 MN m ^ - 13 bar), spectroscopic pressure 
accounts partly for the high electrical conductivity. Non-equilibrium 
effects are suspected of enhancing this conductivity at very high 
currents.
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CHAPTER 1: INTRODUCTION

High power circuit breakers are required on the national grid 
system to protect expensive electrical apparatus such as generators 
and transformers when short-circuit faults occur. These faults can 
require switchgear to interrupt currents up to 100 kA peak with fast- 
rising recovery voltages as high as 1 MV. Opening the switch 
contacts initiates an arc which burns until a subsequent current zero 
is reached. Following current zero, the arc either reignites or 
decays depending on whether the rate of dielectric recovery of the 
decaying arc channel is slower or faster than the rate of rise of 
recovery voltage applied by the disturbed circuit. The rate of chan
nel recovery exhibited by the free-burning arc is insufficient to 
interrupt the above power levels and the arc losses have to be
artificially enhanced by surrounding the arc with a cold axial gas
flow. The usual arrangement is to interpose a nozzle between the 
upstream and downstream electrodes so that both the arc and the cold 
gas are concentric with the nozzle. For a gas pressure ratio across 
the nozzle of about 2:1 the gas flow in the nozzle throat is sonic 
and, compared with the free burning geometry, a considerable 
enhancement of the arc interrupting ability results.

To avoid the generation of large transient overvoltages, it is 
essential that the switch should not perturb the current waveform 
other than at a natural current zero. A further requirement is that 
the power dissipated in the switch, during interruption, should not 
be excessive. These constraints mean that the arc must maintain a 
high electrical conductivity during fault current conduction but that 
the conductivity must decay rapidly at current zero in order to effect 
recovery. Thus the arc temperature must vary over many thousands of 
degrees during the course of a single 10 ms current pulse. In an
attempt to throw more light on these phenomena, the present investiga
tion is concerned with the physical processes taking place in the 
axial gas-blasted arc as the current decays from a high value.

In the past, gas blast circuit breakers have largely been designed 
by empirical means. Independent parameters such as the arc length, 
the nozzle area and the gas pressure have been chosen to enable the 
interrupter to clear a particular fault duty. Recently, attempts have 
been made to correlate current zero performance of commercial units
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with Mayr and Cassie a r c  r/\o de (L.S. Frost, Westinghouse, private 
communication) and to use the derived equations to predict the 
switch performance in different electrical environments. At high 
currents the enthalpy flow arc model of Frost & Liebermann (1971) 
and the extension of this model to nozzle energy clogging (Pratl,
1970; Perkins & Frost, 1972a) has had some success in describing 
the arc radius and voltage observed in particular interrupter 
geometries operated under specific conditions (Airey, 1972a; Murano 
et al., 1974). However, no unified model exists at present to 
describe the arc behaviour at high current, at current zero, and 
during the recovery phase. In the present work the fundamental 
arc parameters have been measured during current decay and may 
provide an experimental link for arc theory in the first two 
current regimes.

Whilst the Current zero region has previously received much 
attention the quasi d.c. regions at around current peak have not 
been the subject of detailed fundamental investigations. Since 
these plasma conditions may be visualised as determining the plasma 
state at current zero, and subsequent current cessation or continued 
current flow, an investigation of the high current a.c. arc is clearly 
worthwhile. As an example of the difficult measurement conditions to 
be found in an interrupter operating at high current. Figure 1.1 is a 
time integrated photograph of the twin efflux nozzle regions of a 
commercial 132 kV, 3.5 GVA air blast unit. For this photograph the 
upstream pressure was 2.0 MN m"*̂  (20 bar), the peak current 45 kA and 
the complete arcing sequence lasted for only 6 ms. Similar time 
resolved photographs at current peak and at current zero, and subse
quent electrode geometry modifications, enabled a considerable 
increase to be achieved in the maximum current rating for this ' 
interrupter. Thus, detailed measurements of arc behaviour may con
tribute not only to the general understanding of high temperature 
plasma physics but also be directly profitable in engineering terms.

Over the past decade circuit breaker manufacturers have recognised 
the improved dielectric strength (about 2.5 times) and arc interrup
tion ability of sulphur hexafluoride (SF^) over air or nitrogen (N^). 
These improvements are due mainly to the large electron attachment 
coefficient of the SF^ molecule: thus the probability of an electron
accelerated in an electric field causing ionisation and breakdown by 
fast collisions is much reduced. As an example of the degree of
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enhancement to be expected from SF^, the results of. Airey & Abbott 
(1974) are reproduced in Figure 1.2. This Figure shows the voltage 
stress which an interrupter will withstand without breakdown for 
various times immediately following current zero. The gas pressure 
conditions and arc geometry were made identical for the two test 
gases (SF^ and N2 ) but several different di/dt values were used to 
obtain each measured point. The different values used bias the 
results against SF^ but the recovery characteristics of the two gases 
are still very different: whereas N2 recovers slowly, SF^, following
a delay of about 3 ys, recovers extremely rapidly. For times less 
than 3 ys there is only a difference factor of about 2 in the recovery 
rates and this suggests that the channel temperature is sufficiently 
high for the electro-negative property of SF^ to have little effect 
during this period. The conclusions of this work, which are in broad 
agreement with the results of Lingal et al. (1953), Perkins & Frost 
(1972b) and Frind & Rich (1974), are that by using SF^ as the 
insulating and arc interruption medium major benefits can be obtained 
in terms of overall switch dimensions and driving energy requirements 
(i.e. reduced operating pressures). SF^ has therefore been used for 
almost all the experiments carried out here. The few results obtained 
in air or N2 are used either to highlight differences in the gas 
properties or to draw parallel conclusions.

A great deal of fundamental experimental research has been reported 
using low current free-burning or wall-stabilised arcs. Such para
meters as the arc temperature and the electric field distribution have 
been measured for both monatomic and polyatomic gases. From these 
measurements the electrical and thermal conductivity functions have 
been determined and used to solve the energy balance equation. For high 
current arcs burning in an axial gas flow, the measurements are usually 
limited to the V/I characteristic and the visible arc dimensions (e.g. 
Lidgate, 1973). Edels (1973) and Reider (1976) have reviewed the 
existing data for high current arcs in conventional gases. For SF^ 
very little published data exist for realistic current levels in 
representative environments. The aim of the present work has been 
firstly to obtain the arc dimensions and V/I characteristics for a.c. 
currents up to 45 kA peak and secondly, but possibly more importantly, 
to measure the radial temperature profile, impurity and electron den
sity variations with instantaneous current using emission spectro
scopy. Unlike the low current wall-stabilised arc, no single energy loss



mechanism (such as radial conduction) dominates the high current arc 
energy balance^ Since convection, conduction and radiation losses can, 
in principle, be related, through equilibrium calculations, to the 
temperature profile, the acquisition of this parameter is a major aid 
to the quantitative solution of the energy balance equation. Moreover, 
systematic variations in the temperature profile can be related to 
radial loss processes such as ionisational conductivity and radiation 
associated with the occurrence of specific plasma species. The 
importance of this latter process has not previously been realised or 
quantified for the SF^ arc. Furthermore, by making the justifiable 
assumption that current flow is confined to the visible arc radius, 
the electrical conductivity can be deduced and compared with 
theoretical predictions.

The purpose of the electron density measurements has been mainly 
to justify the use of the local thermodynamic equilibrium (l.t.e.) 
plasma model and of equilibrium calculations in this work. At very 
high currents the combination of this parameter with radially averaged 
arc temperature measurements has yielded a physical explanation for 
electrical conductivity enhancement deduced from the arc voltage and 
radius measurements. Having established the luminous arc radius the 
question arises as to the radial limit of the thermal zone surround
ing the arc. Energy in this zone represents the summation of heat 
transported across the temperature profile and the dimensions of the 
zone are clearly important. This region has been made visible by 
using a time-resolved laser shadowgraph technique and, by formulating 
a convective energy balance, a mean temperature has been assigned to 
the zone.

Previous theoretical treatments of the interrupter arc have 
assumed that the arc is homogeneous and radially symmetric for all 
current levels. The use of high speed photography of radiation 
emitted from specific spectral lines has shown these assumptions to 
be false at very high currents, and that for currents above about 
20 kA a major change occurs in arc behaviour.

As an aid to understanding the arc response to variations of 
independent parameters, such as arc current and gas pressure, 
approximate energy balance equations have been formulated for losses 
dominated by a single mechanism. These equations are derived in a 
similar manner to the more detailed derivations of Topham (197 2) and



Cowley (1974a; 1974b). This simplified technique is particularly 
useful when only limited data are available, such as the total 
voltage/current characteristic and the radius/current variation; the 
dominant loss mechanisms may be assigned to broad current ranges by 
the power law agreement of predicted and observed responses. More 
detailed and accurate assessments are possible when the arc tempera
ture and electric field are known for discrete currents and axial 
positions. This assessment has been carried out where possible and 
has confirmed the simple model predictions. At very high currents 
the balance is complicated by two interlinked effects: (i) the self- 
magnetic pressure of the arc becomes comparable with the set kinetic 
pressure and (ii) strong localised emissions of electrode vapour 
change the usual V/I characteristic and enhance the current density 
above that value predicted by equilibrium theory. In these cases 
the existing theory has been modified and extended in a semi- 
quantitative manner in an attempt to explain the onset of these 
effects.

The subject of this work embraces a number of different 
scientific disciplines and, consequently, the Thesis is rather long. 
To ease the reader's task specific topics not essential to under
standing the investigations have been placed in appendices.
Appendices I to V are mathematical derivations and literature 
reviews. Appendices VI to X arer publications on definable aspects of 
the work which provide a detailed summary of the measurements and 
their interpretation.
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CHAPTER 2: REVIEW OF HIGH CURRENT ARC THEORY

2.1 INTRODUCTION

In this Chapter the fundamental plasma theory which is necessary 
for the understanding of high current arc properties is described.
The detailed discussion of this theory is preceded by an examination 
of the unique features of the present work. These features then 
give the range of specific parameter variations over which theoretical 
considerations are necessary in order to interpret the experimental 
data; it is not possible to review the complete field of arc theory 
here. Experimental observation is limited to macroscopic phenomena 
which are determined by microscopic interactions. Thus, in funda
mental plasma theory the link between these two regimes is very 
important. A discussion of the derivations of these links, and their 
assumptions for individual parameters, forms the major part of this 
review.

2.2 BACKGROUND
The electrical parameter which characterises the high current 

arc, as distinct from the glow discharge, is the low field in the 
column (between I and 10 kV m”^) and the low voltage developed in the 
electrode fall regions (around 10 V). The electric field depends on 
both the instantaneous current (a weak negative or positive function 
at high currents) and the axial position in the column at which the 
field is measured; in the present SF^ arc operated at 10 kA the field 
is about 5 kV m”  ̂ just downstream of the nozzle throat and rises with 
distance towards the upstream electrode. The current density is 
largely independent of the instantaneous current but again increases 
with distance towards the upstream electrode. For the above position 
and current the arc radius is about 10 mm and the current density 
40 MA m“^. Thus the mean electrical conductivity in this region is 
8 X 10^ (Om)"l. The weak negative voltage/current characteristic 
suggests that the conductivity rises slowly with current due to the 
increased power dissipation (increasing arc temperature). The 
product of the electric field and the current density yields a power 
density in this region of 200 kW cm"^, which is a useful parameter 
for assessing the overall importance of the various energy loss 
mechanisms. The total power dissipated at 10 kA peak is 5 MW for an
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arc voltage of 500 V developed in the present arc length of 100 mm.
Thus to ensure that these high power levels do not have an overriding 
effect on recovery following current zero, we require heat loss 
mechanisms which can disperse the hot plasma from the space between 
the inter-electrode gap in times of less than 1 ms. Supersonic gas 
flow both in and around the arc can achieve this aim.

Surprisingly, the effect of introducing a strong axial gas blast 
is to increase the arc temperature. This is because the cold gas 
flow enhances the losses and constricts the arc so that the electric 
field has to increase to maintain an energy balance: consequently
an increased power dissipation and arc temperature results. This 
reduction of the arc radius is very important at current zero. The 
conductivity decay time constant, a function of the rate of heat 
diffusion across a radius, is reduced for small arcs and leads to 
rapid channel recovery.

Forced axial convection is an important energy loss process at 
high current: for a gas pressure of 0.2 MN m  ̂ (2 bar) and a plasma
flow Mach number of unity, the enthalpy flux is about 0.8 MW cm~^ for 
an arc temperature of 20,000 K. The heat flow through a disk section 
of arc channel at a given position can be equated to the total heat 
dissipated upstream of that position. The product of the above 
enthalpy flux and the arc cross section of ir cm^ at a current of 10 kA,
2.5 MW, gives an arc voltage upstream of the nozzle throat of 250 V, 
which compares reasonably with measured values. The radial heat flow 
due to thermal conduction can be assessed using measured temperature 
gradients and tabulated values of the conduction coefficient.
However, in this case the predicted heat loss is so small in the above 
arc (only 12 kW for a typical temperature gradient of 2 x 10^ K cm”  ̂
and an upstream arc length of 1 cm) that conduction plays only a small 
role at these current levels. The amount of radiation lost is 
difficult to assess generally because it depends critically upon the 
concentration of heavy impurity atoms and on the optical depth of the 
plasma at specific wavelengths. Again, using tabulated data for pure 
SF^ and the above arc dimensions and temperature, the freely escaping 
radiation is less than 10% of the input power.

The above semi-quantitative discussion gives an overall picture 
of the level of macroscopic parameters in the high current SF^ arc. 
Before proceeding to a discussion of the underlying theory it is worth 
considering the microscopic plasma processes in a similar manner.
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To achieve an electrical conductivity of the order of 
10^ in an SF^ plasma àt a pressure of 0.2 MN m ^ (2 bar),
a plasma temperature of about 20,000 K is required. At this temp
erature the SF^ molecule is fully dissociated and about 90% of the 
gas atoms have lost one electron: almost all the sulphur atoms are
singly ionised as is a significant fraction of the fluorine atoms.
The electron number density is typically 2 x 10^3 m 3 and for charge 
neutrality outside the Debye sphere this number equals the positive 
ion density. For a typical electron/ion mean free path of 10 ^ m, 
the collision frequency is about 10^^ s ^. Since it takes about lo3 
collisions between electrons and ions for the electron and ion temp
eratures to equalise, then most of the plasma particles will achieve 
thermal equilibrium in about 1 ns. These calculations suggest that 
equilibrium theory may be used for these arcs but if the electrons 
are influenced by strong macroscopic fields,  ̂ 10 kV m~^, more 
rigorous tests are required. Similar constraints apply if the bulk 
flow velocity of the plasma approaches the thermal speed of the 
electron, i.e. if the electrons spend insufficient time in a given 
zone to create equilibrium. In the present work the Mach 1 flow 
velocity is about 5 km s~^ and is much less than the mean thermal 
speed of an electron at 20,000 K (900 km s“^). The axial enthalpy 
flux arises from the thermal energy of electrons and the thermal and 
internal excitation and ionisation energies of the heavy particles 
which are swept downstream with the gas flow. Energy is transported 
radially by inter-particle collisions and diffusion (thermal conduct
ivity) and by photons, either by freely escaping radiation or by 
radiation diffusion. Some of this energy is absorbed in the cooler 
thermal zone surrounding the arc and is then convected away axially 
with the gas flow. Thus apart from that radiation which escapes 
completely, all the Joule heating is eventually convected downstream.
In the following sections these processes are discussed in more detail, 
prior to their application to the results in subsequent chapters.

2.3 THE LTE PLASMA MODEL
The satisfactory interpretation of arc measurements in terms of 

calculated thermodynamic properties depends critically on the arc and 
the calculations obeying the same plasma model. If the models 
disagree the measurements can become meaningless. This comment applies 
to the concept of temperature more than to any other plasma variable.
It is only by strong inter-particle coupling, either by collisional or

—  -8-



radiative energy exchange, that equilibrium may be obtained and a 
temperature assigned to the plasma. Complete thermodynamic equili
brium can be realised in a cavity with constant temperature walls. 
Clearly this model does not apply to the arc under investigation here 
in which the temperature drops from tens of thousands of degrees to a 
few hundred degrees over distances of the order of 10 mm. However, 
equilibrium may be obtained in discrete, local zones, if electron 
collisions with heavy particles take place at such a rate that the 
properties of that zone respond instantaneously to a change of plasma 
conditions. Thus, although the plasma density and temperature may 
vary in space and time, the plasma properties at any instant and 
position in space depend entirely on local values of temperature, 
density and chemical composition of the plasma. This model is known 
as the ’local thermodynamic equilibrium’ (l.t.e.) model. The major 
difference between this model and that for complete equilibrium is 
that radiation may or may not play a part in maintaining equilibrium, 
depending on whether the arc is optically thick or thin. (In complete 
equilibrium every process, excitation, ionisation, and radiation, is 
balanced by its inverse i.e. collisional excitation and ionisation by 
collisions of the second kind and radiative emission by absorption.)

2.4 LTE RELATIONS
The purpose of this Section is to detail working relationships 

for equilibrium between the electron energy distribution and the 
individual kinetic and internal energy distributions of the gas atoms 
and ions. Since we are dealing with time dependent plasma conditions, 
both the steady state and the transient expressions are given. For 
brevity we shall include calculations using the derived equations and 
the arc parameters given in Chapters 5 and 6.

2.4.1 Steady State Relationship Between the Electron Temperature
and the Kinetic Gas Temperature
Because of the large mass ratio between electrons and ions 

and/or atoms, only a small fraction of the kinetic energy of the 
electron is transferred at each collision. From considerations of 
energy and momentum conservation, this fraction is proportional to 
Zm^/m, and it will thus take about m/2m^ = 10^ collisions to equalise 
kinetic energy between the electrons and heavy gas particles by 
elastic impacts. Collisions between particles of the same kind (mass) 
result in equilibrium with far fewer collisions, e.g. for a particle
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with zero initial kinetic energy, ten collisions with energetic parti
cles of the same kind would result in the initial particle having 
99.9% of the energy of the incident particles. However, it is the 
electrons which gain most of the energy from the field and which 
dictate the initial and final quasi-equilibrium states.

When the plasma is heated by electrons, the latter continuously 
gain surplus energy from the field and a total transfer of this energy 
to the gas atoms and ions (equilibrium) is never completely realised; 
the electron temperature will always be greater than the gas 
temperature Tg. A stationary state is reached when the temperature 
difference, Tg - Tg, is equal to the energy gain, XeE, from the field, 
E, where X is the mean free path and e the electron charge. 
Lochte-Holtgreven (1968, pl47) has derived the following expression 
for the average elastic collision:

AT/T^ = (T^ - Tg)/T^ = (XeE)^/(3/2kT^)^ m/ (4m^) (2.1)

where k is Boltzmann's constant. This equation shows that the depar
ture from collision-dominated equilibrium varies as the square of the 
mean free path and electric field and as the inverse square of the 
electron temperature. Since X varies predominantly as (kTg)^/N^ for 
electron/ion collisions (equations 2.3 and 2.7), where Ng is the 
electron density, then

(Tg - Tg)/T^ « . (2.2)

For temperatures less than about 14,000 K the electron density 
falls rapidly with temperature (Figure 2.4). A falling temperature is 
also accompanied by a rapid rise in the electric field due to the 
reduced electrical conductivity. In this temperature range we may 
thus expect a rapid increase in the difference between the electron 
and kinetic ion temperatures from relationship (2.2) and possibly a 
large departure from equilibrium.

For a quantitative solution of equation (2.1) the mean free path 
is given by

X = 1/(QN^) (2.3)

where Q is the electron/atom or electrpn/ion collision cross section. 
The former data are given in Appendix VIII and are the results of 
Robinson & Gettman's (1967) work on neutral sulphur and fluorine, and
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the estimated value for the copper atom given by Maeker (1956).
These sulphur and fluorine data are electron speed dependent:

u = (8kT /Trm )^ . (2.4)e e e

For the electron/ion cross section three expressions have previously
been derived:

(i) = e*/(kT^)^In[(4kTg)/(e^Ng)’̂ ^̂ ] (2.5)

Chapman & Cowling (1960);

(ii) = e^/(kT^)^In[(kT^)/(e^N^)^^^] (2.6)
Maeker et al. (1955);

(iii) = (ir/2)e*/(kT^)^2n[(3/2kIg)/(e^N^)^^^)J (2.7)

Gvosdover (1937).

In this case the collision cross section is independent of the 
orbital electronic configuration of the ions. The range of possible 
values is encompassed by (i) and (iii).

Equation (2.3) has been solved using the above equations and the 
values of Ng(T) deduced from Kinsinger's equilibrium calculations 
(Section 2.5.3). The results are given in Figure 2.1 as a function 
of temperature in the range 10,000 K to 20,000 K for a fixed SF^ 
pressure of 0.2 MN m“^ (2 bar). This pressure is the appropriate 
value for the axial position under consideration (Section 2.7.1).

The calculated mean free paths vary over three orders of magni
tude at a given temperature and the ions and copper atoms are very
much more closely coupled to the electrons by collisions than are the 
sulphur and fluorine atoms. The ionic mean free paths given in 
Figure 2.1, together with the measured mean electron temperatures and 
electric field values at specific current levels from Chapter 6, have 
been used to estimate the departure from l.t.e. predicted by equation 
(2.1). The values are given in Table 2.1.

These calculations show that the sulphur and fluorine ions have 
the same kinetic temperature as the electrons for most of the plasma 
conditions met in this work. However, significant departures from 
equilibrium are to be expected for mean electron temperatures less than 
about 14,000 K; at this temperature the gas temperature can be as low
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as 11,000 K. Similar calculations to these, but using the sulphur 
and fluorine neutral cross sections, suggest that the temperature 
of these species would be very low indeed if it were not for the 
ease of energy exchange between species particles of similar mass .
An important conclusion here is that limited equilibrium is 
maintained between the electrons and ions down to a current of 1 kA, 
but because the electron/neutral cross section is small, equili
brium for the neutrals is probably maintained by ion/neutral charge 
exchange collisions (Section 2.6.3).

Arc Current ïe E (i) , (iii) AT

kA K kV m ^ K K K

> 3.5 18,000 4.8 17,260 17,880 120 to 740
1.0 14,000 10 10,750 13,480 520 to 3250

TABLE 2.1 
Departure from Kinetic LTE

2.4.2 Steady State Conditions for Equilibrium Between the 
Electron and Excitation Temperatures
It has been pointed out by Wi]son (1962) and Griem (1963) 

that i.t.e. may not apply in an optically thin plasma if the 
collisional rate is exceeded by the spontaneous radiative decay rate. 
This is because in an optically thin plasma the energetic emission of 
photons is not balanced by its inverse process (absorption). For 
radiative decay rates to cause less than a 10% departure from l.t.e. 
the collisional rate must be about ten times the radiative rate. By 
considering the energy threshold for excitation of ions and the 
spontaneous transition probability of a photon with energy, AE^^, 
McWhirter (1965, p206 ; 1967) has derived the expression

N % 1.6 X  lO^^T 2(ae )mn (2.8)
where the units of and AE^^ are m ^ and eV respectively.

The largest values of AE^^ used here, which correspond to the 
spectral lines 624.0 nm FI and 545.4 nm SII, are about 2 eV. For an 
average temperature of 18,000 K it follows from equation (2.8) that 
Ng sliould exceed 1.8 x 10^^ m“  ̂ for a 10% departure from l.t.e. The 
measured and computed average electron density at this temperature
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(Figure 2.4 and Chapter 6) is about 3 x 10^^ m which exceeds 
the above criterion by a factor of almost 200. Thus in the present 
work the measured excitation temperature corresponds to the 
electron temperature.

2.4.3 Time to Establish Kinetic and Excitational LTE
The arc investigated here burns in a supersonic gas flow 

so that the predicted axial plasma velocity on the arc axis at 
20,000 K is around 5000 m s”"̂  (Section 2.7.1). A typical axial 
plasma dimension (from the nozzle throat to the temperature measure
ment zone. Figure 6.7) is 10 ram. Thus a working criterion for 
equilibrium might be that it is necessary for l.t.e. to be established 
in a time short compared with this flow time (2 x 10 ^ s).

Following an analysis of Griem* s work (1964) Lochte-Holtgreven 
(1968, pl47) gives the relationship for the time to establish 
kinetic l.t.e., between electrons of mass m^ and ions or atoms
of mass m:

T, . = [7.5 X 10"7(E./kT )3/2N 1"^ Nm/N m (2.9)kin '• 1 e e-* + e
where E^ is the ionisation energy of hydrogen, 13.6 eV, the ion 
density, N the total number density of particles of the same kind and 
Ng the electron density. For = 10^3 m 3, T^ = 14,000 K and a 10% 
degree of ionisation (the approximate radially averaged conditions at 
a current of 1 kA) and for atomic masses, 1 3 m 3 60, we obtain

1.25 X  10"G s < T, . <8 .31  lO"^ skin
For electrons colliding with singly charged ions the factor 

Nm/N^m^ in equation (2.9) is replaced by m/m^ and the above example 
gives

1.3 X 10 ^ s < T, . < 8 X 10 ^ skin

It is interesting to note that whilst for sulphur and fluorine 
Tkin is less than the chosen time constant, the value for Cu 
(m = 63.5) is within about 50% of the flow time. The addition of 
copper vapour to the plasma is, to some extent, self-correcting since 
the axial flow speed (if of aerodynamic origin) at constant tempera
ture varies as m^. (NB. See Section 8.2). For distances much shorter 
than 10 mm, serious doubts arise as to whether the instantaneously 
measured temperature reflects a true l.t.e. plasma. The measurements •
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may thus refer to equilibrium conditions obtaining at some 
previous time or at some distance upstream of the measurement point.

The time taken to establish excitational l.t.e. for the thermal 
population of the upper levels of resonance lines has also been 
considered by Lochte-Holtgreven. In this case the solutions for 
metal atoms yield i = 10“  ̂ s with for the gas atoms of about
10"7 s. Since population of excited energy levels can only be 
achieved following population of the resonance levels, a correspond
ingly longer time is required to achieve l.t.e. It is unlikely that 
this time will exceed the values for the establishment of kinetic
l.t.e. since, as was shown for the steady-state solutions (equations
2.1 and 2.8) energetic interactions between free and bound electrons 
are more efficient than between electrons and heavy particles.

2.4.4 Equi]ibrium for Arc Currents Less than 1 kA
Wliilst the electron density is sufficient for the measured 

excitation temperature to reflect truly the electron temperature (down 
to a temperature of 5000 K) the mean free path of the electrons and the 
measured electric field are sufficiently large at 1 kA for the electron 
temperature to exceed the kinetic heavy particle or gas temperature by 
about 3000 K. This l.t.e. failure at what is a relatively high arc cur
rent is a consequence of the large field which arises in an arc in a 
strong axial gas blast. (Complete l.t.e. has been reported in freely 
burning atmospheric pressure discharges down to a current as low as 
12 A; Kolesnikov, 1964.) This situation becomes worse for lower cur
rents (equation 2.2). One possible solution to the problems of practi
cal temperature measurements may be to observe spectral line variations 
e.g. using SI lines (Ueda, 1976; Appendix VIII) when the electric field 
is zero, i.e. when it changes from positive to negative. Kinetic l.t.e 
may be transiently recovered, given a sufficient ionisation fraction, 
(equation 2.9) and equilibrium calculations used to calculate plasma 
properties. The prediction of non-equilibrium properties has been dis
cussed by Thiel (1971) and the use of Saha’s equation under these 
conditions is discussed by McWhirter (1967).

2.5 EQUILIBRIUM COMPOSITION CALCULATIONS
These calculations are important, both for the chosen methods of 

temperature measurement and for comparison with the plasma properties 
derived from the measurements. Existing composition calculations for 
pure SF^ both include, and specifically exclude, reaction demixing
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(Frie, 1967; Frost & Liebermann, 1971). In the following review it 
is assumed from the discussioh and tests carried out in Section 2.4 
that l.t.e. prevails in local arc zones. Frequent use is made of 
Dr. R.E. Kinsinger's (General Electric Company, USA) calculations for 
SF^/copper vapour mixtures, which were developed as a result of the 
author's scholarship visit to the USA in 1974.

2.5.1 The Ionisation Fraction as a Function of Temperature and 
Pressure
Saha's equation expresses the mass fraction ionised, a, 

in a plasma at temperature T and pressure p as

exp - {(E^ - AE)/kT}];|;]^|“  ̂ . (2 .1 0 )

(NB. The derivation of this equation and the definition of the 
symbols is given in Appendix I.)

Equation (2.10) has been solved using the partition functions 
of the ions, ^INT(^+) those of the neutrals Pint (a.) by
Drawin & Felenbok (1965). The solutions of a as a function of temp
erature are given in Figure 2.2 for the first and second ionisation 
stages of the principal element constituents of the high current SF^ 
arc, namely sulphur, fluorine and copper. The plasma composition is 
calculated as if only one element were present and this is clearly a 
major over-simplification. However, comparison of these results with 
previously calculated data for polyatomic SF^ (Kinsinger; Frost & 
Liebermann, 1971) shows that the temperature at which specific species 
ions occur is relatively independent of the presence of other gas 
elements. Moreover, the results in Figure 2.2 serve as a working 
relationship between the percentage ionisation of a particular element 
at a given temperature and its ionisation potential. They show that 
at a pressure of 0.2 MN m ^ (2 bar) any element becomes appreciably 
ionised at a temperature corresponding to about one tenth of its 
ionisation potential. This relationship was first noticed by 
L.A. King at the Electrical Research Association Laboratories and has 
been investigated in detail by Felzer (1961). The relationship is 
invaluable for an estimation of arc temperature in local radial zones 
(e.g. using survey spectra) because creation of a particular 
ionisation state occurs over a relatively narrow temperature range
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(Section 6.1). These curves are also important for the discussion 
of peaks in the effective thermal conductivity (Sections 2.6.3 and
8.3).

2.5.2 Reaction Demixing
For meaningful calculations on arcs in polyatomic gases, 

it is important not only for the gas particles to be in thermal 
equilibrium but also for the concentration of the various arc species 
to be accurately known. Although the concentrations of ionisation 
states of any one element can be calculated using equilibrium theory, 
the ratio of element concentrations may not be that of the cold back
ground gas. Any one of three mechanisms may be responsible for the 
plasma composition being different, in discrete arc zones, from the 
cold gas composition.

(i) When ionisation occurs and several species of heavy 
particles are present, the equilibrium concentrations depend on the 
temperature. This leads to ordinary diffusion in plasma sources 
having a temperature gradient. The time taken to complete ordinary 
diffusion is given by 3n/9t = DB^n/Sx^. Therefore

At = (Ax)^/D) (2.11)

where Ax is a typical plasma dimension (the arc radius around 10 mm 
at 10 kA) and D is the diffusion coefficient given by

D = (3/8)(Tr/2)i[kT(l/mj^ + + " 2 ^  ' (2.12)

For the present arc conditions, D lies in the order of magnitude range
10^ to lo3 cm^ s  ̂ (Lochte-Holtgreven, 1968, pl45). Using the above

_o —2value for Ax we have 10 s ̂  At S 10 s.
(ii) A second kind of diffusion, thermal diffusion, is also

caused by the temperature gradient. The time to complete thermal 
diffusion has also been derived by Lochte-Holtgreven and is given by

At = TAx/[aD^^C^(AT/Ax)] (2.13)

where ol^i2^2 the thermal diffusion coefficient of a type 1 species 
in type 2 species and C2 is its concentration. For the example given
above and using AT/Ax = 1 0 ^ K mm~^, we find At - 10 ms, i.e. a time
constant of the same order as that for natural diffusion. Since 
these phenomena are also of the same order as the present arc 
duration, they would be important were it not for the strong arc
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instability observed in regions downstream of the nozzle throat: 
turbulent arc expansion and contraction velocities of about 
300 m s“  ̂were measured from high speed streak photographs (Section 
4.3.6). Thus the arc constituents in a 10 mm radius would be 
remixed in about 30 ys.

(iii) Demixing by a third type of diffusion (reaction 
demixing) is important in steady atmospheric pressure arcs.
Mastrupp & Wiese (1958) noticed that the mixture of gases forming 
the plasma at the axis of a He/N2 arc was different from the initial 
filling gas ratio; whereas the initial ratio was 50% He:50% N2 , the 
ratio at the arc axis was 6 6 % He:33% N2 . Maeker (1956) noticed that 
in a cylindrical atmospheric pressure SF^ arc the sulphur content 
was enriched in the cooler arc regions, whereas excited fluorine
predominated at the axis. A common link in these experiments is the
different first ionisation energies of the gas elements =
24.58 eV, = 17.42 eV and Ei (n ) “ 14.54 eV, E^^g) =10.36 eV)
and the fact that the element with the higher ionisation energy 
always migrates towards the arc axis. Conversely no demixing was 
observed by Jordan (1972) in his work on A/N2 gas mixtures because 
the ionisation energies are similar (Ê â.) ~ 15.76 eV) . A theo
retical treatment of demixing by Frie & Maeker (1961) suggests that 
these.effects become important when the arc temperature is suffi
cient to ionise significantly one gas element but not the other. 
Reference to Figure 2.2 shows that in the SF^ arc this temperature 
range corresponds to 12,000 K S T $ 17,000 K, For higher axis 
temperatures both siilphur and fluorine are ionised.

Reaction demixing is taken into account in Frie * s (1967) 
computer program on SF^ composition and properties. The equation 
representing the element ratio (t^ = (ZN^^S^)/(ZN^F^) = 1 /6 ) is 
replaced by an equation

grad t^ = cxy_ grad T + 3^ ,

where the last term represents the catephoresis with an ion flux 
constant j_. The term grad T represents reaction demixing where 
in an arc grad T corresponds to 9T/9r and r is the arc radius. 
However, the significance of aĵ , and its components, is not explained 
by Frie. Clearly a balance occurs when grad T = 3^ (the first 
term representing a demixed ion drift and the latter an opposing 
diffusion to maintain charge neutrality), In this case it is assumed
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that has the components EgNgg aud E^Np^ where Z represents the 
ion charge state and E and N the ionisation potential and concentra
tions respectively. However, without further information it is 
difficult to see how the plasma composition can be calculated, 
taking demixing into account, when it depends so strongly on grad T 
and when this parameter varies markedly for a given experimental 
situation (there is no facility for the insertion of grad T in the 
final predicted composition).

The variation of the FI and SII plasma components as alfunction of 
temperature from Frie's work is given in Figure 2.3 and is compared 
with other computed fractions which neglect demixing (Section
2.5.3). At a temperature of 15,000 K the discrepancy is an order of 
magnitude; the SII component is displaced by FII. Motschmann (1968) 
has found evidence for SII demixing in a steady wall-stabilised 
100 A SF^ arc. These results are compared with Frie's calculations 
in the paper by Hertz et al. (1971). The radial intensity distri
bution of the 545.4 nm SII line was found to have a dip at the arc 
axis and subsequent calculations, using Frie's data, suggest that the 
axis temperature was about 14,000 K and that demixing reduced the 
sulphur concentration by a factor of 4. In the present work the peak 
of the radial intensity distribution always occurred at the axis, 
except in one case where the above sulphur component was displaced 
by the large copper vapour concentration during core formation (Sec
tion 6.2.2b). Moreover, attempts to derive the temperature profile 
using the present intensity ratio data and Frie's composition calcu
lations yielded reversed temperature distributions, i.e. temperature 
minima at the arc axis. For these reasons it is concluded that 
sulphur/fluorine demixing does not occur in the present high current, 
supersonic SF^ arc. This is mainly because any demixing due to the 
above three effects is counteracted by rapid, unstable remixing. At 
very high currents with the electrode vapour core present, the 
complete reverse of reaction demixing apparently occurs. The copper 
atom has an ionisation energy of only 7.73 eV and yet it is con
centrated in the hot central regions of the arc. It is suspected that 
this copper core has the characteristics of a high velocity vapour 
jet and since it originates in a narrow region of the centre of the 
electrode surface, core expansion and mixing do not occur in the 
column (Section 8.2).
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2.5.3 Plasma Composition Calculations for Real Gases
Seven independent calculations of the high temperature 

composition and properties of SF^ have been carried out by previous 
workers: Richards (1968) discusses his calculations together with
those of Swarbrick (1967), Ito & Miyamoto (1965) and those by the AVCO 
Corporation (K. Heron, CEGB, private communication). This group of 
calculations is principally concerned with the plasma composition and 
properties at temperatures less than 10,000 K and hence includes 
molecular species. General agreement is observed in the large number 
of dissociative reactions taking place at a temperature of about 
2000 K and in the atomic and ionic concentrations at 10,000 K. The 
former feature is important for thermal conductivity enhancement by 
transport of dissociative reaction energy. The species densities at
10,000 K provide a link between this group of calculations and those 
for the higher range of temperatures.

Kinsinger's calculations for SF^/Cu vapour mixtures cover the 
ranges 8000 K to 40,000 K, 0.1 MN m"^ (i bar) to 2.5 MN m”^ (25 bar) 
and 100% SF^ to 100% Cu vapour. The computational method is given in 
Appendix VIII. Briefly this consists of solving a coupled set of 
Saha equations, one for each ion charge state and element, which iter
ate to convergence on the electron density. Plasma demixing effects 
by sulphur, fluorine or copper (Section 2.5.2) are ignored and in all 
cases SFg is represented as a 1 : 6  ratio of sulphur to fluorine number 
density. The results for pure SF^, 90% SF^:10% Cu, 50% SF^:50% Cu 
and pure Cu at 0.2 MN m”3 (2 bar) are given in Figures 2.4 to 2.7.

Frost & Liebermann (1971) have calculated the composition and 
transport properties of pure SFg for use in their simplified enthalpy 
flow arc model. In this case the computation was based on minimisation 
of the Gibbs free energy using a geometric programming technique. The 
plasma temperature and pressure range studied was 1000 K to 45,000 K 
and 0.1 MN m”2 (i bar) to 1.6 MN m“^ (16 bar). Again, demixing 
effects were excluded, a perfect gas law was assumed and the reduction 
of the ionisation potential was accounted for using the Griem (1964) 
model (Appendix I). The composition data are almost identical to 
those of Kinsinger and the variations of the FI and SII density with 
temperature at a pressure of 0.2 MN m“2 (2 bar) are compared in 
Figure 2.3. (NB. The complete composition data were not included in 
the 1971 publication, but the full program output has since been 
released to the author's laboratory by R.W. Liebermann of Westinghouse 
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Research Laboratories, Pittsburgh, Pennsylvania, USA.)

The calculations by Frie (1967) were carried out for pure SF^ in 
the temperature range 500 K to 20,000 K at a pressure of 0.1 MN m”^
(1 bar) and in this case an attempt was made to account for reaction 
demixing. Basically the computer program was the same as that used 
by Kinsinger, but with the element concentrations no longer constant 
(Section 2.5.2). The effect of varying the sulphur/fluorine concen
tration on the composition at high temperatures has already been 
discussed and its effect on plasma properties will be indicated in the 
following sections.

2 .6 HIGH TEMPERATURE SF^ PLASMA PROPERTIES
In this Section we are concerned with calculations of plasma 

properties using the high temperature composition data. The important 
properties for the present work fall into two categories: (i) the
electrical conductivity, which together with the temperature profile 
may be taken as governing the input energy distribution and (ii) those 
properties which determine the.principal losses i.e. axial convection, 
radial conduction and radiation. This last process may originate from 
the total plasma volume (freely escaping radiation) or it may origi
nate from the cool edges of the plasma following successive emission 
and absorption across the temperature profile (radiation diffusion).

2.6.1 Electrical Conductivity
The treatment of electrical conductivity is divided into 

two zones - the conductivity of a strongly ionised gas and that of a 
weakly ionised gas. Cambel (1963) divides the two zones at a frac- . 
tional ionisation of 0.1%. From Figure 2.2 this means that if fluorine 
is the dominant ion then a = 0 .1 % corresponds to a temperature of about
10,000 K. Considering sulphur and copper vapour as well means that a 
temperature as low as 5000 K could also be treated using the high 
fractional ionisation model.

The most comprehensive treatment of the high temperature zone is 
due to Spitzer & Harm (1953). A detailed discussion of this work is 
given in Spitzer (1962). The expression derived for the conductivity, 
Oei, when long range coulomb collisions limit the conductivity, is

^ei " (^^2.63 X 10'"^T^^^)/(ZInA) (îîm)”  ̂ (2.14)

where yg is a parameter which links a Lorentz (fully ionised) gas with 

  - 20-



one which is partly ionised, Z is the effective charge on the field 
ions through which the electrons are diffusing with a minimum value 
of unity and InA is an impact cut-off parameter:

A = (1.24 X 10"^T^^^)/(ZN^^) (in SI units) . (2.15)

The cut-off parameter is the ratio of the Debye length to the length
required to accelerate an electron in the ion field producing a 90°
deflection. Electrons with greater energies are not considered 
because they are fully scattered and cannot diffuse in the field 
direction. The parameters yg and InA are tabulated by Spitzer as a
function of Z, Ng and T. It is worth noting here that the theory
used to derive Og^ has an inherent inaccuracy of 1/lnA. In the 
present work we are dealing with a plasma having a relatively high 
electron density at a relatively low temperature (equation 2.15,
InA ~ 4). Therefore we would not expect the above relationship to 
predict Og^ to better than 25%. However, to show up the predicted 
difference in conductivity between a pure SF^ plasma and a pure Cu 
vapour plasma, equation (2.14) has been solved using Kinsinger's 
values for InA and Z. The results are given in Figure 2.8 for the 
temperature range 10,000 K to 30,000 K at a pressure of 0.2 MN m""̂
(2 bar). In fact there is little difference between the two curves, 
the main reason being that long range coulomb collisions depend only 
on the ion charge state and not on the orbital electronic 
configuration.

For a low temperature, weakly ionised gas, where short range 
momentum transfer collisions are important. Chapman & Cowling (1960) 
derived the expression for the electrical conductivity as

Oga = 53.2(N^/Nj)e^/(m^kT)^ 1/Q^^ (2.16)

where N.̂  is the total particle density. This equation reduces to

°ea = 3.34 x lo”^°a/(Q^^T^) (f2m)"^ . (2.17)

Equation (2.17) has been solved for pure sulphur, fluorine and 
copper plasmas at low temperatures and at a pressure of 0.2 MN m~^
(2 bar). The results are also given in Figure 2.8. a was obtained 
from Figure 2.2 and the electron/atom collision cross-sections were 
evaluated from Appendix VIII, The predicted low temperature conducti
vity depends critically upon Qgg. As an example, Og^ for copper has
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been evaluated using both Maeker.’s value (Appendix VIII) and the 
mean value, 10”^^ cm^ given in Cambel's (1963, pl60) review of 
Burhop & Massey and Townsend’s work. This latter value helps to 
explain the large discrepancy between Kinsinger calculations and 
those of King & Howes (1962) for pure copper vapour, i.e. King &
Howes’ value of a at 10,000 K exceeds Kinsinger's value by at least 
a factor of 2 , presumably because a smaller value of was used.

A further evaluation of may be accomplished by solving 
equation (2.17) using in place of However, in this case no
account is taken of the increasing value of Z at high temperatures 
(cf. equation 2.14). Kinsinger’s general expression for a (Appendix 
VIII) includes all collisions and the conductivity summation is 
performed by integrating these collisions over all collision 
cross-sections and densities.

The values of a(T) for a pressure of 0.2 MN m  ̂ (2 bar) in pure 
SF^, calculated by Frie (1967), Frost & Liebermann (.1971) and Kinsinger 
are given in Figure 2.9. Kinsinger's solution gives the highest value 
of all; at T = 30,000 K the difference is about 20%. Frost &
Liebermann and Frie's solutions are based on the Spitzer (1962) model. 
In fact in these compositions, and those by Yos (1963) for N2 and O2 , 
the Spitzer approximation for Og^ is used to derive the cross sections 
for other property calculations. On this basis it is the opinion of 
the author that Kinsinger's results are the most realistic since they 
use measured collision cross sections. At low temperatures, however, 
Kinsinger's results for copper vapour actually predict a lower conduc
tivity than that for pure SF^ and this is a consequence of using 
Maeker*s (1956) high value for the collision cross section (Appendix 
VIII). This feature may be suspect because arc interrupters tend to 
be more efficient when electrode vapour is absent. (NB. We associate 
efficient interruption with a low electrical conductivity at current 
zero temperatures.)

2.6.2 Axial Convection (Enthalpy Flux)
Recent estimations of the energy balance in supersonically 

gas-blasted high current arcs (e.g. Section 2.2) suggest that the 
axial enthalpy flow rate is a large, if not dominant, fraction of the 
total heat loss (Pratl, 1970; Frost & Liebermann, 1971; Murano et al., 
1974 and Appendices VI and IX). The enthalpy flux is defined as the 
product of the internal and kinetic energies of the gas particles and
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the axial velocity and radial cross section. Thus

. F = puhA (2.18)

where p, u and A are the gas density, velocity and plasma area res
pectively. For a hot plasma, T  ̂10,000 K, vibrational and rotational
particle energy modes need not be considered and the enthalpy h is

h = 5/2R.T(l + a) + E.a + E (2.19)A 1 exc

where R^ is the atomic gas constant and E^ and E^^^ are the sum of the 
ionisation and excitation internal energy states at a temperature T. 
These latter parameters are obtained from the partition function equa
tions given in Appendix I. Following the evaluation of equation (2.19) 
Frost & Liebermann (1971) have derived the Mach 1 enthalpy flux per 
unit atmospheric pressure and area, F . This parameter is extremely 
useful because it is relatively insensitive to pressure and lends 
itself to rapid heat loss calculations for these arcs (Chapter 7).
The sound speed u^ is given by

"l “  ̂ (2 .2 0 )

where y = c^/c.̂  is the ratio of specific heats. The total convected 
flux is given by

= FMpA + Ipu^A (2.21)

where M is the Mach number, p the pressure and the last term corres
ponds to the axially directed kinetic energy (k.e.) of flow. This 
term constitutes about one tenth of the enthalpy flux and is normally 
neglected for approximate calculations. For a detailed solution of 
the energy balance, its inclusion may compound the errors because of 
the strong cubic dependence on the axial velocity i.e. small errors in 
an estimated value of u lead to potentially large errors in the k.e. 
term. Computed values of u^ and F (Frost & Liebermann, 1971) are 
given in Figure 2.10. The values computed for N2 (Drellishak et al., 
1964) are given in Figure 2.11. Comparison of the F(T) curve for N£ 
and air (Pratl, 1970) shows little difference and the N2 curve can 
thus be used in interpreting measurements in air. No enthalpy flux 
calculations are available for copper vapour and their use would be 
questionable without accurate data on the percentage composition. 
However, at high temperatures the total flux is dominated by pressure
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variations and this aspect is considered in Chapter 7 for very high 
current arcs. Comparison of Frost & Liebermann’s data with that due 
to Frie (1967) suggests that demixing does not markedly affect the 
flux in SF^ over the temperature range of interest here.

2.6.3 Thermal Conductivity
The radial heat loss due to thermal conduction in a 

cylindrically symmetrical arc is given by

= 2-nrK^dT/dr (per unit length) (2.22)

where r is a radial coordinate and is the total coefficient of 
thermal conductivity. K-p has three components:

(i) the normal classical conductivity (k^) due to the
thermal motion of molecules, atoms, ions and electrons; 

(ii) conductivity due to thermal diffusion (k ^);
(iii) the conductivity due to transport of reaction energy;

(<d) due to dissociation and (k ^) due to ionisation.

(i) The classical coefficient of thermal conductivity is 
important in a weakly ionised gas. Solution of Boltzmann’s equation 
for energy transport in a gas in l.t.e. (Cambel, 1963) yields

K = 8.31 X 10”^(T/M)^(d^î2 )”  ̂ (2.23)
^ "̂ c

where the units of are watts cm  ̂ K M is the atomic weight, d
is the characteristic atomic diameter of the gas under consideration
and is the total collision integral.^c

Using order of magnitude approximate values for dissociated SF^
(M - 20, d ~ 0.35 nm and ~ 0.6, Cambel, 1963), solution of equation 
(2.23) for T = 10,000 K gives Kg ~ 2 x 10 3 w cm  ̂ . Since is
only a slowly varying parameter with temperature. Kg « T^.

(ii) For an almost fully ionised gas the thermal conductivity 
Kj. due to diffusion of electrons is important. Spitzer (1962) has 
derived

-11 S/2 -1X 1.95 X 1 0 ^V'^(ZInA) (2.24)

where a.j< is a correction factor, tabulated by Spitzer & Harm (1953), 
which accounts for deviations from a completely ionised gas. Solution 
of equation (2.24) for T = 30,000 K (Z ~ 1) using Kinsinger’s data 
yields Kg = 0.16 W cm"^ K ^. A similar solution for T = 20,000 K
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yields 0.02 W cm“  ̂K ^. Again since Ink and Z are relatively weak 
functions of temperature, in this range, then at high temperatures
Kg « T^/^.

(iii) The above expressions describe the thermal conductivity 
at the extreme ends of the temperature range of interest here. Between
10,000 K and 30,000 K, significant ionisation of sulphur and fluorine 
occurs (Figure 2.2) and the contribution of these reactions to the 
total thermal conductivity must be considered (the Nernst effect).
NB. At higher temperatures successive ionisation states are created 
and these reactions will of course also have a contribution. For lower 
temperatures, around 2000 K, dissociative reactions dominate the con
ductivity and these have been considered in detail by Frie (1967), 
Richards (1968) and Frost & Liebermann (1971).

The thermal conductivity k ,̂ due to the transport of ionisation 
reaction energy, arises when positive ions diffuse in a concentration . 
gradient from a region of high temperature to a region of low tempera
ture. These particles carry with them the internal energy neces
sary for ionisation and upon récombination with electrons in the 
cooler regions, release this energy either as ultra-violet radiation 
or kinetic energy. For the first ionisation stages of sulphur SII 
and fluorine FII the reactions may be written:

SII + ë SI + 10.36 eV (2.25)
j

FII + ë -> FI + 17.42 eV . (2.26)

A further reaction of interest in this work is:

SIII + ë SII + 23.4 eV (^.27)

From Figure 2.2 it can be seen that these reactions occur over
a relatively narrow temperature range. If we suppose that the optimum 
reaction conditions occur at about the 50% ionisation point for each 
species, then the temperatures at which we may expect a maximum contri
bution are: - 13,000 K, ~ 18,000 K and ~ 24,000 K respectively.
Although the Saha calculations given in Figure 2.2 were made for mon- 
atomic gases, these approximate optimum reaction temperatures are 
mainly unchanged for SF^ provided that demixing does not occur 
(see Section 8.3).

A survey of the published literature on calculations and
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experimental determinations of for nitrogen has revealed a basic 
disagreement over the magnitude of this contribution. The disagree
ment arises partly over the collision cross section to be used in the 
calculation and partly over the contribution of absorbed radiation 
to the experimental values : Burhorn (1959) used the electron-ion 
collision cross section in his calculation of k ^N and noted that the 
value was much less than an experimentally observed value. This 
discrepancy was also noted by Wienecke (1958). King (1956) put 
forward an explanation for the successive formation of high tempera
ture cores in the nitrogen arc which depended upon negative values of 
dK/dT in the temperature profile. Negative values would be observed 
if k(T) was dominated in ionisation regions by K£ i.e. the creation 
of successive ionisation conductivity maxima separated by regions of 
relatively low thermal conductivity. The theory of reaction conduc
tivity was examined in detail by Pelzer (1961), who made two major 
modifications to the usual mathematical expression. Firstly, the 
diffusion flow of gas particles was set proportional to the partial 
pressure gradient and not to its concentration gradient (this is 
because for the above process, recombination of an ion and an 
electron creates a pressure imbalance so that two particles must flow 
from the high temperature to the low temperature zone but only one 
particle makes the return path). Secondly, the previously used 
electron/ion cross section was replaced by the much smaller ion/atom 
cross section (because for this process it matters only how many 
ions diffuse from one place to another and this is not affected by 
coulomb collisions as is electron diffusion). Pelzer*s simplified 
expression for the ionisation reaction thermal conductivity is

Ki = E./(C^Q^^)[k/(6m^T)]^N^N./(N^ + Np^[(2E^/kT) + 5] .

(2.28)
For nitrogen Pelzer used = 6.5 x lO""̂  ̂ cm^ and (the 

enhancement factor due to ion/atom charge exchange) between 1 and 3 . 
Since is about 2 x 10“^^ cm^ (Section 2.4.1) then this correction 
enhances k^N by an order of magnitude. In 1962, Maeker determined 
the total thermal conductivity of nitrogen in a cascade arc up to a 
temperature of 16,000 K. Using Pelzer's modifications, he recalcula
ted the thermal conductivity and found apparent good agreement between 
experiment and theory, over the temperature range including that for 
ionisation. However, as has been pointed out by Yos (1963) and Fay
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(Maeker’s paper, 1962), Maeker's calculations suggest an atom/ion 
cross section an order of magnitude smaller than the more recent 
values calculated by Yos. (Calculations by the present author 
suggest that Pelzer’s expression would fit Maeker's calculations if 
the atom/atom cross section alone (given by Pelzer) had been used. 
Maeker in fact quotes a value = 30 x 10*16 cm^.) In an attempt 
to resolve this discrepancy, Hermann (1967) noted that Maeker's 
experimental results deviated from Yos’ (1963) calculations when 
temperature profiles with I 20 A were used. He recalculated the 
total thermal conductivity from Maeker’s basic temperature profile 
data, by assuming that the excess conductivity at high temperatures 
was due to escaping radiation; the escaping radiation for 
I S 20 A was assumed negligible. On this basis the conductivity peak 
due to ionisation transport was reduced and agreement with Yos’ 
calculations was observed. Recently Jordan (1972) has measured the 
thermal conductivity of pure nitrogen in a wall-stabilised arc: at 
currents of 26 A and 36 A he found a sharp rise in the conductivity 
at temperatures of 10,000 K and 11,000 K, which is in reasonable 
agreement with Maeker’s results. Unfortunately no data are avail
able at lower currents so that the question of conductivity 
enhancement by radiative transfer cannot be examined in this case.

The above discussion has shown that the discrepancy between 
experimental and theoretical values of thermal conductivity for 
nitrogen at high temperatures is as yet not completely resolved.
The situation for SF^ is, if anything, worse. Although several cal
culations of thermal conductivity have been made (e.g. Frie 1967;
Frost & Liebermann, 1971), only one determination of experimental 
thermal conductivity has been carried out in the sulphur ionisation 
range (Hertz et al., 1971), and in the temperature range where ioni
sation of sulphur occurs, these data deviate from theory by about a 
factor of three. The author’s own results also give major departures 
from theory, but in a manner suggestive of either ionisation peaks or 
peaks due to a large escaping radiation fraction (Section 8.3).
For this reason the separate components of thermal conductivity have 
been recalculated and are given in Figure 2.12. For the reaction 
term, collision cross-sections of Q^^S and Q^^F of 40 x 1 0 ” ^ 6 cm^ and 
28 X 1 0 " ^ 6  cm2, respectively were used (Frie; 1967). No published 
values for could be found and, like Pelzer, Ĉ , = 2 was assumed. 
Figure 2.12 shows that for SF^ the predicted contribution of ionisation
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conductivity to the total thermal conductivity is small.

2.6.4 Radiation
Of the three main energy loss mechanisms radiation is the 

most difficult to treat quantitatively. Although the total radiation 
emitted from an optically thin plasma can be calculated using lengthy 
computer programs, major problems arise when the plasma is opaque in 
spectral regions where most of the energy is concentrated. This 
problem, arises in the SF^ arc at high pressure because the radiant 
energy in the short wavelength resonance lines exceeds the 'black 
body* limit (at that wavelength and temperature) and the lines become 
self-absorbed and optically thick for typical radial arc dimensions. 
The total radiative loss is thus much reduced and resonance line 
radiation appears to come from a thin shell surrounding the arc.
Lowke (1970) has shown that strong self-absorption of radiation can 
provide a much more efficient energy exchange mechanism than the usual 
thermal conduction process (due to particle collisions and diffusion) 
and tends to flatten the temperature profiles of high current arcs.
NB, This point is discussed more fully in Section 8.3 in connection 
with the effective thermal conductivity.

Liebermann & Frost (1969) have calculated the total emission 
coefficient of an SF^ plasma as a function of temperature and pressure 
This work has recently been superseded by Liebermann & Lowke (1976) 
who have recalculated the emission coefficients for various arc radii 
taking absorption into account. The important conclusions of this 
work are (i) for T  ̂ 15,000 K line radiation exceeds the continuum 
radiation by an order of magnitude, (ii) for T  ̂ 15,000 K the line 
radiation for wavelengths 200 nm constitutes 90% of the total line 
radiation and (iii) because these short wavelength lines are 
optically thick, then in the temperature range of interest here the 
emission coefficient is reduced by an order of magnitude for an arc 
radius of only 1 mm.

The main results of this investigation are reproduced in Figure 
2.13 together with experimental data from Motschmann (1968): for
X > 200 nm (u.v. and visible radiation) Motschmann’s results are in 
agreement with the predictions. Although the comparison can only be 
carried out over a narrow temperature range, this agreement suggests 
that demixing does not affect the net emission coefficient. The 
principal limitation of Liebermann & Lowke’s work (imposed by the
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severity of the problem) is that an isothermal arc profile is 
assumed. An attempt to calculate radiation losses using the measured 
temperature profile is discussed in Section 8.3.

Kinsinger’s radiation calculations for pure SF^ and pure Cu 
plasmas at 0.1 MN m"2 (l bar) and 1.0 MN m""2 (10 bar) are shown in 
Figure 2.14. These calculations are for the optically thin fraction 
in a large radius plasma and, for SF^, reasonable agreement is shown 
with Liebermann & Lowke. The main discrepancy probably arises in the 
number of spectral transitions considered; the latter calculation 
summed the radiation from 1000 spectral lines whereas Kinsinger’s 
evaluation was for rather fewer lines. The data for Cu vapour are 
interesting in that for T - 10,000 K the combined line plus continuum 
radiation is almost two orders of magnitude greater than that for 
pure SF^. This is partly because the lower ionisation potential of 
Cu leads to a higher electron density (at 10,000 K) and hence increa
sed continuum radiation from free-free and free-bound transitions, 
and partly due to the increased number of bound electrons. These 
curves support the experimental observations of Strachan (1973) who 
measured an increased radiation loss from Cu-rich nitrogen arcs. He 
also observed that the radiation fraction increased in the electrode 
material order, C, Cu, W, i.e. increasing atomic number and hence 
increasing bound-bound transitions and line radiation losses.

2.7 IMPORTANT CALCULATIONS FOR THE HIGH CURRENT SUPERSONIC ARC

2.7.1 Relationship Between the Flow Mach Number and the 
Pressure Ratio
For a gas expanding adiabatically downstream of a nozzle 

throat, the Mach number is related to the pressure upstream, p^, and 
downstream, p^ (Lowke & Ludwig, 1975), by

= [2/(y - 1)][(P„/P^)^^ ' - 1] . (2.29)

Alternatively the Mach number can be obtained from the ratio of nozzle 
area A^, at a location distance z downstream of the throat, to the 
throat area A^:

( A ^ / A ^ ) ^  =  1 / M ^ [ 2 / ( y  +  1 ) ( 1  +  ( y  -  1 ) / 2 . M ^ ) ] ^ ^  *  .

(2.30)

Two problems arise with the present investigation. Firstly, the
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pressure variation downstream of the throat has not been measured 
either in hot or cold gas flow so that equation (2.29) cannot be 
used to estimate the Mach number directly. Secondly, the nozzle 
geometry (Figure 4.6) was designed with a highly divergent down
stream section. Consequently the gas flow streamlines do not follow 
the nozzle curvature and flow separation occurs, thus making 
equation (2.30) invalid.

To overcome these problems the gas efflux region was represented 
by an orifice flow model in which = «>. In this case the effective 
nozzle wall is the flow stagnation radius variation with z. An exist
ing computer program (based on the theory of an under-expanded jet 
discussed in Shapiro, 1953) was used to calculate the function Pq (z )
(M. Hutton, CEGB, private communication). Equation ,(2.30) was then used 
together with the values of y tabulated by R.W. Liebermann (private 
communication) to calculate the Mach number for cold flow (T = 300 K) .

Whilst it is shown in Section 4.2.3 that the agreement between 
the above theory and interpretation of experimental results is adequate 
for cold flow, the question arises as to the Mach number in the hot 
arc. Conservation of momentum in the axial direction (i.e. assuming a 
negligible radial pressure gradient) predicts a constant Mach number 
for the hot arc and cold gas (Lowke & Ludwig, 1975) . Reasonable 
experimental agreement with this approximation has been observed by 
Jones et al. (1974) for supersonic air arcs and by Hermann et al.
(1974a) for supersonic N2 arcs. It is assumed in the present work 
that this approximation is also true for the SF^ arc provided that the 
self-magnetic pressure is less than the kinetic pressure, and 
provided that nozzle clogging effects can be neglected.

2.7.2 The Radial Pressure Induced by the Self-Magnetic Field 
of the Arc
It is shown in Appendix II that the normal Bennett relation

ship for arc constriction in a vacuum does not hold in the present high 
pressure discharge. For a short duration current pulse in a vacuum the
current is assumed to flow in the surface of the pinch and the pressure
outside the pinch is zero. From the derivation given in Appendix II, 
the total pressure at the centre of the arc, p^^ is given by

V  ° Pq + (%l/)/(4irV).(k + 3)/(k + 1) (2.31)

where p^, 1^ and R are the background kinetic pressure, the
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permeability of free space (4ir x 10"^ H m"^) , the total current and 
the arc radius respectively. The parameter k is a variable which 
describes the current distribution in the arc, e.g. k -)■ « for a 
uniform distribution and k = 2 for a parabolic distribution.

In the present work the magnetic pressure can be in excess of 
20% of the background gas pressure. Since this pressure reacts 
directly upon the charged particles it can have a marked effect 
upon the charge distribution. This aspect is discussed in Section
8.4 and Appendix VIII.

2.7.3 Nozzle Energy Clogging Calculations
The arc region between the upstream electrode and the 

nozzle throat may be represented by a cavity with an opening at 
either end. Joule heating within the cavity can normally be lost 
only through the smaller opening, the nozzle throat, since energy 
flow through the larger orifice is opposed by cold gas streaming into 
the cavity. If the energy dissipated in the cavity exceeds the 
maximum throughput of the nozzle throat, then heat enters the region 
upstream of the gas entry port and severe burning of the nozzle and 
upstream electrode surfaces can occur. Moreover, for a sinusoidal 
arc current pulse, the time of recovery of cold gas flow may be 
longer than that time to the next current zero, in which case dielec
tric recovery has to be attempted in hot, possibly ionised, gas.
Such a situation is termed nozzle energy clogging or blocking and 
this phenomenon can impair the current zero performance of gas blast 
interrupters.

Various models have been used to attempt the prediction of the 
clogging limit for a given interrupter geometry and operating pressure. 
As a gross representation Perkins & Frost (1972a) have calculated the 
maximum enthalpy flux which can be cleared by a nozzle throat. This 
model is an extension of the enthalpy flow model of Frost & Liebermann 
(1971) discussed in Sections 2.6 and 7.3.1. The maximum enthalpy flux 
is given by

F = (V^I)/(A^3p^.lO^) kW cm"3 bar”  ̂ (2.32)

where 3 is the critical pressure ratio for sonic flow.

For an SF^ arc temperature lying between 20,000 K and 30,000 K, 
Figure 2.10 shows that F = 400 kW cm"2 bar"^ for Mach 1 flow 

_ conditions in the nozzle throat and assuming that the hot arc fills the
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throat. However, as is shown in Section 5.7, the arc is surrounded 
by a cooler, but considerable, thermal annulus in which the enthalpy 
flow rate is very much smaller. A more onerous criterion is the 
maximum average enthalpy flux for which the thermal annulus radius 
equals the throat radius. Both Richards & Siddons (1970) and 
L.A. King (private communication) have suggested that the onset of 
clogging occurs when the visible arc radius is about 0.7 times the 
throat radius. For this condition the maximum average enthalpy flux 
limit is about 200 kW cm*2 bar”  ̂and shows reasonable agreement with 
Perkins & Frost’s (1972a) interpretation of measured results at low 
current. Pratl (1970) has measured the clogging onset current (the 
current for which the arc disappeared inside a conducting nozzle) as 
a function of gas pressure, p^, and arc length, V^. The scaling 
agreement between experiment and equation (2.32) was reasonable in 
this case.

At an early stage in the present work it was suspected that the 
electrode vapour-rich core might be formed as a symptom of nozzle 
clogging (Appendix VIII). However, the arc radius never filled the 
nozzle throat in either air or SF^, even at the highest currents 
used (50 kA). Moreover, the upstream pressure during arcing in SF^ 
wàs unaffected by the magnitude of the current pulse. The slow 
increase in thermal radius with current (Figure 7.9) suggests that 
the second criterion would be reached only for a current in excess 
of 100 kA. It may be that the enhanced current density and the 
increase in radiative power loss from the arc, with the core present, 
enable the gas blast interrupter to overcome the nozzle clogging 
problem (Sections 5.3, 7.5 and 8.4) but at the expense of nozzle 
ablation and remanent ionisation due to electrode vapour at current 
zero. These considerations clearly influence the choice of single 
or double nozzle interrupters for a particular fault duty.
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CHAPTER 3: SPECTROSCOPIC DIAGNOSTIC TECHNIQUES

3.1 INTRODUCTION
Although there are several different methods available for 

measuring fundamental arc parameters such as the plasma temperature 
(Edels, 1950), the difficult experimental conditions in these arcs 
(Section 2.2) dictate a remote and non-interfering technique such as 
atomic line emission spectroscopy. The main parameter of interest in 
the present work is the radial temperature distribution and this can 
be determined by measuring the intensity of one or more spectral lines 
in discrete radial arc zones. However, the information available from 
arc spectra is not limited to the temperature profile alone. Measure
ment of the line shapes can be interpreted to yield the electron 
number density (Appendix III) and survey spectra plates can be used to 
detect and evaluate the concentration of impurity species. Thus, in 
principle, a single spectroscopic measurement can yield a vast amount 
of information about local plasma conditions. However, these techni
ques and observations will only give accurate results if the 
appropriate thermodynamic model is used to describe the particle inter
actions and populations of the discrete energy levels. In the 
present work the state of the plasma in most instances is adequately 
described by the l.t.e. model (Section 2.4). In this case the 
differences between the electron, ion, excitation and gas temperatures 
are small and we may use the term * local plasma temperature’ to 
describe all four temperatures in discrete arc zones. This means that 
in these zones all the particles and energy levels have the same 
velocity and energy distributions as though the whole plasma were in 
equilibrium. We may, therefore, use equilibrium composition 
calculations in diagnostic techniques to derive the fundamental arc 
parameters.

3.2 LOCAL PLASMA TEMPERATURE
Neglecting the continuum contribution (Section 3.6), the intensity 

of an emitted spectral line from an optically thin plasma due to 
the relaxation of a bound electron from level m to level n is related 
to the population density Nĵ  of the energy level m by

Cmn = (Amn/X^^;(hc/4w)NQ^ (3.1)
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where is the transition probability of spontaneous relaxation 
from level m to level n, is the wavelength of the emitted radia
tion, h iç Planck's constant and c is the velocity of light.

If the plasma is in l.t.e. then is related to the plasma 
temperature T and to the number density of the particular plasma 
species Ng by the Boltzmann equation

■ V z  =  -  ( B m / k T )  ( 3 - 2 )

where gĵ  is the statistical weight or probability that the atom will 
be in state m with energy and k is Boltzmann's constant.

Combining equations (3.1) and (3.2) we have

= "z^^mnVW<^kc;/47r)exp - (EjkT) . (3.3)

Thus for a particular emission line, since the first two bracketed 
terms are constant, then

“ Ngexp - (EjkT)

It was shown in Section 2.5 that Ng may be calculated from Saha's 
equation and that for particular species it can be a strong function 
of temperature. Thus the temperature may be determined by measuring 
the absolute intensity of a particular spectral line. Equation (3.3) 
forms the basis of a number of temperature measurement techniques, as 
reviewed by McWhirter (1965), Lochte-Holtgreven (1968) and Lapworth
(1974).

In practice the use of absolute line intensity data to measure the 
temperature relies on an accurate calibration of the optical apertures 
and the reflection and transmission coefficients of optical surfaces. 
This was particularly difficult in the present investigation because 
of the large number of optical surfaces involved and because of the 
change in transmission coefficient of particular surfaces from shot to 
shot due to dust and smoke from the arc. To overcome these problems 
and to obtain accurate temperature measurements, relative line intensity 
techniques were adopted. In this case the absolute emission coeffi
cients are not required, only the relative factors for each line 
employed. Three relative line intensity techniques were used to 
measure the temperature in various axial regions of the arc column.
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3,2,1 Estimation of the Approximate Plasma Temperature from
Survey Spectra
Since the factors Ng and exp - (Eĵ /kT) in equation (3,3) 

are strong positive functions of temperature for particular lines 
over a limited temperature range (see Figure 2,2) then the presence 
of these spectral lines in survey spectra implies that the tempera
ture conditions within the plasma are correct for their creation. 
Similarly the absence of particular lines implies that the plasma 
temperature is either too high or too low for the creation of these 
species and energy states. Moreover by taking stigmatic survey 
spectra plates of the arc, the regions of appearance and disappearance 
of these lines may be related to temperature zones at the given radial 
positions. The strongest lines will be those with the highest values 
of A ^  and g^ and the lowest values of E^. The lines with the greatest 
temperature sensitivity will be those with the lowest value of Eĵ  and 
the largest value of the derivative dNg/dT as determined by the equil
ibrium composition calculations. However, these are not the only 
considerations. The above constants for the chosen lines must be 
accurately known, the lines must be free from overlapping spectra and 
they must not suffer from absorption defects (see Section 3.5). More
over since the vessel windows were made of glass (quartz windows of 
150 mm diameter are very expensive), it was important that the line 
wavelengths should lie in the visible part of the spectrum. Taking all 
these factors into account the lines chosen from different species and 
their constants are given in Table 3.1.

These data present the most reliable values of transition proba
bilities found throughout the course of this work. The SI, SII, SIII 
and FII data have been critically reviewed by Wiese et al. (1966;1969) 
and their original value for the FI line has been confirmed by 
Bengtson's (1968) experiments but with smaller possible error limits. 
Moreover, the values for the FI, 545.381 nm SII and 469.51 SI lines 
have been used by Motschmann (1968) who showed good agreement for 200 A, 
SF^ temperature profiles, determined from each line. For the copper 
lines, .however, the position is less clear. The original transition 
probabilities used by Richards (1968) due to Corliss & Bozman (1962) 
were stated to have an accuracy of ± 10%, but comparison of their 
values with, those due’ to Kock & Richter (1968) showed differences of a 
factor of 2 to 3 for the.Cul lines in Table 3.1, leading to serious 
temperature errors. The latter values have been used, and critically 
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reviewed, by Corliss (1970), Lapworth et al. (1973) and by Biclski
(1975), and have been found to agree closely with temperature measure
ments derived from other spectral lines. Again the high current 
temperature measurements, presented in Section 6.2, support the values 
in Table 3.1 for the FI, SII and Cul lines because of the close 
agreement of the radially averaged arc temperature derived from these 
data. No spectral lines from Cull have been used for the temperature 
measurements since the few lines of this species in the visible 
spectrum (Roberts & Prasad, 1972) are relatively faint in the 
present arc.

Species ^mn
(nm) (s-1)

go Em
(cmTl)

Accuracy Source

FI 623.964 2.42 X 107 4 4 118,429 + 20 Bengtson
(1968)

FII 402.50 1.2 X 10®
Q

9 5 207,703 + 30 Wiese et 
(1966)

al.

FII 410.34 2.05 X 10 15 5 232,066 ± 20 If

SI 469.51 7.4 X 10^ 15 5 73,917 ± 20 Wiese et al.
SI 527.87 3.8 X 10^ 9 5 74,270 ± 30 (1969)II

SII 532.070 8.4 X 107 8 4 140,319 ± 30 II

SII 545.381 7.8 X 10^ 8 4 128.599 + 30 It

SIII 383.185 5.6 X 10^ 3 1 172,786 + 50 II

Cul 510.5545 2 X 10^ 4 2 30,784 + 12 Kock & 
Richter 
(1968)

Cul 515.3241 6 .04 X 10^ 4 2 49,935 + 12 II

Cul 521.820 7.5 X 10^ 6 2 49,942 + 12 II

Cul 529.2517 1.09 X 10^ 8 2 62,403 +
1 ■

15 II

TABLE 3.1
Spectral Emission Constants of F, S and Cu Lines

The 527.87 nm SI line, selected for presentation in Table 3.1, has 
the highest emission coefficient of all the SI lines in the wavelength 
range 350 to 650 nm. This is the sensitivity range determined at high 
wavelengths by photographic emulsion and photoelectric cathode 
response and, at the u.v. end, by the cut-off of the glass optics used
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in this investigation. This line is one of four occupying a total 
wavelength range of only 0.1 nm. Thus the combined intensity of 
these four transitions should provide evidence of the SI species if 
the temperature and pressure conditions are suitable for its 
existence.

By combining the data of Table 3.1 and the equilibrium composi
tion data of Section 2.4.3 in the form prescribed by equation (3.3), 
the relative intensity of the six strongest lines representative of 
each species is obtained as a function of the plasma temperature 
(Figure 3.1). For the copper line the equilibrium composition data 
for a 10% Cu:90% SF^ mixture was used, this being the appropriate order 
of magnitude concentration from the results in Section 6.4 for arc 
currents less than the core formation current. Although tungsten lines 
are present in the arc spectrum they have not been used for the 
measurements because the basic data are less reliable and the lines do 
not have the spectral clarity of Cul transitions.

3.2.2 Plasma Temperature Measurements from the Intensity Ratio 
of Cul Lines
Taking the intensity ratio of two lines from the same 

species modifies equation (3.3) to

e / e = ( A g X / A g X )  mn^ mn^ mn^°m^ mn^ mn^^m^ mn^

[exp - (l/kT)(E - E )] (3.4)
“l “2

where suffixes 1 and 2 refer to the two lines under consideration. 
Clearly the calculation is now less complicated; taking the intensity 
ratio eliminates N%(T). However, differentiation of equation (3.4) 
shows that for £mni/^mn2 vary appreciably with temperature
(Ejn̂  - Eyn2 ) should be  ̂kT. For visible neutral gas lines 
(Ejn̂  - Eĝ )̂ - 0.2 eV whereas the plasma temperature, kT, is 
approximately 2 eV. Metal vapour lines, however, have larger upper 
energy level separations and can therefore be used. For the 510.5 nm 
and 529.3 nm Cul lines (Emi “ = “ 3.9 eV. Inserting the
constants for these lines from Table 3.1 in equation C3.4) and 
rearranging yields

T = 4.54 X 10^[Inl0.5(e510.5/e529.3)]“  ̂ . (3.5)
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Equation (3.5) is plotted in Figure 3.2 for the temperature range
8.000 K to 25,000 K. At the high temperature end of this curve,
~ 20,000 K, the sensitivity of the intensity ratio to small tempera
ture change is beginning to fall off: in this region a 5,000 K
temperature variation causes only a factor of 2 change in the 
intensity ratio (see Section 6.2.1).

The intensity ratio/temperature relationship derived from Corliss 
& Bozman's (l962) earlier spectral constants is also plotted in Figure 
3.2. For these constants the equivalent expression to equation (3.5) 
is

T = 4.54 X  10^[in60.8(e510.5/e529.3)]"^ . (3.6)

The discrepancy between the two curves in Figure 3.2 shows that major 
temperature errors result if the incorrect transition probabilities 
are employed.(see Appendix Vlil). Using equation (3.5) and comparing 
the measured and calculated intensity ratio, the local temperature can 
be derived. To obtain a more accurate result the third Cul line,
515.3 nm, can be used. For this evaluation the temperature is deter
mined from the slope of the line in a plot of - I n g ^ \ ^ )  against 
Ejjj. This has been carried out in Section 6.2.1 (Figure 6 .6 ) to obtain 
a radially-averaged arc temperature as a function of current.

Richards (1968) and Jordan (1972) have suggested that Cul 
lines are unsuitable for temperature measurements above around
10.000 K because of the rapid fall in density of Cul species above this 
temperature. While this is true for the. low current arc, in the present 
investigation significant and measurable Cul line emission is almost 
always present due to the burning action of the high current arc on the 
electrode surfaces, e.g. see Figure 6.1.

3.2.3 Plasma Temperature Measurements from the Intensity Ratio 
and Relative Intensity of FI and SII Lines 
It was stated in Section 3.2.2 that the intensity ratio 

method using visible neutral gas lines generally gives a result of poor 
accuracy because for these lines (Eĵ  ̂ - E^2 )  ̂kT. This problem can be 
overcome by using the ion/neutral intensity ratio of the same element. 
However, in the present work the strong gas spectrum lines are mainly 
those of excited fluorine and ionised sulphur (i.e. different 
elements). Lines of these species, 624.0 nm FI and 545.4 nm SII, have 
therefore had to be employed, although in this case the method then
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becomes sensitive to demixing effects (Section 2.5.2). For these 
lines (Ejn̂  - E^2 ) “ 1.2 eV which is a rather low value but it will 
be shown that the ratio sensitivity to a temperature change is 
augmented by the derivative d(Npj/Ngjj)/dT over the required 
temperature range.

For the present investigation the equilibrium calculations of 
Kinsinger (Section 2.5.3) have been used which neglect demixing.
However demixing is probably negligible in these arcs as is evident 
from the agreement of the temperature profiles determined from either 
line (Section 6.2.2). Combining Kinsinger’s data with the values of 
the spectral constants for the FI and SII lines (Table 3.1) in 
equation (3.3) yields the relative intensity of these lines as a 
function of temperature (Figure 3.3). The intensity ratio of the 
two lines as a function of temperature for pressures of 0 .1 , 0 . 2  and 
0.5 MN m”  ̂ (1.0, 2.0 and 5.0 bar), again from Kinsinger's results, is 
given in Figure 3.4. Because the FI:SII species ratio is a strong 
function of temperature (e.g. 30:1 at 10,000 K falling to 0.5:1 at
20,000 K, Figure 2.4) then this augments the term
exp - [(1/kT) - Em2 )] and leads to a strong dependence of eFI/eSII
on temperature; Figure 3.4 shows that the combined effect of these 
strong temperature functions causes cFI/eSII to have values of 200:1 
at 8,000 K and 1:1 at 20,000 K for a gas pressure of 0.5 MN m  ̂ (5 bar). 
The ratio is relatively insensitive to gas pressure which is a useful 
feature because in the present investigation the gas pressure in the 
nozzle throat is particularly difficult to measure when the arc is 
present. Thus both the intensity ratio of the two lines and the 
relative intensity of either line are sensitive functions of temperature 
and therefore ideal for the temperature range of interest in the high 
current SF5 arc. Although it can be seen from Table 3.1 that the 
transition probability for the SII line could have an error as large 
as ± 30%, and the FI line ± 20%, calculations using equation (3.3) show 
that the systematic error in a measured temperature of 20,000 K will 
not exceed ± 1,000 K.

3.3 ELECTRON NUMBER DENSITY
The main discussion of the degree of line broadening caused by 

different mechanisms is given in Appendix III. The overall conclusion 
of this review is that line broadening in these arcs can be attributed 
mainly to bound electronic level perturbations due to fast electron
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impacts, 'quadratic Stark broadening'. This conclusion is valid if 
it can be shown that the lines in question are optically thin; this 
aspect is discussed in Section 3.5. The Stark broadening constants 
used in this work are given in Table 3.2.

Species Wavelength Value of C g in Ng = 1024 CgAXg.,at T °K
(nm) Source 5000 1 0 , 0 0 0 15 , 0 0 0 2 0 , 0 0 0 25,000

FI 623.964 Griem
(1964) 3.05 2.29 2 - 1.7 1.5

SII 545.381
Bridges 
& Wiese 
(1967)

1.24 1.57 ~ 1.7 ~ 1.87 2

Cul

Cul

515.8202

515.3235

Iwao & 
Jayaram 
(1971)

II

0.256

0.178

0.237

0.165

0.227

0.158

0.218

0.152

0 . 2 1 0

0.146

Cul 515.3235 Jenkins
Very weakly 
dependent on 
temperature

0.036 Very weakly 
dependent on 
temperature

TABLE 3.2
Stark Broadening Constants for FI, SII and Cul Lines

The data presented in Table 3.2 give the electron density 
Ng(m“^) in terms of the calculated Stark broadening coefficient Cg and 
the observed full half width AXg(nm). The FI and SII values of Cg at
15,000 K and 20,000 K have been estimated by linear interpolation.
The value of Cg is, to a first approximation, insensitive to tempera
ture in the main range of interest (10,000 K to 20,000 K). The classi
cal model used by Iwao & Jayaram (1971) predicts Cg « whereas
from the quantum mechanical approach Cg can be a weak positive or 
negative function of temperature depending on the particular transition 
considered. The ion contribution to the half width becomes important 
at low values of charge density. This is because AXg « for electrons 
but AXg Œ for ions, e.g. for the 624.0 nm FI line at T = 20,000 K
and Ng = 1 0 ^ 4  m”^, Griem (1964) gives AXg for electrons as 0.588 nm 
whereas the ion contribution is only 0.014 nm.

The values of Cg for the 515.3 nm Cul line calculated firstly by 
Iwao & Jayaram (1971) and secondly by Jenkins (private communication) do 
not agree: for a given value of AXg the discrepancy in Ng is about a 
factor of 4. In Chapter 6 it is shown that the use of the latter 
constant leads to better agreement between the set kinetic gas pressure 
and the evaluation of p = kT(Nj^ + 2Ng) where is the neutral particle 
number density. Also the electron density obtained from the latter
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constant agrees reasonably with the density determined from the FI and 
SII lines. These factors taken together with Jenkins' comment on the 
applicability of the Iwao & Jayaram's classical theory at high temper
atures suggest that the latter constant and its derivation are more 
appropriate to the present work.

The spectral lines presented in Table 3.2 have all been chosen 
for their relatively small value of Cg because this results in a 
larger,.and more easily measured, half-width for a given electron 
density. Taking a limiting instrumental resolution of 0.01 nm, these 
constants suggest that the electron density could be measured down to 
a value of about 2 x 1 0 ^ 2  m"® for the gas lines provided that other 
broadening mechanisms can be accounted for.

3.4 ELECTRODE VAPOUR IMPURITY CONCENTRATION
An important consideration in circuit breaker arcs is the concen

tration and the effect on the arc characteristics of metal vapour 
diffusing into the plasma from the electrodes. An order of magnitude 
estimation of the vapour concentration can be made by comparing the 
intensities of the metal and gas lines.

For each line we can write

'^mn^BTp) = constant Nz(CTp)(A^^g^/X^^)exp - (E^kT) (3.7)

where Eg^(CTp) and N^CCTp) are the line intensity and species number 
density as a function of the metal vapour or gas concentration and 
temperature and pressure. The former is a dependent variable and the 
latter can be calculated from Saha's equation if equilibrium exists.
If we hold the temperature and pressure constant and use and Cg to
represent the metal vapour and gas mass concentrations then

. (3.8)

We actually require 100 + Cg) i.e. the vapour concentration
expressed as a percentage of the total mass. Kinsinger has used this 
percentage, for copper vapour in SF5 , to evaluate Ng^^CC^) and Nz^g(Cg) 
as a function of temperature and pressure (Figures 2.4 to 2.7). Thus 
by measuring the. intensity ratio of a copper line and a gas (sulphur) 
line we can calculate the amount of metal vapour in the arc.

Figure 3.5 is a plot of 100 C^/(C^^ + Cg) against eCuI/eSII for
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the spectral lines 529.3 nm Cul and 532.1 nm SII and for 515.3 nm Cul 
and 532.1 nm SII. The spectral constants are given in Table 3.1 and 

■ were used to calculate the intensity ratio for specific concentrations 
using Kinsinger’s composition data. These lines were chosen for their 
spectral clarity and because they have a relatively small wavelength 
separation; the error due to difficulties in obtaining an accurate 
sensitivity/wavelength calibration for the rapid scanning spectrometer 
is thus reduced (Section 4.3.5). A further reason for selecting these 
particular copper lines was that their intensity for a given impurity 
concentration differs by almost an order of magnitude. This increases 
the range over which evaluation of the vapour concentration may be 
attempted and, in the range where the intensity of both Cu lines is 
measurable, the accuracy is enhanced.

The accuracy of this method is however limited for two fundamen
tal reasons. Firstly, it is very important that the metal atoms and 
the gas ions be in l.t.e. and that the temperature be accurately 
known. This is because the intensity ratio ECuI;eSII is a very sensi
tive function of temperature. (NB. The ratio eCuII:eSII would be 
less sensitive but unfortunately in these arcs the Cull lines are weak 
in the wavelength range considered.) At very high currents copper 
vapour emission dominates the arc spectrum but we would not be at all 
confident in estimating the impurity concentration using the above 
method because of the questionable validity of l.t.e. under these 
conditions (Section 8.2). For currents less than 20 kA peak, 
independent temperature measurements suggest that the radially 
averaged metal vapour and gas temperatures are equal with a value of 
about 17,000 K. Spectroscopic measurements of the electron density 
suggest that the gas pressure in the arc under these conditions is 
equal to the set kinetic background pressure. Figure 3.5 has 
therefore been derived for this temperature and for a pressure of 
0.2 MN m""2 (2 bar), although this latter parameter is less important 
in determining the intensity ratio. The second problem is that the 
arc is not isothermal: thus the measured intensity of Cul may
correspond to a different position, and therefore temperature, in the 
arc from that for SII. We therefore confine any comments on the 
vapour concentration to currents above about 3.5 kA where an approx
imately parabolic temperature profile persists: this shape is the
closest that the profile approaches to an isothermal profile. For 
these calculations over this current range we have had to assume that
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the concentration of tungsten vapour in the arc is small. Siddons 
& Harper (1972) have observed that tungsten is mainly removed from 
this type of electrode as relatively cold discrete pieces of metal, 
whereas copper is ejected as a vapour.

A further method of determining the impurity concentration, 
applicable to the very high current arc with the metal core present, 
arises from the estimation of SII intensity at the arc axis before 
and after the core forms. In this case the Abel inverted radial 
intensity distribution exhibits a dip at the axis because the high 
metal vapour concentration displaces the S and F components. The 
relative SII intensities with and without ’core formation* permit an 
estimate of the electrode vapour concentration in the central zone 
(Section 6.2.2b).

3.5 OPTICAL DEPTH
The test adopted here for plasma transparency, apart from 

experimental observation, has been to compare the intensity of the 
diagnostic lines with the 'black body' intensity at the same wavelength 
and temperature. If the line intensity exceeds the 'black body' limit 
in any region of the line profile, then the line shape will saturate 
by redistributing its energy within a larger bandwidth. The high 
local intensity and increased bandwidth of these lines enhance the 
probability of self-absorption by particles of the same type as the 
emitter and, in an extreme case, the emission can be lost entirely 
from the line centre (e.g. Figure AIII.l). These lines are then 
useless for diagnostics other than at the outer edge of the arc. Thus 
the test gives the conditions under which absorption might first be 
observed and as such is fairly severe.

The 'black body' radiation function is given by

B^(AT) = (C^/X^texpCCz/XT) - 1 ]“  ̂ (3.9)

where X is the wavelength, T is the temperature,
= 1,1909 X 1 0 *”T-2 \j cm^ sr”^ and C2 = 1,4380 cm K (Pivovonsky &

Nagel, 1961).

The problem in comparing the above expression with that for the 
line intensity (equation 3.3) is that the former has the units of 
surface area and per unit wavelength, whereas the latter has the units 
of a volume alone. In order to establish whether the intensities are
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comparable the two functions were first evaluated for radiation from 
the surface,and within, a 1 cm® sphere, i.e. a dimension corresponding 
to an arc radius of 6.5 mm. Full line half-widths of 0.2 nm were 
assumed which are typical values for the FI and SII lines (Section
6.3.1). The results are given in Figure 3.6 for a pressure of 
0.2 MN m“2 (2 bar) and, for the Cul lines, a mixture ratio of 
10% Cu:90% SF^ was assumed. The SII line intensity just equals the 
’black body’ intensity at a temperature of 25,000 K and for the FI 
line the intensities are equal at 20,000 K. However, for the given 
copper concentration and arc dimension three of the Cul lines exceed 
the ’black body’ limit at the low temperature end of this graph. This 
fact indicates that self-absorption may be a problem for these lines. 
The calculation was therefore examined in more detail by taking the 
ratio of the ’black body’ and line emission intensities.

Using the above criterion for a sphere of radius r, the optical 
depth for no self-absorption, 2r, is thus given by

2r = (2 X  4 ¥r^)AX[C^X~^{exp(C2 /XT) -  1}"^]

[(4/3)¥r^{N^(T)/(4¥))AE^^A^^g^exp - (E^/kT)]"’' (3,10)

where AX is the full line half-width and A E ^  is the energy of the line 
transition.

Equation (3.10) is plotted in Figure 3.7 for the same lines and 
conditions as were used in Figure 3.6 but in this case we have a 
measure of the optical depth as a function of arc temperature. Figure 
3.7 shows that the optical depth of the FI and SII lines lies in the 
range 15 ram to 20 mm at a temperature of 17,000 K, whereas the shortest 
depth for the Cul lines at this temperature is only 7 mm. Since a 
typical arc radius at high current is 1 0 mm the calculations predict 
self-absorption for Cul. However, these lines exhibit full half-widths 
considerably larger than 0 . 2  nm, the effect of which would be to shift 
the curves to larger optical depths. The question as to whether the 
large half-width is caused by the above effect or by the high electron 
density in these arcs (Section 3.3) can only be answered by examining 
the shape of the line and by looking for abnormalities in the radial 
intensity distribution. This is carried out in Section 6.3.2 but it 
should be noted here that all the experiments indicate that 
self-absorption is not an important effect for the diagnostic lines.
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However, the above calculations suggest that measurements using 
these particular Cul lines in vapour rich arcs at lower temperatures 
should be viewed with caution.

3.6 CONTINUUM RADIATION
Continuum radiation arises from the interaction of free electrons 

with the fields due to positive ions or neutral atoms. The inter
actions may be either free-free transitions (bremsstrahlung) or free- 
bound transitions (recombination radiation). The presence of conti
nuum radiation complicates the measurement of line intensity and hence 
temperature, because a spectrometer slit width sufficiently large to 
encompass the line profile allows a significant proportion of this 
radiation to be recorded; for accurate measurements the continuum 
fraction must be subtracted from the total intensity, and hence the 
use of relatively narrow spectral lines is preferred for the 
temperature measurements. However, this radiation is useful in 
detecting major changes in the plasma. The total continuum 
radiation, at wavelength A is given approximately by

^XC ~ constant [(N^ + N^)/T^][l - exp(- hv/kT)C(v.T)] (3.11)

where Z is the nuclear charge, N^ and N^ the ion and electron densities 
respectively and C(v.T) is a factor which takes into account the pene
tration of the electron into the charge cloud surrounding the nucleus. 
C(v.T) depends weakly upon the temperature and the composition (Richter, 
1968, p36). (NB. For a more complete description of equation (3.11) see 
Lochte-Holtgreven, 1968, pl61.) Thus is linearly dependent on N^ and
for a chosen wavelength it can be weakly independent on T (as T ^).
Thus any variation in the continuum intensity can be related to a change 
in electron density. In the present work, however, major changes in Ng 
are also associated with a change in Z (from S and F to Cu), so that 
care has to be taken in the interpretation of these variations.

In a magnetic field B, the electrons rotate around the field lines 
at the cyclotron frequency given by f^ = [(Be)/(2irm)J (in SI units). 
Since the field strength varies across the arc radius, continuous radi
ation is also generated. B exhibits a maximum value of about 1 T and a 
corresponding value of fg is 3 x 10^^ Hz or a wavelength of 1 cm. 
Cyclotron radiation can thus be neglected for visible wavelength, spec
troscopy but may be a valuable diagnostic technique for investigating 
core phenomena in the future.
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CHAPTER 4; EXPERIMENTAL APPARATUS AND DIAGNOSTIC INSTRUMENTATION

4.1 INTRODUCTION
Fundamental arc measurements are usually made in small scale 

discharge tubes under relatively easily controlled steady state con
ditions. To obtain the same degree of control in a full scale inter
rupter geometry operating at high current and gas pressure, and under 
pulsed conditions, makes severe demands of the electrical and mechani
cal design ôf the test facility. Moreover, existing diagnostic 
instrumentation, which is suitable for steady state measurements, can 
no longer be used in a time dependent situation without major 
modification. A significant part of the author's contribution has, 
therefore, been to develop original experimental and diagnostic tech
niques so that accurate physical measurements can be made in what is 
usually regarded as a power engineering environment.

This Chapter is divided into two main sections, the first of 
which describes the test facility, the power supplies, the experimental 
interrupter and the arc initiation technique, and the second is 
principally concerned with the development of the diagnostic instrumen
tation used to measure both the spatially resolved and the spatially 
averaged arc parameters. Only those aspects of the test facility which 
are essential to the understanding of the measurements, or of an 
original nature, are discussed in detail. Similar constraints have 
been applied in describing the instrumentation.

4.2 HIGH POWER SF^ INTERRUPTER TEST FACILITY
The interrupter test facility was constructed so as to enable . 

experiments to be carried out at realistic power levels, with full 
scale interrupter geometries, under controlled gas flow and arcing 
conditions. This facility is basically of the 'two-pressure' type in 
which gas is allowed to expand from a high pressure storage tank into 
a region of lower pressure: this arrangement gives better experimental
control over gas flow and arcing parameters than the 'puffer' type of 
interrupter arrangement. A photograph of the facility is given in 
Figure 4.1 which shows the downstream tank with a main access port 
removed and the smaller high pressure storage tank alongside. The 
downstream tank has an internal volume of approximately 1 m^ and a 
maximum working pressure of 0.8 MN m”  ̂ (8 bar). Three 150 mm diameter 
windows are provided so that the arc can be viewed both normal to its
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axis from either side and from the downstream end at an angle of 
about 20°. The interrupter and blast tube (75 mm internal diameter) 
are coaxial with the downstream tank (see Figure 4.3) and gas is 
admitted to the blast tube by a pneumatically operated blast valve 
fixed to the remote end of the tank. The high pressure, 1,8 MN m“  ̂
maximum (18 bar), storage tank has a volume of 0.15 m^ and is provided 
with heaters to avoid liquefaction of the SF^ gas. Electrical connec
tions to the interrupter, and the instrumentation leads, are fed 
through the tank walls via gas tight seals. The main high voltage 
connection is made via an SF^ filled low capacitance bushing (top of 
Figure 4.1) capable of withstanding more than 100 kV without breakdown.

The recirculating gas system was designed specifically for gases 
such as SF^ to prevent the escape of any toxic arc products. Ceramic 
micropore filters and activated alumina absorbers were used to maintain 
low dust and water vapour concentrations. Oil vapour impurities were 
minimised and short pumping times between experiments were achieved 
using a high capacity diaphragm type of oil-free pump. The high- 
purity SF5 gas was supplied by ICI to the CEGB's TPS 3/48 specification 
(water vapour content less than 34 ppm). When access to the interrup
ter assembly was required after burning an arc, a rigid tank cleaning 
procedure was followed to prevent any possible health hazard to 
operating personnel. This procedure consisted of pumping the gas into 
a storage vessel and then evacuating the main tank using a vacuum pump. 
The tank was flushed twice with dry nitrogen following each evacuation. 
After the final evacuation the tank was allowed to fill with atmosphe
ric air and then left overnight before removing the access port on the 
following morning. This period ensured that any long term chemical 
reactions had subsided and, as a further precaution, the inner vessel 
walls were cleansed of the SF^ dust (sulphur and metal fluorides) using 
an industrial vacuum cleaner.

Several different switching operations were necessary in order to 
carry out each experiment successfully. These comprised opening and 
closing the blast valve by electro-pneumatic switches, operating the 
arc initiation circuit (Section 4.2.4), connection of the high current 
supply by pulsing its make switches, disconnection of the high current 
and high voltage supply circuits by pulsing a mercury thyratron»which 
controlled the auxiliary vacuum circuit breaker,and injection of the 
high voltage circuit by short-circuiting a triggered spark gap. For 
most of the experiments carried out here only a single current loop
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was required and therefore the final two operations were unnecessary. 
The above operations together.with the triggering of high speed oscil
loscopes and other instrumentation were synchronised using square 
wave pulse generators (Tektronix 161) driven by a linearly rising 
voltage ramp generator (Tektronix 162) . The timing of these pulses 
was adjusted by setting their trigger points to different voltage 
levels on the linear ramp, so that arcing and voltage recovery always 
occurred under known gas pressure and flow conditions. The upstream 
pressure conditions in the blast tube were monitored using Kistler 
type 701 A pressure transducers (see the extreme right hand side of 
Figure 4.3 and Figure 4.4) and Kistler type 566 charge amplifiers.

4.2.1 Power Supply Circuits
The arc current pulses were obtained from tuned, series- 

connected inductance/capacitance (LC) discharge circuits (see the 
left hand loop of the circuit in Figure 4.2). The capacitor bank was 
precharged to a maximum voltage of about 9 kV and then discharged 
through the series inductance and the experimental interrupter. Three 
identical LC circuits were available with maximum values for L of
3.4 mH and for C of 3200 pF. Lower values of L or C could be 
obtained in each circuit by altering the series/parallel network of 
elements which made up L or C. The three circuits could either be 
parallel-connected in order to obtain the maximum current, or could 
be operated separately. A spark gap make-switch was connected in 
series with each circuit to control the time of current injection.

For an LC circuit in which the resistive and arc energy losses 
• 1 2 *are small compared with jCVq , the current waveform is sinusoidal 

and the peak current Iq in terms of the charge voltage is given by

Iq = V^(C/L)* . (4.1)

The half period of the sine wave is given by

= tt(LC) ̂ (4.2)

For the above maximum values of charge voltage L and C in a 
single circuit, equations (4.1) and (4.2) give Iq = 9.22 kA and 
Tq = 10.4 ms. These were the current pulse conditions under which 
several measurements were made; the half period corresponded 
approximately to the system frequency of 50 Hz.

For a sinusoidal current wave we can write for the instantaneous
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c u r r e n t  i,

i = I^sinrnt (4.3)
where w = .2nf = (2tt) / (2To ) and the time t is measured from the start

of current flow. Differentiation of equation (4.3) yields

di/dt = - I^wcoswt . (4.4)

At current zero, and for the approximately linearly falling part 
of the current waveform, cosmt - 1 and equation (4.4) reduces to 
di/dt = - IqCO. Thus for the above conditions di/dt = 2.79 A ys""̂ .

By connecting the three capacitor banks in parallel, C - 10,000 yF, 
and by adjusting each inductor to give a combined parallel inductance 
of one third of the former value, L - 1,1 mH, then peak currents of 
around 30 kA were achieved for the same value of Tq (equations 4.1 and 
4.2). Clearly, for this condition, di/dt scales linearly (equation 
4.4) and di/dt - 9 A ys~^ was obtained. Peak currents up to 45 kA were 
obtained by keeping the combined value of C constant but reducing the 
half period to 6 ms, i.e. by using the smallest value of L which the 
inductor construction permitted. In this case the maximum value of 
di/dt was about 24 A ys However for the reasons given in Section 
4 .2.4, it was not practicable to fire all three circuits simultaneously; 
in order to establish the very high current arc in its correct position 
in the interrupter it was necessary to delay the injection of two of 
the circuits for about 2 ms. This gave an initially distorted wave
shape, an example of which is shown in Figure 5.2. Under these 
conditions the above equations give only a rough guide to the injection 
parameters and the true instantaneous values were obtained by 
measurement.

Since a single loop circuit gives a maximum recovery voltage of 
only twice its initial charge voltage (18 kV for the above case) a 
double loop ’synthetic’ circuit has to be employed to examine the 
recovery performance of a high voltage interrupter. A typical parallel 
injection synthetic circuit is shown in Figure 4.2. As the primary 
current pulse approaches current zero, the vacuum switch is opened and 
the high voltage injection circuit is triggered. The vacuum switch 
isolates the primary circuit at current zero for that circuit. The 
high recovery voltage is impressed across the interrupter when a 
current zero is observed for the secondary injection circuit (Figure 5.1)

Rate of rise of recovery voltage control networks are positioned across 
the interrupter and can yield a 1 - cosmt recovery waveform for a
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capacitive damping network and a linearly rising ramp voltage for a 
resistive network. The former arrangement was used to derive the 
recovery characteristics given in Figure 1.2 and was also used to 
obtain the arc photographs shown in Figure 5.1.

4.2.2 The Experimental Interrupter
A photograph of the interrupter assembly viewed through 

an access port, is reproduced in Figure 4.3. The relevant parts of 
the assembly have been labelled in Figure 4.4 to clarify the photo
graph. The interrupter consists of the sintered copper/tungsten 
(Elkonite 30W3, 22% Cu:78% W) upstream and downstream electrodes, 
a non-conducting PTFE nozzle and a plasma gun for arc initiation. 
Opening the blast valve allows high pressure gas to flow along the 
blast tube, around the upstream electrode and finally to expand 
through the nozzle into the low pressure downstream region. When 
steady flow conditions have been established, as indicated by the 
pressure transducers in Figure 4.4, the plasma gun is fired and the 
arc is established. (NB. The operation of the plasma gun and the 
arc transfer process are discussed in Section 4.2.4.) The high 
voltage upstream electrode is connected to the SF^ filled bushing 
and can be operated either as an anode or cathode depending on the 
selected initial polarity of the capacitor bank. Most of the 
experiments were carried out with an upstream anode.

The downstream electrode position could be adjusted, from outside 
the main tank, to give a maximum electrode separation of about 2 0 0  mm, 
but most of the measurements were made with a set separation of 1 0 0  mm 
as is depicted in Figure 4.4. The ends of the electrodes had a 
hemispherical shape (radius 30 mm) and were convex and concave at the 
upstream and downstream surfaces respectively. The electrode shape 
and the metal from which they were constructed were chosen to be 
representative of those which might be found in a commercial circuit 
breaker. This particular grade of copper/tungsten is often used 
because it gives a smaller erosion rate than pure copper or pure 
tungsten at high current (Nakagawa & Yoshioka , 1976).

All the experiments were carried out using a convergent/divergent 
nozzle in which the entrance shape was a hemisphere of radius 40 mm 
and the downstream section was a truncated cone with a half angle of 
about 45°. The severe gas entry angle (almost normal to the arc axis) 
was designed to achieve a strong inward radial component of gas flow
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in arc regions up to the throat position. The downstream section 
was designed with a commercial interrupter geometry in mind e.g.
(Hermann et al., 1974b). The nozzle throat diameter was 38 mm and 
is again a typical value for the nozzles in a high power circuit 
breaker. The distance between the nozzle throat and the upstream 
electrode was made small ( 1 0 mm) in order to avoid nozzle clogging 
effects (Section 2.7.3).

4.2.3 Gas Flow Conditions
The gas velocity and pressure distribution in the 

interrupter are important when evaluating the terms in the energy 
balance equation. However, measurements of these parameters are 
very difficult when the arc is present and, since the gas flow 
separates from the downstream nozzle section in the present geometry, 
the flow is best represented by flow through an orifice (Section
2.7.1). The gas flow is thus 'unaware' of the nozzle walls and the jet 
freely expands with distance from the throat. In fact M. Hutton's (CEGB, 
private communication) computer calculations show that the divergence 
angle in the cold jet is quite- small, only a few degrees. This obser
vation coupled with equation (2.30) means that the pressure falls 
slowly and the Mach number increases slowly over the first 20 mm or 
so from the throat, the region of direct interest here. Further down
stream and in a region close to the downstream electrode, stationary 
shock waves exist in which the axial velocity becomes subsonic 
and the pressure may approach the upstream value. In the former case 
the equation relating the Mach number to the pressure ratio (equation 
2,29) is valid and has been used as a first estimation of the flow 
velocity.

For most of the experiments the set upstream pressure p^ was 
0.65 MN m~^ (6.5 bar) and the downstream pressure p^ was.0.31 MN m”^
(3.1 bar). In the throat the Mach number will be unity and, assuming 
a value for y = c^/c^ of 1.06 for SF^ at 300 K (equation 2.29), the 
pressure in the throat is 0.6 = 0.4 MN m”  ̂ (4 bar). As the gas
expands downstream of the throat the pressure can in fact fall below 
Pq leading to a higher Mach number. At the region of most interest,
10 mm downstream of the throat (z = 20 mm), Hutton has calculated the 
pressure in the jet to be 0.2 MN m”  ̂ (2 bar) and the corresponding 
Mach number predicted by equation (2.29) is M = 1.5. To account for 
variability in the axial pressure distribution, and its effect upon 
the Mach number, equation (2.29) has been solved for the above value of
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Py and the results are given in Figure 4.5. Two values of y were 
used, the above value and a value appropriate to a gas temperature 
of 17,000 K, y = 1.25. This parameter variation has little effect 
upon the Mach number.

Measurements of the arc loop motion during arc transfer (Section 
4.2.4(c) gave a maximum axial velocity of 200 m s Since the arc 
loop is of very low mass (high temperature, low density) and viscous 
forces are strong (Guile, 1968) it can be shown that the arc loop 
velocity reflects that of the cold gas. (NB. Measured velocities 
less than the maximum can be attributed to temporary arc loop short- 
circuiting in the nozzle throat region (Airey & Gardner, 1974 and 
Section 4.2.4d.) If the gas surrounding and transporting the arc 
loop is cold then the Mach number is 200/135 = Ml.48. This figure 
is clearly in very good agreement with the value derived from 
Hutton's calculations.

An important parameter for the axial enthalpy flux term is the 
product of the Mach number and the pressure. This product is also 
plotted in Figure 4.5 for the two values of y. Taking the limits of 
uncertainty in the pressure and Mach number as p = 0.2 MN m  ̂ (2 bar),
M = 1.5, and p = p^ = 0.31 MN m~^ (3.1 bar), M = 1.15, then the 
corresponding maximum error in the product from Figure 4.5 is ± 9.6% 
at 300 K and ± 8.5% at 17,000 K. In the analysis of the flux term 
(Chapters 5 and 7) the higher Mach number and the lower pressure have 
been used since there is at least some experimental confirmation of 
these values,

4.2,4 The Plasma Jet Method of Arc Initiation
Studies of pulsed high current arcs in flowing gas require 

a rapid and reliable method of arc initiation. Moving contact systems 
involve unacceptable time delays when used with a single pulse 
capacitive energy source; the use of an arc maintaining circuit is a 
possible solution but results in added complexity and still drains a 
significant amount of energy from the capacitor source, A fixed contact 
system with fuse wire initiation involves frequent access to the 
electrode assembly, which is difficult with an enclosed SF^ interrupter 
and the exploding wire can also introduce impurities into the arc 
region. Voltage breakdown of the inter-electrode gap is difficult in 
cold high pressure SF^ due to the excessively large electric fields 
required. These problems have been overcome using the method described 
here in which the initial gap breakdown is accomplished using a high
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temperature jet from a plasma gun. The resulting arc is then cross 
blown by the gas stream into à loop which eventually touches and 
transfers to the downstream electrode. This method was first reported 
by Ellis et al. (1972) for the initiation of arc discharges in air.

(a) Plasma Gun Construction
A considerable amount of development work was carried out 

before the final plasma gun geometry was established. This work is 
fully documented in Airey & Gardner (1974).

The plasma gun components and their position in the interrupter 
nozzle are shown in Figure 4.6. The outer body (brass) screws into 
the interrupter nozzle and the body tip (copper/tungsten) serves as 
an electrode for the main discharge during arc transfer. A coaxial 
construction was adopted with the central tungsten electrode 
insulated from the outer body by a synthetic resin bonded paper 
(SRBP) sheath. Both glass and PVC sheaths had been tried previously 
but it was found that the mechanical shock associated with the dis
charge caused the glass to shatter and block the jet orifice, while 
PVC was eroded too rapidly. The discharge end of the SRBP insulator 
appeared blackened after a few discharges, but was otherwise undamaged.

The discharge volume and the jet orifice diameter were quite 
critical for consistent breakdown; using a volume of 190 mm^ the 
optimum orifice diameter was 2.4 mm with variation of ± 0.8 mm causing 
performance deterioration. This diameter was the same as that used by 
Ellis et al. (1972) for plasma jet breakdown in an air blast interrup
ter. The orifice length was less critical and the value adopted by 
trial was 5 mm. The plasma gun was arranged in the nozzle of the 
interrupter with the jet directed normal to the gas flow and set suffi
ciently upstream of the electrode tip to allow for the effect of the 
gas velocity on the jet trajectory, i.e. the plasma jet moves through 
the cold gas at sonic velocity and since the velocity of the main gas 
flow is Mach 0.3 in this region, the jet is only deflected by about 
3 mm as it crosses the 10 mm gap between the jet orifice and the 
upstream electrode.

(b) Plasma Gun Drive Circuit
Although initial tests were made with three electrode plasma 

guns and dual voltage power supplies, it was subsequently found to be 
possible to effect a considerable simplification. It was observed that 
the blackening of the SRBP insulator considerably lowered its surface
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fiashover level such that reliable breakdown could be obtained with 
voltages as low as 1 kV even at SFg gas pressures up to l.Oi'MN m”’̂
(10 bar). . The simplified drive circuit is shown in Figure 4.7 together 
with, the main circuit for the transfer tests. The operating sequence 
is as follows.

The 20 yF capacitor is charged to about 7 kV via a 1 MO resistor 
from the variable voltage d.c. source. The 10 kfi resistor ensures 
that the capacitor voltage is developed across the main electrodes of 
the triggered spark gap. When the trigger electrode is pulsed the 
full capacitor voltage is transferred to the plasma gun causing break
down across the insulator and allowing a high frequency current to 
flow. When initial breakdown with a new insulator was difficult, the 
plasma gun was 'run in' by initially operating with a high capacitor 
voltage at atmospheric pressure in air.

Marshall (1960, pp60~72) has shown that most of the capacitor 
energy is dissipated in a plasma gun during the first half cycle of 
oscillation, due primarily to the high discharge voltage immediately 
following initiation. In the present case the discharge frequency was 
about 100 kHz; the circuit inductance was kept to a minimum by using a
coaxial cable feed between the drive circuit and the plasma gun. ITie 
capacitor charge voltage was variable up to 10 kV but 7 kV (500 J) was 
adequate for breakdown with gas pressures up to 1.0 MN m”*̂  (10 bar). 
Earlier tests had been carried out with a 50 yF capacitor but this was 
replaced with a 20 yF unit to minimise erosion without reduction in 
performance. Further reduction of the drive capacitor to 10 yF failed 
to produce reliable breakdown.

(c) Arc Transfer
Two methods were used to confirm successful arc transfer to 

the downstream electrode. A high speed framing camera (5000 p.p.s.. 
Section 4.3.2) was used to view the arc through a window and an oscil
loscope recorded the total arc voltage measured by a potential divider 
connected across the interrupter. Since the arc voltage varies approx
imately linearly with the arc length (ignoring second order effects 
due to axial gas pressure variations and increasing arc current) we 
expect to observe the arc voltage growing with time as the total arc 
loop length increases. When the arc is short-circuited by the down
stream electrode this voltage should fall suddenly to about one half of 
its previous value. The arc voltage trace shown in Figure 4.8 shows
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this behaviour with a total arc transfer time of 1.6 ms. These 
records also show the arc current and upstream gas pressure during 
the experiment. The gas pressure was measured 0.4 m upstream of the 
nozzle throat using the piezoelectric transducer shown in Figure 4.4.
In the record shown here, the low frequency oscillations are due to 
undamped pressure waves in the blast tube set up when the gas pulse 
is first admitted.

Figure 4.9 shows a clip from a high speed film taken at 6 kA peak. 
The gas pressure and electrode separation are the same as for Figure 
4.8. The upstream region of the arc is obscured by the nozzle but for 
clarity a section of the nozzle and the upstream and downstream 
electrodes have been drawn in. The arc is blown through the nozzle in 
a loop (frame 1 ) and transfers to the downstream electrode in the last 
frame (5). The axial velocity of the arc loop in the visible region is 
about 200 m s”^. Thus for an arc length of 0.1 m, we may expect an arc 
transfer time of 0.5 ms. In fact the arc slows down as it approaches 
within about 1 0  mm of the downstream electrode (e.g. frames 2 and 3 of 
Figure 4.9) due to the stationary boundary layer in front of this elec
trode (Section 4.2.3). Since the arc loop has to cross the stationary 
zone in order to achieve breakdown and current flow to this electrode, 
the total transfer time exhibits a relatively large scatter from shot to 
shot: . for the present gas flow conditions, arc transfer times distri
buted between 0.9 ms and 1.6 ms were observed in six separate experi
ments. Provision of a 10 ram diameter central passageway drilled through 
the electrode with four radial exits (Figure 4.3) gave some improvement 
and reduced the probability of the arc transferring further downstream. 
With this arrangement arc transfer times between 0.7 ms and 1.1 ms 
were observed in ten experiments.

(d) The Current Limit for Arc Transfer
With a metal nozzle the arc root can move through the nozzle 

throat as the arc is blown downstream. In this case there is no limit 
to the arc current for successful transfer provided the waveform is 
such as to allow sufficient time for the arc root to move to the 
downstream end of the nozzle. If an insulated nozzle is used the 
situation shown in Figure 4.6 obtains and during the transfer process 
two arc columns exist in the nozzle throat at the same time. If the 
current rises too rapidly the increasing arc diameter results in the 
two columns meeting and the developing arc loop is shorted out prevent
ing completion of the transfer process. An oscillatory situation can
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also arise like the one in argon and nitrogen plasma jets discussed 
by Jordan & King (1965).

At a current of 10 kA the arc diameter in the throat region is 
typically 20 mm. Thus arc short-circuiting may occur in the nozzle 
throat when the arc column diameter at that point is about one third 
the nozzle throat diameter, i.e. we assume that the arc attached to 
the upstream electrode is coaxial with the nozzle. For a convection 
dominated arc such as this (Section 7.3.1) the current density is 
given by Frost & Liebermann (1971) as

J « (PQyt/z)^ . (4.5)
The current density at z = 20 mm from the electrode has been measured 
as 40 mA m”  ̂ (Section 6.2.2) for the present throat pressure 
Pgut “ 0.4 MN m~^ (4 bar). From this the peak value of a sinusoidal 
current pulse at which arc shorting could occur can be expressed as

= (0.774nD^^/sinwt)(Pg^^/z)^ (4.6)

where Dĵ  is the nozzle throat diameter and t is the arc transfer time.

For the nozzle diameter of 38 mm used here and with the above 
throat pressure, the maximum transfer time was 1.6 ms. Thus for a 
1 0  ms sinusoidal current pulse the maximum peak current for effective 
arc transfer would be estimated at 14.6 kA. This compares with 
observation of effective transfer at 11 kA but not at 13 kA. However, 
it has been observed that the arc exhibits some lateral aerodynamic 
instability which can increase the effective area occupied by the arc. 
This instability also influences the development of the arc loop and 
contributes to the variation in arc transfer times.

In practice higher peak currents were established in the interrup
ter assembly by initiating the arc transfer with a smaller current and 
injecting the full test level after a delay of about 2 ms when transfer 
was effected. This technique was adopted to establish arc currents up 
to 30 kA and 45 kA. Most tests were made with the upstream electrode 
as an anode but no difficulty was experienced when the reverse polarity 
was employed.

(e) Contamination of the Main Arc
Marshall (i960, pp60-72) has used a similar plasma gun for 

studies aimed at investigating controlled thermonuclear fusion. When the
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plasma jet radiation was examined spectroscopically, only emission 
lines due to the discharge gas could be found implying the absence of 
electrode vapour. In the present case some burning of the gun electro
des and the insulator tube was observed. Thus contamination of the 
main discharge channel by plasma gun impurities was certainly possible 
during the first millisecond or so of arcing. However, survey spectra 
plates have shown a complete absence of metal vapour lines with a 
different interrupter geometry but using this method of arc initiation 
(Airey et al., 1976a and Figure 6.3).

4.3 DIAGNOSTIC INSTRUMENTATION
4.3.1 Arc Voltage, Current and Gas Pressure Measurements

A high speed multichannel oscilloscope (Tektronix 555), 
positioned inside a screened room, was used to display the voltage , 
current and gas pressure signals and the waveforms were recorded on 
Polaroid film using an oscilloscope camera. The measurement conditions 
were not as severe as those met when recording current zero phenomena 
e.g. typical oscilloscope settings were 0.5 V cm”  ̂ for the arc voltage, 
50 V cm  ̂ for the current and 1 V cm”  ̂ for the gas pressure with a 
sweep speed of either 0.5 or 1 ms cm”^. However, to reduce the inter
ference from electromagnetic noise during the experiment, a differential 
amplifier was used for the voltage measurement and a multichannel, 
'chopped beam', single-ended amplifier for the large current and 
pressure signals. Removal of the earth connection on the pressure 
transducer charge amplifier meant that the instrumentation could be 
grounded at a single earth point (the shunt) and, hence, the circulating 
currents in the sheaths of coaxial instrumentation cables were almost 
completely eliminated. These cables had a characteristic impedance of 
50 0  and, where possible, were terminated at either end to reduce 
reflections due to miss-matching. Calibrations of the oscilloscope X 
(time) and Y (voltage) axes were carried out before beginning an 
experiment.

Several different res istance/capacitance potential dividers were 
used to measure the arc voltage. All of these dividers, and their 
associated oscilloscope amplifiers, suffered, to a greater or lesser 
extent, from a zero shift problem. This problem arose because the 
pre-breakdown voltage across the arc gap, the capacitor charge voltage, 
was typically 9 kV whereas the voltage during arcing was only a few 
hundred volts. Consequently for a reasonable beam deflection during
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arcing, the amplifier had to recover rapidly from an overload signal 
(i.e. a very large effective voltage swing typically ten times the 
screen height) and the divider had to maintain a constant sensitivity 
ratio both during and following the initial transient. Tektronix Type 
D or Type Z plug-in amplifiers were found to suffer least of all from 
this problem and they also had a large common-mode rejection^ratio 
which reduced the noise level still further. For this type of measure
ment, where a very high frequency response was not so necessary, the 
most successful potential divider was the purely resistive version 
shown in Figure 4.2 (ratio 1370:1) and the Tektronix P6015 resistive 
probe (ratio 1 0 0 0 :1 ).

Two different resistive shunts were used to measure the arc 
current. For currents up to 10 kA peak the 42 mO shunt shown in 
Figure 4.2 was used. At higher currents this resistance would have 
produced a voltage in excess of the shunt insulation breakdown level 
and therefore a low resistance shunt, 0.66 mO, was used. Both shunts 
were of the flat folded element type which reduced the inherent 
inductance to an acceptably low level; no detectable zero shift was 
observed when current signals of the order of 1 kA cm”  ̂ of oscilloscope 
screen deflection were displayed.

The Kistler pressure transducers were of the piezoelectric type 
and had a flat response characteristic up to around 1 MHz. However, 
the response time was limited to about 50 ys because the transducers 
were positioned on the outside surface of the blast tube: gas pressure
waves therefore had to traverse the tube wall thickness, around 1 0  mm, 
via a 3 mm diameter hole drilled in the wall. For pressure wave 
frequencies much less than 50 Hz these transducers and their ampli
fiers suffer from a long term drift problem. This arises because the 
small currents generated by the transducers require an extremely high 
input impedance, around 1 0 ^® Î2, for both the matching cable and the 
amplifier. In the present work these limitations were not a problem 
and the manufacturer's instructions regarding the condition of the 
cable and its terminations were adhered to. Very little interference 
was experienced from the arc current supply circuits except during the 
initial plasma gun operation. This resulted mainly from the screening 
effect of the large downstream tank and the fact that the charge 
amplifier was positioned outside the tank and well away from the main 
current supply leads.
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4.3.2 High Speed Arc Photography
Three different types of high speed camera were used in 

this work. The main 'framing* camera was a Hitachi, Model 16HM,
16 mm camera capable of operation at speeds up to 1 0 , 0 0 0  p.p.s. in 
its full frame mode and up to 2 0 , 0 0 0  p.p.s. in its half frame mode.
For full frame operation the mark-space ratio was approximately 1:2; 
thus at the highest speed of operation the exposure time for each 
frame was 33 ys. A typical optical arrangement for this camera and 
for other diagnostic instrumentation is shown in Figure 4.10. For a 
typical arc to lens separation, u, of 1 m and a lens focal length, 
f, of 0 . 1  m, the image to lens separation, v, is obtained from 
1/v = 1/f - 1/u. These dimensions gave v = 0.11 m and the magnifi
cation, v/u, was thus 0.11. Under these conditions, and for an arc 
current of 10 kA peak, good resolution of the arc edge was obtained 
using an f/16 lens aperture, neutral density (ND) 2.8 filters and 
500 ASA film. Photographs at higher currents or at current zero
were obtained by increasing or decreasing the filter density respect
ively. However, increasing the exposure of films taken for a constant 
peak current made little difference to the measured arc dimensions and 
only increased the level of fogging; this indicates a rapid fall of 
intensity with radius at the arc edge.

Shorter time resolution and a continuous record of time dependent 
variations in the arc radius were obtained using a streak camera 
version of the above model. The camera is shown schematically in 
Figure 4.14. It differs from the framing version shown in Figure 
4.10 by having its rotating prism block replaced by a slit. The film 
records the information passing through the slit which is positioned 
in the focal plane of the lens. The film velocity was 36 m s"^ and 
using a slit width of 0.2 ram, the limiting time resolution was 5.6 ys. 
Smaller slit widths would have yielded a better time resolution but 
were not used because of manufacturing difficulties. The camera was 
positioned so that the slit was normal to the arc axis. Thi^ enabled 
recording of intensity variations in the radial direction but not in 
the axial direction. Exposure settings similar to those for the framing 
camera were used with the best exposure for a set arc condition obtained 
by trial.

An Imacon image converter framing camera was used to obtain short 
time exposure arc photographs with both radial and axial resolution.
In this camera an image of the arc is focused on to a photocathode and
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the spatial distribution of electrons leaving the cathode directly 
reflects the original photon image. Gating electrodes are used to 
limit the duration of the directed electron beam and to position 
its arrival at the anode phosphor. In this way a set sequence of 
image frames is presented at the anode; this sequence can then be 
photographed using a conventional Polaroid camera. Electronic timing 
pulses corresponding to each frame were displayed on an oscilloscope 
together with the arc current as a reference parameter (see Figure 
5.8). However, this type of camera suffers from a latent image 
problem which becomes apparent only when events closely following 
very bright, long duration arcs are being photographed; if it is 
desired to photograph an event at current zero, the light falling on the 
cathode during the main part of the current pulse causes saturation 
and results in fogging of the picture. The solution adopted here 
was to increase the density of filters in front of the main lens but 
this meant that insufficient light was then available for recording 
current zero phenomena at very short exposure times (around 1 0 0  ns). 
Satisfactory photographs could be obtained only with an exposure time 
of 8 ys and a framing rate of 25,000 p.p.s. Nevertheless, these 
photographs were a considerable improvement over those obtained with 
the conventional camera and the extra time resolution allowed important 
deductions to be drawn from the results (Chapter 5). To use the full 
capability of this camera, the above problem could be overcome by using 
a synchronous rotating shutter to prevent pre-exposure of the 
photocathode.

Narrow band interference filters tuned to the wavelength of 
specific arc emission lines, combined with high speed photography, 
were found to be extremely useful when investigating arc structure.
The filter principally used in this investigation was one corresponding 
to the bright 515.3 nm Cul line: it had a peak transmission at 515.2 nm
and 50% transmission values at 517.1 nm and 513.5 nm. Reference to the 
arc spectra discussed in Chapter 6 shows that the only gas line within 
this bandwidth is the 514.2 nm SII line which is a relatively weak 
transition. The filter was positioned in front of the camera lens and 
the neutral density filters were adjusted to compensate for the con
sequent reduction in image intensity (Figures 4.10 and 4.14). Examples 
of short time exposure photographs obtained in this way are given in 
Figures 5.3, 5.8 and 5.12. The bright arc regions correspond to the
Cul line emission, whereas the darker regions represent the SII line
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emission and breakthrough of emissions at wavelengths outside the 
main filter bandpass.

4.3.3 Time-Resolved Laser Shadowgraphs
If a parallel beam of light passes through a gaseous 

medium in which there is a density gradient normal to the beam axis, 
then the beam will be deflected by an amount dependent upon the change 
in refractive index caused by the density gradient. Density perturba
tions can clearly arise either as a result of pressure variations at 
constant temperature or temperature variations at constant pressure.
It is the latter which is of interest here and the above property has 
been used to resolve the radial boundary of the thermal zone surround
ing the arc. The optical arrangement for obtaining the shadowgraphs 
is shown in Figure 4.11 and photographs of the apparatus are given in 
Figure 4.12A and B. The beam of light is collimated using a small 
diverging lens and a concave parabolic mirror. The beam is directed 
into the arc chamber and passes through the test section and out the 
other side. The normal and deflected light rays are focused using an 
identical mirror and are directed into a high speed framing camera.
The output optics are shown in Figure 4.12A and the input optics in 
Figure 4.12B. Fine focusing is carried out using a small low power 
lens where the beam is small in the output section.

The problem with making such a measurement in the presence of an 
arc is that the arc intensity outshines any normal light source and 
renders the thermal boundary invisible. This problem was overcome in 
two ways. Firstly, a powerful argon-ion laser (Model CR52, 600 mW in one 
line) was used at a wavelength of 488.0 nm, corresponding to no arc line 
emission (Figure 6.1). Thus by using an interference filter which 
corresponded to the laser line the net contribution from the arc 
emission in the output section was considerable reduced. Secondly, 
since the output optics were set to view an image which was effectively 
at infinity, the arc image was not in focus at the camera focal plane. 
The arc light entering the camera could thus be further reduced using 
a small field stop which passed the narrow laser beam but not the 
majority of the arc emission. Even so, some breakthrough of arc light 
was observed in the results (Figure 5.11). Simple geometrical calcula
tions show that a density change of only 1 0 % (a temperature increase of 
30 K in 300 K) is sufficient for the long optical pf’.Lii length to deflect 
the beam out of the stop aperture. Therefore ic is concluded that the 
thermal boundary corresponds to Intensity boundary on the high
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speed film. Similar measurements using the more sensitive laser 
schlieren technique gave an identical boundary as has been confirmed 
for air arcs by the measurements of Bothwell et al, (1974).

4.3.4 Survey Spectrometer
The instrument used for most of the spectroscopic investi

gations was the Rank Hilger Monospek 600 combination grating spectro
graph and Czerny-Turner monochromator Model D46Ô. The internal optical 
arrangement of the spectrometer is shown in Figure 4.10 and consists of 
the collimating and focusing mirrors and the plane grating. The 
direct reading head is coupled to the grating by a system of gears and 
a worm driven sine bar. When used as a survey spectrometer a 45° plane 
mirror deflects the output spectrum upwards on to the photographic 
(Polaroid) plate. In the monochromator mode the output is dispersed 
across the focal plane of the exit slit, which selects the emergent 
wavelength and bandwidth according to the settings of the direct reading 
head and the width of the exit slit. The focal length and effective 
aperture of the instrument are 0.6 m and f/6 respectively. Using a 
grating of 1200 lines mm”  ̂ a linear dispersion of 1.36 nm mm”  ̂was 
obtained which was adequate for the present investigation.

A photograph of the instrument in its survey spectrometer mode 
is given in Figure 4.13C and the spectral response of the film is 
plotted in Figure 4.13D. A simple single element lens (focal length 
250 mm, aperture f/5) was used to focus the arc radiation on to the 
entrance slit and neutral density filters limited the image intensity 
to a recordable level. The system was aligned with the Scientifica 
and Cook 0.5 mW HeNe laser shown in Figure 4.13A. By arranging the 
entrance slit normal to the arc axis some radial resolution was 
obtained but the survey spectra were all time-integrated during the 
pulse (Figure 6.1). Successive surveys of 100 nm sections were made 
at 50 nm intervals so that a complete overlapping spectrum was built up 
in the visible wavelength region.

4.3.5 Rapid Scanning Spectrometer
During the early stages of this work the author felt there 

was a necessity for an instrument which would give survey spectra like 
the ones discussed in the previous section but with short time 
resolution. One solution to this problem would have been to use a fast 
shutter to select particular exposure times on the current waveform. 
However, high speed photographs had already shown that major changes
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could occur in the arc structure with time scales of less than about 
50 ys and it was therefore necessary to achieve a time resolution 
much better than this: clearly conventional mechanical shuttering is 
impracticable on this timescale. Moreover, for a quantitative measure
ment of the line strengths, calibration of the sensitivity characteris
tic of the photographic plate is necessary, both in terms of wavelength 
and amplitude. This can be a very time-consuming exercise since it 
involves photodensitometry of every line. Also because the character
istic is essentially logarithmic, the final results can have 
considerable error bars. It was therefore desirable to use a photo
electric detector system in which the response varied linearly with the 
photon flux. No commercial instrument existed with these characteris
tics and a novel rapid scanning spectrometer was therefore designed 
and built especially for this purpose.

A diagram of the spectrometer is shown in Figure 4.10. It con
sists of collimating and focusing lenses with their respective 
entrance and exit slits, a plane grating and a plane trigger mirror 
and a rapidly rotating mirror.* The two lenses were identical, fully 
corrected, ex-MOD, achromats with nominal focal lengths of 0.5 m and 
full apertures of f/5.6 . The straight-sided slits were adjustable 
both in height and width and were similar to the Rank Hilger curved 
slits fitted to the Monospek instrument. The 50 mm x 50 mm grating 
was manufactured by Jarrell-Ash and had a groove frequency of 590 
lines per millimetre and was blazed at 750 nm. The rotating mirror 
assembly was a type ER7 electrically driven device built by AWRE, 
Aldermaston, and was originally designed for a very high speed framing 
camera. The three-phase windings of the driving motor were found to 
be burnt out and had to be rewound by the author before the experiments 
could commence. The dynamically balanced two-sided mirror was made of 
stainless steel and could be rotated at a maximum speed of 60,000 r.p.m. 
although in the present work 30,000 r.p.m. was not exceeded. The 
mirror motor was driven by a three-phase 12,000 Hz generator with 
adjustable rotor excitation, which was in turn belt-driven by a 1 h.p. 
three-phase 50 Hz motor. The light emission was collected from the exit 
slit using a side window IP28 RCA photomultiplier tube with a resistance/ 
capacitance dynode grading chain operating at 900 V. This voltage was 
relatively low but ensured that the photomultiplier was operating on the 
linear part of its characteristic.

Photographs of the assembly are shown in Figure 4.13A and B. As the
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mirror rotates it first encounters the direct, full spectrum, 
emission from the arc and transmits this intense radiation, via the 
output optics, to the photomultiplier. The resulting large photo
electric current pulse was used to trigger the oscilloscope in readi
ness for the display of the full spectrum. When the rotating mirror 
intercepted the arc spectrum from the grating, each spectral"* line was 
swept across the focal plane of the exit slit. This slit sampled each 
line in turn according to the plain grating equation for constructive 
interference:

NX = dsinO (4.7)

where N is the order of the spectrum, X is the wavelength, d is the 
groove separation and 0 is the angle between the grating and the ray 
projected off the rotating mirror surface into the exit slit. NB. 0 
is controlled by the instantaneous position of the rotating mirror.

Thus,.on the oscilloscope display, the amplitude is proportional 
to the line strength and the time displacement varies as the wavelength. 
Greater wavelength resolution could be obtained, at the expense of 
sensitivity, by repositioning the grating so that the second order 
spectra, N = 2 (equation 4.7), was being viewed instead of : the first 
order.

The effective aperture of the system is quite small, around f/20. 
This arises because the grating only intercepts a small area, about 
15 cm^, of the collimated beam area, 65 cm^. Therefore the instrument 
is mainly useful for bright radiation sources such as the arcs invest
igated here. The effective output voltage from the photomultiplier was 
further reduced because of the necessity to match the output impedance 
of the detector to that of the cable (50 0): the length of the cable 
connecting the instrument to the oscilloscope was some 1 0 m and because 
an extremely high frequency response was required (typical rise and 
fall times were around 0.5 ys for sharp spectral lines), it was 
essential that the system electronics be fully matched and terminated. 
This small resistance, coupled with the relatively low photoelectric 
current in the final stage of the photomultiplier chain, meant that the 
signal was typically only tens of millivolts. The small signals 
generated were a problem when a sensitivity calibration as a function 
of wavelength was attempted. No calibrated source was available with 
sufficient intensity to give a usable signal. Instead, the known
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spectral responses of the grating and the detector were used to 
determine an approximate sensitivity.curve. However, since the change 

' in sensitivity is small for small changes in wavelength, this was not 
a problem when measuring the intensity of two or more close lines.
(NB. The calibration problem could be overcome in the future by 
using a Liconix HeSe c.w. laser, which has six lines distributed 
between 530.5 nm and 497.6 nm, coupled with a HeNe c.w. laser operating 
at 632.8 nm.)

Typical results are given in Figure 6.4 and show that the visible 
spectrum between 650 nm and 450 nm is scanned in 110 ys whereas the 
delay time between measuring the two Cul diagnostic lines, 529.3 nm 
and 510.5 nm, is less than 10 ys. The rotating mirror makes a number 
of scans across the grating during a single arc pulse and these have to 
be spatially separated on the oscilloscope screen. It is also important 
that the time and current for each scan be accurately known. Spatial 
separation of the signals was achieved by the electronic addition of a 
slowly rising ramp voltage which was derived from a second oscilloscope. 
This oscilloscope was then used to display the arc current, voltage and 
trigger mirror signals in the same way as was carried out for 
synchronisation of the monochromator signals (Section 4.3.6). A. 
modification to this instrument, suggested by F.R. Harrison of the 
CEGB (private communication), was to angle the exit slit and thereby 
obtain some measure of the radial distribution of line intensity. This 
was attempted briefly but interpretation of the results (in particular 
the problem of unfolding the combined spatial and wavelength line inten
sity distributions) was difficult and it.was felt that a direct arc 
scanning system for each line would be more reliable (Section 4.3.6). If 
an unfolding technique could be developed, the above system would indeed 
become a very powerful diagnostic instrument.

4.3.6 Rapid Scanning Monochromator
Radial resolution of spectral line intensities is essential 

for determining the temperature distribution. Whilst the system des
cribed in Section 4.3.5 produces very good time resolution, in its 
present form it gives no real indication of the spatial distribution of 
line intensity. One possible solution to this problem, other than that 
described above, would be to use the instrument in successive experi
ments to view different radial sections of the arc. However, the 
unstable nature of the arc ruled out this solution for the present 
investigation. The solution finally adopted was to scan the arc image

-65”



across the entrance slit of a monochromator tuned to each diagnostic 
line in turn. Although this arrangement also suffers from uncertain
ties due to shot to shot repeatability these are far less serious than 
in the former case.

A schematic diagram of the apparatus is shown in Figure 4.14 and 
a photograph of the complete assembly is given in Figure 4.15. The 
monochromator has already been discussed in Section 4.3.4 and the 
rotating mirror and lens are those described in Section 4.3.5. In 
operation the rotating mirror scanned a focused image of the arc firstly 
across the light sensitive area of a Mullard BPYIO photocell and 
secondly across the entrance slit of the monochromator. The photocell 
provided a trigger signal for the oscilloscope in readiness for the 
display of the side-on line intensity profile. The line radiation was 
detected at the exit slit by the photomultiplier and was fed into the 
Y-amplifier of the oscilloscope. For a mirror rotation speed of 
18,000 r.p.m. (300 Hz), seven scans of the arc occurred on average in 
a single 10 ms arc pulse. These scans were spatially separated on the 
display screen by adding a slow ramp voltage signal to the input 
signal as was carried out for the spectral scanning system (Section 
4.3.5). The voltage ramp was derived from a second oscilloscope,, 
which was also used to find the current and time at which each arc 
scan was made; synchronisation times were established by displaying the 
photocell signal, the arc voltage and current on the second oscillo
scope. Close-up photographs of the rapid scanning monochromator and 
the oscilloscope instrumentation are given in Figure 4.16A, B and C.

Since the arc was unstable it was necessary to use a scanning 
speed sufficiently fast to freeze the arc motion during the scanning 
time. The radial expansion and contraction velocities of the arc were 
established using the streak camera (Figure 4.14 and Section 4.3.2) 
and a maximum value of about 300 m s”  ̂was found. Thus in order to 
freeze the arc motion it was necessary to use a radial scan speed an 
order of magnitude faster than this value. For the above mirror 
frequency, and an optical lever of about 0.5 m, the scan speed 
achieved was 3000 m s The monochromator entrance slit dimensions 
determined the radial and axial resolution of the arc intensity, whilst 
their product determined the radiation flux received at the exit slit. 
Satisfactory resolution and light gain was obtained with a height of 
0.17 mm and a width of 0.46 mm. The lens gave an overall magnification
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(v/u) of 0.59. Thus the radial resolution set by the slit height was 
0.29 mm and the axial length of arc viewed was 0.78 ram. The width of 

' the slit also influences the wavelength resolution of the monochromator 
and the above value was rather large. However, line profiles in 
experimental survey spectra taken with this setting were as clear as 
those taken with a width of 0.1 mm. The setting of the exit slit was 
more important since this determined the width of the line profile 
and the continuum accommodated by the detector. These aspects are 
discussed in Section 6 .2 .2 (a).

The complete optical system was calibrated using a standard 
tungsten lamp operated with a filament temperature of 2,200 K.
Firstly the optics were accurately aligned by shining the HeNe laser 
through the space to be occupied by the arc. Secondly the standard 
lamp was fixed in the arc position (Figure 4.16D) and the focusing 
adjusted so that a well-defined image of the lamp filament was 
displayed at the monochromator entrance slit. Using the laser, the 
alignement was rechecked to ensure that a change of focus had not dis
turbed the image position. The photomultiplier output was displayed 
on a Hewlett Packard Model 180A chart recorder with a high 10 kO, input 
impedance. The monochromator setting was then varied through the 
wavelength range 500 nm to 650 nm. Due to the fact that operation of 
the lamp at 2,200 K demanded a high current (18.8 A) from the source 
battery, there was a distinct possibility of some current variation 
during, the calibration time. Examination of the chart records obtained 
with both increasing and decreasing wavelength showed that this error 
was negligible. The calibrated lamp output was obtained from 
standard de Voss curves and, having derived the measured output of the 
complete optical system, a graph of the effective transmission constant 
as a function of wavelength was plotted (Figure 4.17). This curve 
gives the constant by which the measured line intensity at a particular 
wavelength must be divided in order to find the true relative 
intensity. The curve is dominated by the combined wavelength response 
of the photomultiplier and the monochromator.

The principal source of experimental error with this instrument 
lies in the necessary assumption that shot to shot variations in arc 
diameter and spectral line emission are small. This assumption has 
been justified for arc currents down to 1 kA (Section 6.2.2a). For an 
extension of this work to current zero a multi-channel monochromator 
or polychromator is an essential piece of apparatus. Such an
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instrument (the GCA McPherson 216.5) has since been obtained for 
this work. Three novel experimental features are worth noting here, 
(i) The manufacture of accurately aligned polychromator exit slits 
is a very difficult process. This problem has been solved by photo
graphing the arc spectrum in the exit slit plane, making a hard trans
parent contact positive of the negative and, with the irrelevant lines 
obliterated, using this positive as the slit mask. Incorporation of a 
standard laser line on the original negative has facilitated accurate 
realignment of the positive mask in the exit slit holder. Thus, not 
only is the line position accurately matched but the line shape is 
fitted to the mask shape, (ii) Standard photodensitometers tend to 
be too slow when a simple graph of line positions is required from 
survey spectra plates. Replacing the survey spectrum in the above 
instrument and using a laser as the localised light source shining on 
the entrance slit, the required graph can be obtained by recording the 
laser emission transmitted by the survey plate. A high power lens 
positioned behind the plate focuses the emission on to the entrance 
window of a photomultiplier whose output is monitored on a chart 
recorder. The internal scanning system of the instrument is synchro
nised with the recorder motor and this results in a linear plot of
line intensity as a function of time or wavelength. (iii) The
mark-space ratio of the optics used to scan the arc is too small for 
investigations where the current is varying rapidly. More data can 
be obtained from a single shot using a multi-sided rotating mirror. 
However, because this type of mirror is not available for the present 
system, a multiple slit arrangement is used as an alternative. In
this case several slits are arranged in the focal plane (circle) of
the mirror and the radiation received at each slit is directed into a 
divided fibre optic: the remote end of the fibre optic illuminates
the polychromator entrance slit. The circumferential spacing between 
each slit fixes the time interval between each effective arc scan and 
variations in the temperature profile, due to a rapidly falling 
current, can thus be measured.
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CHAPTER 5; PHOTOGRAPHIC MEASUREMENTS OF THE ARC BOUNDARIES AND
INTERNAL ARC STRUCTURE

5.1 INTRODUCTION
A limited amount of information on the overall plasma conditions 

in the pulsed high current arc may be obtained simply by measuring the 
total voltage V as a function of the total current 1. Such parameters 
as the power dissipation and conductance can thus be derived and any 
hysteresis or oscillatory effects noted. However, it must be recognised 
that the current and the voltage are both non-linear, integral functions 
of the current density j(r) and the electric field E(z) respectively, 
i.e.

(r̂ ) (rp
I = / ^2irrj(r)dr = / ^2nra(r)dr (5.1)

o o

and
1

V = / °E(z)dz (5.2)
o

where r and z are radial and axial coordinates with limits r^ and 1q 
respectively and a is the electrical conductivity.

Thus, for a detailed understanding of the high current arc we need 
to know the spatial distribution of the fundamental parameters. The 
direct measurement of j(r) in the column is difficult, although measure
ments at the junctions are feasible using a divided electrode. An 
indirect measurement is possible by utilising the latter relation in 
equation (5.1) and evaluating a(r) from the measured temperature profile 
and equilibrium conductivity calculations (see Section 2.6.1 and Chapter 
8 ). In principle measurement of the temperature profile at a known 
current then defines E for the given position on the arc axis. However, 
if the field is predicted in this way, radial arc instabilities at low 
currents can produce a large amount of scatter because E ^ (Section
8,2.1). To overcome this difficulty the measured variation of E with z 
(Urwin, 1976) has been used for the detailed assessment of energy 
distribution within the arc.

A useful, partial solution of equation (5.1) has been obtained by 
measuring the luminous arc radius, r^, and equating this boundary to 
r̂ . the conduction boundary; this is a reasonable approximation since 
the temperature gradient connecting these boundaries is extremely high 
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(Section 6.1 and 7.3). Hence an average current density, J(z) as 
a function of the axial coordinate is obtained. Three further arc 
boundaries have been measured. The first of these is the thermal 
boundary, r^, which defines the limit of radial heat flux from the 
arc. The second is the radial extent of the electrode vapour rich 
core, r^, observed in these arcs at very high current. The final 
boundary is the radial limit of the arc root 'footprint* on the 
upstream electrode surface.

The SF^ results presented below were obtained mainly with the arc 
geometry shown in Figure 4.6, with upstream electrode anode, copper/ 
tungsten electrodes and 1q = 100 mm. The set upstream and downstream 
tank pressures were p^ = 0.65 MN m"”  ̂ (6.5 bar) and p^ = 0.31 MN m"2 
(3.1 bar) respectively. Deviations from these conditions are listed 
with the individual results as are the experimental conditions used 
for the few N2 and air results presented.

5.2 VARIATIONS IN THE VOLTAGE WAVEFORM WITH CURRENT
Figures 5.1 and 5.2 show the variation of total arc voltage with

time for current pulses with peak values in the range 5 kA to 38 kA.
At low currents (I 3 9 kA) the voltage trace exhibits a U shape with 
superimposed high frequency oscillations. Simultaneous high speed 
photographs (Figure 5.1) show that these oscillations are due to 
lengthening and subsequent short-circuiting of the arc by a form of 
kink instability (e.g. Richards et al., 1967; Kito et al., 1970;
Miyachi & Naganawa, 1974). This instability is enhanced in the present 
work by the supersonic gas flow causing the arc to loop past, and 
occasionally short circuit to, the downstream electrode (Figure 5.1).
On the basis that the shortest arc length is represented by the minimum
instantaneous voltage. Figure 5.1 exhibits the well-known negative V/I 
characteristic of a high temperature arc discharge.

With increasing peak current these voltage oscillations die out 
over much of the pulse duration, corresponding to a radially stable 
arc mode (Figure 5.2) so that the voltage trace is mainly flat with a
value of between 450 and 500 V at a current of 12.5 kA. In this oscillo
gram further oscillations of lower frequency (4 kHz) appear as the 
current falls. Increasing the peak current caused these oscillations 
to appear at earlier times in the pulse: at 30 kA peak (Figure 5.3)
the oscillations decay after current peak and the arc voltage then
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commences a steady decline. For short duration pulses the mean 
voltage rose before the decline e.g. Figure 5.2 at 38 kA peak.

A similar phenomenon was observed previously in axially-blasted 
air arcs (Appendix VI). The initial, very fast, damped, ringing 
oscillations about the normal arc voltage of 500 V in Figure 5.4 are 
noise pulses caused by the collapse of voltages on small capacitors 
connected across the test circuit make-switch (Section 4.2.1). 
Following an initial rise, from 550 V at 7.1 kA to 650 V at 20 kA, 
the voltage trace is reasonably steady. At between 20 kA and 24 kA 
regular (around 10 kHz) oscillations are observed and the mean arc 
voltage commences a steady decline. For an applied current of 45 kA 
peak the total voltage falls by a factor of almost two and the usual 
rise in voltage at current zero (c.f. Figure 5.1) is not observed. 
However, the reduction in pre-zero arc voltage may be due partly to 
the differences in current pulse length used for the individual 
experiments, i.e. in the air experiments and in the short duration 
SF^ experiments sufficient time may not be available to allow the 
di/dt enhanced conductance to decay.

The above results show that there is a major change in arc 
conductance in air, although it is not so marked in SF^. The arc volt
age decay for a 12 ms pulse commences at 20 kA in SF^ and at about 
22 kA in air. By varying the upstream gas pressure and nozzle throat 
diameter, the inception current for this transition could be varied 
in air although this was not fully tested in SFg. A limited study in 
this gas showed the inception current to be independent of polarity 
and to vary with pressure in a similar manner to that for air. In 
air, the inception current was independent of the upstream electrode 
material: copper, copper/tungsten or molybdenum (Appendix VI). The
complete set of results is given in Table 5.1.

5.3 PHOTOGRAPHIC ARC DIAMETER MEASUREMENTS
The conventional high speed framing camera described in Section

4 .3 . 2  was used to photograph variations in the luminous arc diameter 
with instantaneous current. Figures 5.1 and 5.2 show typical clips 
taken from these films for three values of peak current. At low 
currents (I 3 2 kA) the SF5 arc consists of a number of fine loops 
which weave about rapidly and randomly in the gas flow, giving the 
appearance of a 'ball of string'. Figure 5.1 presents two views of
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Gas
Nozzle 

Diameter 
Dji (mm)

Upstream
Pressure Peak

Current
%o (kA)

Electrode
Material

Inception Current 
(kA)

Pu MN m-2
(bar)

and
Polarity iosc

(oscillation)
I

(decay)

38 0.65
(6.5) 2 1 . 0 A Cu/W 9.1 20.5

It III II 24.5 A Cu/W 9.1 2 at 2 1
II II II II A Cu/W 1 0 3 at 23
II II II 25.1 A Cu/W 1 1 . 8 24.3
II II II 30 A Cu/W 16.9 24.6

Air 37 0.83
(8.3) 27 C Cu/W 19.8 19.8

II II II 45 C Cu/W 23.5 23.5
II II II 49 c Mo 2 0 . 0 2 0 . 0
II II II 49 c Cu 23 23

Air 45 0.83
(8.3) 49 c Cu 26.0 26.0

II II It 49 c Mo 27.5 27.5
II II II 48 c Cu/W 35 35

Air 37 1.55
(15.5) 31 c Cu/W 30 30

II II II 46 c Cu/W 30 30
II II II 49 c Cu 30.5 30.5
II II II 49 c Mo 33.5 33.5

Air 45 1.55
(15.5) 49 c Cu/W 37.0 37.0

II II II 49 c Cu 43 43 '
II II II 49 c Mo 43 43

TABLE 5.1
Critical Arc Current for Voltage Instability Inception

the arc under these conditions; one view is direct and the other is taken 
via a 45° mirror to resolve arc motion towards and away from the camera. 
Under these conditions the true arc length can be much greater than the 
electrode separation and the continual short-circuiting of neighbouring 
pieces of arc causes the frequent voltage oscillations shown in the 
oscillogram. The lower film clip in Figure 5.1 is an attempt to 
photograph the restrike path of a dielectric failure. Much shorter time 
exposures are needed to record this type of event because of the rapid 
radial arc motion. This result is used in Figure 1.2.
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The arc becomes radially more stable as the current is increased 
above about 5 kA (Figure 5.1, high current section and Figure 5.2, low 
current section), and expands with increasing distance from the anode. 
However, for distances greater than about 20 mm from the throat a 
relatively large scatter was observed in the instantaneous diameter.
It is shown in Section 5.5 that this scatter is oscillatory and 
exhibits the same frequency as the voltage oscillations observed at 
high current (Section 5.2). The homogeneous appearance of the arc 
changed when the current was increased above 20 kA: Figure 5.2 shows
a bright central core coaxial with the normal arc. This internal arc 
structure is discussed in Section 5.5.

Earlier photographic arc diameter measurements in SF^ and N£
(Airey & Abbott, 1974) were carried out for a position about 50 mm 
downstream of the nozzle throat. These measurements gave a mean 
current density of 12.5 MA m“2 and showed a large amount of scatter 
(around ± 20%) for both gases. The data were felt to be of insuffi
cient quality to warrant further analysis and new measurements were 
therefore made in a more stable region of the arc column, i.e. close 
to the throat. This was achieved by removing a small section of the 
nozzle wall downstream of the throat (Figure 6.7). Since the gas flow 
calculations (Section 4.2.3) had already shown that the downstream gas 
jet had separated from the wall, this alteration had little effect 
upon the aerodynamic properties of the nozzle.

Measurements of the luminous arc diameter, as a function of 
instantaneous current and gas pressure, were made for four different 
axial positions (z = 10, 20, 30 and 40 mm). Changing the upstream 
electrode polarity from anode to cathode had very little effect upon 
the arc diameter, the core inception current and the total arc voltage.
The results are plotted in Figure 5.5 for 1^ = 12.5 kA, p^ = 0.65 MN m"2
(6.5 bar) and in Figure 5.6 for 1^ = 37.8 kA, p^ = 0.65 MN m”2. The 
results are plotted as log Dj against log I and fall on relatively 
straight lines. Thus an equation of the form Dj = constant l^ may be 
fitted to the results. Since, for all the results, the slope of the 
best fit line is 0.5, then n = 0.5 and hence the arc diameter variation 
obeys a constant mean current density law for a particular set of 
conditions:

V  = • (5.3)
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In equation (5.3) the peak current 1^ is specified because if 
the core inception current is exceeded the current density is enhanced 
with falling current (Section 5.8.3). The values of mean current den
sity derived in this way are given in Table 5.2. This Table includes 
current density data for p^ = 1.19 MN m  ̂ (11.9 bar) at z = 10 mm but 
the data for that pressure at other axial positions have been omitted: 
this is because at high current and high pressure the chamber windows 
clouded over very quickly, which made reliable diameter measurements 
difficult in positions other than close to the throat. Table 5.2 also 
includes Urwin's (1976) measured values of electric field. The direct 
field measurements are limited to a current of about 9 kA but the 
linear scaling relationship suggested by Urwin as being appropriate 
(E^ 2 “ total voltage) has been used to obtain at high currents.
The pressure dependence of E^ was derived in a similar manner.
Current density values obtained in the nozzle throat of an air blast 
interrupter (Appendix VI) are also given in Table 5.2.

Gas
Axial 
Position 
(z mm)

Pu „ 
MN m  ̂
(bar)

Peak
Current
(kA)

Current 
Density 
(MA m-2)

Electric 
Field 

(Urwin, 1976) 
(kV m-1)

Electrical
Conductivity

(Om)-l

5^6 10 Th 0.65
(6.5) 12.5 106 8.70 1.22 X 104

II 2 0 II II 65.0 4.76 1.37 X 10^
II 30 II II 48.2 3.57 1.35 X 104
II 40 II II 36.6 3.17 1.15 X 10^
II 10 Th 1.19

(11.9) 12.5 ~ 1 2 0 9.0 1.3 X 10^

II 10 Th 0.65
(6.5) 37.8 105 -> 157 10.2 7.5 1.03 2.1 10^

II 2 0 11 II 75 -> 105 5.7 4.3 1.30 -> 2.4 10^
II 30 II II 50 -> 70 4.3 -> 3.2 1.15 2.2 lo4
II 40 II II 33 ^ 44 3.8 ̂  2.8 0.87 -4- 1 . 6  1 0 ^
II

Air

It

10 Th 

30 Th 

30 Th

1.19
(11.9)
0.83
(8.43)
1.55
(15.5)

44.5

45

45

130 -> 223 

130 

160

10.4 ->7.22 
No

Measurements 
Available 
See Appendix 

VI

1.2 -> 3.1 10^

TABLE 5.2
Average Current Density Showing Electrical Conductivity Hysteresis

at 38 kA and 45 kA Peak
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Notes re Table 5.2:
(i) Th indicates throat position

(ii) Two values of current density correspond firstly to rising 
current (~ 15 kA) and secondly to falling current at 10 kA

(iii) Electric field values scaled linearly from Urwin's results 
and measured instantaneous arc voltage

5.4 ERRORS IN THE MEASUREMENT OF TOTAL ARC VOLTAGE AND LUMINOUS ARC 
DIAMETER
The principal source of error in the measurement of arc voltage 

was due to the voltage zero setting problem discussed in Section
4.3.1. When the best divider was used with a carefully calibrated 
oscilloscope amplifier, the error could be reduced to less than ± 5%. 
However, because the change in arc voltage, due to variation of an 
independent parameter, was small it was relatively easy to confuse a 
measured trend obtained in successive shots with an experimental 
error. Comments on the total voltage variation are therefore restric
ted either to a trend in a single pulse or to the voltage exhibited at 
current peak for successive experiments. This latter restriction 
becomes important for the derivation of a quasi-steady-state V/I 
characteristic (Section 5.8.1), i.e. identical instantaneous and peak 
current values may not produce identical arc voltages if the pre
history of the arc has to be considered. Clearly arc hysteresis will 
have an effect if the time constant is comparable with either of the 
two current pulse durations used here (around 1 2 ms and around 6 ms). 
These points are explored further in Sections 5 . 8  and 8.2.

Errors in photographic diameter measurement are more serious if 
the data are to be used to derive the mean current density and 
hence a mean electrical conductivity , i.e. both parameters vary as 

and a 10% error in Dj, thus creates a 20% error in and . 
Experimental error will arise from the uncertainty in the value of 
instantaneous current for a particular film frame. This will be a 
minimum at around current peak because in this region the current 
changes slowly. As the current approaches zero the rate of change, 
di/dt, is given by equation (4.4), and for a 10 kA peak, 10 ms 
duration arc it is about 3 A ys””̂ . Thus for a frame exposure time of 
67 ys (5000 p.p.s.) the uncertainty in current level is ± 100 A and 
becomes significant for measurements with 1 ^ 1  kA. This error is 
much reduced when making radius measurements with the rapid scanning
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monochromator because the effective exposure time is an order of 
magnitude shorter (Section 4.3.6). A source of systematic error lies 
in the assumption that the diameter measured on the film is the true 
luminous arc diameter. Since the film sensitivity is essentially log
arithmic, an exposure setting which is correct for the main body of 
the arc may not accurately resolve the arc edge and the mean current 
density could be overestimated (equation 5.3). Increasing the exposure 
is not a satisfactory solution since this tends to fog the film and 
makes resolution of the edge more difficult. Comparison of arc 
diameters obtained both photographically and with the rapid scanning 
monochromator (which has a linear sensitivity characteristic - 
Section 4.3.5 and 6 . ^ suggests that the former technique over
estimates the current density by about 10%. A more accurate compari
son is not possible because both techniques suffer from a further 
systematic error, that is an uncertainty in the exact axial position 
at which the measurement was made. This arises because of the large 
physical scale of the arc chamber and therefore difficulty of optical 
access and the fact that the arc expands with distance from the 
nozzle throat. Errors of ± 2 mm are not unlikely in specifying z 
when an optical path length of around 1 m is used.

5.5 . SPECTROSCOPIC ARC STRUCTURE AND DIAMETER MEASUREMENTS
Figure 5.1 and the low current film clip in Figure 5.2 show that 

the normal appearance of the SF^ arc is a bright homogeneous cone with 
the diameter increasing towards the downstream electrode. At a 
current of 19 kA to 20 kA this appearance changes to one in which the 
normal cone surrounds a brighter, approximately parallel-sided core 
(Figure 5.2, high current section). This change occurs at a relati
vely constant current I^ which, for a given geometry and gas pressure, 
is independent of peak current or arc duration: e.g. tests with
I = 20.5 kA, 24.5 kA and 30 kA all gave I^ = 19 kA to 20 kA. Once 
established the core persists to a much lower current level 
(typically 5 kA) than the inception current.

An order of magnitude estimate of the increased emission intensity 
and radius of the core, relative to the surrounding plasma, was 
obtained by measuring the intensity profile for film frames with and 
without the core present. This was carried out using a micro
densitometer to measure the relative density D of the film emulsion 
and then plotting the intensity e as a function of the arc radius
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assuming log e = D; this is a reasonable assumption since the exposure 
was set so that the core image did not completely blacken the film 
emulsion. Figure 5.7 shows the resultant curve at 24.5 kA and suggests 
that the emission intensity in the core is about one hundred times 
that of the outer plasma with respective radii 8 mm and 20 mm. Exam
ination of other films taken at higher currents suggested that 
following the formation of the core the arc emission was somewhat less, 
leading to a greater intensity ratio.

Survey spectra taken with the core present (Figure 6.1) showed 
that the brightest lines in the core were those due to the electrode 
materials Cu and W. Thus by photographing the arc through a trans
mission filter corresponding to one of these spectral lines, the core 
was more easily identified and its time history more easily resolved. 
High speed streak photography gives a continuous record and generally 
better time resolution than framing records but at the expense of 
axial resolution. However, since the latter was not of prime import
ance in this instance (see later) the streak camera described in 
Section 4.3.2 was used to photograph the arc emission through the
515.3 nm Cul line filter. A typical streak record together with 
the simultaneously measured arc voltage, current and upstream gas 
pressure are given in Figure 5.3. The camera slit was imaged normal 
to the arc axis and focused at a position z = 50 mm downstream of the 
anode. Two 2.4 ms sections of the streak record are shown in Figure
5.3, (a) just before current peak and (b) with current falling to 
zero. (a) shows regular bursts of emitted light (from the copper 
vapour), superimposed on a diffuse background. (A representative SIX 
line falls within the bandpass of the spectral filter - Section
4.3.2.) Towards the end of this section the bursts merge into a 
continuous emission - the fully developed core. The burst frequency 
(4 kHz) is the same as the arc voltage oscillation frequency just 
before current peak. The continuous emission commences when the arc 
voltage starts a steady decline and continues through current peak into 
the second section. Here the core radius is smaller and breaks up just 
before current zero, allowing the arc voltage to rise again.

Closer examination of the bursts revealed the presence of one or 
more fine filaments of about 1 mm diameter. These oscillate rapidly 
within the core boundary at speeds in excess of 2 0 0 0  m s~^ and with 
frequencies greater than 300 kHz. This oscillation frequency increases

-77-



with current and arcing time to an extent where the limited resolution 
of the streak camera (5 ys) blurrs the filaments into a homogeneous 
core.

In an attempt to obtain better time and space resolution of the 
core structure, the image converter camera described in Section 4.3.2 
was used in its framing mode with the speed set at 25,000 f.p.s. and an 
exposure time of 8 ys. The latter was not as short as had been hoped 
for but the results did give complete spatial resolution of the arc 
in both radial and axial directions. The results taken via the
515.3 nm Cul line filter are given in Figure 5.8. In Figure 5.8A the 
series of frames was taken at the peak of a 12.6 kA pulse (see timing 
pulse positions). These frames clearly show the filamentary nature 
of the copper emission superimposed on the gas background. For these 
pictures the complete arc is in view from the nozzle orifice to the 
downstream electrode (cathode). The viewing position for the streak 
photographs was 50 mm from the cathode and consequently the periodic 
occurrence of copper vapour in this region appears oscillatory. In 
the framing camera pictures the copper vapour is present in regions 
close to the nozzle even at currents as low as 12.6 kA.

Figure 5.8B was taken at 30 kA just following the peak of a
31.3 kA pulse. In this case the filaments have merged into the fully 
developed core in the downstream regions which is surrounded by the 
gas emission. A general conclusion to be drawn from these and similar 
photographs is that the true core develops when the filaments reach 
the cathode; this seems to occur at a constant current of about 20 kA. 
An interesting feature of Figures 5.8B and 5.2 is that the core is 
not surrounded by an outer plasma close to the nozzle throat, i.e. at 
this position the core radius is the arc radius. The implications of 
these results in terms of the core conductivity are discussed in 
Chapter 8 . The core radius at the cathode end oscillates in a manner 
not unlike the 'sausage' instability in a pinched discharge. The fact 
that this oscillation is not observed on the voltage trace suggests 
that the 'outer plasma' may oscillate in an inverse manner so as to 
maintain a constant conductance, or at least has a strong damping 
effect. Qualitative agreement with these ideas is observed in the 
Figure.

Figures 5.8C and D are similar photographs of the arc taken as 
the current approaches zero following peak values of 28.5 kA and
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31.5 IcA respectively. The photographs represent the first attempts 
to correlate the times of core cessation and voltage recovery. The 
bright regions surrounding the cathode and just downstream of the 
nozzle clearly show the extent of the vapour rich zones. The first two 
frames of Figure 5.8D show copper emission across the complete arc 
gap. Figure 5.8C, taken at a lower peak current but identical time 
before current zero, shows only gas line emission in the mid-gap region 
for all tlie frames. Core cessation is associated with a rise in arc 
voltage and preliminary experiments indicate that the time of core 
cessation approaches current zero as the peak current is increased. 
These experiments also suggest that the core ceases to exist in the 
mid-gap region at a longer time before current zero if the gas 
pressure is increased.

In order to assess the current density in the two arc regions, 
radially resolved measurements were made using the rapid scanning 
monochromator (Section 4.3.6). To differentiate between the core and 
outer plasma radii, spectroscopic lines strongly representative of 
these two regions were used. For the core the 510.5 nm and 529.3 nm 
Cul lines were used, and for the total arc radius the 545.4 nm SIX 
line intensity was measured. The results given in Figure 5.9 were 
obtained for a cross section between 20 and 30 mm downstream of the 
anode with a current pulse of 20.5 kA peak. In this Figure the axes 
are logarithmic and the same logic as was used for Figures 5.5 and
5.6 is also used to deduce values for the mean current density from 
the radius measurements. The rate of fall of emitted intensity at 
these radii was extremely rapid; no radiation could be detected 
beyond these radii even by increasing the oscilloscope amplifier gain 
by a factor of ten. The assumption that current flow was confined to 
the outer radii is therefore reasonable. On a rising current up to 
19 kA no distributed copper vapour emission could be detected; since 
a signal around one hundredth of the normal signal amplitude would 
have been detectable on the oscilloscope screen, it is estimated that 
the increase in the Cul line intensity upon core formation was more 
than 100. The arc radius with rising current is subject to a larger 
scatter but the data points fall naturally about a constant current 
density (using equation 5.3) of 41 MA m~^. Above 19 kA the SIX radius 
decreases, the scatter is reduced and the overall current density 
steadily increases to a new value of 7 9 MA m  ̂ which is retained with 
falling current.
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For these results there was no positive evidence of the copper 
filaments detected in Figure 5.3. This may have been due to insuf
ficient scanning speed (3000 m s~^) compared with the lateral filament 
speed (more than 2 0 0 0  m s~^) , poor radial resolution due to dirty 
chamber windows, or simply that the filaments do not exist during the 
later major part of the core history. NB. During the early stages 
of core formation some initial results did exhibit sharp peaks which 
could be interpreted as the copper filaments.

At very high current a similar current density enhancement was 
observed for the air arcs described in Appendix VI. In that case a 
detailed spectroscopic investigation was not carried out and the dis
cussion is therefore limited to the variations in the total arc 
voltage and overall current density. These results, however, add 
weight to a theory put forward for core formation and are discussed 
further in Section 5.8.4.

5.6 ELECTRODE JUNCTION EROSION AREA MEASUREMENTS
The foregoing measurements have all been made on the arc column 

and up to now the electrode regions have been neglected. However, it 
is evident from Section 5.5 that electrode processes play an impor
tant role in arc behaviour at very high currents. The strong nozzle 
imposed radial gas flow over the upstream electrode face creates a 
region of higher current density than that at the opposing electrode 
and, therefore, creates a region of higher power density and possibly 
enhanced electrode erosion. It is thus more profitable to examine 
processes at this electrode in order to understand the column obser
vations. However, the problems of optical access in this region make 
direct photographic or photoelectric measurements very difficult.
Less satisfactory, but nevertheless useful, data may be obtained by 
measuring the radius of erosion marks left by the arc on the electrode 
face. It is assumed that the junction area is some positive function 
of current and therefore that the largest radius mark is associated 
with the peak of a particular current pulse. Thus, by examining the 
electrode surface following the passage of various values of peak 
current, an estimate can be made of current density at the junction.
It should be stressed that these values refer to an overall distribu
ted current density and not, for example, to the extremely high value 
obtaining in a single cathode spot. The results for SF^ in the present 
geometry, and for air in the geometry described in Appendix VI, are
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given in Figure 5.10.
Although the data in Figure 5.10 are limited they show that for

SF5 the anode current density is reasonably constant with a value of
about 70 MA m~2 until a current of about 20 kA is reached. Above 
20 kA the current density increases. A similar behaviour is^shown for 
the cathode current density in air, although the transition current 
occurs at a higher level. is further shown to be independent of
pressure 0.83 MN m”  ̂ (8.3 bar) to 1.55 MN m”2 (15,5 bar) but is 
dependent on the nozzle throat diameter D^: Jjr = 75 MA for
Dĵ  .= 37 mm and = 43 MA m~^ for = 45 mm. A further important 
feature is the similar current densities for SF^ and air, although the 
polarities are reversed. This suggests that the controlling parameter 
is the nozzle throat diameter which determines the concentrating 
effect of the radial gas flow component (Section 4.2.2).

Detailed examination of the SF^ anode erosion pit following 30 kA
arcs showed considerably steeper sides, a flat bottom of about 3 ram
radius and a greater depth than would be expected for a constant 
current density, i.e. for constant and constant erosion coefficient 
per unit charge the pit depth at any radius should be proportional to 
the time spent by the arc at that radius. This result is interpreted 
as suggesting that the arc root had at some stage been concentrated 
at the anode centre with a consequent high erosion rate.

5.7 LASER SHADOWGRAPH MEASUREMENTS
Figure 5.11 shows time resolved shadowgraphs of the thermal 

boundary obtained with the apparatus described in Section 4.3.3. In 
these photographs the light regions denote cold gas, with the dark, 
thermal and arc zones inside, and the dark outer zone representing the 
opaque section of the nozzle wall, i.e. the regions outside of the 
cut-away section. Both the arc zone (Figure 5.2) and the thermal zone 
have cone shaped boundaries which expand towards the downstream elec
trode. The left hand film clip in Figure 5.11 shows the thermal 
boundary at 6 . 8 kA peak and the section in the nozzle throat is about 
22 mm diameter. At that current level the arc diameter, from Section
5.3, is about 10 mm and is thus about 50% of the thermal diameter, a 
relationship previously noticed by M.D. Cowley, Cambridge University, 
(private communication) in stable arcs in air.

At current zero (right hand side of Figure 5.11) the arc diameter
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must be zero, whereas the thermal diameter is still large (around 
13 mm). Thus at first sight the above simple linear relationship 
is not valid for all currents. It is possible, however, that, due to 
differences in the hot and cold flow velocities, the thermal diameter 
does not instantaneously readjust to a time-varying arc diameter. ,
Since the measurements were made with falling current, the observed 
thermal boundary may be larger than the steady state value. A further 
complication is the effect of the hot wake from the upstream electrode 
junction. At 6 . 8  kA peak the arc root diameter is 11 mm (using 

= 70 MA m”^. Section 5.6) and if this region is still hot at 
current zero then the wake could easily give rise to a thermal boundary 
of the observed value. These questions could be resolved by using a 
less sensitive shadowgraph system. Unfortunately this was not possible 
in the present work because the arc chamber dimensions dictated the 
effective magnitude of the optical lever. An alternative explanation, 
based on an increasing radial heat loss fraction with falling current, 
is discussed in Section 7.5.

The electron density and temperature measurements at very high 
current discussed in Chapter 6 showed that the pressure in the core was 
rather higher than the background pressure. It was therefore 
initially thought that the shadowgraph system might give some indica
tion of an enhanced density in the core. (In fact it was subsequently 
shown that the particle density was still far less than that in the 
cold gas regions.) Shadowgraph films were therefore taken at current 
levels where the core was expected to occur. Clips from these films 
at 22 kA and 31.5 kA peak are shown in Figure 5.12. The optical 
arrangement and dimensions were the same as for Figure 5.11. In this 
case the thermal boundary extends beyond the nozzle cut-away section 
but the core is clearly visible. At 22 kA the core is parallel-sided 
and exhibits a diameter of about 9 mm. At 31.5 kA the core diameter is 
approximately the same but it has a dark region in the centre which 
extends about 10 mm from the throat. At first it was thought that
this dark region was an effect of the shadowgraph system and so the
laser was turned off and the experiment repeated. A virtually identical
record was obtained with the dark zone in exactly the same position as
before, A possible explanation is that the dark region represents a 
cold jet of electrode vapour emitted from a localised region on or in 
the electrode which has not spent sufficient time in the arc to reach 
an equilibrium temperature. Such a dark non-emitting zone, but closer
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to the electrode surface, has previously been observed by B. Grycz ,
CEGB (private communication) in very high current gas-blasted air arcs. 
It is probably fortuitous that this phenomenon was discovered solely by 
using the shadowgraph system; conventional high speed photography with 
very small apertures would probably have given the same result.
However, the observations are valuable in that they support the l.t.e. 
failure hypothesis put forward to explain the very large electrical 
conductivities in the core (Section 8.2).

A further important feature in Figure 5.12 is the appearance of 
a brightly glowing region at about 35 mm from the upstream electrode. 
This glow may indicate the presence of a Mach cone or shock in which 
the axial plasma velocity suddenly falls. Such a shock wave is 
suspected to lie approximately in this position both from Hutton's 
aerodynamic calculations (Section 2.7.1) and from the large scatter in 
arc diameters observed in this region (Sections 7.3.2 and 7.4).

5.8 RESULTS ANALYSIS AND PRELIMINARY DISCUSSION

5.8.1 Voltage/Current Characteristics
It is clear from the results presented in Section 5.2, and 

from the discussion of errors in Section 5.4, that the instantaneous 
arc voltage depends not only on the instantaneous current but also on 
the pre-history of the arc. The voltage measurements have therefore 
been analysed in two ways. Firstly the voltage observed at current 
peak has been plotted as a function of peak current for each pulse; 
secondly, to reveal the effects of the arc history, the instantaneous 
voltages following peak current have been plotted for four pulses with 
different amplitudes. The results are presented in Figure 5.13. The 
upper curve shows that the V/I characteristic at peak current is 
negative up to a value of about 7 kA and then becomes positive with 
current increasing to 45 kA. The observed voltage is apparently indep
endent (within the limits of experimental accuracy) of an upstream gas 
pressure variation of a factor of two, a pulse duration variation of a 
factor of two and the polarity, although at very high currents an 
upstream cathode tends to exhibit a lower voltage than an upstream 
anode. The lower curve displays a minimum arcing voltage at between 
7 kA and 10 kA. With increasing peak current the voltage at low 
current (e.g. 2 kA) becomes progressively smaller. There is some 
indication from Figures 5.8B and D that the arc voltage just before
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current zero is lower for a long duration pulse than it is for a short 
one with the same peak current value C31.5 kA). This observation 
suggests that di/dt effects are not responsible for the low arc 
voltage following current peak (Section 5.4) although they certainly 
influence the voltage immediately preceding current zero. Instead we 
associate this high conductance region with metal vapour core formation.

The available data for air and N2 , although limited, showed 
similar characteristics to the curves in Figure 5.13. The minimum 
arcing voltage was about 500 V and occurred at about 5 kA peak. In 
air, following current peak, the fall in voltage was very marked; e.g. 
following a peak current of 45 kA the voltage dropped from 690 V to 
390 V just before current zero (Figure 5.4). Since these tests were 
carried out with a metal nozzle, there was a possibility that arcing 
could take place between the upstream electrode and the inner nozzle 
face. However, the high speed photographs discussed in Appendix VI 
showed that the visible arc boundary was always separated from the 
nozzle wall by a region of cold gas and that the arc was always coaxial 
with the electrode/nozzle system. It is concluded that the very high 
current voltage observations in SF5 and air are similar and that they 
reflect a phenomenon taking place in the arc column.

5.8.2 Mean Electrical Conductivity
For currents less than the core formation current the 

current density at a given axial position is constant (Figure 5.4).
Using the electric field measurements made by Urwin (1976) the mean 
electrical conductivity may be calculated from

Ô = 3 /E (5.4)z z z

Values for four axial positions downstream of the throat are given in 
Table 5.2 and exhibit an approximately constant conductivity of
1.2 X  10^ (^ m)"l. For the reasons discussed in Section 5.4 we suspect 
that the mean conductivity derived in this way may be 1 0 % too high.
A mean conductivity of 1.1 x 10^ (JÎ m)"^ would be observed for an arc 
temperature lying between 18,000 K and 20,000 K (depending on the 
pressure distribution in the downstream section of the nozzle).
Figure 2.9. This is an extremely encouraging result because the 
measured arc temperature corresponds closely to this range (Chapter 6 ). 
The current density in the throat increases with pressure although the 
electric field, as determined from the total arc voltage (Section 5.3),
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is not so sensitive. Therefore, an enhanced conductivity due to the 
gas pressure increase is indicated, in agreement with Kinsinger's 
predictions (Figure 2.9). The axial variation of these dependent 
parameters and their comparison with an arc model are discussed in 
Chapter 7.

5.8.3 Core Current Density and Conductivity
Assuming that the current density in the outer plasma 

does not change when the core forms (see below) the current density 
Jy in the metal vapour rich core can be estimated by comparing the
current flowing in the relevant arc cross sections. Using the symbols
in Appendix X, where 1.̂ is the total current, r^ and tp are the core 
and outer plasma radii respectively and and Ip are the core and
outer plasma currents, then from 1 .̂ = ly + Ip:

and

(5.5)

(5.6)
Equations (5.5) and (5.6) have been solved for the data obtained with 
falling current presented in Figure 5.9 and the results are given in 
Table 5.3. Also presented in this Table are the values for the mean 
core conductivity derived from Oy = Jy/E. The electric field was 
obtained from Urwin's results for a position z = 20 to 30 mm (Section 
5. 3) scaled to the arc voltage. The mean field over this arc length 
was taken as 4.3 kV m 
obtained.

-1 For the outer plasma, Op = 9400 (0 m“ )̂ was

4
(kA)

r
V

(mm) (mm)
Iv
(kA)

^v_ 
(MA m"^) (0 m)"l

2 0 7.5 11.5 1 0 . 2 58 13,300
13.5 5.8 7.5 1 0 . 6 1 0 0 23,000
8.9 4.9 6 . 0 7.3 98 22,400

TABLE 5.3
Current Flow, Current Density and Conductivity in the

Core

At 20 kA, just after the core forms, 50% of the total current 
flows in the core and this fraction increases until at 8.9 kA, just 
before core cessation, the contribution is 82%. Also at 20 kA peak
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the core current density and conductivity increase with arcing time 
and finally level off with falling current at values around 2.5 times 
those found in the outer plasma. The values of Oy may be up to 10% 
higher because, with stable core formation, after current peak, a 
reduction in the total arc voltage of this order was observed (see 
Figure 5.3). The agreement between ôp calculated here and that value 
calculated from the arc photographs (1 1 , 0 0 0  (0 m) ^) is not very good. 
The discrepancy is probably caused by small differences in measure
ments position and in the estimation of the field. However, the main
cause for concern in the calculation of Oy is the assumption that the
conductivity of the outer plasma does not change when the core forms. 
This assumption is supported by the temperature profile measurements 
carried out in Section 6.2. A further piece of supporting evidence is 
the fact that the overall current density in the throat region (mostly 
copper vapour) is always larger following core formation than before 
(Figure 5.6 and Table 5.2).

We are therefore faced with the conclusion that the addition of
electrode vapour enhances the conductivity in the central arc regions 
by a factor of up to 2.5. This conclusion is not supported by the 
equilibrium calculations of R.E. Kinsinger and of L.A. King discussed 
in Section 2.6.1. Whilst the addition of large copper fractions to 
the SF5 plasma increases the electron number density at a given temp
erature (Section 2.5.1 and Appendix VIII), the electrical conducti
vity remains within a few per cent of its pure SF^ value. Since the 
ionisation potentials of copper and tungsten are similar - 7.68 eV 
and 8.1 eV (Kelly & Palumbo, 1973) - and their electron ion 
collision cross sections certainly not dissimilar (Section 2.4.1), it 
is anticipated that a large tungsten fraction should also have a nil 
effect. This is supported by the similar arc voltage and luminous 
diameter results obtained in air with pure copper and copper/tungsten 
electrodes (Appendix VI). However, the core conductivity can be 
higher than that in the outer plasma if the temperature and/or 
pressure in the core rise(s) above that of the outer plasma. In fact 
the spectroscopic measurements carried out in Chapter 6 confirm this 
to be the case. Conductivity enhancement may also arise if the ion and 
electron temperatures are not in equilibrium. The appearance of cold 
non-emitting vapour in these regions (Figure 5.12) suggests that this 
may be a contributory effect (Section 8.2),,’
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5.8.4 Parameters Affecting Core Formation
It is now fairly clear that similar phenomena take place 

in air arid SF^ arcs at a current of about 20 kA. Both gases exhibit 
transitions in the arc voltage, in enhanced electrode vapour content 
and in an increased current density both in the column (Figures 5.6 
and 5.9) and at the upstream electrode (Figure 5.10). Although the 
investigation in SF^ has been much more detailed than in air, the 
latter results are valuable in attempting to scale the onset of this 
phenomenon. In assessing the results in Table 5.1 a very good fit is 
observed to an equation of the form

Ic = C (5.7)

where I^ for SF^ is the critical current for sustained core formation 
and the commencement of arc voltage decay (for air it is the current 
at which the voltage starts to fall and the 10 kHz oscillations 
commence), is the nozzle throat diameter, p^ the upstream gas 
pressure and C is a constant. Equation (5.7) is plotted in Figure 
5.14 and shows that sustained core formation and voltage decay occur 
when the current exceeds a given value of p^ and D^. Discussion of 
an inception parameter based on an integrated electrode surface power 
and an enthalpy flux limit is carried out in Appendix VIII. A poor 
fit to the independent parameters controlling such mechanisms is 
observed. The relationship in equation (5.7) and the surface current 
density data in Figure 5.10 are used in Section 8.4 to derive a pos
sible core inception mechanism. This mechanism depends on the con
stricting effect of the self-magnetic field of the arc at the upstream 
electrode junction.

5 . 9  CHAPTER SUMMARY
Using high speed oscillographic and photographic techniques, 

measurements of arc voltage and the visible arc dimensions have been 
made. SF^ arcs have mainly been investigated burning in a supersonic 
gas flow with upstream pressures of 0.65 MN m”^ (6.5 bar) and 
1.19 MN m”"̂  (11.9 bar), a downstream pressure of 0.31 MN m  ̂ (3.1 bar), 
current pulse durations of between 6 ms and 12 ms and peak currents of 
5 kA to 45 kA. The results of these investigations are summarised as 
follows. . "

(i) Due to transient arc length variations caused by continuous 
short-circuiting of neighbouring pieces of filamentary arc
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the arc voltage is unstable for currents % 2 kA.

(ii) The instantaneous voltage/current characteristic depends 
bn the previous arc history. For observations of voltage 
at peak current the characteristic is strongly negative up 
to 7 kA and becomes weakly positive with current increasing 
to 45 kA.

(iii) The arc voltage for peak currents 3 20 kA is weakly
dependent on the pulse duration, the gas pressure or the 
polarity.

(iv) Small amplitude oscillations on the arc voltage waveform
with a frequency of about 4 kHz have been traced to oscilla
tory variations in the arc diameter, originating about 30 mm 
downstream of the nozzle throat. Evidence for an 
aerodynamic shock wave in this axial position is presented 
and it is suggested that the shock is due to the widely 
flaired nozzle shape which results in an under-expanded jet.

(v) The mean electrical conductivity of the relatively pure SF^ 
arc has been estimated from measurements of the visible arc 
diameter and previously measured values of electric field. 
The conductivity is about 10^ (^2m)~^ and is independent of 
axial position up to the nozzle limit or of current in the 
range around 5 kA to 20 kA. This conductivity suggests a 
radially averaged arc temperature of about 20,000 K. Since 
the current density is constant, a rising field at low 
currents implies a falling arc temperature.

(vi) The visible arc is surrounded by a considerable thermal zone 
and at 7 kA peak the diameter of the thermal boundary is 
twice that of the luminous arc boundary.

(vii) A major change occurs in SF^ arc behaviour at a current of 
about 20 kA. This change has been traced to the injection 
into the arc column of copious amounts of electrode vapour. 
The vapour is visible as a parallel-sided core coaxial with 
the SF^ arc and extends across the total gap length of 
1 0 0  mm.

(viii) With the core present the arc voltage is lower after current 
peak than before, and is also much lower than the voltage 
observed without the presence of the core - the core can
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exist up to within 100 ys of current zero. The cessation 
current is a negative function of peak current but is a 
positive function of gas pressure.

(ix) The filamentary nature of the core, suspected from high 
speed streak photographs, has been confirmed in image 
converter camera framing pictures. A number of filaments, 
about 1 mm diameter, can exist simultaneously and their 
lateral velocity increases with current to a value where 
they appear as a continuous spatially unresolved, light 
emission. In regions just downstream of the nozzle throat 
a dark non-emitting region is observed possibly correspond
ing to the ejection of cold vapour from the electrode 
surface. The mean current density at the electrode surface 
is normally constant at 70 MA m”^ up to the core formation 
current and then increases with further increase in applied 
current.

(x) The electrical conductivity of the core has been estimated 
to be about 2.5 times that of the normal arc. An enhanced 
temperature and/or pressure in the core or l.t.e. failure 
are/is indicated as being responsible for the increased 
conductivity.

(xi) Voltage waveforms and current density enhancement similar to 
the above were previously observed in high current air arcs. 
The voltage oscillations were of a higher frequency (10 kHz) 
and the voltage reduction after current peak was more marked 
than with SF^. Similar values of current density in the 
nozzle throat were observed. The inception current for core 
formation in SF^ and for voltage reduction in air varies as 
DnPu^ where is the nozzle throat diameter and p^ is the 
upstream gas pressure.

(xii) These measurements indicate a need for more fundamental data 
such as the time and space variations of temperature, 
pressure and impurity concentration. These results are 
described in Chapter 6 .
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CHAPTER 6 ; SPECTROSCOPIC MEASUREMENTS OF THE ARC TEMPERATURE, 
ELECTRON DENSITY AND COMPOSITION

6.1 INTRODUCTION AND SURVEY SPECTRA
Before using spectroscopic data to make quantitative plasma 

measurements an essential first step is an analysis of the overall 
arc emission by taking survey spectra plates. In this way major 
pitfalls such as spectral regions of strong absorption and continuum 
emission can be avoided and the appropriate diagnostic lines 
selected (Chapter 3 and Appendix III). The techniques described in 
Section 3.2.1 can be used to determine the approximate range of plasma 
temperature by the presence of lines originating from different ionic 
states. Finally comparison of the arc spectrum with that for the pure 
gas allows the detection and identification of impurity species.

Figure 6.1 shows survey spectra in the wavelength range 350 nm to 
650 nm taken under four different arc conditions but with similar 
optical settings. The spectra were obtained with the Monospek 600 
grating spectrometer (Section 4.3.4) using an entrance slit width of 
100 pm, an object:image ratio of 6:1 and Polaroid type 107 film 
(Figure 4.13D). This film has a high contrast sensitivity character
istic so that lines of visible equally recorded brightness are of 
approximately equal emitted intensity and weak lines, if they appear, 
are extremely faint. The image of the arc was positioned with the 
axis normal to the entrance slit so that the length of a spectral line 
corresponded to a diameter. These spectra record the total radiation 
emitted during the current pulse, without either time resolution of 
the arc movement or of the change in arc cross section due to current 
variation during the pulse.

All the records in Figure 6.1 show strong excited fluorine (FI) 
and ionised sulphur (SII) lines, together with the continuum 'window' 
between 566.4 nm and 624.0 nm as observed by Richards (1968) in his 
low current arc investigations. Most of the gas lines have been 
identified in Figure 6.2. All the FI lines lie at wavelengths greater 
than 624.0 nm and the SII lines appear mainly below 566.4 nm. There are 
no visible SI lines in these spectra; the 469.5 nm and 527.9 nm test 
lines, which have high transition probabilities and would therefore 
indicate the presence of excited sulphur even in small quantities 
(Table 3.1), are not recorded. However, possible SI lines at
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wavelengths greater than 650 nm were recorded (see Appendix VIII) 
using Polaroid colour film with sensitivity extending into the near 
infra-red (cf. Figure 4.13D). Faint lines due to ionised fluorine 
FII appear between 402.5 nm and 4103. nm and are confined to the 
central arc regions. Strong impurity copper lines, Cul, are 
observed at wavelengths between 510.6 nm and 529.3 nm and these are 
identified in Figure 6.3. The large atomic number of tungsten 
gives rise to many discrete energy states and therefore yields a 
copious emission spectrum: these lines lie mainly below about
450 nm.

Using Figures 6.1, 6.2 and 6.3 with reference to Figure 3.1 
allows the determination of an approximate temperature range. The 
approximately equal intensities and radii of the 624.0 nm FI line 
and the 545.4 nm SII line suggest an upper temperature of 18,000 K 
and a fairly flat temperature profile, i.e. these line intensities 
differ markedly above 18,000 K and decrease rapidly below 15,000 K.
In the central regions the presence of the weak 402.5 nm FII line 
suggests a temperature of 18,000 to 20,000 K; over this range the 
FI:FII line intensity ratio varies from about 40:1 to 5:1. The 
approximately equal intensities of the Cul lines at 510.6 nm and
529.3 nm also support an axis temperature of about 20,000 K from 
Figure 3.2. At currents below the core formation level no emission 
due to the 383.2 nm SIII line is observed, which suggests that the 
axis temperature is less than 22,000 K. The limiting luminous radius 
temperature cannot be below 12,000 K: this is because at this
temperature the FI and SII line intensities would approximately equal 
the SI intensity (Figure 3.1). For lower temperatures the SI 
emission would become dominant but since this is not observed the 
boundary temperature must be ^ 12,000 K. The absence of SI emission 
also implies a rapid fall in temperature at this boundary.

Three of the records in Figure 6.1 were taken at 3.5 kA peak 
while the fourth record,, 6 .1 .2 , was obtained for an arc current of
24.5 kA peak with the metal vapour core present. Comparing Figures
6.1.1 and 6.1.3 (spectra taken of arc cross sections at 37 mm and 
27 mm from the anode) the diameter of the main FI and SII lines is 
about 50% larger in the former case, which is in broad agreement with 
the total luminosity high speed photographs (Section 5.3). In 
addition the more distinct FII line in Figure 6.1.2 implies a
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marginally higher temperature in regions close to the nozzle throat. 
Both of these records exhibit strong metal vapour emission lines.
In order to distinguish between these metal lines and the gas lines, 
arcs were run using the lower geometry shown in Figure 6.3, which has 
a small secondary orifice drilled in the anode with an exhaust to the 
low pressure region. The resultant spectrum is reproduced in Figure
6.1.4 and shows the emission from a relatively pure SF^ arc. With 
this geometry the arc is more unstable or the arc diameter much 
larger when metal vapour is absent. However, the similar strength of 
the FII line suggests that the arc temperature is not markedly 
different. A direct comparison of the spectra for the two geometries 
is given in Figure 6.3 which is a microdensitometer plot of emission 
in equivalent spectral regions. In this Figure the Cul lines, and 
notably the 529.3 nm Cul line, are completely absent in the spectra 
taken from the double nozzle geometry.

Figure 6.1.2 shows the major changes in arc emission when the 
metal vapour core forms; the gas lines surround a region of intense 
continuum emission in which very broad Cul lines are observed. The 
confinement of these electrode vapour lines to the central region 
permitted the current density in the core and in the outer plasma 
to be resolved (Section 5.5). This record and the temperature measure
ments in Section 6.2 substantiate the assumption that the conditions 
in the outer plasma do not change upon formation of the core.

A detailed microdensitometer plot of the visible gas emission 
spectrum under the experimental conditions corresponding to Figure
6.1.4 is given in Figure 6.2. By using the data of Wiese et al.
(1966; 1969) and Meggers et al. (1961) and the low pressure SF^ spectra 
obtained by Richards (1968) many gas lines were identified. This
was further aided by access to the pure SFg spectrum survey plate 
provided by H. Motschmann of Siemens Research Laboratory, Germany 
(private communication). No absorption lines or bands are present 
in these spectra and the sharp line profiles imply optical thinness. 
(This is in contrast to N2 survey spectra taken under similar condi
tions which showed a strong absorption line at a wavelength of about 
515 nm. It is also interesting to note that molecular band structure 
could be seen in the cooler gas regions surrounding the N2 arc with a 
band head at 515 nm but no such structure was observed with SF^. This 
is consistent with the knoifn relative molecular dissociation
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temperatures of SF^ (around 2000 K) and N2 (around 7000 K): because
the temperature, and therefore emission intensity, is higher in N£ 
the band structure is made visible.) The FI and SII lines finally 
used for the temperature measurements are free of overlapping 
spectra. At low currents the continuum intensity adjacent to these 
lines, relative to the peak intensities, is very small - around 2 % 
(Figures 6.13).

At high currents, with the core present, the arc spectrum 
exhibits emission lines at wavelengths corresponding to doubly ionised 
sulphur, SIII: in the wavelength range 398.6 nm to 363.2 nm peaks
were observed at wavelength positions corresponding to 20 SIII lines 
including the 383.2 nm line. However, peaks could not be found for 
2 SIII lines in this wavelength range. Because of the many close 
tungsten lines in this region it was difficult to separate the two 
sets of emission lines and to be completely certain about the exist
ence of SIII. Also, since these peaks are confined to the core (as 
would be expected for SIII), their intensity is only a small addition 
to the large continuum intensity, rendering their detection difficult 
on logarithmically sensitive plates. However, the measurements using 
copper emission lines (Section 6.2.1) indicate an axis temperature of
30,000 K when the core forms: the 383.2 nm SIII line and other SIII
lines would certainly be predicted from Figure 3.1 at this temperature, 
It was pointed out in Section 3.6 that a large increase in continuum 
intensity can be the result of a change of the reacting element or of 
temperature or of electron density. Since the central region exhibits 
a major change in arc composition during core formation, it is not 
possible to use the continuum intensity to determine either the 
temperature or the electron density in the core.

6.2 TEMPERATURE MEASUREMENTS
6.2.1 Time-Resolved Measurements from the Cul Line Intensity

Ratio
These measurements were made with the rapid scanning 

spectrometer described in Section 4.3.5. The radiation collected by 
an f/6.3 lens from an arc cross-section at 37 mm from the anode was
focused on to the entrance slit. The slit height was adjusted to 
accommodate the maximum arc radius at peak current and the slit width 
was set at 0.905 mm. This rather large setting had to be used to 
obtain a reasonable signal:noise ratio at the oscilloscope output
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(Section 4.3.5). The object:image ratio of 16:1 meant that an arc 
length of 14.5 mm was accommodated by the entrance slit. The exit slit 
was fixed at 1 0 0  ym and this setting, together with that of the entrance 
slit, gave an overall wavelength resolution of 0.4 nm.

Photoelectric 'snapshots* of the visible emission spectrum were 
obtained for random but known current levels throughout the pulse 
duration (Figure 6.4). The recording time for each sweep was around 
1 0 0  ys and the time interval between recording the emission of the 
510.6 nm and 529.3 nm Cul lines was 9.3 ys. Because these lines may be 
broadened by different amounts (Sections 3.3, 3.5 and Appendix III), it 
is not sufficient for accurate temperature measurements simply to use 
the line peak amplitudes. The true intensity, e^, for a symmetrically 
broadened line has the form

e = max
e = 2 / e(X)dX . (6.1)mn 'e = o

The rapid scanning spectrometer gives the intensity and width of 
spectral lines in a linear form so that equation (6 .1 ) can be evaluated 
directly. The analysis of the Polaroid oscilloscope records (see the 
examples in Figure 6.4) was carried out using an optical micrometer to 
measure the line heights and widths. The results are given in Figure
6.5 which, using equation (3.5), relates the line intensities to 
temperature and the value of instantaneous current for a 24.5 kA peak 
pulse.

The results presented in Figure 6.5 are relatively few at currents 
up to about 20 kA. This is because for these conditions 
the electrode vapour emission is relatively small and the recorded 
copper spectral line intensities weak. For high currents,  ̂ 20 kA, 
the vapour concentration in the column is much larger and the intensity 
and temperature are more easily measured. As a consequence, at low 
currents, the estimated intensity ratio measurement accuracy is poor,
± 20%, but improves to ± 10% for currents  ̂ 20 kA. These possible errors 
create an uncertainty in the measured temperature of + 1500 K and 
- 1000 K at 17,000 K, low current, and + 5500 K and - 3500 K at
31,000 K, high current. The measurements fall into three regimes:

(i) with current increasing up to a level of 20 kA the
temperature has a small scatter about a mean value of 17,000 K;

(ii) for currents close to the peak value the temperature lies in a
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range between 17,000 K and 31,000 K;
(iii) with current falling towards zero the maximum temperature 

falls slowly but intermediate values are observed between 
these maxima and the low current value.

Clearly the large scatter in temperature is suspicious and measure
ment errors were at first suspected. However, the maximum scatter 
occurs when the measurement should be most reliable i.e. at high 
current with large electrode vapour concentration and, therefore, 
strong line emission. A further possibility was self-absorption of one 
of the lines at large vapour concentrations: strong self-absorption of
the 529.3 nm Cul line would give a low temperature and the same effect 
for the 510.5 nm Cul line would give a high reading. To investigate 
this possibility the intensities of these two lines and a third line,
515.3 nm Cul, were plotted on a ’Boltzmann’ energy distribution curve 
(Section 3.2.2), the test for strong absorption being deviation from a 
straight line. The results of this test are given in Figure 6 . 6  and 
the small deviation for both high and low measured temperatures implies 
that these transitions are in l.t.e. and that strong self-absorption is 
not occurring. This suggests that the temperature variations are real 
and reflect the periodic core oscillations shown in Figure 5.3. An 
increased temperature is indirectly supported by the enhanced electrical 
conductivity in the core (Section 5.8.2), i.e. according to the equili
brium calculations an elevated temperature in the core could cause a 
conductivity enhancement of the observed magnitude.

6.2.2 Time and Space-Resolved Temperature Measurements
(a) Measurements with Arc Current in the Range 1.0 kA to 

9.3.kA
Whilst the radially integrated temperature measurements 

are extremely valuable for the derivations of gross arc properties, 
accurate predictions of transport properties can be obtained only from 
a detailed knowedge of the temperature profile. Since at low currents,
I 3 20 kA, the radially distributed electrode vapour concentration in 
the column is small (Section 6.2.1) it was not practicable to measure 
the profiles by the Cul intensity ratio technique. Instead the
624.0 nm FI:545.4 nm SII intensity ratio was used (Section 3.2.3).
Using the apparatus described in Section 4.3.6, the radial distribution 
of the side-on intensity was measured for successive arcs at an axial 
position about 25 mm downstream of the anode. The arc was viewed

-95-



through the cut-away section of the nozzle (Figure 6,7). Micro
densitometer measurements from survey spectra of the arc (Figure 6.2 

'and, in detail. Figure 6.13) showed that these particular lines were 
free from overlapping spectra, had sharp dispersion-type profiles (a 
good indication of freedom from absorption defects) and had full line 
widths of about 1 . 2 nm; these were the widths at which the line profile 
merged with the continuum. The monochromator dispersion over this 
wavelength range was 1.37 nm mm”  ̂ so that an exit slit setting of
1 . 0  mm encompassed the line profile and the photomultiplier recorded 
all the radiation from these transitions. However, with this slit 
setting the contribution of the background continuum radiation was 
significant. Although relative to the line peak the continuum was 
only around 2 %, this fraction was much greater for the line wings and 
resulted in a line:continuum ratio, averaged over the line width, of 
about 10:1 for both lines (Figure 6.13). This ratio was largely 
insensitive to instantaneous current but at low levels, 1.0 to 3.5 kA, 
there was some evidence that the ratio increased, a possible indica
tion of the fall-off in electron density with falling temperature 
(Figure 2.4). The continuum contribution was taken into account in 
calculating the net emission intensities.

In order to minimise any error due to a non-linear photon 
intensity/electron current response in the photomultiplier, the 
signals from both lines were arranged to have approximately the same 
peak amplitude and, therefore, oscilloscope screen height; this was 
achieved by interposing neutral density filters between the entrance 
slit and the lens. The quoted opacity of these filters was checked by 
using the standard lamp as the emission source and tuning the mono
chromator to the required line wavelength (Section 4.3.6). The true 
relative emission intensities of these lines was obtained from a 
knowledge of the filter densities and the spectral response of the 
complete optical system.

The side-on intensity measurements at discrete current levels 
were converted to the true radial emission profiles using the Abel 
inversion technique described in Appendix IV. Figure 6 . 8  shows the 
side-on profile and the resulting Abel inverted profile at a current 
of 8 . 8  kA. This Figure, like all the inverted profiles in this 
current range, exhibited a sharp peak at the axis comprising about 
20% of the maximum intensity. A check was carried out on the 
inversion program to see if it was responsible for the peak: inversion
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of side-on distributions with knovm radial profiles gave identical 
profiles (Appendix IV), suggesting that errors in this technique were 
not responsible. Using the alignment laser and standard lamp the 
optical arrangement of the apparatus was examined: a sharp image of
the lamp-filament was observed at the entrance slit confirming that 
the apparatus was still accurately aligned. A further possible source 
of these peaks was that the observation window on the opposite side of 
the arc (Figures 4.4 and 4.14) was acting as a reflecting surface.
Thus for small rotating mirror angles relative to the arc axis the 
optical system might record the direct arc radiation plus that reflec
ted from the window surfaces. However, the reflection coefficient of 
these windows is so small ($ 10%) and the false image so out of focus 
that this possibility is unlikely. Lapworth (1976) has shown that 
large optical instrument apertures (f/5) can give rise to inversion 
errors of about 2% at the arc edge. In the central regions the 
errors are considerably reduced and cannot explain the observed peaks.

It is concluded form the foregoing remarks that the peaks are 
real and the systematic nature of their occurrence suggests that random 
measurement errors are not responsible. Because the measured axis 
temperature obtained with the peak and for the smoothed data is almost 
identical at a given current (Figure 6.9) an enhanced particle density 
is implied for both the FI and SII species. Thus, in this current 
range, a pressure enhancement on the axis of about 20% would explain 
these observations. Since the present analysis is restricted to a 
constant pressure across the luminous arc diameter (a pressure in the 
jet of 0.2 MN m  ̂ (2 bar) is assumed - Section 4.2.3), these peaks 
have been smoothed out as shown in Figure 6.8 and the temperature 
profile deduced from the resulting curves.

From the intensity profile measurements and the high speed photo
graphic records described in Section 5.3 it was clear that although the 
electrical reproducibility of the arc was better than around 5%, the 
physical position and intensity distribution varied considerably from 
shot to shot. Possible errors due to asymmetrical radial intensity 
distributions were minimised by using only those oscilloscope records 
in which the arc emission was symmetrically dispersed about the peak 
and by taking the mean temperature indicated by the ratio of the peak 
amplitudes. However this does not ensure radial symmetry; an 
ellipsoidal intensity distribution, for example, will produce a
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symmetrical side-on intensity record. One solution to this problem 
would be to observe the arc from a number of different axial posi
tions, as carried out by Benenson & Cenker (1970), but this would 
have been difficult in the present experiments. The solution adopted 
here has been to further segregate the oscilloscope records and to use 
only those which displayed a current density equivalent to the mean of 
all the records. Since the arc was more stable at and after current 
peak, the measurements were confined to this region. The scatter in 
axis temperature, ± 500 K, (Figure 6.9) and the scatter in arc radius 
about the mean current density, ± 1 mm (Figure 6.10) provide indirect 
measures of the shot to shot variations in radial asymmetry for the 
chosen records.

The mean axis temperature was determined by comparing the calcu
lated intensity ratio FI:SII at 0.2 MN m~2 (2 bar) from Figure 3.4 
with the measured peak intensity ratio after inversion. The results 
are given in Figure 6.9 as a function of time after current peak, 
together with the arc current and voltage envelope. For the sake of 
clarity the error bars, ± 1000 K, due to uncertainty in the transition 
probabilities (Table 3.1) have been omitted.

Because of variations in the intensity distribution with successive 
shots,, it was not practicable to derive the temperature profile using 
the above ratio method except at the highest current. Instead, the 
mean axis temperature, from Figure 6.9, was used to establish a refer
ence intensity for each spectral line at a particular current. With 
the aid of Figure 3.3 the measured intensity profile was then converted 
to a temperature profile. The variation of the temperature profile with 
arc current and time after current peak (t = o) is given in Figure 6.10. 
At the highest current, where the arc is most stable, the good agreement 
between temperature profiles derived from both spectral lines gives 
confidence in using the above technique.

(b) Measurements at 20.5 kA. Peak
When attempting to measure the temperature profiles of the SF^ 

arc at very high currents severe difficulties arose. Firstly the depo
sition of metal vapour fluorides on the inner window surfaces altered 
the spectral response for transmitted radiation to the extent that the 
curve equivalent to Figure 4.17 exhibited a maximum at the red end of 
the wavelength scale. Since the thickness of this powder coating 
increased with the number of arc pulses, it was impossible to determine
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the attenuation of radiation at two discrete wavelengths halfway 
through a series of experiments. Secondly, the presence of the metal 
vapour core in the central region of the arc meant that the FI and SIX 
concentrations were no longer determined by a smooth density variation 
with temperature across the arc but depended strongly on the metal 
vapour concentration in the core. Thirdly, the oscillatory nature of 
the core and its effect on the arc temperature (Section 6.2.1) create 
uncertainty in the validity of temperature profiles determined from 
the ratio of radial line profiles obtained with successive arcs. These 
problems were largely overcome by adopting the relative line intensity 
technique described in Section 6.2.2(a) and by using different emission 
spectra to measure the temperature in the outer plasma and in the core.

For the outer plasma and the core the emission intensities of the
545.4 nm SII line and the 529.3 nm CuI/510.5 nm Cul lines respectively 
were measured (e.g. Figure 5.9). The peak intensity of the inverted 
SII profile, obtained with clean chamber windows for the first few 
shots, was compared with the measured SII intensity profile at a known 
temperature from Section 6.2.2(a). These profiles were obtained with 
identical optical geometries. This fixed the axis temperature at a 
particular point on the relative intensity curve (Figure 3.3) and the 
temperature profile could then be evaluated from the relative emission 
as a function of arc radius. For subsequent arc pulses the apparent 
emission decreased due to the increased window coating. Allowance was 
made for this by using the SII line emission at a particular current 
to establish an approximate calibration curve.

For the core temperature the Abel inverted Cul line intensity 
ratio was compared with the calculated ratio in Figure 3.2. The two 
Cul lines have a wavelength separation of only 18.7 nm and variations 
in the spectral response of the window were small over this range. In 
selecting the oscilloscope records for temperature measurements, three 
criteria were applied: (i) symmetry of side-on emission about the peak
intensity; (ii) equal zero emission radii; (iii) records obtained at the 
same time and current during the arc pulse. The complete set of data is 
given in Figure 5.9. However, only one pair of records meets the above 
three requirements - those at 20.0 kA just following core formation with 
current falling from the peak. Attempts to derive the core temperature 
profile for lower currents were unsuccessful; irregular temperature 
distributions resulted with no systematic shape or peak value. The 
principal reason for this was that the intensity profiles for the two
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Cul lines were obtained under probably different core conditions 
because the line intensities had to be measured from successive arc 
pulses. Conversely the temperature measurements described in Section
6 .2 . 1  were made using a technique which gave the radially integrated 
intensity of each line with a time separation of only 9 . 3 ys; during 
this time the core conditions may not markedly change. ^

The Abel inverted intensity profiles for the SII and Cul lines are 
given in Figure 6.11. Two SII profiles, obtained at 16.5 kA and 17.0 kA 
with rising current, are shown in this Figure. The intensity rises
smoothly to the axis and is zero at a radius of 12 mm. The temperature
profile calculated from Figure 6.11 and using the intensity versus 
temperature curve in Figure 3.3 is shown in Figure 6.12; the axis temp
erature is 20,500 K and the profile has a smooth parabolic shape down 
to a temperature of about 13,000 K.

Figure 6.11 also shows SII intensity profiles at 20.0 kA and
20.5 kA with falling current after the core has formed: the emission
dips at the axis and the intensity does not match the pre-core forma
tion profile within a radius of 5 mm to 6 mm. Beyond this distance 
the profiles are similar with an emission limit, in this case at
11.5 mm. The temperature profile over radial distances between 5 mm 
and 11.5 mm is shown in Figure 6.12. The pre- and post-core tempera
ture profiles agree closely over this range. For distances closer 
than 5 mm to the axis, the reduced intensity dictates either a fall in 
temperature of some 1000 K or a reduction in SII density of between 
30% and 40% (Figure 6.11). It is suggested in Section 6.4 that the 
latter mechanism is responsible and that the sulphur and fluorine 
components have been displaced by metal vapour.

The intensity profiles for the two Cul lines at 20.0 kA have their 
peaks at the axis and the emission limit occurs at a radius of 7.5 mm. 
The temperature profile (Figure 6.12) was obtained by comparing the 
measured intensity ratio with the calculated ratio in Figure 3.2. The 
axis temperature is 22,000 K and matches the outer plasma temperature 
at a radius of 4.5 mm. The profile has not been extended beyond this 
distance because the unstable nature of the core, just after formation, 
causes major temperature errors in the boundary region when intensity 
profiles from successive arc pulses are used. The possible errors in 
transition probability for Cul (Table 3.1), and the possible errors in 
the calculated SII intensity/temperature relationship around ± 1000 K,
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suggest that the axis temperatures with and without core formation are 
not markedly dissimilar at this point on the current waveform. For 
later times following core formation the measurements in Section 6.2.1 
show that the average core temperature increases dramatically. The 
above core profile is thus representative of the temperature during 
this transition period - the initial formation of the core.

6.3 ELECTRON DENSITY MEASUREMENTS
L.t.e. requirements and the proof of equilibrium and partial 

pressure calculations depend critically on the radially distributed 
electron number density Ng(r). However, in the pulsed high current SF^ 
arc this measurement is very difficult: whereas for T(r) only the
total emitted intensity of a line is required, for Ng(r) simultaneous 
measurements of two parameters are necessary - both the peak intensity 
and the line width variations across the arc. These parameters can 
then be used to determine the radial distribution of line half-width 
and hence Ng(r) using the appropriate broadening constants. In the 
absence of these data and suitable line profile unfolding techniques, 
the average electron density N^ has been determined from the radially 
integrated line shapes. Line width data suitable for the determination 
of Ng were obtained in two ways. (i) Time and space integrated survey 
spectra recorded with calibrated plates. These data were used for the 
current range where the axis temperature was largely constant, the 
profile approximately isothermal and the electrode vapour concentration 
small. Thus the line half-width and the resulting electron density 
were relatively independent of time or arc radius and related to the 
arc conditions obtaining over the major part of the pulse. (ii) Time 
resolved, but again radially integrated, data from the rapid scanning 
spectrometer. These data were mainly used at high currents where the 
electron density was higher causing large line half-widths so that the 
limited wavelength resolution of this instrument was not so important. 
For very high current operation, time resolution was essential because 
Ng depended strongly on the instantaneous current in this range.

6.3.1 Average Electron Density for an SF^ Arc at 6 kA Peak
Figure 6.13 shows the 624.0 nm FI and 545.4 nm SII line 

profiles obtained from survey spectra of an arc cross section at 2 0  mm 
from the anode for a peak current of 6 kA. The record used for Figure 
6.13 was obtained with the McPherson 0.5 m combination spectrograph 
described in Section 4.3.6. The entrance slit setting was 50 ym and a
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calibrated Kodak FP4 plate was used. This is a low contrast, high 
resolution plate which records both strong and weak lines at a given 
setting and provides the definition required for accurate line width 
measurement. The line profiles are of the dispersion type (Figure 
AIII.l) which suggests that broadening due to particle motion and 
collisions predominate rather than absorption defects. Also the sym
metry of the profiles about the centre wavelength suggests negligible 
pressure shift. (The strongest evidence for optical thinness of these 
lines is the observation that the Abel inverted radial profile always 
exhibits a maximum at the axis - Section 6.2.2.) The full line half
widths from Figure 6.13 and the electron densities calculated from 
Table 3.2 for a temperature of 20,000 K are given in Table 6.1. From

Line AX AXs Ne

623.964 nm FI 0.216 nm 0 . 0 1 2  nm 0.204 nm 3.47 X  1023 ± 20%
545.381 nm SII 0.164 nm 0.0092 nm 0.155 nm 2.89 X  1023 ± 20%

TABLE 6.1
Average Electron Density During a 6 kA Peak Current Pulse

the discussion in Appendix III the only other mechanism causing addi
tional significant broadening is the Doppler effect. This broadening 
has been subtracted from the full line width in Table 6.1. The self- 
magnetic field of the arc is so small at this current level 
(B - 2 X  10“^ tesla - equation 8.11) that the magnetic broadening is 
only of the order of 10“^ nm. The error limits in Table 6.1 were 
estimated from possible errors due to linearising the spectral inten
sities and the instrumental broadening which accounts for 0 . 0 2  nm. 
These possible errors cause the measured values of to overlap and 
the best estimate of the average electron density under these 
conditions is 3.2 x 10^^ m”^ . Because the,electrode vapour concentra
tion is small at this current level (Section 6.4) the intensities of 
the 515.3 nm and 521.8 nm Cul lines are also small and are comparable 
with the 514.2 nm and 521.3 nm SII lines (Figure 6.3). Thus the line 
profiles interfere and estimation of from the Cul spectra is not 
reliable. For larger currents the vapour concentration is higher and 
the Cul emission stronger allowing the determination of from these 
spectra.
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6.3.2 Time-Resolved Electron Density Variation at High Current
Photoelectric ’snapshots* of the visible arc spectrum were 

taken in the same axial position as for the temperature measurements 
using the rapid scanning spectrometer (Section 4.3.5). Four different 
peak current levels were used - 9 kA, 13 kA, 17 kA and 24.5 kA. The 
instantaneous values of electron density were determined from the
515.3 nm Cul line full half-width using Jenkins’ value of Cg given in 
Table 3.2. The results are plotted in Figure 6.14 as a function of 
instantaneous current and time loops have been included linking the 
results belonging to each pulse with a common peak current.

Examples of the Cul line spectra obtained in this way are given in 
Figure 6.4. It is clear that both of the very broad Cul lines,
521.8 nm and 515.3 nm, exhibit a sharp dispersion type of profile like 
the ones shown in Figure 6.13 for the main FI and SII lines. Self
absorption and saturation effects are therefore ruled out as broadening 
mechanisms by the same reasoning as was given in Section 6.3.1.
Pressure broadening, however, is a possible mechanism because the higher 
Cul line intensity reflects a high particle density and this mechanism 
does give rise to a dispersion type of profile (Section AIII.4.1).
Using an estimated collision diameter of lO"^ m (equation AIII.ll) under 
these conditions predicts a full line half width of 0 . 2 2  nm for neutral 
copper vapour (clearly smaller if significant ionisation takes place). 
This line width is more than an order of magnitude smaller than the 
maximum value observed here. A further indication that neutral pressure 
effects are small is the fact that the small line asymmetry is towards 
the blue end of the spectrum and is in the wrong direction for pressure 
shift.

The half-width measurement errors decrease as the derived electron 
density increases because of the fixed wavelength resolution of the 
instrument (about 0.4 nm). At low rising currents of 3.2 kA and 7 kA 
the corresponding electron densities are 3.6 and 4.3 x 1 0 ^ 3  . In
this range the electron density could be over-estimated by as much as 
+ 2 0 % because of the limited resolving power of the instrument and 
because of the overlapping SII line (Section 6.3.1). There is thus no 
significant difference between these values and that obtained from the 
FI and SII lines at 6 kA peak (3.2 x 10^3 m”^). At the highest current 
level (24.5 kA) the full half-width is 4.8 nm and yields an electron 
density of 1.75 x 10^^ m”^. In this case the maximum instrumental
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error is + 8% and the contribution of the SII line negligible. The 
curves in Figure 6.14 exhibit electron density hysteresis for every 
current level tested: the maximum values of occur just after the
peak of each pulse and are 9, 12, 14 and 17 x 10^3 ni~3 £qj- g ̂ 13, 17 
and 24.5 kA peak respectively. These values indicate a high pressure 
at the arc centre even before core formation and this was suspected 
from the peaks in the radial line intensity distributions (Section 
6.2.2a). Whilst it can be shown that pressure equilibrium exists 
between the plasma and the surrounding gas at low currents (6 kA) , 
for all higher levels and notably after current peak, the spectro
scopically measured plasma pressure exceeds the set kinetic pressure 
i.e. the plasma pressure p is given by

p = kT(N + 2N ) (6.2)

where is the neutral number density.

For T = 17,000 K about 50% of the SF^ arc constituents are 
ionised (Figure 2.4). Using Ng=3.2 x 10^3 , then p = 0.225 MN m ^
(2.25 bar) which is in very good agreement with the pressure predicted 
from aerodynamic considerations of 0.2 MN ra  ̂ (2 bar). Sections 2.7.1 
and 4.2.3. Just after the peak of a 24.5 1<A. pulse the maximum temper
ature and electron density are 31,000 K and 1.7 x 10^4 ^ 3 
respectively. At this temperature, and if the core constituents are in 
l.t.e., almost every atom will have lost one electron. Equation (6.2) 
thus predicts a core pressure of 0.15 MN m~2 (15 bar) if the maximum 
temperature and electron density occur simultaneously. However, if 
most of the atoms are ionised then the Cul lines should be relatively 
faint, which clearly they are not. It is suspected that these results 
indicate l.t.e. failure for the higher ionisation states in the core. 
The high pressure predicted is, however, partly explainable on the 
basis of a magnetic pinch mechanism (Chapter 8) and the hysteresis 
curves shown in Figure 6.14 are identical in form to those derived 
theoretically by Tonks (1939) for a magnetically pinched discharge.

6.4 COPPER VAPOUR IMPURITY CONCENTRATION
The data obtained from the rapid scanning spectrometer were used 

to evaluate the instantaneous copper vapour concentration in the arc 
from the intensity ratio of specific Sll and Cul lines (Section 3.4). 
The line widths and heights (e.g. Figure 6.4) were measured using an
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optical micrometer and the intensity ratio compared with that derived 
in Figure 3.5 for an average arc temperature of 17,000 K. The results 
are presented in Figure 6.15. Current pulse amplitudes of 9.1, 13,
17.5, 18 and 19 kA were used; for the reasons given in Section 3.4 
current levels where core formation was expected were not investigated.

For peak current values up to 13 kA no hysteresis was found: at
that level the copper vapour concentration was about 5% and decreased 
with falling current to less than 1% at 3 kA. At the three higher 
peak current levels hysteresis was observed and at 18 kA peak the 
concentration was about 20% and increased with falling current to 30% 
to 40% at 9 to 10.5 kA. However, these latter results should be 
treated with some caution because they were obtained for peak values 
close to the core formation current; the major change in arc tempera
ture which occurs under these conditions (Figure 6.5) would invalidate 
the impurity concentration evaluation technique, leading to an under
estimation of the vapour concentration. The Cul 529.3 nm:SII 532.1 nm 
intensity ratio always predicted a higher impurity concentration than 
did the Cul 515.3 nm:SII 532.1 nm ratio: this systematic error is
perhaps not surprising when the sensitivity of the technique to small 
temperature errors (i.e. large number of exponential terms involved) 
is considered (Section 3.4).

6.5 CHAPTER SUMMARY
Several different spectroscopic diagnostic techniques have been 

used to measure the intensities and widths of SF5 arc emission lines. 
These measurements have been analysed using the techniques described 
in Chapter 3 to yield the temperature, electron density and copper 
vapour distributions. These investigations may be summarised as 
follows.

(i) For arc currents below the metal vapour core formation level 
(around 20 kA) and above 3.5 kA, temperature measurements 
from survey spectra, from time-resolved radially integrated 
Cul spectra and from the time and space-resolved line 
intensities of FI and SII spectra all yield a radially- 
averaged arc temperature of about 17,000 K.

(ii) The axis temperature in this current range is 20,000 K and
the profile exhibits a parabolic shape down to about 11,000 K. 
At 1 kA the axis temperature is 15,500 K and a sharp peak in
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the temperature distribution is observed at less than 1 mm 
from the axis.

(iii) At the peak of a 24.5 kA current pulse the mean temperature, 
as measured using Cul lines, oscillates between 17,000 K 
and a maximum value of 31,000 K. Doubly ionised sulphur 
atoms, SIII, are predicted to exist at the higher tempera
ture and this has been confirmed in survey plates of line 
emission spectra. Because Cul emission is confined to the 
core these oscillations are assumed to reflect temperature 
oscillations in the core. The SF^ plasma surrounding the 
core shows no spectroscopic change either in line width or 
intensity and it is, therefore, concluded that the outer 
plasma temperature is the same as before core formation, 
i.e. 17,000 K. The temperature oscillations within the core 
continue with current falling to 10 kA but the maximum 
temperature falls with time to about 19,000 K at that current,

(iv) During formation of the core the SIX line intensity exhibits 
a dip at the arc axis and this has been interpreted as being 
due to a 2 0 % reduction in gas species number density caused 
by an increase in metal vapour density.

(v) Tests for l.t.e. between three transitions in the copper atom 
have been found positive for both the high and low tempera
ture states. The similarity of gas and vapour temperatures 
for currents less than 20 kA suggests that l.t.e. also 
prevails in this current range. However, the predominance 
of Cul emission in the core at what is a very high tempera
ture for this species suggests that l.t.e. might fail for 
higher copper vapour ionisation states; this has important 
implications for electrical conductivity predictions.

(vi) The radially-averaged electron number density determined
from FI, SIX and CuX lines exhibits a value of 3.2 x 10^^ m  ̂
at 6 kA. This value, together with the measured arc tempera
ture of 17,000 K, predict a total equilibrium plasma pressure 
of 0.225 MN m”  ̂ (2.25 bar) which is in very good agreement 
with that value (0.2 MN m~^) predicted from gas flow 
calculations.

(yii) The electron density, as determined from the half-widths of 
a CuX transition, exhibits hysteresis for all current levels 
above 9 kA. Following a current pulse of 24.5 kA peak, the
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maximum electron density is 1.7 x 10^^ m~^. This value, 
together with the maximum core temperature of 31,000 K, 
predict a core pressure of 0.15 MN m ^ (15 bar), which is 
very much greater than the kinetic gas pressure. Alterna
tive interpretations of the very large Cul line width have 
been examined but all the tests point to energy level pertur
bations caused by fast electron impacts - the quadratic Stark 
effect. The line shape could arise from pressure broadening 
but its asymmetry is in the wrong wavelength direction for 
this effect. Also its width is not directly linked to the 
vapour concentration as would be expected for pressure 
broadening by identical species. However, pressure broadening 
by identical species may be a contributory effect if there is 
strong l.t.e. failure for higher ionisation states; the 
neutral copper atom density would thus be artificially 
enhanced above its equilibrium value. Since the radial 
distribution of line intensity exhibits a maximum at the axis 
then self-absorption or line saturation is unlikely; also the 
line shape is incorrect for these mechanisms. In view of 
these uncertainties the measurements of electron density at 
very high current must be used with some caution.

(viii) The copper vapour density in the arc rises slowly with current 
and exhibits values of 1% and 5% at 7 kA and 13 kA respect
ively. There is no measurable impurity hysteresis following 
these peak current levels. However, at 19 kA peak the 
impurity concentration is 2 0 % and increases with time and 
with falling current to about 35% at 10 kA. It is encouraging 
that these impurity levels agree reasonably with that derived 
from the SII line distribution at 20 kA peak (20%). However, 
the possible errors in the measurement at high currents are 
even more serious than those for the derivation of electron 
density; not only is the technique sensitive to l.t.e. 
failure but it also depends critically on the temperature 
remaining constant. This latter constraint is justified for 
the above current range but not for higher levels.
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CHAPTER 7; DISCUSSION OF ENERGY BALANCE AND ARC MODEL EQUATIONS

7.1 INTRODUCTION
In all arc discharges the question arises as to the importance of 

the various energy transport processes in determining the characteris
tics of the discharge. Clearly for energy conservation the sum of all 
the loss processes must equal the total input energy: this balance
may not be achieved instantaneously if mass transport (forced convec
tion) and diffusion (thermal conduction) dominate over freely escaping 
radiation. The main aim of this Chapter is to solve an energy balance 
equation using the results of the previous two chapters and the equili
brium transport property calculations discussed in Chapter 2. A 
general survey of the results and their significance to particular loss 
mechanisms are given in Section 7.2, In Section 7.3 an analysis is 
made of the power law fit of the results to arcs dominated by different 
individual loss mechanisms and their relevance to a particular current 
range is indicated. For one such range, in which the energy balance 
is dominated by axial convection heat loss, it is shown that a new, 
simple model can be derived which predicts the arc temperature, radius 
and voltage distribution with a fair degree of accuracy (Section 7,4). 
Finally in Section 7.5 the significance of secondary heat loss processes 
is examined by radial integration of the electrical and thermal 
distributions derived from the temperature profiles.

7.2 PHYSICAL INTERPRETATION OF THE MEASUREMENTS
7.2.1 The Copper Vapour-Free Arc

The voltage/current (V/I) characteristic is a useful indi
cator of current-dependent variations in arc stability, in electrical 
conductivity, a, and in the balance between gain and loss of energy in 
the arc. Figure 5.13 shows that for a current pulse of around 10 kA 
peak falling to 1 kA the characteristic is negative. Since Figure
5 . 5  indicates a constant current density over the same range (and 
Urwin, 1976, has shown that the electric field at any axial position 
varies linearly with the total voltage) a must fall with decreasing 
current if the arc is stable and its length remains the same (Sections
5.2 and 5.3). The temperature measurements (Section 6.2) and the 
a(T) calculations (Section 2.6.1) yield the reason for such a reduced 
conductivity: Figures 6.9 and 6.10 show that for current falling from
9 kA to 1 kA the axis and radially-averaged arc temperatures fall from
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20,000 K to 15,500 K and from 17,000 K to 13,000 K respectively. From 
Figure 2.9 such a variation in arc temperature is predicted to cause a 
fall in conductivity and a consequent rise in arc voltage of a factor of 
about 2. This is in reasonable agreement with the voltage measurements. 
Moreover, the major negative change in axis temperature accurately 
reflects an inverse change in arc voltage (Figure 6.9) with a ’knee’ 
in both curves at about 3.5 kA. These observations allow the follow
ing general conclusions to be drawn on the electrical and energy 
balance characteristics. The rising voltage envelope observed in 
circuit breaker arcs as current zero is approached is a direct reflec
tion of the fall in arc temperature due to increasing energy losses. 
Voltage perturbations in excess of this envelope are caused mainly by 
the lateral arc instabilities observed in Figure 5.1. Below 3.5 kA 
the increasing severity of the peak in the temperature profile suggests 
that radial energy losses become important.

Between 3.5 kA and 17 kA the temperature profile is essentially 
parabolic and exhibits an axis value of about 20,000 K (Figures 6.9 and 
6.12). The arc voltage variation is less than 10% over this range with 
a minimum at 7 kA (Figure 5.13). The current density is also 
relatively constant (Figures 5.5 and 5.6) at given axial positions 
close to the nozzle throat. Thus, in this broad current range, the 
temperature/conductivity relations predicted in Section 2.6.1 are 
satisfied and the arc voltage/electric field, current density/electrical 
conductivity and the arc temperature are all relatively independent of 
current. The simple calculations carried out in Section 5.8.2 suggest 
that close to the throat the temperature is also independent of axial 
position. These observations lead to an important conclusion regarding 
the energy balance.

Since the total input power is given by IV, and V is constant, the 
power loss must vary linearly with I. Physically this means that the 
losses vary as the volume of the arc or, for a fixed arc length, as the 
arc cross section. It will be shown in Sections 7.3 and 7.4 that such 
a dependence is helpful in deciding the dominant energy loss process 
(axial convection) in this current range.

7.2.2 The Copper Vapour-Rich Arc
If, however, the arc voltage trace is examined in detail 

the V/I characteristic is seen to be weakly positive for 1 ^ 7  kA. On 
the above basis, therefore, a falling arc temperature with increasing
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current is indicated; this is clearly inconsistent with the temperature 
measurements. In fact the rising arc voltage is caused by an increased 
current density at constant conductivity (compare Figures 5.5 and 5.6 
and see Table 5.2) and, hence, a rise in the local electric field. The 
main cause of the reduction in arc cross section is probably the 
increase in escaping radiation due to a rise in electrode vapour 
impurity concentration (Figure 6.15): between 3.5 kA and 17 kA the
copper vapour concentration increases from less than 1 % to 15%.
Strachan (1973) and Jenkins (private communication) have shown that 
this higher concentration of metal vapour introduced into air arcs 
increases the radiation loss in the visible region of the arc spectrum 
from 10% to 45% of the total input power (Section 2.6.4). This is 
supported by the calculations of Kinsinger (Figure 2.14) who shows 
that even at temperatures as high as 17,000 K the introduction of 
radiating copper impurity atoms has a considerable effect on the arc 
losses. These calculations, however, assume that all of the radiation 
escapes freely from the arc: line emission from diffuse copper vapour
will normally be reabsorbed by a high density layer of identical atoms 
in the cooler regions surrounding the arc.

This is not the case when the copper vapour core forms (at a 
current in excess of 20 kA) because the core is surrounded by a high 
temperature SF^ plasma. Thus, not only is the particle density 
surrounding the core low but the energy level distributions of the 
copper and sulphur/fluorine atoms are completely different (Figure 
AI1I.2). Therefore the copper vapour line radiation can traverse the 
outer plasma without significant absorption occurring. As in all 
atoms most of the internal energy is radiated in the resonance lines. 
Since for Cul these lines lie at a relatively long wavelength (around 
330 nm) and because this wavelength is greater than the absorption 
cut-off wavelength of the SF^ molecule (around 220 nm, Liu et al.,
1951) most of the Cul line radiation can also traverse the thermal 
zone and the cold, undisturbed gas surrounding the zone. Copper 
impurity radiation from the core is therefore an extremely efficient 
means of removing energy totally from the arc centre. The photographs 
of the arc with the core present (Figure 5.2) and the semi-quantitative 
comparison of the arc and core brightness (Figure 5.7) confirm this 
statement.

The temperature during the initial formation of the core is not
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markedly different from the surrounding plasma (Figure 6.12): after
current peak, however, a maximum temperature of 31,000 K is indicated 
from the results in Figure 6.5 and the electron density increases by 
a factor of 6 (Figure 6.14)). This increase of internal energy 
(ZNC?/H?kT) is partly explained by the anomalous current distribution 
between the core and the surrounding plasma (Table 5.3 and Figure 5.9); 
the input power density, J^E, in the core is much greater than that in 
the outer plasma, J^E. However, a trigger mechanism is necessary to 
initiate the core in the first instance. It is suggested in Section 8.4 
that in this case the responsible mechanism is the magnetic pinch 
effect. It is evident from the temperature measurements reviewed in 
Appendix V that such transitions in temperature have been observed 
previously, although in only one reference (Ito et al., 1971) has the 
temperature and electron density been measured simultaneously. In that 
work similar conclusions were reached regarding the importance of 
magnetic forces in creating an anomalously high plasma pressure, A 
comparison of those results with the data obtained here is carried 
out in Appendix VIII.

7.2.3 Filamentary Core Structure
Photographic evidence for discrete filaments within the 

visible arc boundary has previously been obtained by Wienecke (1958) 
who investigated steady, free-burning, 500 A arcs in air with carbon 
electrodes. He also showed that the number of filaments increased with 
current and concluded, from the constricted nature of the arc with the 
filaments present, that they carried a significant fraction of the 
total current. Most of the visible emission from the copper filaments 
observed in Figures 5.3 and 5.8 is due to excited atomic transitions 
and, at first sight, indicates that little current is carried by these 
filaments. However, strong line radiation due to copper ions was not 
observed because nearly all of these lines occur in the ultra-violet.
An indication that a significant fraction of the total current is 
carried in the filaments comes from the observation of an increasing 
lateral velocity (̂  2 0 0 0  m s” )̂ with current: there is no evidence
to suggest that aerodynamic turbulence within the arc increases with 
current. It is physically easier to envisage the lateral filament 
motion originating from a pinch 'wriggle* instability due to JxB body 
forces. These forces will be important only if a significant fraction 
of the total current is carried in a filament; semi-quantitative 
agreement has been found between the lateral velocity measurements and
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calculations based on magnetic forces (Appendix VIII).

It has been suggested by L.A. King (private communication) that 
similar filaments observed at the ERA Laboratories could be inter
preted as 'comet tails', i.e. that they originated from discrete 
metal spheres (in this case copper) heated by the arc, and the 
ablated surface material subsequently swept downstream with the super
sonic plasma flow. No discrete pieces of solid copper have actually 
been observed in the present investigation but the cold, non-emitting 
region observed close to the upstream electrode surface (Figure 5.12) 
is not inconsistent with this explanation. The high heat flux to 
such a sphere's surface from the arc would also create a region of high 
pressure within the core and may contribute to the spectroscopically 
measured, anomalously high, plasma pressure. A further possibility 
is that the filaments originate from sites below the electrode surface 
in 'tunnels' created by regions of very high current density, as has 
been suggested by Dr. Turner of the ERA (private communication). This 
mechanism would be consistent with the narrow cracks observed on the 
arced copper/tungsten electrode surfaces and the paucity of copper 
exhibited by such electrodes in regions close to the surface (Siddons 
& Harper, 1972). Liquid mercury cathodes emit both droplets and vapour 
from regions below the surface when 'unanchored' cathodes are used 
(Airey, 197 2b).

7.3 ISOTHERMAL ARC RESPONSE TO A SINGLE DOMINANT ENERGY LOSS MECHANISM
Approximate energy balance calculations are often useful in deter

mining a dominant energy loss mechanism. From such calculations for 
the present discharge it has become apparent that no single loss 
mechanism dominates the arc response over the complete current range 
of 1 kA to 45 kA, This observation gave the author the idea of formu
lating analytical energy balance equations for the three main loss 
mechanisms. These equations could then be used to examine the response 
of dependent arc parameters, such as the luminous arc radius and total 
arc voltage, to variations of independent parameters such as arc 
current, length and gas pressure. By comparing the observed response 
and that predicted by the equations the dominant loss mechanism could 
then be established for a range of current.

To simplify the equations a two-zone model is used (e.g. Topham, 
1970) in which the temperature is independent of arc radius or length
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(Figure 7.1). This restriction means that the electrical conductivity 
is similarly independent and that the enthalpy density and radiation 
density depend only on the arc volume and pressure. For the case where 
radial heat loss is considered it is assumed that the temperature gra
dient and temperature at the electrical arc boundary are constant (e.g. 
Elenbaas, 1946; Lord, 1973). Thus for the body of the arc the effective 
thermal conductivity is infinite (zero temperature gradient) but 
approaches a finite constant value at the boundary. All the arc current 
is assumed to flow within the luminous radius: the radius error intro
duced by this approximation is very small (around 0.3 mm) because the 
temperature gradient takes on very high values (2 x 10^ K m Hertz et 
al;, 1971, see Section 6.1) between these boundary temperatures^ The 
luminous boundary temperature is around 11,000 K whereas that of the 
conducting boundary is assumed to be 5000 K. Finally it is assumed that 
the arc does not impede the gas flow significantly in the nozzle 
throat.

7.3.1 Convection Dominated Heat Loss
For a power balance the electrical input power IV^ inte

grated over the arc length 1.̂ is related to the power convected through 
the electrically-conducting arc area A = irr̂  ̂ (Figure 7.1) by

IV = puA(h + iu^) (7.1)

where p, u, and h are the plasma density, velocity and enthalpy res
pectively (Section 2.6.2). To simplify the present treatment the kine
tic energy of flow, &pAu^, is neglected since for sonic flow in hot 
SF^ it is only 0.1 puhA (Frost & Liebermann, 1971; Lowke & Ludwig, 
1975). The equilibrium calculations of Frost & Liebermann show that 
the Mach 1.0 enthalpy flux per unit atmosphere pressure, F = puh/p, 
is relatively constant for arc temperatures lying between 20,000 K 
and 30,000 K, the approximate temperature range of interest here. A 
further simplification of the resulting equations is possible if we 
confine the examination initially to the nozzle throat position. At 
this position the Mach number is unity and the gas pressure is 6 p^ 
where 3 is the pressure ratio for sonic flow and is equal to 0 . 6  for 
SF^ (Section 4.2,3) and p^ is the upstream pressure. We neglect any 
radial pressure gradient which means that the Mach number is constant 
across the nozzle throat diameter: experimental justification of this
assumption has been obtained by Niemeyer & Ragaller (1973) for N2 and 
by Jones et al, (1974) for air. With these simplifications,
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equation (7.1) becomes

IV^ = Fep^nr/ • (7.2)

In order to separate the arc radius and voltage parameters we 
require a second equation which links these integral parameters with 
the electrical conductivity. From the definition of electrical 
conductivity, a, we have

I/V„= . (7.3)

Strictly this equation applies to a cylindrical arc geometry but it 
can be shown that the equivalence of I/V^ and J/E is retained in 
other arc shapes for constant a. Equations (7.2) and (7.3) can be 
solved simultaneously to give the arc area

A = = l[iy(ep^)]^[Fo]"^ . (7.4)

For the upstream arc voltage the same pair of equations yields

V u =  (2uGPu)i(F/o)i . (7.5)

Equations (7.4) and (7.5) are identical to those equations
obtained by Frost & Liebermann (1971), which gives confidence in the
above approach and suggests that the same techniques and approxima
tions may be applied to radiation and conduction energy balance 
equations.

The parameter (F/a)^ is relatively independent of temperature or 
of pressure in the range 16,000 K to 30,000 K and 0.1 MN m”  ̂ (1 bar) 
to 1.6 MN m 2 (16 bar), (Figure 7.6). Therefore a constant arc 
voltage, independent of current, is predicted from equation (7.5) 
varying only as and as p^^ even if the arc temperature is 
current sensitive.

The arc area does depend on temperature through the parameter 
(F a )“ 2 (equation 7.4) because both F and a increase slowly with 
temperature so that whereas their quotient is constant their product 
is not. However, for the present simple model, where a constant 
temperature is initially assumed, the arc area depends linearly on the 
current (i.e. constant current density), the arc length, as and
on the upstream pressure, as •

These predicted interactions between dependent and independent .
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arc parameters apply strictly to their variations in the nozzle 
throat. For other positions the axial variations of Mach number and 
pressure modify the enthalpy flux term so that the expression F3p^ 
is replaced by FMp, i.e. for a constant temperature the product Mp is 
important. In fact it was shown in Section 4.2.3 (Figure 4.5) that 
a variation in this product of only ± 1 0 % is observed for a pressure 
ratio range (p/Py) of between 0.3 and 0.92. From Hutton's aero
dynamic calculations this pressure ratio range covers the axial 
distance from just above the upstream electrode, M 0 , almost to 
the nozzle limit. A reasonable assessment of the voltage and area 
variations may therefore still be obtained using equations (7.4) and 
(7.5) within these axial limits.

7.3.2 Comparison with Results
The observed relative independence of mean current 

density, temperature and arc voltage on current in the broad range
3.5 kA to about 17 kA clearly makes the above model attractive in 
accounting for an energy balance. Moreover, simple calculations give 
reasonable agreement with the experimental results (Sections 2.2 and 
7.4). Such an agreement has also been observed in high current air 
arcs (Appendix VI). In this current range it is implicitly assumed 
that radiation is reabsorbed and serves to flatten the temperature 
profile (Lowke, 1970), It has also been shown by Lowke & Ludwig
(1975) that radiative heat transfer to the arc edge by reabsorption 
does.not effect axial heat flow and gives exactly the same response 
as the convection loss dominated arc.

The arc expansion between the throat and the nozzle limit 
exhibits a relationship of the form A « , if is taken as
commencing at the electrode surface, but A « IxP'^ if the throat 
position is taken as ly =0. It is likely that the arc section 
between the electrode surface and the throat is dominated by escaping 
radiation from metal vapour impurities (Figure 5.8). Therefore the 
axial integration of convection losses might commence at the throat.
The observed dependence of arc area on pressure, A ^ (Table
5.2), is also in reasonable agreement with the prediction A «

Urwin's (1976) measurements of axial voltage distribution give a 
good fit to Vu although such agreement may be fortuitous
upstream of the nozzle throat if significant radiation escapes in this 
region. The total arc voltage is almost independent of the set upstream
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pressure, whereas « p^O'5 ig predicted. However, the field varia
tion with pressure has not been measured in the region most effected 
by a pressure change (between the electrode and the throat). Since 
this is a relatively small contribution to the total arc voltage the 
overall effect may be masked and lost in the measurements scatter 
(Figure 5.13).

A further attraction of this model is its ability to predict the 
position of the oscillatory variations in arc diameter observed in
Figures 5.2 and 5.3, which appear to commence at between 20 mm and
30 mm downstream of the nozzle throat (Figure 5.5). If an aero
dynamic shock wave exists in this position, as is predicted by 
Hutton's calculations (Section 5.7), and suggested by Figure 5.12, 
then due to the flow becoming subsonic the enthalpy flux, given by 
FMpA, will fall markedly (Figure 4.5). Thus axial continuity of the 
convection heat balance across the shock must be maintained by an
increase in arc cross section or temperature, or both. The oscilla
tory return to a normal arc shape is more difficult to explain but 
this may be brought about if the arc expansion destroys the shock, 
possibly by causing the gas flow stream lines to increase in radius 
beyond their normal boundary, i.e. the flow becomes supersonic at 
that position. The oscillation frequency would be governed by the 
time taken to re-establish the shock which might be determined by 
the sound speed of the cold gas (135 m s~^), over the expansion radius, 
typically 5 mm. These values give an oscillation frequency of 13 kHz 
which is a factor of 3 too high. However, if the observed oscillation 
frequency in air (10 kHz), and in SF^ (4 kHz), is compared with the 
sound speeds in those gases (300 m s”  ̂and 135 m s )̂ then much 
better agreement with the above explanation is observed: the frequency
ratio is 2.5 whereas the sound speed ratio is 2.2.

Another possible explanation, also based on the reduction in the 
flux term, is that the arc must expand when any part of it exceeds 
the supersonic jet boundary (this must happen at some axial position 
and current level because the arc expands faster than the jet boundary). 
But in this case it is difficult to see why the arc contracts again at 
that position. If the jet boundary is undisturbed by the arc then it 
should be possible to test this hypothesis because of the increasing 
arc radius with current. We should therefore see the expansion region 
moving progressively back into the throat with increasing current as 
the arc radius meets the jet boundary. It has been suggested by
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Walmsley et al. (1976) that arc oscillations, due to shear forces in 
air, are initiated by the presence of metal vapour. Similar conclu
sions, but based on the magnetic pinch effect at the electrode 
surface, were drawn for the oscillations observed just prior to core 
formation (Appendix VIII). However at very high currents, when the 
vapour rich core forms, the arc is extremely stable and these 
oscillations cease completely.

7.3.3 Radiation Loss Dominated Arc
A simple calculation shows that energy loss by radiation 

from the pure SF^ arc is probably not a dominant effect at high 
current. The power dissipation for a 10 mm length. I, of arc in the 
nozzle throat at 10 kA with a mean field of 10 V mm“  ̂ is 1 MW. Since 
the current density is 105 A mm“  ̂ then the arc radius is 5.7 mm. The 
emitted radiation power from a cylindrical arc section is given by

= AirÛ TTr̂ Î (7.6)

where is the net emission coefficient at the appropriate temperature 
and pressure. This parameter has been calculated by Liebermann & Lowke
(1976) and the results are given in Figure 2.13. For the pressure and 
temperature levels in the nozzle throat the total radiation generated 
lies in the correct range for a power balance - U 1 MW cm”^sr"^. 
However, due to the effects of self-absorption within the arc,
Ujj << Ü for r^ % 1 mm and very little radiation escapes from the arc. 
Using r^ = 5 ram, = 3.2 x 10^ W cm ^sr”  ̂at 17,000 K and 0.4 MN m~^
(4 bar). Thus the total escaping radiated power is predicted to be 
40 kW or only 4% of the input power. Motschmann (1976) has measured 
the escaping radiation from a double nozzle interrupter arc operating 
under the above conditions. He found that for the arc section lying 
between the nozzle throats (pure SF^ arc - see Figure 6.3) the 
escaping radiation was 5% of the input power, which is clearly in good 
agreement with the above calculation.

As the current falls so the arc radius decreases and it might 
therefore be expected that the escaping radiation from the pure SF^ 
arc would become more significant. This is apparently not the case: 
from the curves in Figure 2.13 a reasonably accurate expression for 
the net emission coefficient at 17,000 K is

4ttU = 20.1 pr (W mm ^) (7.7)
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where the pressure is in bar and the radius is in millimetres.

For a radiative power balance we require

lEI = = 20.1 pr^“ '^^^Trr^^I (7.8)

or
IE = 20.1ttoicIE = 20.1npr (W mm”^) . (7.9)

Equation 7.9 shows that the radiation power loss is, like the 
enthalpy flux, a positive function of current. This is because it is 
dependent on the arc volume, or r^^, and this decreases faster with 
current than increases. At a current of 1 kA the arc radius
in the throat is 1.8 mm and the field about 20 V mm”^; the input power 
is therefore 200 kW cm~^ of arc length. From the right hand side of 
equation (7.9), and even assuming an arc temperature as high as
17,000 K at 1 kA, the radiated power is only 6.8 kW cm” ,̂ or again 
about 4% of the input power. Clearly a radiative power balance 
cannot be obtained on this basis.

It is worth pointing out here that the above calculation depends 
critically on the value of the exponent of r^ in equation (7.7). For 
the reasons given in Section 8.3. it is suggested that Liebermann & 
Lowke might have over-estimated the effects of radiation absorption 
within the arc for small radii. In this case a radiative energy balance 
may be obtained at low current. The net effect would be for to 
vary as r^~l so that radiative losses would exceed convection losses 
(which vary as r^^) for small arc radii (Figure 7.3). An example of 
the effects of arc losses varying in such a manner is given in Section 
7.3.4.

Radiation loss does become significant with a sufficient concen
tration of copper vapour and if the mechanism discussed in Section 7.2.2 
obtains. No reliable value has been found for the net emission 
coefficient of a copper vapour plasma; since a detailed study of line 
spectra (e.g. Liebermann & Lowke) was not carried out, Kinsinger's 
calculations of total radiation (Figure 2.14) are useful only as a 
general comparison of SF^ and Cu. The following estimation of escaping 
radiation is therefore largely qualitative.

Taking an arc current of 20 kA during the initial formation of the 
core, the input power in the throat is about 2 MW, the current density 
125 A mm”  ̂and the core area 1.6 cm^. The core temperature is
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20,000 K, the copper vapour concentration 20% and we assume at this 
stage in the life of the core that an equilibrium pressure of 
0.4 MN m~^ (4 bar) still obtains. Kinsinger shows that under these 
conditions about twice as much radiation is generated by pure Cu than 
by pure SF^, Thus, using Liebermann & Lowke's data the equivalent 
calculation to that carried out using equation (7.6) above yields 
Qg = 1.3 MW from copper vapour alone. We do not know how much of 
this radiation escapes from the core. However, if the increase in 
arc voltage with current (Figure 5.13) is a direct reflection of 
increasing radiation loss then this is estimated to exceed 25%; this 
figure is obtained by comparing the minimum total voltage with that at 
20 kA and taking into account a possible reduction in enthalpy flux due 
to the smaller arc cross section. Thus, under these conditions, the 
radiation loss is estimated to be between 25% and 65% of the input 
power.

Equivalent expressions to equations (7.4) and (7.5) can be 
derived for a radiation loss dominated arc. The power balance is 
obtained from

IE = 4npUQ^nr^2 ' (7.10)

and
a = J/E - 1/(irr̂ Ê) (7.11)

where is the net emission coefficient at 0.1 MN m”^ (1 bar) and J 
is the mean current density.

For the arc area equations (7.10) and (7.11) yield

A = nr^^ = I(4ttp)  ̂ (7.12)

and for the electric field

E = (4ïïp)̂ (U^^/a)^ . (7.13)

The radiation model parameters and CH^^/^)^ are equivalent
to the enthalpy flux model parameters (Fa)”  ̂ and (F/o)^ derived in 
Section 7.3.1. In this case neither the product nor the quotient is 
constant for any large temperature range; a increases only slowly with 
temperature above 20,000 K (Figure 2.9) whereas continues to 
increase rapidly at temperatures above 35,000 K (Figure 2.13). The 
arc area varies as p~^ and the field increases as p^. The variation
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of voltage and area with arc length. I, may be obtained if a linearly 
falling pressure gradient is assumed i.e. p « for small i. Inte
gration of the field over the arc length gives V « and equation 
(7.12) gives A « li.

The power law response of dependent and independent arc para
meters in the convection and radiation models is clearly identical.
The radiation model would, therefore, also provide an adequate 
description of the arc interaction were it not for the absorption 
effects described above, which have been confirmed by Motschmann's 
(1976) measurements. However, it is not clear from these measurements 
how much radiation escapes across the 5000 K, electrically-conducting 
isotherm i.e. whether the absorption is by atoms and ions in the con
ducting arc or whether the main absorption is due to molecular species 
in the thermal zone and in the undisturbed gas surrounding this zone. 
According to Liebermann & Lowke*s calculations the former mechanism is 
responsible, which therefore justifies equating power dissipation in, 
and loss from, the same zone.

Since the copper vapour core is cylindrical it is unlikely to be 
convection dominated unless it undergoes continuous axial acceleration. 
If, however, the pressure is constant along its length then a constant 
radius is predicted from the radiation model (equation 7.12). Such a 
constant high pressure is obtained from the magnetic pinch effect due 
to the high current density in the core. The outer plasma retains a 
conical shape and may thus be dominated by convection loss. An 
increase in the electric field in the core is predicted by equation 7.13 
if the pressure increases, whereas the total voltage is not particularly 
pressure sensitive. It is suggested from the discussion on electrical 
conductivity in Section 8.2 that non-equilibrium effects may cause a 
to increase linearly with p: this would create a constant arc voltage
and a current density in the core which increases with current to such 
an extent that the core radius becomes almost independent of current 
(equation 7.12).

7.3.4 The Conduction Loss Dominated Arc
In this case all the power generated in unit arc length is 

assumed to be transported across the electrical boundary with 
circumference iTfVç, and temperature gradient dT/dr. Thus for any axial 
position
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IE = K2ïïr^dT/dr (7.14)

where k  is the total coefficient of thermal conductivity (Section
2.6.3).

The calculations in Figure 2.10 for SF^ and those of Yos (1963) 
for N^/air show that k  is almost independent of gas pressure at 
constant temperature; the only effect of a major gas pressure variation 
is to shift the k(T) curve by a small amount. If the boundary tempera
ture is constant then k is constant. Assuming that Hertz et al.'s 
(1971) and Kogelschatz & Schneider's (1972) measured values of dT/dr 
(~ 2 X 10^ K m“ )̂ at SF^ and N£ arc boundaries are independent of 
radius, then 2wKdT/dr is constant. Combining equations (7.14) and 
(7.11) and solving for the arc area we obtain

A = nr^2 = i4/3n"l(2dT/dr)"^/3(K0)"2/3 . (7.15)

Solving the same pair of equations for the electric field yields

E = l"l/3nl/3(2dT/dr)2/3(K2/o)l/3 . (7.16)

Since k and o are both relatively independent of pressure they arc 
also independent of arc length. The arc voltage from equation (7.16) is 
therefore

V = JE = Jl"l/3nl/3(2dT/dr)2/3(K2/o)l/3 . (7.17)

The radial dependence (r^) of conducted heat compared with the 
area (r^) dependence of convection and generated radiation leads to a 
quite different arc response: the area increases mora slowly than the
current and the arc voltage increases with falling current. The con
duction model parameters (Ko)"2/3 and (k^/o )^/^ thus have a very
different effect on the dependent arc parameters. Based on the assump
tion of the independence of k on gas pressure, and dT/dr on r^ (Section
7.3), the area is predicted to be independent of arc length whereas the 
voltage increases linearly.

For an electrically-conducting boundary temperature of 5000 K the 
thermal conductivity is 0.001 W cm~^ K~^ (Figure 2.10). Using the 
above temperature gradient at this temperature (2 x 10^ K cm“ )̂ the 
radial heat loss is 400 mr,. W cm ^. For the example at 10 kA in Section 
7.3.3, the arc radius is 0.57 cm and thus the radial heat flow to the 
thermal annulus, due to thermal conduction, is 720 W cm~^ of arc length
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“ 1 •or only 0.072% of the input power (1 MW cm ). It has been suggested 
(Swanson & Roidt, 1971; I.E. Browne, Westinghouse, private communica
tion) that aerodynamic turbulence can enhance the effective conduction 
coefficient by a factor of 10 to 100. But the more optimistic factor 
only leads to a loss fraction of the order of that due to radiation. 
These calculations, together with the disagreement over predicted and 
measured arc shapes and voltage distribution, suggest that thermal 
conduction has an insignificant effect at high current.

Of the three arc models, heat loss by radial conduction is the
only mechanism which predicts a rising arc voltage with falling
current, i.e. the situation in the present experiments for currents
less than 7 kA. Figure 7.2 compares the measured V/I characteristic,
in the range 0.2 kA to 10 kA (from Figure 6.4) with the power law

—1/ 3response predicted by equation (7.17) - V = I . Good agreement is 
sho\fn between experiment and theory for 0.5 kA  ̂ 1 ^ 5  kA. Above 5 kA 
and below 500 A the arc voltage becomes independent of current: the
former depicts the change to a convection-dominated arc, while the 
latter possibly reflects the inability of the high current drive 
circuit to match the inherent rate of rise of voltage of the arc; 
expanded oscillograms revealed distortion of the current waveform 
below 100 A. Clearly the agreement cannot be exact because equation 
(7.17) was derived for a constant temperature arc whereas Figure 6.9 
shows that in this current range the temperature commences a rapid 
fall. However, taking the ratio of the mean values of a at 16,000 K 
and 13,000 K (the appropriate mean arc temperatures at 5 kA and 1 kA) 
yields 1.42. The predicted change in arc voltage from equation (7.17), 
due to a conductivity change of this magnitude, is 1.42 or 11%.
Thus although the exponents of o and I are identical, the major 
change in current dominates the voltage response.

On the above basis, quantitative, power law agreement is observed 
at low current between prediction and experiment. Moreover the reduction 
in mean current density at low current (see the temperature profiles 
between 1 kA and 2 kA - Figures 6.10 and 7.9) and the relatively 
cylindrical (although tortuous) arc. shape at low current (Figure 5.1) 
is predicted by equation (7.15). However, as is clearly shown by the 
above calculation, there is no quantitative agreement between heat 
input and radial transport due to pure thermal conduction; at 1 kA the 
power input is still relatively large - 200 kW cm”^. For an arc radius
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of 0.18 cm, K2‘irr^dT/dr = 225 W  cm”^. An enhancement factor of 10^ 
is therefore required for a heat balance based on turbulence.
Kinsinger (1974) has carried out a similar heat balance calculation 
and finds that radial conduction cannot account for the heat flux 
unless infinitely large temperature gradients are postulated.
Lowke et al. (1973) have suggested that with a rapidly falling arc 
temperature and radius, the molecular recombination rate is too 
slow to maintain thermal equilibrium: as a result the exothermic
heat of molecular formation is not released and an enhanced cooling 
rate is observed. For the present results it is shown in Section
8.3 that the effective radial heat transport coefficient is large 
and exhibits the characteristics of SF^ plasma radiation. It is 
suggested that the effects of absorption are such as to make the 
escaping radiation vary as r̂ ,̂  (Section 7.3.3). Thus the radial 
transport of energy by radiation may obey the same response equations 
as were derived from the pure thermal conduction-dominated arc.

It can be shown qualitatively that conduction type losses 
become more important at low currents; although the current level at 
which a change of dominant loss process occurs is more difficult to 
define. The main controlling parameter for the magnitude of all 
losses is the arc radius. For arcs in which all radiation escapes, 
or for which convection dominates the losses, the area nr^^ pre
dominates. For thermal conduction, reabsorbed radiation and /
turbulence, the visible arc periphery (2iTrj,) is important. As the 
current falls so does the radius and at some small radius the 
area and peripheral losses will become equal. For still lower currents, 
and correspondingly smaller radii, the peripheral losses will exceed the 
area losses and vice versa. Using T^r^B and nr^^C to represent the 
radial and area-dependent losses respectively, the dominant regimes 
and the balance point are illustrated in Figure 7.3. The individual 
losses and their sum are plotted for a constant current density,
I = Jnr^Z (see Figure 5.5).

7.4 THE MODIFIED CONVECTION MODEL FOR ARC TEMPERATURE PREDICTION
The principal limitation of the convection loss .dominated arc

model discussed in Section 7.3.1 is that the arc radius and voltage 
cannot be predicted unless an arc temperature is first assumed: this
is because the model parameters (F/o)& and, in particular, (Fa)  ̂ are 
dependent on the temperature and should strictly be written
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[F(T)/a(T)]^ and [f (T)q (T)] ^. In this Section it is shown how the 
arc temperature and its axial variation may be derived from existing 
plasma transport property calculations using only a single independent 
parameter - the gas pressure variation along the arc axis. The arc 
temperature is then used to calculate the radius and voltage distri
butions for the present arc. Comparison between theory and experiment 
shows that the predictive accuracy of the original model, due to 
Frost & Liebermann (1971), is considerably improved.

The crux of the new model lies in the realisation that energy 
input to the arc in the form of resistive heating is not immediately 
lost from the arc but is stored for a finite period. The storage time 
depends on the dominant loss mechanism: for the convection-dominated
arc, heat generated at the upstream electrode takes about 2 ys to 
travel the arc length of 100 mm for a typical plasma flow velocity of 
5000 m s~^. There is thus an effective phase lag or delay between 
energy input from the electrical circuit and its eventual escape from 
the heated regions by convection. For the slowly varying functions 
l(t) and (t), at around current peak, the input energy in time At 
is IV̂ ĵAt. In the limit, as At ->- 0 then the input energy is IV^dt.

The stored energy in the arc is taken from the electric field by 
the kinetic energies of the different kinds of charged particles, 
EN(>/i)kr. It can be shown that these energies are in equilibrium with 
the photon energies emitted by the particles in time dt (discrete 
energy states for the heavy particles and continuous energy spectra 
for the electrons). This sum has been calculated for SF^ by Liebermann 
& Lowke (1976), Figure 2.13 and Section 7.3.2. For the optically thick 
arc (very little escaping radiation) it varies approximately linearly 
with pressure and is given by 4npU^(T)dt J cm~^, where is the total 
radiation generated at 0.1 MN m~^ (1 bar). We may therefore write

IV dt = 4iTpU, (T)dtïïr (7.18)u  ̂ 1 c u

or, instantaneously, the power balance is

IV = 4%^pU.(T)r . (7.19)u l e u

Equation (7.2) can be written in the form

IV^ = F(T)Mpirr^^ . (7.20)

Solving equations (7.19) and (7.20) for the ratio of radiation
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density to enthalpy flux we find

[ 4 7 t U ^ ( T ) / F ( T ) ]  = M/i^ (7.21)

The model parameter [4ttU^(T)/F(T)^ is plotted in Figure 7.4 as a 
function of temperature. Since the function M(i^) can be calculated 
from the function p/Pu(Ju) using equation (2.29), e.g. Figure 4.5, the 
arc temperature can be calculated at a given axial position for a known 
axial pressure variation.

Before using this technique on the present arc a short discussion 
of the model assumptions is relevant. Equation (7.18) applies strictly 
to a cylindrical geometry at constant pressure and temperature. It can 
be shown that the combination of a slowly falling pressure and tempera
ture with axial distance is compensated by an increasing arc cross 
section so that this relation is a good approximation to an exact 
evaluation for the present case. A better evaluation may be obtained 
by stepwise numerical integration along the axis using a computer. The 
same comments apply to the conductivity relation (equation 7.3) used 
to separate the voltage and radius functions. A further improvement 
may be obtained by evaluating [4ttU-|̂ (T)/F(T)] for the specified 
pressure instead of for 0.1 MN m“  ̂ (1 bar) as is given in Figure 7.4; 
both 4ttU(T) and F(T) increase marginally less than linearly with 
pressure and a significant dependence of the ratio on gas pressure is
observed for p ̂ 1.0 MN m  ̂ (10 bar). The inaccuracy created by
these simplifications is no greater than that due to the relatively 
unknoxm. importance of escaping radiation.

The axial pressure distribution for p^ = 0.65 MN m  ̂ (6.5 bar)
derived from Hutton’s calculations is shown in Figure 7.5. For a
position 35 mm downstream of the electrode an arbitrary rise in pressure 
to a value of 0.55 MN m”  ̂ (5.5 bar) is assumed so as to represent the 
predicted shock wave at this position. Figure 7.5 also shows the Mach 
number and temperature variations as predicted by the model. The Mach 
number exhibits a maximum value of 1.8 but falls to 0.5 due to the 
pressure rise at the assumed shock position. The arc voltage and area, 
convection parameters calculated by Frost & Liebermann (1971) are 
reproduced in Figure 7.6 • Figure 7.7 shows the predicted axial 
variation of arc radius and voltage at a current of 9 kA; these 
variations were obtained by expressing equations (7.4) and (7.5) in 
the form

-125-



r = l L “i[FCT)trCT)J"^[l /(Mp)] ̂  (7.22)u 
and

= [f (T)/o (T)]^[i^Mp]^ • (7.23)

The approximate effect of a 25% radiation loss fraction on the arc 
radius and voltage variations is also shown in Figure 7.7. A figure of 
25% was chosen because this is the discrepancy between input and 
convected power obtained in Section 7.5. The effect was calculated 
simply on the basis of a 25% reduction in arc area and a resulting 
increase in voltage for the derived electrical conductivity/temperature 
distribution. The predicted radius increases slowly with distance 
from the upstream electrode. However at the assumed shock position 
the radius increases more quickly and destruction of the shock is 
required to achieve a normal arc shape (Section 7.3.2). Conversely 
the arc voltage initially increases rapidly with distance up to the 
throat position. Thereafter it increases slowly until the assumed 
shock position is reached. With the shock present the rapid increase 
in arc radius is insufficient to compensate for the rapid fall in 
temperature/conductivity and the voltage also rises rapidly. The 
magnitude of the voltage and radius increase at the shock is clearly 
dependent on the pressure increase and Mach number decrease in the 
shock-and the axial distance over which the flow perturbation is 
sustained. The arbitrary value of pressure chosen here serves only 
to demonstrate the effect of such a shock.

The measured values of arc radius are plotted in Figure 7.7 and 
are the photographic results from Figure 5.5 and the photoelectric 
results given in Figure 6.10. A current of 9 kA was chosen for the 
comparison of prediction and measurement because the most reliable 
photoelectric radius data were obtained at this level: since both the 
predicted and the measured values of radius obey a constant current 
density law (between 3.5 kA and 17 kA) the choice of current level is 
not important in this range. Reasonable agreement is observed between 
the photographic radii and the curve drawn for a 25% radiation loss. 
However, the photoelectric measurement is rather larger than the 
predicted value: this could either be for the reasons discussed in
Section 5.4 or because of the symmetry constraints applied in the Abel 
inversion routine (Section 6.2.2a). The large observed scatter in 
radius measurements between 30 mm and 40 mm is clearly explainable on
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the basis of an oscillatory shock wave (Section 7.3), although it would 
appear that the example chosen here is too severe.

A reasonable fit is also observed between the predicted arc 
voltage distribution for a 25% radiation loss and Urwin's (1976) 
measurements. In this case the measured voltage distribution has been 
scaled by the ratio of the total voltages at 4.5 kA (the original 
measurement) and at 9 kA, the example given here. The degree of fit 
may be fortuitous to some extent because Urwin’s measurements were 
made with a different downstream nozzle shape, i.e. the same throat 
diameter but with a 9° half expansion angle. It should also be 
remembered that the arc voltage equation (7.23) predicts independence 
of current, whereas a U-shape is actually observed with increases of 
around 10% at 3.5 kA and 17 kA above the minimum at 7 kA (Figure 5.13). 
The oscillations in arc radius also give rise to voltage oscillations 
(Figure 5.3) but it is not possible to ascertain the phase relationship 
of arc expansion and voltage maximum from this photograph.

On the whole the modified convection model gives a fairly good 
description of the arc response particularly since only one indepen
dent parameter is used in the derivation. The model also has value in 
an analytical treatment of circuit breaker arcs. For example, if the 
plasma undergoes continuous linear acceleration with distance from the 
upstream electrode, the parameter M/I^ predicts an axially constant 
arc temperature. This may be an aid to the aerodynamic design of an 
interrupter. A further important confirmation of the applicability 
of the model is the prediction of an oscillatory arc temperature in 
the shock position (Figure 7.5). Such temperature oscillations 
were measured at this axial position, 10,000 K to 14,000 K (Appendix 
VIII). However, a subsequent reassessment of these results, using more 
reliable transition probabilities, showed that the temperature limits 
were considerably larger (Section 6.2.1): whilst the predicted
phenomenon is observed the actual magnitudes of temperature variation 
do not agree. Clearly further work on this aspect is required before 
the model can be extended to other interrupter geometries and gases.

7.5 DERIVATION OF AN ENERGY BALANCE FROM THE TEMPERATURE PROFILE
MEASUREMENTS
It was shown in the previous sections that, in particular current 

ranges, the SF^ arc is dominated by different loss mechanisms - probably 
by metal vapour radiation at very high current, by convection in an 
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intermediate current range and by a conduction-type of loss process at 
low current. In this Section no single dominant mechanism is assumed 
and the heat fraction attributable to a particular process is calculated 
as a function of current using the measured temperature profiles and the 
transport properties given in Chapter 2. The magnitude and spatial 
distribution of each fraction can only be completely ascertained when 
the energy distribution over the whole arc and its surrounding flow 
field is known, i.e. when the way in which heat enters and leaves 
every zone can be accounted for. Such comprehensive data are not 
available for the present arc and instead a simpler, more limited, 
evaluation has been made. This involves subtraction of the convection 
term at a given axial position from the power input (IV^), integrated 
up to that position. The convection term was chosen rather than the 
radiation or conduction terms because the former is less prone to 
fundamental error, i.e. errors due to radiation absorption and turbu
lence enhanced conduction. These latter parameters are assessed 
following the above calculation. Finally, the variation of the thermal 
annulus cross-section with current is compared with the residual heat 
flux required for a balance and a temperature is assigned to this zone 
on the basis of a secondary radial-flux/axial-convection heat balance.

7.5.1 Energy Balance Calculation
The Joule heating input power, is obtained from

m  (I) (7.24)

where Vy(I) is the upstream arc voltage variation as a function of 
current measured by Urwin (1976) for a position 10 mm downstream of 
the nozzle throat (Iu = 20 mm). The parameter is plotted in 
Figure 7.8 as a function of current and shows that the input power 
over this 20 mm length of arc varies from 0.45 MW at 1 kA up to 7 MW 
at 30 kA. The voltages used to obtain for I > 10 kA are those 
observed at current peak and thus do not take into account the marked 
hysteresis effects, before and after current peak, shown in Figure 
5.13. Little hysteresis was found for I 3 10 kA and the voltages 
used were those observed with falling current (Figure 6.9), scaled 
by Urwin's field measurements.

The heat converted through the same axial position, Q^, is given
by
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'c
Q = 2TrMp| F(r)rdr (7.25)

o
'where F(r) is the radial variation of the Mach 1 enthalpy flux per 
unit pressure. This parameter is given in Figure 2.10 as a function of 
temperature. The integral was evaluated at 1^/20 intervals from each 
temperature profile (Figures 6.10 and 6.12). The summation at the 
arc edge was performed by extrapolation from the luminous boundary,
T = 11,000 K, to the conduction boundary, T = 5000 K, using the 
temperature gradient data reviewed in Section 7.3. This radius 
correction becomes important only for small arc radii at low currents.

The convection term is plotted in Figure 7.8 over the same 
current range as for The temperature profiles do not extend
above 20 kA and the point plotted at 30 kA is an average flux value 
deduced from the photographic radii data given in Figures 5.3, 5.6 
and 5.8B. The reduction in the convection term between 20 kA and 
30 kA is caused by the formation of the core and, hence, a reduced
arc radius: an increase in plasma temperature from 17,000 K to
30,000 K has little effect upon the enthalpy flux because the F(T) 
curve is almost flat in this range (Figure 2.10). On this basis is
0.1 MW at 1 kA, increases to a maximum of 3.5 MW at 17 kA and then falls
to about 2 MW at 30 kA.

Figure 7.8 also shows the difference between the input and con
vected term AQ = - Q^, which was obtained using the smoothed
convection data. If it is assumed that all of this residual power is 
absorbed within the thermal annulus surrounding the arc then a mean 
annulus temperature T^ may be obtained. For a constant Mach number 
and pressure at this position the radial heat flux is balanced by the 
mean axial convective heat flux F^(T^) in the annulus. Thus

AQ = nF̂ (Î )Mp(r̂ 2 - (7.26)

where r^ is the thermal boundary radius. This radius has been measured 
from the cine film results in Figure 5.11 and is plotted in Figure 7.9 
as a function of current. Evaluation of equation (7.26) at discrete 
currents of 2 kA and 10 kA (using an extrapolated value r^ - Figure 
7.9) yields F^ = 37.5 and 40 kW cm”^ atm. From Frost & Liebermann*s 
(1971) data the mean boundary temperatures are 1300 K and 1400 K 
respectively.
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7.5.2 Interpretation
Convection inside the electrical radius accounts for only 

44% of the losses at 2 kA, rising to 75% between 10 kA and 15 kA, and 
is only 30% at 30 kA. The kinetic energy of flow (around 10% of the 
total flux) has again been neglected in the above treatment for the 
reasons given in Section 2.6.2: but the effect on the calculation
has been corrected to some extent by using the smaller estimated value 
of upstream arc length for the temperature measurement position 
(Sections 5.4 and 6. 2). The KE term may contribute to the power 
loss difference at high currents but at low currents the arc temper
ature falls rapidly and is accompanied by a falling axial velocity.

The variation of AQ with I for currents less than 10 kA 
(AQ oc - Figure 7.8) suggests that radial heat transport by 
diffusion predominates over non-absorbed bulk radiant emission: 
e.g. for a constant current density, peripheral losses which would 
apply for diffusion vary as I^, whereas volumetric losses associated 
with freely escaping radiation should vary as I^. The difference 
between the input and convection power terms more closely follows 
the former. However, as was shown in Section 7.3.4, the pure thermal 
conduction term needs to be some three orders of magnitude larger in 
order to achieve a balance. Hermann et al. (1974a) have concluded 
that turbulence enhances the normal conduction coefficient at the gas- 
blown N2 arc boundary, but, in the present investigation, it is 
shown in Section 8. 3 that the effective conduction coefficient has 
peaks which correspond to sulphur and fluorine resonance line radia
tion emission maxima. Such a characteristic has also been measured 
by Andrlessen (1973) for N2 arcs. It is the opinion of the present 
author that the radial heat transport is by radiation from resonance 
lines: the net emission coefficient has a negative, radius-dependent
exponent (due to the small photon mean free path) which, combined with 
the r̂ .̂  volumetric dependence, causes the coefficient to vary effect
ively as r^~^ or as I~0*5 for a constant current density. This 
radiation is absorbed by molecular species in the thermal annulus and 
is thermalised by the many modes of oscillation of these molecules.

At 30 kA the calculated contribution of convective heat loss is 
quite small and in this case freely escaping bulk radiation from the 
metal vapour core is calculated as an important loss mechanism (Section
7.3.3). It is shown in Figure 7.8 that in the current range 15 kA to
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30 kA the discrepancy between input and convection increases as 
Such a variation is predicted if an increase with current is 
observed in the copper vapour concentration and in the core pressure 
(Figure 6.15 and equations 2.31 and 7.10), i.e. assuming that all of 
the line radiation escapes. An important consequence of this mech- 
anism is that this radiation will not be captured in the thermal 
annulus (Section 7.2.2) but will escape to the walls of the vessel. 
Circumstantial evidence for such a mechanism has been observed by 
B. Calvino (Magrini Galileo SpA, Italy, private communication)’ by-the 
reduction in piston drive energy requirement in a Jpuffer' type of 
interrupter (Section 8.4). Calculations of the enthalpy flux 
through the metal vapour core have been hampered by the lack of 
basic thermodynamic data for copper vapour. However, Strachan's 
(1973) measurements of radiation loss from air arcs support the view 
that radiation is the important mechanism of heat loss in this 
current range.

In the middle current range the dominance of convection loss 
predicted by the modified enthalpy flow arc model (Section 7.4) is 
confirmed. At either end of this range radiation becomes more 
important: at the low current end it is radiation diffusion and at
very high current freely escaping radiation assumes importance. The 
discrepancy between Motschmann's (1976) radiative loss measurements 
(5%) and that calculated here (25%) may be explained by considering 
the fraction which is absorbed in the thermal annulus (X < 220 nm) 
and that fraction which escapes completely (X > 220 nm) - Section 
7.2.2. These measurements, and those discussed above by Strachan, 
clearly demonstrate the importance of metal impurities.

The axial zone considered for an energy balance includes both 
pure gas and vapour-rich arc regions. Since the transport mechanisms 
in these regions may be quite different, then averaging the radial 
loss gives only an overall picture; the detailed solution requires 
temperature profiles and electric fields to describe heat entering 
and leaving each discrete axial zone. However, the invariance of the 
energy density in the thermal annulus means that the transport coef
ficient for these mechanisms remains constant over the current range 
considered. The calculated annulus temperature is not very different 
from the dissociation temperature for the SF^ molecule, about 2000 K. 
The strong thermal conductivity maxima at about this temperature
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(Figure 2.10) suggests that the temperature gradients will be small 
in this region but could be large at either boundary. This may 
account for the very clear distinction between the hot and cold gas 
layers observed in the 'shadowgraph' films.

The interpretation of the energy density in the thermal zone 
depends on instantaneous readjustment of the thermal boundary to 
accommodate the radial energy transport across the electrically- 
conducting boundary (Section 5.7). Apart from the effect of the hot 
electrode wake on the remanent thermal zone, this zone will fail to 
readjust if the conducting arc radius contraction rate with falling 
current is too large, e.g.

dr^/dt = (dr^/dl)(dl/dt) . (7.27)

Using r^ = [I/(ttJ)]^ for a constant current density, where 
J = 40 MA m” .̂, then

dr^/dt = 5 X 10  ̂ I ^(dl/dt) (in SI units) . (7.28)

For dl/dt = 3 A us  ̂and I = 1 kA then dr^/dt = 4.75 m s 
Therefore for a linear relationship between the conducting radius and 
the thermal radius (the worst case), the cold gas radial inflow can 
very quickly readjust the thermal radius to its steady-state value.
For a fault current level resulting in dl/dt = 20 A us ^, and using 
equation (7.28), the arc radius contraction rate would exceed the 
cold gas sound speed (135 m s )̂ at a current of 55 A. At lower 
currents and higher current densities hysteresis would be observed in 
both the conduction and thermal.radii.
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CHAPTER 8; DISCUSSION OF TRANSPORT PROPERTIES AND CORE FORMATION

8.1 INTRODUCTION
The determination of high temperature plasma transport properties 

is normally undertaken in small scale arc devices operating under 
closely controlled experimental conditions. It may, therefore, seem 
ambitious to attempt the derivation of such properties from measure
ments in a full-scale circuit breaker arc. In fact it is only in such 
arcs that representative temperature and gas flow conditions can be 
achieved. Moreover, the variations in electrical and thermal arc 
properties, over the wide current range examined, arc much larger than 
the errors due to insufficient experimental control: the temperature
dependence of the transport properties may, therefore, be obtained even 
though the absolute magnitude is somewhat uncertain. In the case of 
radial heat transport the temperature dependence is an important aid 
in defining the transport process.

The properties which can be derived from the present results are 
the electrical conductivity and the effective thermal conductivity.
In the latter case it must be assumed that the previously calculated 
values of convective heat transport are accurate, since this para
meter determines the residual heat flux, and hence the magnitude, of 
the conductivity at a given temperature. (This assumption is supported 
by the agreement between an isothermal convective arc model and the 
experimental arc temperature, pressure, radius and voltage data - 
Chapter 7.) The analysis depends strongly on the accuracy of the 
temperature profiles and on the probe voltage measurements made by 
Urwin (1976). Derivation of the temperature profiles using the Abel 
inversion technique involves differentiation of the side-on intensity 
data (Appendix IV). Evaluation of the effective thermal conductivity 
requires a second differentiation and the errors may therefore be 
large: the consistent appearance of features in the thermal conduc
tivity/temperature curves (peaks and troughs at specific temperatures) 
suggests that the errors are relatively small. The reasonable agree
ment between Urwin's measured electric fields and those obtained from 
the temperature profiles indicates that errors in the probe voltage 
measurements are also small.

In the final section of this Chapter a plausible explanation for 
metal vapour core formation, based on the magnetic pinch effect
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(originally described in Appendix VIII), is extended in the light of 
subsequent measurements and research of the existing literature. It 
is shown that initiation of the phenomenon scales reasonably well 
with the theory to lower pressures and at lower onset currents than 
had previously been thought. It should be stressed that the theory 
is as yet incomplete and is, therefore, not rigorous; however, an 
alternative physical theory, exhibiting the same degree of agreement 
as the one proposed here, has not been found by the author.

8.2 ELECTRICAL CONDUCTIVITY
8.2.1 The Electrical Conductivity before Core Formation 

(I peak ^ 20 kA)
The temperature profile T(r) is highly non-isothermal 

and it is not practicable to measure the electrical conductivity, a, 
directly as a function of temperature. Instead the measured profile 
at a known current is used to derive the total conductivity integrated 
over the whole arc cross-section using equilibrium calculations of 
a(T) at the prescribed pressure p. Division of the current by the 
total conductivity then yields a predicted field, E*. Comparison of 
this field with the measured field, E, tests the suitability of the 
a(T)p theory discussed in Section 2.6.1. The predicted field is given 
by

^c
E* = T[2itJ a(r).rdr] ^ (8.1)

The function o(T) was obtained from Frost & Liebermann’s (1971) 
calculations shown in Figures 2.9 and 2.10. The variability in 
calculated values of a(T) by different authors (Kinsinger, Appendix 
VIII; Frie, 1967; Frost & Liebermann) is about ± 5% provided that the 
temperature does not exceed 20,000 K. The radial limit of a, (r^), 
was obtained from the luminous radius in the same way as in Section
7.5 and an integration interval, (dr), of r^/20 was again used.

The two sets of data are compared in Figure 8.1. The measured E 
values for currents up to 9 kA were extended to 20 kA using the linear 
relationship between measured field and total arc voltage (Urwin, 
1976). Because of the uncertainty in the exact temperature measure
ment position, 1^ = 20 to 25 mm, the fields appropriate to both 
positions have been plotted. For currents greater than 9 kA, using 
J ̂  = 25 mm, the agreement between the two sets of data is good (± 5%).;
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the predicted field at 9 kA was obtained from the mean of three 
temperature profiles with small scatter (Figure 6.10), For currents 
less than 9 kA the values of E* are distributed about the observed 
field but exhibit considerable scatter. This arises because the temp
erature profiles are 'single shot' measurements, whereas the probe 
measurements are time-averaged values. Thus instantaneous variations 
in the arc radius, which would be recorded using the former measure
ment technique, lead to a large scatter in the predicted field 
because E* varies approximately as r^"2. For example, the instant
aneous radius instability has led to reversal of the computed 1.0 kA 
and 1.5 kA fields and the 2.0 kA profile is too large, whereas the
7.3 kA profile is too small.

With these reservations the predicted and observed trends in 
the electric field agree at low current. The much better agreement 
at high current shows that both sets of measurements, and Spitzer's . 
(1962) ele.ctrical conductivity model, are consistent in the tempera
ture range 5000 K to 20,000 K. Since the copper vapour concentration 
approaches 20% at the highest current, Kinsinger's prediction of the
relative unimportance of impurities at high temperature is confirmed
(Appendix VIII). In this current range the copper vapour is evenly 
distributed over the whole arc. When the core forms major changes 
occur in the electrical conductivity and the arc is no longer 
homogeneous. These variations are considerably more difficult to 
explain.

8.2.2 The Electrical Conductivity Following Core Formation 
(I peak  ̂ 20 kA)
(a) The Outer Plasma

The evaluation of the core conductivity, a^, depends 
upon the value of the outer plasma conductivity, 0 ^, and we must first 
examine the conditions in this zone. During the initial stages of 
core formation it is clear that the outer plasma temperature is the 
normal arc temperature, with a mean value of about 17,000 K. The 
survey spectra plates are the only results available for examining the 
outer plasma conditions during the later stages of core formation. 
These show no change in the pure gas lines, either in their relative 
intensity or in their line width. If, for example, the whole arc was 
heated to 31,000 K instead of the core alone, then the FII and SIII 
lines would be observed over the whole arc radius and the FI and SII
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line intensities would be much reduced (Figure 3.1). Reference to 
Figure 6.1.2 shows that this is not the case: although the gas lines
are brighter, because the arc cross-section is larger, the intensity 
ratios are much the same as for the lower current arc in Figure 6.1.1. 
These photographs strongly suggest that the temperature and the 
electron density in the outer plasma are the same as those in the arc 
without core formation (T = 17,000 K and = 3.2 x 10^3 m“3) and 
that the copper vapour is mainly confined to the core. Thus, in the 
outer plasma, the pressure is 0.225 MN m”^ (2.25 bar). Section 6.3.2, 
and the mean conductivity as calculated in Table 5.3 is 9,400 (Om)"l.

(b) The Core Conductivity during a 24.5 kA Peak Pulse 
The core conductivity measured in Table 5.3 reaches 

a maximum value of 23,000 (Om)"l and we now examine the temperature 
and electron density variations in the core to see how this high value 
might be attained. Only the radially averaged values of instantaneous 
copper vapour temperature have been obtained for the later stages of 
core formation (Figure 6.5). These data are reproduced in Figure 8.2 
as a function of arcing time and current, for I = 24.5 kA peak, toge
ther with the average temperature deduced from the FI and SII line pro
files at lower currents. The variation of average electron density from 
Figure 6.14 is also reproduced for the same peak current. To enable all 
.the results to be drawn in with the same current and time axes the 
current pulses have been standardised to a half sine wave pulse dura
tion of 10 ms. The average temperature of the outer plasma deduced 
above has been plotted as 17,000 K. During the oscillatory phase the 
core temperature varies between this level and a maximum value of
31,000 K. The electron density rises less sharply than the temperature 
and reaches a maximum value of 1.6 x 10^^ m ^ about 3 ms after the 
peak temperature. This effective 'phase lag' between temperature and 
electron density may be the result of standardising the pulse lengths.

The plasma conditions within the core are clearly very different 
from those in the outer plasma: the combination of a high temperature
and electron density within the core at, and after, current peak 
dictates a charged particle pressure exceeding 1.0 MN m  ̂ (10 bar).
The time history of this pressure is shown in Figure 8.3 and the 
period for which the over-pressure is sustained, about 3 ms to 9 ms, 
exhibits a close resemblance to the period of core formation at this 
peak current level. Although o is relatively insensitive to pressure
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and temperature at these levels (Section 2.6.1), variations of 
factors of 4 and 2 respectively in these parameters clearly have an 
effect. To illustrate this the computed instantaneous value of Oy 
is plotted as a function of arcing time in Figure 8.4. Kinsinger’s 
calculations (Figure 2.9) were used to derive a(T)^ from the measure
ments. For a comparison the ’measured' radially averaged instanta
neous values of Oy from the cross-section measurements given in 
Section 5.8.3 are also plotted in this Figure. In this case the peak 
current was 20.5 kJV and the reduced maximum current results in a 
delayed conductivity enhancement compared with the prediction.
However the conductivity enhancement times occur at a constant 
current of 19.5 kA as is required by the core formation theory 
proposed in Section 8.4. The shapes of the curves are similar 
although the predicted enhancement is smaller, by about 10% at the 
maximum. It is worth noting here that, if the pressure enhancement 
was neglected, the predicted value of Oy would be reduced by 
40%.

The disagreement between the maximum values of predicted and 
observed conductivity is unlikely to be caused by an underestimated 
electric field; since the total arc voltage falls during core forma
tion there is no immediately apparent reason why the field should 
rise at any axial position. It is possible that the pressure and 
temperature conditions in the core at the radius measurement position, 
Ju = 20 to 25 mm, and those at the temperature and electron density 
measurement position, ly = 45 mm, are different. On the other hand 
if this was the case tlie uniformly bright and cylindrical core would 
not be observed.

There is, however, a pressure discrepancy between the above cal
culations and the total equilibrium pressure: for the 20.5 kA case,
and assuming that all the current flowed in the core with radius
7.5 mm, the maximum magnetic pressure (equation All.7) is only 
0.23 MN m  ̂ (2.3 bar). This value then adds to the set kinetic back
ground pressure (assumed to be 0.31 MN m (3.1 bar) maximum in this 
case) to give a total of 0.54 MN m~^ (5.4 bar) which is well below 
the maximum spectroscopically measured pressure of 1.3 MN m ^
(13 bar). Equation All.7 assumes a uniform current/conductivity 
distribution, whereas the full expression for the magnetic pressure is

|=> = (I^y )/(4ïï^r ^) (k + 3)/(k + 1) (8.2)111 o c •
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where k ->- «> for a uniform distribution. For small k the magnetic 
pressure for a given radius and current increases: e.g. for k = 0.5,
a slightly.sharper than linear distribution, the total pressure using 
the above values would be 0.83 MN m ^ (8.3 bar) which is approaching 
agreement with the spectroscopically measured pressure.

Evidence for an even stronger peak in the core pressure/current 
distribution is given in the Abel inverted Cul intensity profiles 
(Figure 6.11). These profiles exhibit smooth curves with the maximum 
at the arc axis. Similar shapes were obtained for the post-core for
mation vapour distributions (although these measurements were of 
insufficient quality to measure a temperature distribution - Section 
6.2.2b). The average core temperature under these conditions is 
around 30,000 K, whereas the core boundary temperature must be around
20.000 K. If these Cul line emissions can be described by a uniform 
core pressure distribution, and the temperature maximum is at the 
axis, then Kinsinger's equilibrium composition data show that the Cul 
density falls by a factor of more than 100 when the temperature 
increases from 20,000 K to 30,000 K. The exponential term in the 
intensity formula, exp - Em/kT, is insufficiently strong (only a fac
tor of 2 increase for these lines) to counteract the equilibrium 
density reduction. Therefore, the Cul intensity distribution should 
exhibit a minimum at the axis with a very steeply rising intensity 
towards the core radius limit; this clearly does not agree with the 
distribution shown in Figure 6.11. Alternatively the assumption of
a constant core pressure distribution is wrong and the distribution 
has a very sharp peak at the axis leading to a low value of k and a 
high magnetic pressure. This is the type of intensity distribution 
which would be associated with a plasma filament (Figure 5.8).

(c) The Core Conductivity At and After 38 kA Peak
From the limited arc photographs obtained at higher 

currents (Figures 5.2, 5.3 and 5.8) it is difficult to justify the 
very high electrical conductivity on the basis of equilibrium calcu
lations. Following a peak current of 38 kA both the arc voltage and 
the overall arc radius decrease with time, indicating an increasing 
conductivity as the current falls. Similar calculations to those 
discussed above suggest that the core conductivity approaches
50.000 (fim)”3 and that the total pressure (magnetic plus kinetic) 
approaches 1.15 MN m'^ (11.5 bar) for a uniform current distribution
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in the core. If the core temperature was as high as 40,000 K and if 
we assume that copper vapour at this temperature exhibits an identical 
electron/ion collision cross-section to that of SF^ (Section 2.4.1), 
then Frost & Liebermann's (1971) and Kinsinger's calculations yield 
conductivities of 17,000 and 21,000 (fim)  ̂ respectively. Experimental 
errors of a factor of 3 in the electric field, or of 75% in the measu
red radius, are unlikely. These considerations lead to the conclusion 
that either the core temperature and pressure are very much higher 
than those estimated here, or that existing calculations of the 
electrical conductivity of SF^ or SF^/copper vapour mixtures do not 
adequately take into account new processes taking place in these arcs 
at very high current.

(d) Theoretical Derivations of a at Very High Temperatures 
The various methods used to derive a(T) are reviewed 

in Section 2.6.1, together with the results of equilibrium calcula
tions. The theory of Chapman & Cowling (19.60) agrees with that of 
Spitzer & Harm (1953) for T % 20,000 K, when Chapman & Cowling's own 
electron/ion collision cross-sections are used. Moreover, for 
temperatures up to 15,000 K, good experimental agreement with these 
theories has been obtained by Mohler (1938), Lin et al. (1955) and 
Devoto (1976) in caesium vapour, argon and air respectively. The 
present work extends the range of agreement up to about 20,000 K for
SF^ (Section 8.2.1) because Frost & Liebermann's (1971) values in the
highly ionised temperature range were obtained by adjusting so 
that o(T) agreed with Spitzer & Harm's predictions. However, no other 
experimental evidence is available for the simultaneous measurements 
of o and T for T > 20,000 K in SF^. King (19 56) suggests that above
20.000 K the conductivity, mainly controlled by the electron/ion col
lisions, is limited by the increasing collision cross-section of pos
itive ions which largely compensates for the falling gas density and 
otherwise increased mean free path. Consequently, above about
20.000 K and except for hydrogen, the relationship a « no longer
holds and a becomes largely independent of temperature.

Spitzer & Harm (Section 2.6.1) account for this feature by their 
inverse a(Z) relationship, i.e. a « T^/^/(ZJnA), where Z is the 
ion charge state. Conversely, Chapman & Cowling's theory, as used by 
Jordan (1972), yields o = Z, i.e. a « N^/N^, which, for multiply 
charged ions becomes greater than unity. This latter theory was
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originally derived for a weakly ionised gas where momentum transfer 
collisions predominate, and is probably not applicable at very high 
temperatures where the long range Coulomb forces are important.

Devoto & Mukhergie (1973) have compared the wall-stabilised 
nitrogen arc results of Schade (1970) and Hermann & Schade (1970) with 
the theory of Morriss et al. (1970). For a temperature of 25,000 K and 
a pressure of 0.1 MN m  ̂ (1 bar) the results exceed the predictions by 
28%. Experimental evidence for high values of electrical conducti
vity has also been found in the work of Allen & Craggs (1954) in 
their work with magnetically ’pinched' atmospheric pressure dis
charges. In argon, for a pinch pressure of 18.0 MN m  ̂ (180 bar), 
a value for a of 118,000 (J2m)  ̂was found. Using the a(T) 
relationship due to Mohler (1938), a = T^^^/(5.2 x 10^) (&m) ^, 
an arc temperature of 160,000 K was estimated. Braudo (1959) 
measured a conductivity of 34,000 (fim) ^, again in argon, and using 
the Spitzer & Harm theory and assuming Z = 2 found T = 90,000 K. 
However, according to Spitzer & Harm's derivation both of these 
calculated temperatures would be in error, the first because no 
account at all is taken of the Z(T) dependence and the second 
because Z = 2 is too low for T = 90,000 K. (Argon V would predomin
ate at this temperature according to the calculations of Oertel,
1966.) The direct effect of a strong magnetic field is to cause the 
electrons to describe spiral orbits around the field lines. Thus 
the collision cross-section is effectively increased and in general a 
strong magnetic field serves only to reduce the conductivity.

Ce) Summary of Physical Observations in the Core
Any valid explanation of the high core conductivity 

should be capable of resolving the following inconsistencies.

Firstly intense Cul spectra exist in the core at temperatures 
around 30,000 K, where CuIII or CuIV should be the predominant 
copper species (Figure 2.7). This suggests either that the measured 
temperature is incorrect (by as much as 20,000 K) or that the copper 
vapour density is extremely high. In the latter case the Cull, CuIII 
and CuIV spectra would be much more intense than the Cul lines. The 
very few Cull lines in the visible spectrum are not excessively 
bright (Section 6.1) and unfortunately the CuIII and CuIV lines are 
all in the ultra-violet and could not be observed. Many spectral 
lines were observed in the core whose wavelength positions corresponded
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to those of the species SIII (Section 6.1). SIII lines would certainly 
be observed at a temperature .of 30,000 K (Figure 3.1).

Secondly, the half-widths of the Cul diagnostic lines are large 
and have been interpreted on the basis of Stark broadening to yield 
electron densities in excess of 1 0 ^ 4  m ^. This density, at the 
measured temperature, results in a charged particle pressure in the 
core which is well above that of the background plasma and cold gas. 
Since the magnetic pressure component at high currents is comparable 
with the kinetic pressure, this parameter has been invoked as 
radially constricting the core and exlaining the high pressure.
However, the agreement is only approximate and current confinement 
to an area considerably smaller than the core cross-section (like 
the vapour filaments) is required for pressure equilibrium (Section 
8.4 and Appendix VIII). M. Barrault & J.E. Jenkins (Liverpool 
University, private communication) have suggested that the large Cul 
line widths arise from self-absorption and not Stark broadening.
This is unlikely because the optical depth calculations (Section 3.5) 
show that the Cul lines are no more optically thick than are the FI 
and SII diagnostic lines at high temperature and these latter lines 
have small half-widths. Also the Cul lines have sharp dispersion- 
type profiles and not the flattened peaks usually observed for strong 
absorption (Figure AIII.l). Moreover, if these lines were optically 
thick then the Abel inverted side-on intensity profiles would 
exhibit minima at the axis. Conversely, all these profiles exhibit 
peaks (Figure 6.11). Pressure broadening by neutrals may make a 
small contribution to the line widths but not to the extent observed 
here (Section 6.3.2).

Finally, if the electrical conductivity in the core is high, as 
the cross-section and field measurements strongly suggest it to be, 
then on the above theoretical basis the core temperature and pressure 
must be very high. Circumstantially this evidence supports the temp
erature and electron density measurements. However, at 38 kA and at 
higher currents, the Spitzer expression does not seem capable of 
explaining the observations. Moreover, the work of Allen & Craggs 
(1954) and of Braudo (1959) yields conductivities which exceed the 
Spitzer limit by almost an order of magnitude.

(f) An Explanation in Terms of LTE Failure
If we suppose that the electrode vapour is initially
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cold at about the temperature of the molten surface, around 2000 K, 
but is heated by electron collisions as it is ejected from the 

' surface, then the large power input to the surface raises the vapour 
pressure above that of the surroundings and the vapour is expelled 
copiously with a high velocity away from the surface. Magnetic pinch 
forces are invoked to keep the core cylindrical because otherwise the 
vapour cloud would expand hemispherically and probably outside the 
normal arc dimensions. If the vapour jet velocity approaches 
1 0 ^ m s  ̂ (Wienecke, 1958; Lyubimov, 1976) then, just downstream of 
the anode, the time spent by the vapour in the arc is only 1 y s. In 
that time kinetic l.t.e. may not be achieved, particularly for heavy 
atoms such as copper and tungsten (equation 2.1). Moreover, equili
brium for higher ionisation states is particularly difficult in this 
situation since ionisation is achieved by many collisions with rela
tively low energy electrons and thus varies as (Section 2.4.3 
and Lochte-Holtgreven, pl47, 1968). Thus Cul and Cull may be the 
dominant species although the measured excitation temperature from 
Cul is very high. In this case we have a non-l.t.e. high temperature 
plasma in which the number density of higher charge states is reduced. 
For such a plasma Z - 1 and the electrical conductivity predicted by 
Spitzer’s equation continues to increase as T^/^, even at high ' 
temperatures (i.e. in agreement with Chapman & Cowling's expression). 
Using Z = 1, Inh = 3 and T = 40,000 K in Spitzer's equation (2.14) 
yields Oy = 42,000 (fim)”^, whereas for an equilibrium copper plasma 
at 40,000 K, Z = 3 and Oy = 14,000 (f2m)""̂ . The former value is 
clearly in much better agreement with the conductivity deduced in 
Section 8.2.2(c).

The pressure, controlled by the electron density, is less impor
tant in determining Oy since we are now comparing the slowly varying 
term InA with T^^^ and not T^^^/Z. A remarkable consequence of the 
above hypothesis is that the core conductivity should fall as the 
copper vapour approaches the downstream electrode. This is because 
as the vapour spends a longer time in the discharge, l.t.e. is 
approached and higher ion charge states are generated. Close to the 
upstream electrode we may expect to see a cold non-emitting region as 
is shown in the time-resolved photographs in Figure 5.12. Further 
downstream, heating of the copper atoms by successive collisions 
causes a change in the dominant spectral emission species to higher 
ionisation states. The lower current Imacon photographs in Figure

-142-



5.8, taken through a Cul interference filter, show this type of 
behaviour; excited copper vapour becomes visible only in the down
stream section when the arc current reaches 20 kA. This observation 
suggests that the axial vapour velocity is some positive function of 
current; as the current is increased more thermal energy is fed into 
the electrode junction and results in a high axially-directed kinetic 
energy of the emitted vapour.

Clearly, for the short time duration discharges studied by Allen 
& Craggs and Braudo, l.t.e. may also not be achieved leading to a 
similar conductivity enhancement. However, a number of further 
measurements is necessary to justify l.t.e. failure: these include
measurements of the spectral line intensity, and hence temperature 
and density, of the higher electrode vapour atom charge states.
Stark broadening measurements of electron density from different 
spectral lines and measurements of the axial vapour velocity. A 
possible, although not proven, means of determining the vapour 
velocity is by measuring the Doppler shift of specific emission lines 
(equation AIII.3): e.g. if the vapour velocity is about lO'̂  m s  ̂ then 
the Doppler shift for a spectral line of 500 nm, observed parallel to 
the arc axis, is = 10*̂  x 500/3 x 10^ = 0,015 nm. This shift
should be measureablc using a normal dispersion spectrometer.

8.3 RADIAL HEAT TRANSPORT
Since a number of different processes can lead to variations in 

the radial temperature profile, use of this parameter to quantify 
radial heat transport leads to an effective thermal conductivity 
coefficient At present we have no direct experimental technique
which can distinguish between true thermal conduction, radiation or 
turbulent mixing. The importance of each of these processes has 
previously been assessed by order of magnitude estimates and by the 
gross parameter variation methods discussed in Chapter 7. The con
clusions drawn in that chapter, regarding the importance of radiation 
at very high and low currents, are reinforced in the present section 
by comparing the atomic constants (e.g. dissociation energies of the 
various ionisation stages and species density and spectral intensity 
maxima) with the measured conductivity transition temperatures.

8.3.1 Experimental Determination of the Radial Heat Transport 
Coef L ,i c ient
The 1 imitations of the present data discussed in Section
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7.5, and in particular the fact that the temperature profiles have 
been measured for only a single axial position, mean that the radius/ 
temperature dependence of k *  can only be ascertained over a section of 
the arc length and not for discrete axial positions (Kapp & Richards, 
1969). We assume that the difference between the input power and the 
convected power, AQ, is equal to the total radial heat flux from the 
upstream arc length, of 20 mm. The division between the axial and 
radial components of heat loss is represented by the voltage fractions 

and respectively.

Thus,

IV = IV + IV u uc ur (8.3)

For thermal conduction type radial losses

IV = AQ = 2wr 1 K*dT/dr ur ^ c u (8.4)

Equation (8.4) is solved in Table 8.1 for k at the arc conduction 
radius, T = 5000 K. It is assumed that dT/dr = 2 x 10^ K m  ̂ (Section 
7.3) and the values of AQ in Figure 7.8 are used together with the 
conducting radius data obtained from Figures 6.10 and 6.12.

Current
(kA)

AQ
(MW)

Conducting Arc Radius r^ 
(mm) (W m-lR-l)

1 . 0 0.3 3.0 40
1.5 0.35 2 . 8 40
2 . 0 0.38 5.0 30
3.4 0.45 5.8 31
4.5 0.48 6.4 30
7.3 0.55 7.0 31
9.0 0.60 1 0 . 0 24

17.0 1.70 1 2 . 0 60
2 0 . 0 2.80 1 2 . 0 93

TABLE 8.1
Calculation of the Effective Thermal Conductivity at T = 5000 K

Table 8.1 shows that the effective conduction coefficient is 
sensibly constant up to 7.3 kA but increases rapidly with current in 
the range 10 kA to 20 kA; an approximate calculation at 30 kA (Figure
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7.8) showed a further rapid increase in at this level. The chang
ing value of the conduction coefficient reflects the increasing 
copper vapour concentration in the arc and the escape of bulk 
radiation from these impurities (Section 7.2.2).

At. low currents exhibits a mean value of 35 W m  ̂ K } and its 
relative independence of current is strong evidence that AQ can be 
represented by conduction type losses. This value is, however, 
nearly three orders of magnitude larger than the true thermal conduc
tion coefficient for the same temperature. Thus, a radial heat balance 
in-terms of the normal coefficient can be achieved only if the 
temperature gradient is very much larger than the value used here. 
Considering other published measurements (e.g. Hertz et al., 1971) 
this is unlikely.

If the radial component of heat flux obeys a thermal conduction 
type of law within the arc, as well as at the boundary, then a 
modified Elenbaas“Heller equation can be used to derive the coeffi
cient in the central regions. The energy balance for the radial 
component is

°\ir’  ̂ + i,/r’[(d/dr) (r'm"dT/dr)] = 0  (8.5)

where the electric field in the normal equation has been replaced by 
the voltage, V^, averaged over the arc length, i^. Integrating 
equation (8.5) once (Jordan & Swift, 197 3) yields the effective thermal 
conduction coefficient at a radial distance r ’ from the axis as

, = - 2itV o(r)rdr[2rrl (dT/dr)] . (8.6)

Equation (8.6) was solved for all the temperature profiles given 
in Figures 6.10 and 6.12. The radial field fraction, was
established from division of AQ by the instantaneous current (Table
8,1) and o(r) was evaluated using Frost & Liebermann’s (1971) calcula
tions of a(T) and the known profile T(r). The gradient dT/dr was 
measured from large scale graphs of the profiles and numerical inte
gration was employed using Simpson’s rule terminating at the 11,000 K 
isotherm.

The points of principal importance were as follows.

(i) Except for the 2.0 kA and 3.4 kA profiles, peaks in were
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exhibited at temperatures of between 13,000 K to 14,000 K 
and 18,000 K to 19,000 K.

(ii) The 2.0 1<A results gave a peak at 16,000 K which did not
fit the general pattern. The accuracy of tliis temperature
profile has previously been questioned (Section 8.2.1) 
because of its large radius compared with the approximately 
constant current density of the other profiles.

(iii) The 3.4 kA profile yielded two peaks but, on the above
basis, at the wrong temperatures: 12,000 K and 16,500 K.
Clearly, for this profile, a temperature error of about 
- 1000 K would give agreement.

The six most consistent determinations of k ''(T) are given in 
Figure 8.5. The extreme temperature values for each profile have been 
omitted; these are the values for which the greatest error arises due 
to very small dT/dr at the arc axis and a large, temperature gradient 
at the boundary. The curves drawn through the experimental points are 
fifth order polynomial best fits. The large scatter in the magni
tudes of the peaks is not systematic and probably arises from errors 
in the measurement of dT/dr in these regions. The data points at 
specific temperatures have been averaged in Figure 8.6 and the best 
fit curve has again been drawn through these values.

In the central high temperature regions of the arc the effective 
heat transport coefficient is about 1 kW m  ̂ K~^. The equilibrium 
thermal conductivity calculations of Frie (1967) and Frost & Liebermann 
(1971) are also plotted in Figure 8.6 and are some two orders of 
magnitude smaller than the values measured here. Considerable 
systematic errors could be present in the derivation of k'' in the 
current range where convection is the dominant heat loss mechanism 
(10 IcA to 15 kA); a 10% error in the estimation of the convection 
terra would create a 40% error in the residual heat flux, and hence in 
K̂ '. At lower currents (10 kA to 2 1(A) the accuracy of this technique 
improves so that the uncertainty in k * is 20% for a 10% error in the 
convection term. Random errors due to differentiation of the tempera
ture profile should have been minimised by averaging the results and 
certainly would not account for the two orders of magnitude difference 
between experiment and theory.

The only published measurements of k which have been found in 
this temperature range are those of Motsclimann discussed in Hertz
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et al. (1971). The measured values are reproduced in Figure 8 . 6  and 
the best fit fifth order polynomial has also been drawn through their 
data points. Apart from the peak at 18,400 K in the present measure
ments, the agreement between the curve shapes is good; in particular 
the agreement between the temperature of the first peak (13,200 K and 
13,800 K) is remarkable. However, the magnitudes of k and K* do not 
compare. While their measured value of k agrees with the equilibrium 
calculations to within a factor of 3, it is not clear how this was 
derived. The arc temperature measurements were made just downstream 
of a nozzle.in which the SF^ gas flow was sonic and yet only the loss 
contribution of radial conduction was considered; the contribution of 
convection and radiation were apparently neglected, although these 
should be significant with an axis temperature of 22,000 K. Recalcu
lation of their value of k at T = 12,000 K yields k = 9.5 W m”  ̂ K ^
(this calculation assumes that all the power, 3.3 kV m  ̂and 200 A, 
developed in an arc radius of 1.7 mm, is transported across that 
isotherm with dT/dr = 6.5 x 10^ K m"*^). This value is significantly 
larger than their calculation of 1.5 W m*”̂  K~^ but is still well below 
the present value of around 100 W m ^ K ^ a t T =  12,000 K.

If the second peak is due to excited fluorine, as is suggested in 
Section 8.3.3, then the absence of the peak in Hertz et al.'s 
results may be a consequence of the steady-state sulphur/fluorine 
demixing effect found by them: their very high axis temperature, at
a relatively low current, is created by the strong constricting effect 
of their nozzle - this is fully 'blocked' and the conducting arc 
radius close to the throat is 1.75 mm whereas the throat radius is 
only 1.5 mm. However, upstream of the nozzle the arc space is large, 
favouring low temperatures and the presence of sulphur, not fluorine.
If the constituents demix in this way then the arc burning in the 
nozzle may be deficient in fluorine.

8.3.2 Examination of Alternative Radial Heat Transport Properties 
In this Section the characteristics of the effective thermal 

conductivity are compared with those due to the various heat transport 
properties, in order that the peaks in, and the magnitude of, k * may be 
explained.

(a) Turbulence
In carrying out energy balance calculations for 

supersonic arcs burning in SF^, N2 and air, Swanson & Roidt (1971),
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Hermann et al. (1974a) and Thxel (1971) have all concluded that aero
dynamic turbulence enhances the normal thermal conductivity coeffi
cient. The mechanism is complex and the coefficients to be used in 
the evaluation of its magnitude are largely undetermined for the 
supersonic arc. The main effects associated with turbulence are a 
characteristic turbulent mixing length, a time-averaged smearing of 
the temperature profile and a maximum interaction in the radial 
position having the greatest velocity gradient. The first character
istic was initially suspected as causing the reduction in temperature 
at the arc edge for the ]ow current profiles (Appendix VII); a turbu
lence mixing length of about 1 mm would be appropriate in this case. 
However, the velocity gradient in the central region of the arc is 
small and this zone is therefore effectively isolated unless the whole 
profile is turbulent. Since the present temperature profiles are not 
smeared, and their characteristics are well defined, this is an 
unlikely explanation.

(b) Transport of Ionisation Energy
A possible source of peaks in the k*(T) curve is the 

transport of reaction energy due to molecular dissociation and ionisa
tion. Whilst the former, low temperature, process now seems to be 
adequately understood, the latter, high temperature, effect has been 
the subject of much debate (Section 2.6.3). King (1954) has shown 
that for nitrogen the contribution of NIX is a peak which is 7.5 times 
larger than the electron and atom contributions. Pelzer (1961), in 
agreement wii.h King’s findings, has shovm that these peaks occur at 
temperatures corresponding to about one tenth of the ionisation energy: 
for Nil and NllI the ionisation energies are 14.53 cV and 29.6 eV 
respectively and King’s calculations show peaks in the thermal conduc
tivity at 14,200 K and 28,000 K. The first peak still appears in air 
(Maeker, 1962), although Hermann & Schade (1970) attribute most of this 
energy to radiation transport. In this gas the mixture of oxygen and 
nitrogen does not obscure the effect and the peaks should therefore 
also appear in dissociated SF^. The relevant ionisation energies are 
SII, 10.36 eV; FII, 17.42 eV ; SIII, 23.4 eV.

Clearly a temperature error of only 1000 K (Figure 8.6) is all 
that is required for the FII peak to fit the 18,000 K maxima and the 
curve again increases towards a possible, peak at 23,000 K. NB. The Cul 
measurements for the fully developed core indicate a temperature of
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30,000 K and on the above basis a further plateau would not be 
expected until a temperature of 35,000 K (one tenth of the Fill 
ionisation energy - 34.98 eV) had been reached. The survey spectra 
taken at 24.5 kA (Figure 6.1) support this extrapolation: the SII
lines extend to the outer edge of the arc, the FII lines are only 
visible in the central regions with T > 17,500 K and evidence for 
SIII lines is confined to the bright central core with a temperature 
of about 30,000 K. One major difficulty with this explanation for 
the present measurements is the absence of a peak at 10,400 K. We 
note, from the discussion on temperature measurements (Section 6.1), 
that even if this peak existed we would not be able to see it using 
the present temperature measurement technique: this is because the
very rapid rate of fall of emitted intensity of the FI and SII lines 
in this temperature range causes the emission at 12,000 K to exceed 
the emission at 10,000 K by two orders of magnitude (Figure 3.1).

By considering the effect of electron/atom collisions in the 
determination of a at low temperatures (T - 5000 K), Richards (1968) 
lias shown that the slope of the o(T) curve is given by an effective 
ionisation energy for sulphur of 13.5 eV. This is clearly an 
attractive solution to the temperature discrepancy of the first peak. 
However, he concludes that the effective increase in ionisation poten
tial is caused by the large electron attachment coefficient of 
fluorine atoms: Frie’s (1967) equilibrium composition calculations
show that in the temperature range of interest. (> 10,000 K) the F 
concentration is around 10"^ times the electron concentration and 
would have very little effect on the ionisation potential of sulphur.
A further possibility is that sulphur is known to have an auto- 
ionising transition, above the normal ionisation limit, at 13.6 eV 
(Chandler, 1964 , p384 and Appendix III). Griem (1964, plOo) states, that 
these transitions can cause strong peaks in the otherwise continuous 
absorption cross-sections for photons having an energy which is equal 
or close to the energy difference between the auto-ionising level 
and the normal ionisation limit. In this case the energy amounts to 
3.2 eV and with a plasma temperature of about 2 e.V there will be 
many photons of the required energy leading to a possibly strong 
resonance and energy transport.

The major problem with an explanation in terms of transport of 
ionisation energy is the discrepancy between the magnitudes of theory
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and experiment. Pelzer (1961) has shown that the theoretical value is 
determined principally by the atom/ion collision cross-section 
(equation. 2.28). In comparing Figures 2.12 and 8 . 6  we see that in 
order for ionisation energy transport to cause the observed peaks this 
cross-section needs to be some three orders of magnitude smaller.

Cc) Radiation
On the basis of Liebermann & Lowke's (1976) calcula

tions for SF^ and the estimates made in Section 7.3.3 using these 
calculations, radiation from SF^ appears to be a small fraction of the 
total heat loss both at high and low currents. Moreover, Liebermann 
& Lowke's calculations show that both the absolute and the net emission 
coefficients increase monotonically with temperature (Figure 2.13), 
i.e. there are no peaks in either emission coefficient. On the 
other hand, Hermann & Schade (1970) and Hermann et al. (1974c) 
have suggested that in the high temperature nitrogen cascade arc, and. 
in the quasi-stationary section of a nitrogen arc burning in a nozzle, 
radiation is an important radial heat transport property; in the 
former reference it is suggested that, with a temperature of 26,000 K, 
95% of the energy dissipated at the arc axis is removed by radiation. 
Hermann & Schade show that radiative transport becomes important for 
temperatures greater than 10,000 K and that a peak, due to radiation, 
exists at 14,500 K, which augments that peak due to transport of 
ionisation energy. In the following section it is suggested how such 
a peak in radiative heat transport may be explained physically, both 
for SF5 and nitrogen, and how such large effective coefficients might 
arise.

8.3.3 Interpretation of the Effective Thermal Conductivity Data
Prediction of the net emission coefficient for an arc with 

a non-isothermal temperature profile is an extremely difficult task. 
Unlike thermal conduction, where there is always a net diffusion of 
heat down a temperature gradient, radiation is emitted in all 
directions and the contribution from every point in the arc column at 
a different temperature and pressure must be considered when evaluating 
the net coefficient at a prescribed coordinate. Moreover, the energy 
received at that coordinate depends on the individual absorption 
coefficients.of the spectral lines and continuum, and hence on the 
distance that the individual photons have travelled: integration over
all wavelengths is, therefore, also necessary. The equations for the
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solution of this problem have been formulated by Hermann (1968). 
However, the non-availability of sufficient computing time and of the 
fundamental spectroscopic constants for sulphur and fluorine have made 
their evaluation impossible in the present investigation. Instead an 
approximate, semi-quantitative approach has been used to reveal the 
important features of radiation from the SF^ arc. ’

An important result of Liebermann & Lowke’s work is their obser
vation that almost all of the absolute emitted radiation from SF^ at 
high temperatures is due to emission lines at wavelengths less than 
2 9 0  nm; i.e. in the present simplified treatment we may neglect 
radiative transport due to the continuum and emission lines at 
longer wavelengths. Examination of the vacuum ultra-violet emission 
line tables of Kelly & Palumbo (1973) shows that the strong lines of 
excited sulphur and fluorine are grouped together over relatively 
narrow wavelength intervals - 130 nm < XSI < 190 nm and 
80 nm < XFI < 100 nm. Using equation (3.3) the total absolute 
radiated power of the 41 strongest SI lines, with wavelengths between 
130 nm and 180 nm, has been calculated as a function of temperature 
and for a pressure of 0.2 MN m~^ (2 bar). The energy levels, 
statistical weights and transition probabilities were taken from 
Wiese et al. (1969). Kinsinger’s data (Figure 2.4) were used to 
establish the ground state populations. The results are plotted in 
Figure 8.7 and exhibit a peak of about 1 MW cm*”3 at 13,000 K. The 
fundamental data for FI in Wiese et al. (1966) is much more limited 
and the absolute radiated power from eleven lines, in the wavelength 
range 80.7 nm to 97.5 nm, was estimated using the upper energy levels 
of ground state (resonance) transitions and the measured wavelengths 
of Liden (1949). Only a few transition probabilities could be found 
for these lines. The transition probability only determines the 
radiated power of the line and does not shift the temperature at 
which the maximum occurs (equation 3.3). The peak of the FI curve 
at 18,500 K has therefore been normalised to that of the SI curve.
The FI results are also given in Figure 8.7 and in Figure 8.8 they 
are compared with the peaks due to the ionisational conductivity of 
SII and FII, Two features are immediately apparent. Firstly the 
radiated powers are of the correct order of magnitude for the 
discrepancy in AQ, whereas that for the thermal conductivity is not. 
Secondly, the temperatures of the peaks in the radiation curves fit 
almost exactly the peaks on the curves derived experimentally
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Figure 8.6.
The peaks in the radiation arise because of the interaction 

between the falling atom density with temperature (from Saha’s 
equation - Appendix I) and the rising population with temperature 
of the upper energy level as predicted by Boltzmann’s equation. The 
resonance lines are very intense and since equation (3 .3 ) assumes the 
existence of l.t.e. this assumption must be questioned for these 
lines, i.e. the upper levels may de-populate if the electron colli
sion rate is insufficient. The required electron density for a 10% 
departure from l.t.e. for the 8.5 eV resonance transitions in sulphur 
is 1.2 X 1 0 ^ 3  m ^ at 13,000 K (equation 2.8). Figure 2.4 shows that 
the predicted electron density at the same temperature and at a 
pressure of 0.2 MN m  ̂ (2 bar) is 1.5 x 10^^ m"’3. Thus, the sulphur 
resonance lines are probably in excitational l.t.e. with the 
electrons. The same calculation for the 13 eV resonance transitions
in fluorine at 18,500 K yields a required electron density of 

23 —34.7 X 10 m , whereas the actual value under these conditions is 
only 3 X 1 0 ^ 3  Thus, for the fluorine lines the departure from
l.t.e. could be as much as 45% and would result in a proportionate 
reduction of the total power.

Two problems arise with the above explanation. Firstly, the 
resonance lines should be optically thick so that very little radia
tion escapes across the 5000 K isotherm (Liebermann & Lowke, 1976). 
Secondly, the sum of the SI and FI components at the minimum emitted 
power temperature (about 16,000 K, Figure 8.7) is greater than either 
peak so that the overall plot of emission versus temperature should 
be continuous i.e. like the curve for the zero radius arc in Figure 
2.13.

The optical depth at the SI line radiation peak is only 0.5 mm, 
as calculated from equation (3.10) using AX = 0.1 nm. At the line 
centre the optical depth for no absorption is significantly smaller. 
Upon absorption the radiation is scattered both spatially and in 
terms of the wavelength of re-emission. The former leads to a low 
effective heat transfer coefficient and the latter means that the 
characteristic identity of the emission is lost. These problems may 
be overcome if the line shapes in emission and absorption are not iden
tical. Such a situation can arise if the resonance lines are not in 
equilibrium with the Planck function (Griem, 1964, pl73; Richter,
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1968, p2 7 ): in emission the profiles are dominated by saturation
effects, whereas in absorption they are determined by the quadratic 
Stark effect and by Doppler broadening. This means that whilst 
the line centres are absorbed in the plasma, photons, with energies 
corresponding to the wings of the lines, may traverse the arc and be 
absorbed in the molecular zone of the thermal boundary, i.e% a 
net heat loss from the resistively heated zone. (Liebermann & Lowke 
suggest that their calculations may be subject to large errors in the 
line wings.)

It follows from the discussion on optical depth in Section 3.5 
that there are two possible interactions between the resonance lines 
and the Planck function: either the resonance line intensities exceed 
the black body limit because they correspond to a higher temperature 
than that of the plasma Planck function (in which case they escape 
from the ionised zone of the arc without absorption) or the resonance 
lines saturate to the black body curve by increasing their 
spectroscopic half-widths. In the latter case the full half-width 
is proportional to the atomic concentration times the upper energy 
level population, i.e. exactly the variation of the absolute emitted 
line strengths. Conversely quadratic Stark broadening and Doppler 
broadening depend mainly on the electron density and the heavy particle 
temperature respectively and both of these parameters increase mono
tonically with the electron temperature. Therefore, the difference in 
line half-widths between emitting and absorbing atoms follows closely 
the curves given in Figure 8.7. Thus the peaks in this Figure are 
enhanced (for net emission) and the value at 16,000 K may be reduced 
by absorption. For the strong SI line at.142.51 nm, an isothermal 
temperature of 13,000 K and an arc radius of 5 mm (corresponding to a 
current of about 3 kA), the line shape should be square-shouldered 
(Figure AIII.l) with a full half-width of 1 nm (equation 3.10). Cal
culation of the quadratic Stark broadening for this line yields 
AXg = 3.4 X 1 0 ” 3 nm (Criem, 1964, p522). Using the relations derived 
in Appendix III, the Doppler broadening is 1.48 x 10  ̂ nm, whereas 
resonance broadening is insignificant under these plasma conditions.
If the absorbing atom has a half-width described by these profiles 
then most of the energy emitted by a line saturated to the Planck 
function will still escape from the hot plasma.

The effect of the above heat loss mechanism on the temperature 
profiles is preferential radial radiative transport at the SI and FI
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vacuum ultra-violet line intensity maxima. This results in distortion 
of the temperature profiles creating quasi-isothermal zones at these 
temperatures and, hence, a large effective value of K*. An alternative 
mechanism based on preferential absorption at temperatures just below 
these maxima (which would again create an isothermal zone) has been 
rejected because in this range the absorption coefficient is a slowly 
varying function of temperature.

In Figure 8.9 an identical absolute radiated power calculation 
has been carried out for the main vacuum ultra-violet resonance lines 
of NI. The same effect is apparent but this time a weaker peak is 
observed at 14,500 K which compares with the peak due to ionisation 
thermal conductivity at 15,000 K (Figure 8.10). (This latter curve 
was obtained using equation (2.28) and Pelzer's (1961) value for 
and C, and Drellishak et al.’s (1964) composition data for N£.) Again
the radiated power units are very much larger than those due to thermal
conductivity. For air, Andriessen (1973) has measured the effective 
conductivity in forced convection arcs for fixed currents of 250 A,
650 A and 3.4 kA. In this case a peak was consistently observed at
15,000 K and its magnitude increased with current from 6 W m  ̂ to
500 W m  ̂ K i.e. between one and two orders of magnitude larger 
than the peak due to ionisation thermal conductivity. Thus, it seems 
that in high current arcs the effective thermal conductivities of both 
SFg and N2 cannot wholly be explained by particle motion and diffusion 
but the radiation properties of both gases have characteristics which 
are consistent with the experimental observations.

An important consequence of radiative transport of energy is the 
effect which this process may have at current zero. In order that 
pure thermal conduction can produce the observed, very short (around 
0 . 1  ys) electrical conductivity decay time constants in SF^, the arc 
radius must be very small (around 0.1 mm). This is expressed by 
Frind’s (1961a; 1961b) derivation for the thermal time constant,

0 = r^^/(2.4^ X k) (8.7)

where 0 is the time constant, r^ the arc radius at current zero and k 
the thermal diffusivity given by k = k / (pCp), where p is the gas 
density and the specific heat at constant pressure. For an arc
temperature at current zero of 16,000 K, k = 0.05 m^ s ^, r^ = 0.16 mm. 
Since k is relatively insensitive to temperature, variation of this
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parameter does not solve the problem. If, however, we consider that 
radiation may escape from the arc when its radius becomes less than 
the optical depth, then this is an extremely rapid means of energy loss 
for small arcs at current zero. From Figure 8 . 6  we require an arc 
radius of 0.5 mm to fulfill this criterion in SF5 . This is a more 
reasonable and experimentally confirmed value for current zero (Hermann 
et al., 1976). Arc temperatures in excess of 12,000 K at low 
currents but with large di/dt values have been inferred from V/I 
characteristics and photographic radius measurements in circuit 
breaker arcs (L.A. King, private communication). Thus, in SF5 , the 
SI radiation peak may still be available for rapid power dissipation 
although the arc current is low. Taking this argument a stage 
further, the time constant in N2 is predicted to be larger because the 
optical depth is smaller (0.1 mm - Figure 8.9). Thus the arc radius 
has to reach a smaller value than that for SF^ before the radiation 
can escape.

An interesting extension of this idea is to consider the effect 
of increased gas pressure on current zero arcs in SF^ and N2 . Since 
in both cases the optical depth is inversely proportional to pressure 
(equation 3.10) then for SF^ a pressure increase means that the arc 
radius has to decay to a smaller value before the resonance line energy 
can freely escape. In N2 the optical depth is already smaller than the 
current zero radius and increasing the pressure will have a smaller 
effect. This mechanism is consistent with experimental performance 
observations for SF^ and air, operating under high di/dt conditions.
For SF^, increasing the gas pressure was found to be increasingly 
less effective in producing fast channel recovery. Conversely, in 
air, the performance increased almost linearly with gas pressure 
(Airey et al., 1976a). Attempts to resolve this discrepancy in terms 
of differences in the normal transport properties of the two gases 
have not met with complete success. The above examination of radia
tion processes in arcs may prove fruitful both at high current and at 
current zero. In particular, the effect on the radiative properties 
of gas mixtures, e.g. SF^/He - Perkins (1977) and SF^/N2 - Garzan 
(1976), should also be considered.

8.4 CORE FORMATION
A number of properties of the electrode vapour rich core has been 

discussed in previous sections. In this Section we wish to consider

-155-



the possible mechanisms whereby the core may be initiated. The basic 
ideas of magnetic pinch initiation are discussed in Appendix VIII; 
it is supposed that the core forms when the self-magnetic pressure 
of the arc becomes comparable with the plasma pressure and constricts 
the electrode junction to a high current density. This action results 
in a strongly overheated region of the surface with the consequent 
copious release of metal vapour into the column at a high temperature 
and pressure. Very recently some work carried out at the. Institute 
of High Temperature in Moscow (Lyubimov, 1976) has shown that the gas 
dynamic pressure and temperature inside a cathode vapour jet is very 
higli, in qualitative agreement with the author’s own results and those 
of Ito et al. (1971).

The problem with the magnetic pinch hypothesis is that in the 
experiments the pressure calculated from the arc dimensions is never 
as large as the spectroscopically measured pressure and is rather 
less than the total kinetic pressure at 20 IcA (the core formation 
current in SF&). This observation led the author to the idea that we 
should really be equating the magnetic pressure to the partial pres
sure of the electrons and ions (Appendix VIII). In a fast pinch situ
ation this cannot happen but in the present work, where the current' 
is sustained for a much longer period, the charged particles may dif
fuse' through the neutrals towards the axis. Since the collision 
cross-sections of the S and F neutrals are much smaller than the ion 
cross sections (Figure 2.1) the diffusion time can be as short as 
200 ps (Appendix VIll) and the rapid core oscillations explained on 
this basis. However, a further problem arises because the temperature 
and electron density (and therefore the partial pressure) increase 
very rapidly with distance from the electrode surface. The approxi
mation used to establish a temperature in Appendix VIII was to
extrapolate the anode fall and current density measurements of
Dickson & von Engel (1967) to high currents and thereby to obtain an
effective conductivity, and hence a temperature, of about 13,000 K.
In this way an approximate critical pressure balance was obtained.

In many^ ways core formation exhibits similar characteristics to 
anode spot formation in vacuum arcs. Once formed, the anode spot 
emits vapour at a sufficient rate for the pressure inside the jet to 
approach 0.1 MN m  ̂ (1 bar) and higher (Voshall, 1969). Two main 
theories arc proposed for anode spot formation (Boxman, 1976a). The
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first is a magnetic constriction process producing a local concentra
tion of heat flux at the anode surface (as is proposed here). The 
second postulates a thermal instability on the anode surface in which 
the attainment of a critical vapour density favours current flow to 
that specific area. Recently the former theory has received most 
attention and seems more able to explain the experimental observations 
(Boxman 1976b; 1976c). In the hope that a single mechanism (magnetic 
pinch) may explain the onset of vapour production for the complete 
range of pressure, the author has collected together from various 
sources experimental data for vacuum, atmospheric pressure and high 
pressure arcs.

8.4.1 Review of Published Data
The symptoms of a change in the material emission coeffi

cient, in addition to a major increase in the arc vapour concentration, 
are a gradual or sudden fall in arc voltage (Figures 5.3 and 5.4), an 
increase in the column or junction current density (Figures 5.6 and
5.9) or the sudden formation of a bright vapour jet or core (Figure
5.2). The onset of these symptoms can be preceded by voltage oscil
lations and by the oscillatory formation and decay of the core 
(Figure 5.3). In the results reviewed below one or more of these 
symptoms have been noted and have been used to establish the critical 
current. The results are given in Table 8.2 and more detailed 
explanations of the various investigations are given in the following 
sub-sections.

The parameter which is apparently of most importance in determining 
the critical current, , is the junction radius, R, just before the 
transition. In vacuum and free-burning arcs this may be determined by 
the radius of the smaller electrode but in the high pressure arc in 
supersonic gas flow the maximum current density usually occurs at the 
upstream electrode and is determined by the flow stream lines imposed 
by the nozzle shape (Appendix VIII). The gas pressure, p, acting on 
the electrode face is of secondary importance in determining Î, but is 
necessary for scaling the data presented here. Whilst this parameter 
can be measured with reasonable ease in high pressure arcs, in the 
case of vacuum arcs we have resorted to previous estimates under high 
current conditions.

(a) p > 0.1 MN m ^ (1 bar)
The present results for SF5 and air are given in
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Section 5.2 and in Appendix VI. Harrison’s results (private communi
cation) were obtained in a model SF^ interrupter and in this case the 
upstream electrode radius was small (R = 2.5 mm) so that the junction
radius was limited at a relatively low current. For peak currents
greater than I^, a fall in the arc voltage and a change in the 
luminous emission characteristics were observed. Roberts & Cowley 
(1973) compared the time-varying arc column diameters of pulsed, 10 kA 
peak, sonic and free-burning air arcs with 4 mm radius electrodes.
In the former case a sharp concentration was observed at 0.15 to 
0.25 ms after current initiation, corresponding to a current range of 
1 to 2 IcA. A contraction was also observed with the free-burning arc 
but, because in this case the junction area is uncertain (without gas 
flow the junction region covers the sides as well as the tip of the 
electrode) this result has not been used. A fall in the voltage 
during the time of contraction was also observed.

(b) p = 0.1 MN m  ̂ (1 bar)
Roberts & Prasad (1972) investigated the time- 

varying characteristics of a pulsed, 10 kA peak, free-burning arc in 
air. A truncated cone-shaped electrode was used with a tip radius 
of 7.5 rrrni. The upper electrode had a flat face with a diameter of 
76 mm and the arc expanded in the self-imposed convection flow-
filling the upper electrode face. Time-resolved spectroscopic
measurements showed that for the first 0.5 ms of arcing, emission 
lines were observed due mainly to Nil. After this time strong Cul 
and Cull lines were emitted corresponding to the formation of a 
vapour core. This also corresponded to the time and current (around
9 kA) at which a sudden decrease was observed in the visible arc
cross-section. Wienecke (1958) investigated d.c. air arcs burning 
freely between graphite electrodes. For currents greater than 500 A 
a thin electrode-vapour~rich filament was formed emanating from the 
lower truncated cone-shaped electrode. The junction radius at this 
current, estimated from Wicnecke’s photographs, was about 2 mm. An 
interesting feature of this work was that of all the investigations
reviewed here, this was the only one where an increase in arc voltage
was observed for currents greater than 1̂ .. This effect may be 
attributed to the high ionisation energy (11.3 eV against 7.73 eV and
7.98 eV in Cu and W respectively) and difficulty of vaporisation in
carbon.
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(c) p < 0.1 MN m~^ (1 bar)
The term vacuum arc is something of a misnomer in 

that under high current arcing conditions the metal vapour pressure 
can be very high: e.g. Voshall (1969) has calculated peak pressures
of 0.062 MN m  ̂ (0.62 bar) and 0.2 MN ra ^ (2 bar) in vacuum arc 
columns operating at 18 IcA and 36 kA peak respectively. In order to 
scale the vacuum arc erosion data with the high pressure data,
Voshall’s pressure calculations have been used. These show that up 
to the current at which the vapour density and temperature exhibit 
a marked increase (17 kA in Voshall’s case) the vapour pressure in 
the column is reasonably constant at 0.024 MN m~^ (0.24 bar). We 
assume that this pressure is also exerted at the electrode, thus 
giving a value of p for the following data. The radius of Voshall’s 
electrodes was 43 mm and the corresponding value of 1^ was thus 
17 kA. Mitchell (1970a) examined anode and cathode erosion rates for 
copper electrodes having a radius of 22.5 mm. The erosion rate showed 
a marked increase from the anode at 13 kA and from the cathode at 
10 kA. Mitchell (1970a; 1970b) also measured and calculated the anode 
surface temperature. He deduced values between 2250 K and 2500 K for 
currents in the range 10 kA to 13 kA. Using Honig’s (1962) vapour 
pressure data for copper these temperatures correspond to a pressure 
in the range 0.02 MN m  ̂ (0.2 bar) to 0.06 MN ra~̂  (0.6 bar), which is 
in approximate agreement with Voshall's calculations. Kimblin (1969) 
measured the current at which an anode spot formed on 6.5 mm and 25 mm
radius copper electrodes. Values for 1^ of 400 A and 2.1 IcA respect
ively were found and a sudden fall in voltage was observed, coincident 
with anode spot formation.

8.4.2 Analysis and Discussion
The data are all plotted in Figure 8.11 as 1^ against Rpz.

This corresponds to the earlier graph of the present results (Figure 
5.14) of 1^ against D^pz, because R = (Section 5.6). Except for 
one discrepancy (the larger radius result of Kimblin) the data fall 
on a reasonably straight line. The empirically derived law relating 
the critical current to the radius and pressure, using the best fit 
straight line, is

1^ = 0.755 x 10^ Rp2 (8.8)

where the units of 1^, R and p are A, m and bar respectively. Equation
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(8.8) means that copious emission of vapour from an electrode will 
commence if the current exceeds the value of 1^ determined by R and p.
R may be limited simply by the size of an electrode, for free-burning 
and vacuum arcs, or it may be determined by the gas flow stream lines, 
as in a circuit breaker arc.

The magnetic pinch expression for a uniform current density 
(equation 2.31) transforms to

1 = 1.77 X 10^ Rp 2 (8.9)m

where p̂^̂ is the magnetic pressure and the same units as for equation
(8.8) are used.

The form of equations (8.8) and (8.9) is identical but the 
constants arc different. For the magnetic pressure to equal the 
kinetic pressure at constriction, the current would have to be 
1.77/0.755 = 2.34 times higher. Or, expressed in another way, the 
magnetic pressure at the inception current is consistently only 18% 
of the kinetic gas pressure. For a pressure balance between the 
magnetic component and the partial pressure of electrons and ions 
this means an ionisation fraction of 9% and, hence, an equilibrium 
SF^ mixture temperature of about 13,000 (Figure 2.4). This value is 
in agreement with the temperature derived from Dickson & von Engel’s 
(1967) data (Section 8.4.1) and with the recently measured temperature 
just above a carbon cathode surface of 12,000 K (Hertz et al., 1975). 
However, a magnetic pressure is exerted on the plasma at all currents 
and we still have to find a process which can trigger the constriction.

A useful parameter when dealing with magnetic effects is the 
Larmor radius - the radius of the circular orbit made by moving 
charged particles in the influence of a magnetic field of strength B:

r^ = (mu)/(Be) (for Z = 1) (8.10)

where

B = (p^l)/(2 nR) (8.11)

for a uniform current density and

u = |(8kT)/(rm)]" . (8.12)

For the electrons, these equations reduce to
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= 20.16(T/13,00U)?(R/I) (8.13)

and for singly charged sulphur ions the equivalent expression is

^iSII " 4.73 X 10^(1/13,000)5(R/I) . (8.14)

For the core inception current in SF^, = 20 kA and R = 9.5 mm.
Using T - 13,000 K in equation (8.13) and (8.14) gives 
r^- = 9.8 X 10"G m and tjgjj = 2.2 x 10"”̂  m. One criterion for 
triggering the constriction, and for magnetic effects dominating over 
collisional effects, may be that the Larmor radius becomes equal to, 
or less than, the mean free path. Since the electrons, on diffusing 
through the neutral cloud, are closely coupled to the ions by 
electrostatic attraction, it is the ionic Larmor radius which limits 
diffusion. Comparison of the above value for rjg^^ and the mean free 
path data for neutral sulphur and fluorine in Figure 2.1 shows order 
of magnitude agreement ~ = 3 x 10 ^ m at 13,000 K. However, for
equation (8.8) to be a universal expression, we require A^^ to vary as 
p“2 at constant temperature. For most gases A varies as p  ̂ and
not p 2, This apparently insurmountable objection probably rules out 
this criterion. A further condition might be that constriction is 
initiated when one of these radii equals the axial dimension of the 
electrode fall space, of the order of 10"4 xn to 10  ̂m (Dickson & 
von Engel, 1967), i.e. charged particles which accelerate through the 
electrode fall voltage release their kinetic energy back to the 
surface because of their circular path in the magnetic field. Whilst 
the calculated electron orbit radius lies in the correct range, we 
still have to explain a p  ̂ dependence of the fall space dimension.

A jump in the mean arc column axis temperature from 17,000 K to
30,000 K (Figures 6.5 and 6.6) would mean the creation of doubly- 
ionised particles like SIII (Figure 2.4). This observation may be 
significant firstly because the value of r^ would be halved for Z = 2 
and, secondly, because doubly-charged particles penetrating a full 
space would release a significantly larger energy to the electrode 
surface than for Z = 1.

An interesting engineering confirmation of these ideas has been 
observed by B. Calvino of Magrini- Galileo SpA (G.E. Gardner, private 
communication). He observed that during high power testing of a 
’puffer* interrupter the piston drive force requirement increased with 
applied fault current up to a certain level. This is consistent with
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the convection energy clogging models discussed in Section 2.7.3.
Above this current level the drive force requirement was reduced. If 
we suppose that magnetic forces constrict the arc and form a core at 
that critical current, and that non-equilibrium effects enhance the 
electrical conductivity, Section 8.2.2(f), then the nozzle throat area 
occupied by the arc can be smaller and the power dissipated in the 
upstream section also reduced. Freely-escaping radiation from metal 
vapour in the core would take over from convection as the dominant 
heat loss mechanism (Section 7.2.2) and would also cause a proportion
ate reduction in the thickness of the thermal zone. The radiation may 
be absorbed at the nozzle walls and it would be interesting to know 
whether surface ablation was more severe under these conditions. It 
may be .a coincidence that the above results scale so well with the 
magnetic pinch relationship. The detailed understanding of these 
phenomena is clearly a topic for further research.
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CHAPTER 9: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

9.1. SUMMARY OF THE EXPERIMENTAL INVESTIGATIONS
Time and space-resolved measurements have been made of some of the 

fundamental electrical and thermal properties of SF^ arcs burning in a 
supersonic gas flow for currents in the range I kA to 45 kA. Realistic 
experimental conditions, and the use of a full scale interrupter geo
metry, ensured the applicability of these results to present-day gas 
blast circuit breakers. The upstream and downstream gas pressures 
during arcing were 0.65 MN m  ̂ (6.5 bar) and 0.31 MN m  ̂ (3.1 bar) 
respectively and the arc burned in a fixed geometry with an electrode 
separation of 100 mm and a PTFE nozzle throat diameter of 38 ram. The 
current supply was a tuned LC injection circuit which gave sinusoidal 
pulses with a duration of 6 ms to 12 ms. The interrupter assembly was 
contained in a 1 m^ steel tank with high voltage electrical bushings 
and glass viewing ports for optical diagnostics. The high pressure 
gas was stored in a 0.15 m^ reservoir tank; a recirculating pumping 
system enabled reproducible conditions to be obtained with successive 
shots and constant cold flow conditions to be maintained throughout 
the pulse duration.

The relatively high SF^ gas pressure and large electrode separa
tion meant that a special technique had to be developed to establish 
the arc in its correct axial position in a time which was short com
pared with the pulse duration. Arc initiation was achieved by plasma 
jet breakdown of the nozzle to anode gap, with subsequent arc transfer 
in the gas stream to the cathode. This technique enabled an axial arc 
to be established in about 1 ms and, during arc transfer, also per
mitted measurement of the cold gas flow velocity from photographic 
observations. A flow Mach number of 1.5 was established which compared 
favourably with aerodynamic calculations for an under-expanded jet.

In addition to the conventional arc voltage/current measurements 
several more sophisticated diagnostic techniques were employed to 
investigate the time-dependent arc properties. High speed framing and 
streak pictures of the arc were taken with conventional and image 
converter cameras to achieve short time resolution (about 5 ys). 
Photographs were obtained of both the full visible spectral emission 
and, using narrow band-pass interference filters, of the emission due 
to specific line spectra from given arc species. Laser 'shadowgraph*
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and 'schlieren' techniques were used to resolve the thermal zone 
surrounding the luminous arc. More detailed resolution of processes 
within the visible arc boundary was obtained with emission spectro
scopy: a special rapid scanning spectrometer was designed to
investigate time-dependent variations in arc emission. This instru
ment, together with a stigmatic survey spectrometer, enabled semi- 
quantitative spatial resolution of the plasma conditions in discrete 
arc regions. Complete radial resolution of specific line emission 
conditions was obtained using a purpose-built rapid scanning 
monochromator.

9.2 CONCLUSIONS
The arc radius and voltage data suggest that over a large current 

range (about 3.5 kA to around 20 kA) the arc can be treated as an 
almost constant electrical conductivity plasma with heat losses domi
nated by axial convection. Analytic expressions derived for heat 
losses dominated by conduction, convection and radiation were found 
useful in describing the experimental arc response in the low, 
intermediate and very high current ranges respectively.

More detailed measurements were made of the radial energy distri
bution by using emission spectroscopy combined with calculations of 
the line emission intensity as a function of plasma density and 
temperature. Observations of prominent FI and SII lines, and weaker 
central FII lines at high current, suggested that the electron temp
erature on the arc axis was about 20,000 K and the luminous boundary 
temperature about 11,000 K. These values were found to be consistent 
with radially-averaged temperatures deduced from the calculated and 
measured Cul impurity line intensity ratios. Final confirmation was 
obtained by measuring the radial intensity distribution of an FI and 
SII line; the ratio of the Abel inverted line intensities was compared 
with the calculated value using equilibrium species concentration data 
and reliable transition probabilities. Stark broadening coefficients 
were used to derive the electron density at high current from the 
measured half-widths of spectral lines from various arc species. For 
specific FI, SII and Cul lines, a radially-averaged electron density 
of 3.2 ± 0.5 X 10^3 m"^ was found during a 6 kA peak current pulse. 
The measured electron density and temperature agreed with values 
derived from Saha equilibrium calculations for the predicted jet 
stream kinetic pressure of 0.2 MN m  ̂ (2 bar).
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The above results provided evidence for the existence of l.t.e. 
between different arc species and for the non-existence of the ionisa- 
tional demixing effect which can occur in multi-species arcs: 
theoretical calculations using the measured temperature and electron 
density suggested that, under these conditions, l.t.e. was maintained 
down to a current of 1 kA. Below this level the calculations showed 
that the large arc losses and consequent high electric field prevented 
the existence of l.t.e. particularly between the electron and kinetic 
heavy particle temperatures. A possible technique for overcoming 
this problem at current zero is suggested. Plasma demixing would 
lead to very different radial intensity distributions for the given 
arc species than has been observed. It is suggested that in the 
present arc geometry, turbulent remixing or the high axial plasma 
velocity counteracts this effect.

The simplified enthalpy flow arc model originally proposed by 
Frost & Liebermann (1971) has been extended so that the axial arc 
temperature, radius and voltage distributions can now be predicted 
from a single independent geometrical parameter - i.e. the axial 
pressure distribution. The new model is based on a balance between 
the input power, the enthalpy density and the optically thick 
radiation density; the latter quantity has recently been calculated 
by Liebermann & Lowke (1976). Comparison of theory and experiment 
yields good agreement for the present geometry. Moreover, oscilla
tory variations in arc temperature, radius and voltage are predicted 
by this model if an aerodynamic shock wave exists in the downstream 
section of the jet: such a flow perturbation is suggested from
aerodynamic calculations and arc photographs at a position 
approximately corresponding to the above observed variations.

The measured temperature profiles for instantaneous currents in 
the range 1 kA to 17 kA were converted to electrical conductivity 
profiles using equilibrium conductivity calculations based on Spitzer 
& Harm's (1953) model. Radial integration of these profiles permit
ted the electric field variation to be predicted as a function of arc 
current. Direct measurement of this field variation at the same 
axial position was subsequently carried out by R.J. Urwin (CEGB, 
Marchwood Engineering Laboratories) and reasonable agreement was 
observed between the two sets of data. These findings have extended 
the temperature range of proven applicability of Spitzer's model for
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SF^ from a previous value of 15,000 K to the present limit of 
20,500 K. The rising arc voltage envelope, which is frequently 
observed in gas blast circuit breakers as current zero is approached, 
is caused by a rapid fall of arc temperature and conductivity at 
constant current density. In the present work a significant fall in 
temperature was observed for currents less than 3.5 kA. Composition 
and conductivity calculations for SF^/copper vapour mixtures, 
suggested by the author, were carried out by R.E. Kinsinger of the 
General Electric Laboratory, USA. These data show very little change 
in electrical conductivity at high temperature and pressure, even 
when large copper vapour impurity concentrations are present.

The measurements of radial temperature and axial electric field 
distributions enabled a more precise examination of the contributions 
of the various heat loss mechanisms to be carried out. An approxi
mate energy balance was formulated using a two-zone arc representation 
and was solved for that portion of the arc lying between the upstream 
electrode and a position just downstream of the nozzle throat. By 
subtracting the enthalpy flux convected through the conducting radius 
limit from the instantaneous upstream voltage/current product, the 
variation of the residual heat fraction with current was examined.
The residual fraction amounted to 25% of the total input at 10 kA to 
15 IcA, rising to about 70% at 1 kA and to 70% at 38 kA. Comparison 
of the variation of this fraction with arc current, and predicted 
variations from alternative loss mechanisms, suggested that heat 
transfer to the thermal annulus was by escaping radiation. The 
assumption that the radial heat flux was then convected axially 
within the thermal annulus yielded a radially-averaged annulus temp
erature of about 1500 K which was independent of instantaneous current 
up to 15 kA. This temperature is not very different from the dissoci
ation temperature of the SF^ molecule (about 2000 K). The high 
thermal conductivity, due to transport of dissociative reaction 
energy, can give rise to an isothermal annulus with high temperature 
gradients at the inner and outer boundaries. This may explain the 
distinct appearance of these boundaries on high speed conventional 
and 'shadowgraph’ films.

The temperature profiles were also used to determine variations 
in the effective thermal conductivity. Stepwise integration of the 
radial heat flux and differentiation of the temperature profile
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yielded consistently high thermal conductivities at two specific 
temperatures (about 13,500 K and 18,500 K). These peaks are about 
tvTO orders of magnitude larger than those values for pure thermal 
conduction. The peak at the higher temperature coincides with that 
at which transport of ionisation reaction energy
(FII + e FI + 17.3 eV) occurs. The peak at the lower temperature 
cannot be explained on this basis unless heat transport is invoked 
due to an auto-ionising level of sulphur (SII + e -> SI + 13.6 eV).
(NB. The normal ionisation potential of sulphur is 10.4 eV and 
measurements could not be carried out in this equivalent temperature 
range.)

It is shown that vacuum ultra-violet radiation from atomic sulphur 
and fluorine exhibits peaks at these temperatures and that the radiated 
power lies in the correct order of magnitude range. This radiation is 
normally absorbed by identical arc species but it is suggested that in 
the high pressure arc, photons, with energies corresponding to the 
resonance line wings, can escape to the thermal zone. In that region 
tlie monochromatic radiation is absorbed and thermalised by the many 
oscillation modes of the SF^ molecule. The explanation is reinforced 
by the agreement between this theory and previous experiments in the 
high temperature nitrogen arc. The discrepancy between input power 
and convective power loss at very high currents is explained in terms 
of escaping radiation from metal atoms. Since the resonance lines of 
these species lie above the absorption cut-off wavelength of the SF^ 
molecule this radiation can escape completely from the arc. This 
observation is consistent with previous measurements of escaping radi
ation from air arcs. Conversely, in pure SF^, only about 5% of the 
total emission escapes across the thermal boundary.

Some of the most interesting, but least explicable, effects were 
discovered when the arc current was increased above 15 kA to 20 kA.
High speed photography revealed a highly luminous parallel-sided core 
coaxial with the normal outer SF^ plasma and this phenomenon persisted 
to a much lower current level than the inception level. In the above 
current range the core presence was oscillatory with a regular burst 
frequency of 4 kHz, but above 20 kA these bursts merged into a con
tinuous emission. With the core present the mean column current 
density increased markedly and was accompanied by a falling arc 
voltage, i.e. an enhanced electrical conductivity was indicated in the
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arc. Spectroscopic measurements showed that the core was rich in 
copper vapour, whereas the outer plasma contained the normal high 
temperature SF^ arc constituents. Immediately before core formation 
impurity concentrations of 20% were recorded. However, according to 
Spitzer’s formulations the presence of metal vapour should not 
affect the column conductivity. Further spectroscopic measurements 
of Cul line emission variation with time, and the presence of SIII 
species, indicated a greatly enhanced temperature and electron den
sity in the core with maximum values of 32,000 K and 1.7 x 10^^ m"3 
respectively. IVhen these parameters were used in Kinsinger’s equil
ibrium conductivity calculations reasonable agreement was observed 
between the time variation of predicted and measure</core conductivity.

At 38 kA peak measurements of the arc and core radius, and of 
the total arc voltage, indicated that the core conductivity 
approached 50,000 (fim) ^. Extremely high temperatures and pressures 
would be required to obtain this result on the basis of Spitzer's 
equation. It is suggested that the higher ion charge states of 
copper vapour are not in l.t.e. with the electron temperature. This 
may be the result of a high axial vapour velocity, i.e. the vapour 
may spend insufficient time in any arc zone to achieve l.t.e.
Insertion of the plasma constants appropriate to singly ionised 
copper in the above equation yields much better agreement.

The measured temperature and electron density suggested that 
the plasma pressure in the core reached a maximum value of 1.3 MN ra  ̂
(13 bar), well above the kinetic background pressure. A plausible 
power law explanation has been suggested for core inception in these 
arcs and for conductivity enhancement in high pressure supersonic 
air arcs, which is based on a magnetic pinch relationship; it is 
proposed that current constriction occurs at an electrode surface 
when the pressure, due to the self-magnetic field of the arc, 
becomes comparable with the plasma pressure. The enhanced current 
density results in overheating of the electrode surface and copious 
emission of electrode vapour into the column. However, for the 
magnetic pinch effect to restore a balance with the above high 
pressure, current flow must be confined to regions considerably 
smaller than the observed core cross-section. High speed streak 
and framing photographs, taken via a Cul line interference filter, 
revealed a fine filamentary structure within the core.
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Observations of the lateral filament motion suggest that a 
significant fraction of the.total current is carried by these 
filaments.

9.3 RECOMMENDATIONS FOR FURTHER WORK
Several areas where further research on high current SF^ arcs 

is required have already been indicated in the text. Key back
ground publications on arc diagnostics, present-day reviews and on 
arc theory are identified by an asterisk in the reference list. 
General topics for further investigation include the following.

(i) A detailed assessment of the radiative energy balance and 
its contribution to efficient arc interruption at current 
zero.

For vacuum ultra-violet resonance lines the intensity 
measurements can be made byr viewing along the arc axis 
through a hole in the electrode. The recent suggestions 
in the literature that SF^ gas mixtures improve circuit 
breaker performance could also be investigated in this 
way. The full theoretical treatment of radiative transfer 
has not been attempted in the present work but if, as is 
suspected, the radial heat flux is dominated by a few 
resonance lines then a simplified model may be appropriate.

(ii) The electrode vapour-rich core and its inception mechanism.

Magnetic field measurements can be made with remote sensing 
coils and synchrotron radiation may be detected at radio 
frequencies. The junction current density can be evaluated 
using a divided electrode with simultaneous high speed 
photography. Further temperature, electron density and 
velocity measurements (possibly using Doppler line shift) 
are required to assess the departure from l.t.e. in the 
core and to see if the proposed mechanism for conductivity 
enhancement is consistent with these results. The nature 
of the vapour filaments, and their current carrying capa
city, are clearly topics' for further research. It may be 
possible, using a separate current source, to enhance the 
magnetic field in the arc: a central conductor insulated
from the arc should enable the field strength to be varied 
independently of the arc current and dimensions. This
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experiment would be decisive in determining the importance 
of the self-magnetic field of the arc. Broad band radiation 
measurements on impure arcs would be useful in confirraing 
the cause of the discrepancy in the convective energy 
balance at very high currents.

(iii) The temperature profile response to a rapidly falling 
current .

It is anticipated that under a realistic fault current duty 
the decay of arc temperature will lag behind its steady- 
state value, with a time constant determined mainly by the 
radial loss coefficient. Temperature measurements at lower 
currents, with varying rates of fall, will be a valuable aid 
to understanding the interaction between the arc and the 
electric circuit, and to the optimisation of interrupter 
geometry. In this current range an alternative thermo
dynamic model to that for l.t.e. will be necessary. Also 
the simultaneous measurement of two or more spectral lines 
will be required together with fast amplifiers to overcome 
the low light level problem. Further investigations of the 
temperature gradient at the electrically conducting arc 
boundary are required in order to justify the use of the 
proposed thermal conduction-dominated analytical model.
These temperature measurements may be made using a 
quantitative schlieren technique or infra-red emission 
spectroscopy.

(iv) The convection-dominated, optically-thick arc model.

The assumption of a constant Mach number across the. arc/ 
gas jet, and the predicted effects of stationary shock 
waves on the arc shape and voltage, require further 
investigation. The model could be improved by accounting 
for the kinetic energy of flow in the energy balance 
equation.
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APPENDIX I

THE BASIS OF EQUILIBRIUM COMPOSITION CALCULATIONS USING SAHA'S
EQUATION

A consequence of thermodynamic equilibrium is that energy is 
distributed amongst the plasma particles and in their internal energy 
levels according to the Boltzmann distribution law. For an electronic 
energy level we have

N^/N = [g^exp - (E/kT)]/P^^^(T) (AI.l)

where is the number density of excited particles in state m, Ê  ̂is 
the excitation energy level, N is the total number density of parti
cles and gm is the statistical weight of the excited level given by 
(2J + 1) where J is the total angular momentum quantum number (see 
Wiese et al., 1966 and 1969, for values for sulphur and fluorine).
The internal partition function, ^XNT^^^ is given by

00

PlNT(T) “ I  • (AI.2)o
Strictly the partition function must be summed over all available 

levels, but for the temperatures and the species FI and Sll existing 
in the high current SF^ arc, a good approximation is obtained by 
considering only the first ten levels or so, because only very few of 
the higher levels are populated at these temperatures.

For the case where kT << E^ the internal partition function is 
approximately equal to g_, the statistical weight of the ground 
state (see equation A1.9). In the present work this approximation 
is invalid for Cul and the accurate partition functions calculated 
by Drawin & Felenbok (1965) have been used. For a complete treatment 
when ionisation occurs the last energy level which must be considered 
is given by

E = E. - AE (A1.3)m i

where E^ is the ionisation energy and AE is its reduction due to the 
perturbation of atomic or ionic orbits by the neighbouring ion field.
The expression used by Kinsinger for AE is the one given by Griem 
(1964, pl39) and has also been used successfully by Jordan (1972) for 
composition calculations in argon/nitrogen mixtures:

AE = 1.44 X 10”^Z/pjj eV (A1.4)

where Z is the charge state of the ion (hefe Z = 1 for neutral atoms,
Z = 2 for singly charged ions, etc.) and pĵ  is the Debye radius given by

Pjj = [GgkT/(e^(N^ + . (AI.5)

For a singly ionised gas with charge neutrality, equation (A1.5) 
reduces to

Pp = [e^2kT/(e^Ng)]^ (AI.6 )
—  - rJCr



where Eq is the permittivity of free space, = 8.85 x 10” F m ”  .
The ionisation potential reduction is relatively small for the present 
plasma conditions e.g. AE = 0.09 eV at T = 16,000 K and 
Ng = 2 X 10^3 m”3.

We are concerned here with the plasma composition and properties 
at high temperatures (T  ̂ 10,000 K). At this temperature dissociation 
of the SF^ molecule and its molecular components is complete and we 
may neglect effects due to molecular rotation and vibration. These 
molecular effects have been considered in detail by Richards (1968) 
for SF5 , and by Jordan (1972) for argon/nitrogen mixtures. One further 
energy distribution to be considered is the kinetic distribution. The 
partition function for this distribution is given by

^TRANS ° v(2mmkT/h2)3/2 (AI.7)

where v is the volume of the system and h is Planck*s constant.

The total particle partition function for the case where no 
molecules exist is thus

^ “ ^TRANS ^ ^INT • (AI.8 )

For the electron, expansion of equation (AI.2) results in

^INTe = g^ (AI.9)

where g^ is the statistical weight of the ground state. For a mon- 
atomic gas g = 2S + 1, where S is the sum of the spin numbers. For 
the electron S = &, and hence g^ = 2(&) + 1 = 2 and PxNTe “ 2.

To predict the equilibrium concentration of atoms, ions and 
neutrals at a given temperature and pressure we use Saha's equation 
and the definition of the equilibrium constant of a reversible ionising 
reaction:

Az ?  Az ^ 1 + ë - Ez, Z = 1,2,3, (AI.IO)

where A^ is the Zth level ionised particle, and Eg is the energy 
necessary to ionise the particle from the state Z to the state Z + 1. 
The equilibrium constant in terms of the temperature is (Cambel, 1963, 
pl2 2 )

Kz + x” + l^e^^Z ” ^ë^Z ” (E^^hTl (AI. 11)

where the P's are the total partition functions of the particles. 
Substituting equation (AI.3) and (AI.7) in equation (AI.ll), using 
^INTe ” ^ and mg = m^ + x» obtain

9 Q/9
^Z + l^e^^Z ^ ^^INT(Z+l)/^INT(Z)V(2*™e^^/h ^

exp - [(Ez - AE)/kT] . (AI.I2)

This is a general form of Saha's equation. For a single stage of
,-ii-



ionisation, Z = 1, we define the equation of state as

pV = (1 + a)NgRT (AI.13)

where a is the mass fraction ionised, a = m^+/ (m^ + and Ny is
the total number of heavy particles in volume V at pressure p and 
temperature T. Then equation (AI.12) becomes «

o7/(l - a^) = (2nm^/h2)3/2(kI/p)5/2(2P;^p(^+)/Pi^T(A))

exp - [(E^ - AE)/kT] . (AI.14)

It. follows from Saha's equation that the ionisation fraction increases 
rapidly with temperature, over a given range, and decreases relatively 
slowly with pressure.

For a polyatomic gas it is clearly possible to write one equation, 
like (AI.12), for each type of atom and ionisation stage. Since the 
total particle density is defined by the total pressure p-p,

00

Pj - kT(% N, +, N^) (Z = 1,2,3) . (AI.15)
o

Then the equilibrium composition can be calculated for a set pressure 
and temperature using the above simultaneous equations with a computer.
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APPENDIX II

MAGNETIC PRESSURE RELATIONSHIP FOR A HIGH CURRENT HIGH PRESSURE ARC

The following general model of magnetic pressure due to pinch con
striction was developed principally by R.E. Kinsinger for the core 
formation mechanism described in Section 8.4 and Appendix VIII.

For a cylindrically symmetric arc, the equilibrium radial force 
balance requires

9p(r)/9r = - j^(r)BQ(r) (AII.l)

where p(r) is the radial variation of kinetic pressure and jgCr) and 
B@(r) are the radial variations of current density and magnetic field. 
If Ij(r) is the current within radius r, then from Gauss' theorem:

r
I(r) = / j(r')2nr'dr' = 2Trr/y^.B(r) . (All.2)

o
Then r '

p(r) = p^ - / j(r')B(r')dr' 
o

r
e - Pq/(2w)/ [j(r')I(r')]/r'dr* (All.3)

o

where p^ is the pressure at the arc centre. For a total arc current of 
Iq and an arc radius of R, we parameterise the current (conductivity) 
profile within the arc as

j(r) = a(r)E =
ic[l - (r/R)^] r ^ R 

0 r > R
(All.4)

where from equation (All.2) = (k + 2)/k.Io/(wR^).

Using equations (All.2), (All.3) and (All.4):

p(r) = p^ - (y^I^^)/(2 ir̂ R̂ ) [(k + 2 )/k]^

r/R , ,
/ (1 - x*)(l - 2/(k + 2).xHxdx (All.5)
o

where x = r'/R. The pressure outside the arc pQ is obtained from 
equation (All.5) with r = R:

. Po " Pc ■ + 31/(k + U  . CAII.6J

Equation (All.6 ) is equivalent to the normal Bennett relation 
except that the latter is derived for p^ = 0  (vacuum outside the
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pinch) and j (r) = lQa(2'nr)/(r - R) (current concentrated on the 
surface of the pinch). By defining an average magnetic pressure 
inside the arc as

R  «
p^ = / p(r)2nr/(nR ).dr 

o

then equations (All.5) and (All.6 ) give

pT = + (p^I^^)/(8 ffV) (All.7)

i.e. independent of current profile.

For a parabolic current profile, k = 2 and equation (All.6 ) 
becomes

p = + 5/3(y^I ^)/(A7tV) . (All.8 )me o o o
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APPENDIX III
SURVEY OF LINE BROADENING MECHANISMS

In the course of the present work the electron density has been 
determined from the half widths of a number of different emission 
lines from Cul, FI and SII plasma species. The electron density, 
coupled with the measured arc temperature, have then yielded a plasma 
pressure which is in sensible agreement with the set gas pressure.
At very high currents the above Cul lines, which are very broad 
indicate an electron density and hence a plasma pressure very much 
above that of the cold gas background. The question now arises as 
to whether these large line widths are caused by an increased electron 
density or are due to some other broadening mechanism.

Extensive reviews of line broadening processes are to be found 
in Breene (1961), Griem (1964), Wiese (1965), Cooper (1966) and 
Traving (1968). The purpose of the present survey is to investigate 
whether line broadening due to the electron density is the dominant 
broadening mechanism, in order that other mechanisms may be 
neglected. To carry out this survey the calculations are based on an 
equilibrium SF^ plasma with a 1 0 % concentration of copper vapour at a 
pressure of 0.2 MN m“2 (2 bar) and a temperature of 20,000 K, having a 
radial dimension of 1 0 mm and subjected to a maximum self-magnetic 
field strength of 1.2 T (see Section 8.4). We define a significant 
broadening mechanism as one resulting in a full line width at half 
height of about 0 . 1  nm.

AIII.l NATURAL LINE WIDTH

This broadening is due to the finite lifetime of the excited 
states and yields a dispersion or Lorentz type of profile (see Figure 
AIII.l). The longer the lifetime t of an excited state, the sharper 
the spectral line will be. For the spectral lines in Tables 3.1 and
3 .2 , with lifetimes around 1 0 ”^ s to 1 0 ”® s, the natural full breadth 
at half height is about 10”5 run and is negligible compared with
the broadening due to other mechanisms. This statement is true for 
almost all other transitions at wavelengths where precision measure
ments are possible, i.e. neglecting resonance lines in the vacuum u.v. 
(Griem, 1964, p294). However, for the copper spectrum, anomalously 
broadened lines are observed due to the mechanism of 'auto—ionisation*. 
Autoionisation arises because the energy level structure of the copper 
atom fulfills a repulsive resonance conditions between corresponding 
terms; the atom can thus oscillate between the two characteristic 
states without the radiation of energy. Under these conditions there 
will be a certain probability that the atom will go over into the 
continuum and self ionise before it has time to reach any stationary 
state. Thus in absorption the energy level in question will not be 
discrete but will be broadened by an amount depending upon the probabi
lity of self-ionisation. Since emission of radiation is the reverse of 
absorption the observed spectral lines are broad (Ifhite, 1934, p397).

This process is extremely fast; the mean lifetime of the 453.9 nm 
autoionised transition of copper is around 1 0 ”^® s and results in a 
'natural* inherent line width of 0.1 nm (Allen, 1932). However, for 
the Cul transitions of interest here, this mechanism is not 
applicable because the upper levels lie well below the continuum.

-VI-



AIII.2 ZEEMAN SHIFT (MAGNETIC BROADENING)
In a plasma subjected to a sufficiently large self- or 

applied magnetic field, the spectral line can shift or split into a 
number of components which are determined by the relative electron 
spins. At the high currents around 30 kA, used,in the present work, 
the current density is sufficiently large, particularly at the 
electrodes, for the magnetic line broadening to become possibly 
significant. Griem (1964, p294) gives the order of magnitude of 
this broadening as

AXg - 10"^X^B (AIII.l)

where X is the centre wavelength in nanometres and B is the field 
strength in tesla. For a spectral line at 500 nm and using B = 1.2 T 
the wavelength shift is 0.03 nm. This shift is about one tenth of 
the smaller FI and SII line widths and has been taken into account 
in interpreting the results (Section 6.3.1)

AIII.3 DOPPLER OR TEMPERATURE BROADENING

For an appreciable Doppler effect the atom must have an 
appreciable velocity towards or away from the observer at the instant 
of radiation. Assuming a Maxwellian velocity distribution for the 
emitters the full half width AAĵ  is

AXjj = 7.16 X lo/x(T/p)* (AIII.2)

where T is the temperature and y the atomic weight, and the line 
shape is Gaussian (Figure AIII.l). For the lightest atom considered 
.in the present investigation, fluorine - atomic weight = 19, and for 
X = 500 nm and T = 20,000 K, then AXg = 0.012 nm. The sulphur atom - 
atomic weight = 32, under the same conditions gives AXĵ  = 0.0092 nm.
For copper vapour the broadening is only 0.0066 nm because the atomic 
weight is large - y = 63.4. However, during the high current experi
ments thin filaments of copper vapour were observed with lateral 
velocities in excess of 2,000 m  s”^. For the maximum wavelength 
shift, AXqjjj, due to this macroscopic motion,

AXj^ = ± (u/c)X (AIII.3)

where u is the lateral filament velocity and c the velocity of light. 
Using the above values equation (AIII.3) shows AXpjjj = ± 0.003 nm.
Thus broadening due to both microscopic and lateral macroscopic plasma 
motion is probably negligible on the observed half width scale,
NB. However, see Section 8.2.2(f) for the effects of axial motion 
upon the line shift.

AIII.4 PRESSURE BROADENING

In this Section we are concerned with the line broadening 
effects due to (i) collisions between the emitter and neutral parti
cles and (ii) the interaction between the emitter and charged 
particles such as electrons and ions. In general, condition (ii) is 
more important in the high current arc; Wiese (1965) has suggested
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that broadening by neutral particles becomes significant only when 
the neutral particle density is several orders of magnitude above the 
charged particle density. In the present work the ionisation fraction 
is around 1 0 % so that pressure broadening due to condition Ci) is 
probably negligible. However, because the gas pressure, about
0.5 MN m”^ (5 bar) , is somewhat higher than the pressure range for 
which spectroscopic measurements are usually made, a careful 
estimation of the possible broadening due to neutral particles has 
also been made.

AIII.4.1 Pressure Broadening due to Neutral Particles

The classical treatment of this phenomenon is based on 
the assumption that if during the time an atom is emitting or absorb
ing radiation of frequency, v^, it collides elastically with another 
atom, then the phase and amplitude of the radiation have a chance of 
undergoing a considerable change. The treatment is carried out in 
two parts where it is assumed that

(i) the mean time between emissions is large compared with the 
collision time and with every impact the oscillations are 
either completely cut off or are momentarily interrupted 
during impact only to resume the same frequency again with 
a possible phase or amplitude change - this gives rise to 
the so-called 'collision damping' of radiation;

(ii) the time the two atofias are in collision is large compared 
with the mean time between emissions: thus the emitting
or absorbing atom will for most of the time be under the 
influence of strong atomic fields. This phenomenon leads 
to asymmetry and pressure shift of the line which will be 
considered later.

Since for normal temperatures and normal effective collision 
cross-sections the collision time is around lO*"̂ ® s, then for visible 
light with a period of around 10”15 g there will be about 1 0 % 
modified oscillations during impact. For the probability distribution 
of collision times normally assumed for the free paths of the same 
gas atoms Z, a Fourier analysis of the set of emitted wave trains with 
relative intensity £ as a function of frequency v, has the form

e(v) = constant[(u)^ - w)^ + (1/t^)^]  ̂ (AIII.4)

where oIq = 2ttVq and is now the mean time between collisions. This 
equation gives the same intensity contour as the classical radiation 
damping which determines the natural line width, i.e. a dispersion 
profile. The intensity drops to half its value when

(w - w) = 1/x = 2ir(v - v )  . (AIII.5)o o o

Thus for the collision damping full width at half height Av^, in terms 
of frequency,

Av = (ttt )  ̂ . CAIII.6 )c o
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For the mean time between collisions we have

T = Z /u (AIII.7)• o o o

where Zq is the atomic mean free path and the mean thermal speed of 
the atoms where

= (8kT/nm)^ . (AIII.8 )

From simple kinetic theory,

Z^ = (/2n7rd^)”  ̂ (AIII.9)

and

p = nkT (AIII.10)

where m is the atomic mass, n the atomic number density, d the 
effective optical cross section or collision diameter and p the gas 
pressure. Thus combining equations (AIII.6 ) to (AIII.10) we have

Av^ = 4pd^(wmkT)"^ . (AIII.11)

We note that the frequency change varies linearly with pressure, as 
the inverse half power of the temperature, and is largest for the 
lightest atom but varies as the square of the collision diameter. This 
is usually large for heavy atoms and equation (AIII.11) has been solved 
for copper vapour using m = 63.4 x 1.67 x 1 0”2 / kg and using an 
estimated value for d of 10”® m. At p = 0.2 MN m”^ (2 bar) and 
T = 17,000 K then Av̂ , = 2.64 x lO^l Hz for d independent of T.

Since v = cX”  ̂ then dv/dX = - cX”^ and hence AX^ = 0.22 nm.
However at these high temperatures the neutral contribution to the 
total pressure in equation (AIII.11) will only be between 1% and 10% 
and still less if other gases are present. Thus AXg. for these 
conditions lies in the range 0 . 0 0 2  to 0 . 0 2  nm.

The above calculation depends critically upon the value of d 
since equation (AIII.11) shows a square law dependence. Also under 
particular conditions when a foreign gas is present d may take on a 
very large value, 1 0 to 1 0 0  times that value in the pure gas, and 
produce spectral lines with very large half widths (see the review by 
Chen & Takeo, 1957). Since it may be expected that all or most of the 
lines in an elements spectrum would be similarly affected, then it is 
unlikely that this is the cause of the large breadths of the two Cul 
lines found in Section 6.1. For mercury, where d is very large, the 
broadening is considerable in a high pressure, but relatively low 
temperature, discharge lamp and is sufficient to merge the green lines 
of this spectrum which are separated by 2 nm.

So far only the modified radiation emitted before and after the 
collision has been considered. We now briefly consider the radiation 
emitted during the time of collision causing asymmetry and pressure 
shift. In this case the emitting atom is radiating when it is under
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the influence of the dipole field of the colliding atom. This causes 
the energy levels of the radiating atom to be altered thus shifting 
the emitted photon wavelength. It follows from this explanation that 
an excited or outer energy state will be lowered more than an inner 
tightly bound state. The frequency distribution during the time of 
close approach is added to the collision damping contribution 
described above : the result is that the spectrum line is spread out
more on the longer wavelength side than it is on the short. However, 
the polarising field of the colliding atom is relatively weak and the 
small mass and high velocity of electrons have a much greater effect 
in the present situation where the electron density is much greater 
than the neutral density. This Stark effect is considered in the 
next section.

AIII.4.2 Stark Broadening

When gas atoms radiate in applied electric fields 
around 10^ V m”^, the emitted spectral lines are not sharp but have 
half widths which are positive functions of the field strength; the 
so-called Stark effect. These high macroscopic fields are normally 
only attainable in pre-breakdown, low-charge density, discharges, 
because when the gas breaks down and an arc is formed the electric 
field strength falls to around 1 0 ^ V m“^. However, under these low 
applied fields the spectral lines can still be broadened by an amount 
which cannot be accounted for by other mechanisms. The reason for 
this is that the charge density increases by several orders of 
magnitude upon breakdown and the resulting close proximity of elec
trons, ions and the emitting neutrals create the required high field 
strengths. Because these field strengths are continually changing, 
since the inter-particle distances vary continuously, it is extremely 
difficult to find a physical model which will fully describe the 
observed effects. For hydrogen, Holtsmark and Debye made the 
simplifying assumption of an average field due to (i) ions, (ii) 
neutral atoms (dipoles) and (iii) diatomic molecules (quadrapoles).
Since these particles are relatively stationary during the emission 
time, the theory has been called the 'quasi-static* approximation and 
describes one extreme condition. In this case the broadening is a 
linear function of the field strength. The opposite extreme is 
described by the * impact' approximation where it is assumed that the 
light emission is interrupted by fast electronic impacts. The 
treatment is thus similar to that for neutral particles (Section 
AIII.4.1) except that the model is further complicated by the effect of 
the free path and velocity distributions on the electric field. Con
sideration must also be given to the interaction of this varying field 
with the discrete transitions, the weakly bound electrons suffering a 
greater energy/wavelength shift than those strongly bound to the 
nucleus. This type of line broadening varies as the square of the 
field and hence is called the quadratic Stark effect. Under the present 
discharge conditions the impacts of electrons have a much greater effect 
on the line breadths than the 'stationary* ion fields.

The * impact' theory for hydrogen has mainly been developed by 
Lorentz, Lenz, Weisskopf and Lindholm (see Wiese, 1965), but more 
recently the theory has been refined to include 'quasi-static* effects 
due to ions and has been applied to heavy atoms (Griem et al., 1962).
The essential steps of this latter approach are (i) the effect of the 
slow moving ions is first approximated by the 'quasi-static* theory,
i.e. the atoms are subjected to a static field which causes level
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shifts and therefore discrete splitting of the lines; (ii) the electron 
broadening is then calculated from a quantum-mechanical * impact^ 
approximation and is superimposed on the resulting sharp Stark 
pattern; (iii) the overall profile is finally obtained by averaging 
this result over the field strength distribution of the various ion 
fields. Griem*s (1964) results for the 624.0 nm FI line are given 
in Table 3.2, together with the results for the 545.4 nm SII line 
calculated by Bridges & Wiese (1967) which use the same computational 
method as Griem.

Using the classical * impact* approximation theory of Lindholm,
Iwao & Jayaram (1971) have derived the Stark broadening constants of 
Cul. The calculated values for the quadratic constant C4 in m'̂  s”l 
are: 16.058 x 10“23 for 521.8202 nm Cul, 20.398 x 10“23 for 522.007 nm
Cul and 28.638 x 10“23 for 515.3235 nm Cul. The calculations for the 
three other lines given in this reference have not been used because 
their values of C^ are a factor of around 1 0 2 smaller, which leads to 
half widths immeasurable with the present apparatus. The results 
relating electron density to the full half width at a particular 
temperature are given in Table 3.2. The data for the 522.0 nm Cul 
line have been omitted because this line has a much lower transition 
probability (Beilski, 1975) than the other lines and therefore its 
contribution to the combined profile of the two close lines is small.

Recently Dr. J.E. Jenkins of Liverpool University (private 
communication) has intimated that the calculations of Iwao & Jayaram 
(1971) are not reliable. This is because the classical theory of 
Lindholm is only valid for low temperatures such that AE > kT 
where AE is the energy separation between the upper state of the line 
and the nearest perturbing level. Since in the present work AE < kT, 
inelastic collisions will be important in broadening the line.
Jenkins has recalculated the Stark broadening parameters of the
515.3 "nm Cul line using the refined theory of Griem (1964). This 
result is also given in Table 3.2 and a comparison of the results of 
different calculations for the same lines is given in Section 3.3.

AIII.5 RESONANCE BROADENING

When identical species interact, the transition energy may be 
exchanged and this process results in reduced level lifetimes (Section 
AIII.l). This effect is particularly important for strong transitions 
like the resonance lines and is therefore known as resonance broadening. 
Lines where the upper or lower energy level is the upper level of a 
resonance line may also be strong and can be broadened in a similar 
manner (Griem, 1964, p64). A simplified energy level diagram for Cul,
FI and SII is given in Figure AIII.2 and shows that the 515.3 nm and 
521.8 nm lines of Cul do interact with ground state transitions. There 
is thus, at first sight, a distinct possibility of resonance broadening.

The full half width due to resonance broadening, AX%, in 
nanometres, has been derived by Griem (1964, p97) and is given by

= AVj^X^/c = 10^a^/c5(3/8it5(gj^/g2)Qe^f/e^m)N^ (AIII.12)

where SI units have been used throughout. X is the centre wavelength, 
c the velocity of light, g^ and g£ are the lower and upper statistical 
weights of the levels and e, m and Eq are the electron charge, electron
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mass and the permittivity of free space respectively, f is the 
absorption oscillator strength and is related to the transition 
probability k2\ by f = 1.5 x 1 0 “4 (g2 /g2̂ )x2A2 ]̂. For the 515.3 nm Cul 
line f = 0.48. Nq is the population density of the ground state and 
is given by Nq = g^Ng where g^ is the statistical weight of the 
ground state and is the species number density.

Using the spectral constants given in Table 3.1, equation 
(AIII.12) reduces to AXĵ  = 1.24 x 1 0 “^^ for the above line. For 
a temperature of between 20,000 K and 30,000 K, a mixture ratio of 
10% Cu:90% SF^ and a pressure of 0.2 MN m”  ̂ (2 bar) then 
1.9 X 1 0 ” 3 nm > AXĝ  > 5 x 10“® nm. Under the worst case conditions 
possible (temperature around 10,000 K and 100% copper vapour plasma 
at a pressure of around 1.0 MN m”2 - lo bar) AXĵ  is still only
0.58 nm. Similar values are obtained for the 521.8 nm Cul line.

Thus resonance broadening is negligible for the two Cul lines 
used to measure the electron density at very high current . Figure 
AIII.2 shows that the 448.0 nm Cul line has a lower energy state 
identical to the 515.3 nm line and also couples to a resonance 
transition. This line has been used by Roberts & Prasad (1972) for 
the determination of electron density and gave good agreement with 
electron densities determined from other lines. Unfortunately the
448.0 nm Cul line is a weak transition and in the present work it is 
overshadowed by the 448.3 nm SII line so that it could not be used 
for the determination of Ng. Figure AIII.2 also shows that the
624.0 nm FI and 545.4 nm SII lines do not interact with the ground 
state transition and should therefore be completely free of any 
resonance defect. Consideration of broadening defects due to plasma 
absorption is given in Section 3.5.
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APPENDIX IV

THE ABEL INVERSION TECHNIQUE AND TESTS FOR ITS ERROR SENSITIVITY
The side-on arc intensity measured at the entrance slit of a 

monochromator is the sum of the intensity emitted along a line of 
sight (chord) through the arc. Following the approach of Lapworth 
(1974) we assume that variations along the axis of the cylindrical arc 
are small enough to be neglected within the thickness of a disc of the 
arc, as depicted in Figure AIV.l. The area A of the chord is 
determined by the width and height of the entrance slit. The solid 
angle of the light collection cone, w, is determined by the effective 
lens area and the arc/lens separation. Assuming that self-absorption 
is negligible then the radiant power, Q, received at the entrance 
slit is

A w l
Q = / / / e(r)dldwdA . (AIV.l)

o o o
For A and w small enough (see Section 6.2.2a) equation (AIV.l) reduces to

yi
Q = Aw/ e(r)dy . (AIV.2)

?2

Because of the assumed radial symmetry:

/IQ = 2 Aw/ e(r)dy . (AIV.3)
o

With the transformation y = (r^ - %2)&, the specific intensity,
I(x) = Q(x)/Aw is given by

R 9 ? 1I(x) = 2 / { e ( r ) r / ( r - x ) ^ } d r  . (AIV.4)
X

We need to know the function e(r) whereas the measurement gives 
I(x). Equation (AIV.4) is a form of Abel's integral equation and its 
solution is

R
e(r) = (- 1/ir)/ {I'(x)/(x^ - r5^)dx . (AIV.5)

r

This equation means that in order to obtain e(r) we must sum the 
differential of I(x) over the x axis between the particular point x = r 
and the point x = R where the intensity falls to zero. Since I'(x) is 
an experimentally determined function which has no special form, the 
integral has to be evaluated numerically, either by using a computer or 
graphically. Both methods consist of dividing the side-on distribution 
into a number of equi-spaced zones, obtaining the derivative in each 
zone and then summing the function by commencing at the outermost zone. 
The graphical method has been used to determine e(r) for the observed 
distribution given in Figure AIV.2. In this case the distribution was 
divided into ten zones. This approach is reasonable when only a few
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results have to be analysed and when the basic data do not warrant 
an accurate analysis, i.e. errors, principally in the graphical 
determination of I’(x), accumulate towards the arc centre. For the 
present work many profiles had to be analysed and high accuracy was 
of great impottance. This was because the transport properties 
depended strongly on the determination of the temperature profiles 
so derived. In this case a different method was used in which 
errors do not accumulate to such an extent.

Park & Moore (1970) have reviewed a number of different methods
of evaluating equation (AIV.5) and have concluded that the method 
proposed by Edels et al. (1962) gives an accurate result over most of 
the profile. Edels et al. (1962) transformed equation (AIV.4) into 
the form

e(r) - 1/ïïR/ [ I * ( x ) /{(x/R)^ - (r/R)^}]^d(x/R) (AIV.6)
r/R

i.e. a normalised version of equation (AIV.5).

They divided the range of integration into 20 equal intervals and
assumed that I(x) could be represented by a second order Taylor
expansion plus an error term. The error term represented the 
difference between the complete expansion and that for a second order. 
The properties of the Taylor expansion are such that if the coeffi
cients of the terms are known then equation (AIV.6) can be reduced to 
the form

i=19
RE(n) = I B.(n)I. (AIV.7)

i= 0 ^

where 3 is the weighting factor for each mesh point with coordinates 
i and n. The coefficients of the Taylor series and the resulting 
weights were determined by integration for each interval.

In order to analyse his arc intensity data, Richards (1968) wrote
a computer program for the above method. The problem with this 
technique was that it always produced a small dip at the centre of the 
profile, although there was no physical reason for such a perturbation. 
During the course of a subsequent investigation into the temperature 
profiles of welding arcs (Gick et al., 1973) this problem was 
investigated in detail by Kapp (1973). He recalculated the weights 
but this time used a fourth order Taylor expansion for regions close to 
the axis and found that this modification eliminated the discrepancy; 
the difference was lost in Edels et al.'s neglect of the error term 
which is particularly important in the central arc regions. Kapp wrote 
a revised computer program using his newly calculated weights and 
this program has been used for all the data analyses in the present 
work.

The results of the two programs are compared in Table AIV.l for a 
Gaussian test function e(r) = exp(- r^) and halting the integration at 
r = R = 3 (e(r) = 0 at r = 3). Agreement between the exact solution 
and that of the new program is very good, whereas use of the former 
program produces a dip of some 2%.
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During the present work nearly all the side-on distributions 
which were analysed produced a peak in the profile at the arc axis. 
Because this peak is also difficult to explain physically, the 
computer program was run using identical input data to a distribu
tion which had already been analysed graphically. The two curves 
are compared in Figure AIV.2 which shows that at least as sharp 
a peak is produced by the graphical method. We therefore conclude 
that the profile does not of itself produce a strong peak. A 
further noteworthy point is that the scatter in the graphical 
solution is rather more than that for the computer solution and 
requires more subsequent smoothing. The generally lower values of 
the graphical curve probably result from the smaller number of 
intervals used.

In order to test the response of the program to input error, the 
side-on distribution given in Figure AIV.2 was used with artificially 
introduced point errors of ± 10%. The results which are given in 
Figure AIV.3 show that serious profile errors can arise due to input 
errors of this magnitude; for a 1 0 % input error a 2 0 % output error 
arises. However, point output errors of this magnitude would always 
be recognised because their appearance is confined to a relatively 
narrow region; their contribution to e(r) in regions closer to the 
arc axis falls off very rapidly with distance. The fact that output 
errors of this magnitude were never observed suggests that the error 
in the measurement of the side-on distribution was very much smaller. 
The consistent appearance of features at particular points on the 
finally derived temperature profile substantiates this conclusion.
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F I G U R E  A ET. 1 O B S E R V A T I O N  A C R O S S  A N  O P T I C A L L Y . 

T H I N  C Y L I N D R I C A L  ARC

TABLE A I g . l  C O M P A R I S O N  O F  M O D I F I E D  & O R I G I N A L  

ABEL I N V E R S I O N  S O L U T I O N S  ( K A P P ,  1 9 7 3 )

n A R Exact Answer Program Output 
With New Weights

Program Output 
With Old Weights

0 1 . 0 0 1 . 0 0 0.983
1 0.977 0.978 0.975
2 0.914 0.918 0.913
3 0.816 0.814 0.814
4 0.698 0.700 0.700
5 0.570 0.568 0.568
6 0.445 0.445 0.445 1

0.332 0.331 0.331
8 0.237 0.236 0.2360 0.162 0.161 0.161

10 0.105 0.104 0.104
11 0.0557 0.0660 0.0660
12 0.0391 0.0387 0.0387
12 0.0223 0.0225 0.0225
14 0.0121 0.0119 0.0119
15 0.00632 0.00645 0.00645
16 0.00315 0.00307 0.00307
17 0.00150 0.00154 0.00154
18 0.000682 0.000652 0.000652
19 0.000296 0.0.000352 0.000352
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APPENDIX V

REVIEW OF PREVIOUS ARC TEMPERATURE MEASUREMENTS AT HIGH CURRENT

The principal object of the present investigation, temperature 
measurements in dynamic gas-blasted SF^ interrupter arcs at high 
currents, was chosen not only because this parameter can provide a 
wealth of information on plasma transport properties but also because 
this particular area of experimental research does not seem to have 
been previously studied in detail. Many investigations have been 
carried out in different gases at much lower currents with steady, 
instead of dynamic, arcs or with very different gas flow conditions 
and arc geometries. Table AV.l summarises those spectroscopic 
investigations (for gas pressures ^ 0,1 MN m”^, 1 bar) which are
relevant to the present work.

The results from Table AV.l are plotted in Figure AV.l as the 
temperature against arc current for a given gas and operating condi
tion. At first sight there is almost no correlation. However, lines 
have been drawn in encompassing the range of temperatures observed for 
a given current. The minimum temperature has an approximately constant 
logarithmic slope with current up to about 20 kA: above 20 kA there
is a transition to a higher temperature iit 20,000 K) . A similar 
abrupt change is observed for the maximum temperature with current 
increasing above about 100 A i.e. 13,000 K < T < 15,000 K for 
10 A < 1 < 100 A. These transitions can be brought about by such 
mecuanisms as core formation and a change of ion charge state (King, 
1965). The current at which the change occurs is determined firstly 
by the constricting effect of the arc apparatus and the severity of 
the applied gas flow (free burning or gas blast) and secondly by the 
characteristics of the gas itself. As an example of the first effect. 
Hertz et al.'s (1971) axis temperature, 28,000 K in N 2 , is higher than 
Andriessen's (1973), 22,000 K in air. However, in the former case the 
current was only 200 A whereas that in the latter was 3.4 kA. These 
results are qualitatively explained when it is realised that the nozzle 
throat diameter used by Hertz et al. was 3 mm, where that used by 
Andriessen was 40 mm. Since the electric field increases approximately 
in the gas order. A, SF^, air and N£, then the power dissipation, and 
hence temperature, is increased in the same order which agrees 
reasonably with the arrangement of the results.

This review shows that while general guide lines are available for 
the range of temperature to be expected in the high current SF^ arc, 
this parameter is so dependent upon the arc operating conditions that 
it is impossible to scale one set of data to a different arc 
environment. However several of these references, especially those 
discussing the temperatures of SF5 arcs, are useful for a comparison 
with transport properties derived in the present work: in particular
the work of Andriessen (1973), although using a different background 
gas from the present investigation, has been found to be very useful 
since parallel conclusions are drawn as to the importance of radiation 
transport in the high current arc.
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APPENDIX VI

AKC DIAl-ETER IN AIR BLAST INTERRUPTER NOZZLE AT 45,000 AMPERES

D.R. Airey Marchwood Engineering Laboratories, CEGB, Marchwood, Southampton.

1, INTRODUCTION
The arc diameter is important in an air blast inter
rupter since it determines the nozzle diameter for 
correct arc behaviour. If the nozzle diameter is 
inadequate phenomena such as nozzle blocking and 
electrode/nozzle arcing are likely to occur with con
sequent reduction in interruption ability. The arc 
diameter is mainly determined by the arc current and the 
upstream gas pressure and is therefore useful both as a 
nozzle design criterion and as a diagnostic parameter 
for investigating the effect of nozzle geometry on arc 
cooling efficiency.
The luminous diameter of the arc at the nozzle constric
tion of a 132 kV interrupter unit has been measured 
using a high speed framing camera for pulsed currents up 
to 45,000 A peak. The effects of variations of 
instantaneous current and gas pressure on the luminous 
diameter have been studied and the observed variations 
in luminous diameter have been compared with 
theoretical predictions.

2. METHOD
A high speed (8000 pps) framing camera was used to 
observe the arc at the nozzle constriction. Figure 1 
shows the experimental arrangement and in this case 
the electrodes are fixed in the positions shown.
Neutral density filters were interposed between the arc 
and the camera lens and test runs were made with 
increasing neutral density until no further reduction in

apparent arc diameter was observed; only a general 
reduction in image brilliance. This diameter was 
assumed to be the limiting luminous arc diameter (see 
Section 4). A capacitor/inductor discharge circuit was 
used to supply the arc current and discharge initiation 
was commenced by closing a make-switch and exploding a 
0.12 mm diameter nichrome fusewire connected between 
the electrodes. The discharge initiation was delayed 
until the upstream gas pressure had reached the 
required level. The arcing surfaces of the electrodes 
and nozzles wore nude of commercial copper-tungsten and 
the surface profiles were as shown in Figure 1. 
Simultaneous measurements of arc current and voltage 
were made using a high current shunt and 1,200:1 
potential divider connected to a dual beam 
oscilloscope.

3. RESULTS
The luminous diameters were measured with sine wave 
pulse periods of 5.8 ms and 10.0 ms and with nozzle 
constriction diameters of 32 mm and 37 mm. The peak 
current was varied from 7.0 kA to 45 kA and two values 
of supply tank pressure were used - 10 atm and 20 atm. 
The measured diameters for each film frame are plotted 
in Figures 2 and 3 and were found to fall into two 
groups categorised by tank pressure only. Frame-to- 
frame. diameter variations of about 10% were observed 
and were thought to be due to rapid arc movement not 
resolved by the camera's exposure time (40 ps.) Rapid 
arc movement has previously been reported by
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Figure 3
Mayer & Pratl, (1968) and their records showed apparent 
diameter fluctuations of at least 10% in 57 ps.
Figures 2 and 3 also show the arc current and voltage 
waveforms for the highest peak currents used at the 
given pressures. ^

4. DIAMETER AS A FUNCTION OF CURRENT
In Figures 4 and 5 the minimum diameters at any given 
current are plotted against current for the two values 
of pressure. The best fit equations to these points 
of the form, D » k l "  were obtained using a least 
squares analysis. In both cases correlation 
coefficients in excess of 0.96 were obtained indicating 
a high degree of confidence in the values of k and n.
The derived relationships were 

D - 4.12 at P tank 10 atm (1)
and

D ■ 3.60 at P tank - 20 atm (2)
where D and I are in mm and kA respectively.
Frost & Liebermann (1971) using an enthalpy flow model 
give the current density relationship

1
J - I/A - (P out/f): (Fo)J (3)

where P out is the pressure at the nozzle constriction 
and equal to 53% of P tank for sonic flow, A is the 
cross sectional area of the arc at the nozzle constric
tion, I is the arc length and (Fo): is the arc current 
density parameter for the arcing medium. This has 
components: (F) the enthalpy flow parameter and (o) the
arc conductivity.
From (3) the arc diameter is given by

D - 2(I/s)’.(P out/i) ‘(Fo) (A)
Equations (3) and (4) were formed by balancing the 
integrated energy input and loss components over the arc
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length to the nozzle constriction limit. In the present 
experiment tliis corresponds to the distance between the 
upstream electrode and the nozzle constriction which was 
20 mm.
Richards (private communication) has shown that the 
value of (Fo)i for nitrogen is sensibly constant in the 
temperature range 15,000 K to 30,000 K and at 20,000 K 
has a value of 7.10® A/m^^^ atmi. Using these values we 
obtain the relationships

D - 3.45 l) for P out “ 5.3 atm
and

2.88 Î  for P out - 10.6 atm

(5)

(6)
These equations are plotted in Figures 4 and 5 and 
agreement to within 1 mm diameter is shown up to a 
current of about 13 kA.
Equations (5) and (6) were derived by assuming a 
constant temperature across the arc of 20,000 K. There 
will obviously be a finite temperature gradient at the 
arc boundary and Siddons (1971) has observed a 17Z 
difference between the luminous boundary (-5,000 K) and 
the electrically conducting boundary (-8,000 K) at a 
current of 1.2 kA and a reservoir pressure of 2 atm.
This result was. obtained with a parallel-sided nozzle 
and can be compared with the results of Thiel (1971) who 
shows radius differences at 5,000 K and 8,000 K of about 
25% at 39 kA and about 10% at 0.84 kA with a reservoir 
pressure of 15 atm. Applying these results to the 
experimental curve drawn in Figure 4 would have the 
effect of decreasing the value of n in equation (1) 
causing further departure from the predicted relation
ship. However, in the convergent nozzle it is to be 
expected that the gas flow would have more control over 
the arc boundary causing larger temperature gradients 
and thus reducing the boundary differences.
The large discrepancy between predicted and actual rate 
of growth of aro diameter at currents in excess of 13 kA 
has previously been explained in terms of an increasing 
energy loss due to radiation (Airey et al. 1972). An 
alternative explanation is put forward in Section 6 
based on changes in arc conductivity caused by 
vaporisation of the cathode surface.

5. DIAMETER AS A FUNCTION OF PRESSURE
From equation (4) D *(P out)"! so that for a factor of 2 
change in P out D should change by 1/1.19. The ratio of 
the k terms in equations (2) and (1) is 1/1.15 thus 
showing good agreement with the predicted relationship. 
The results obtained by Theil (1971) in examining arc 
temperature profiles show a similar agreement in the 
relationship between arc diameter and pressure over the 
wider range 10 - 50 atm at a current of 39 kA using the 
luminous boundary temperature of 5,000 K.

6. ARC VOLTAGE
Another result from the enthalpy flow model (Frost & 
Liebermann, 1971) is the characteristic arc voltage 
relationship

V arc - (P out.t.F/o)^ (7)

where (F/o)^ is the arc voltage parameter and t is now 
the total arc length = 0.068 m.
Richards (private communication) has shown that (F/a)^ 
for nitrogen is substantially constant in the tempera
ture range 10,000 K to 30,000 K and at 20,000 K gives a 
value of 7.10‘ V(M.atm)~!.
Using these values we obtain

V arc - 182 (P out)^ (8)

so that for P out - 5.3 atm, V arc - 420 V and for 
P out - 10.6 atm V arc » 595 V.
Previous measurements have shown a constant arc voltage 
with arcing time and with current in the range 1.0 to 
27 kA; at P out - 3.5, 7.1 and 10.6 atm, arc voltages 
of 510, 570 and 660 volts were observed. Reasonable 
agreement is shown between these results and the

predicted value at 10.6 atm, although larger discrepan
cies are observed at the lower pressures possibly due to 
the efficient arc cooling in the highly convergent 
nozzle.
With an arc current > 27 kA, the arc voltage was no 
longer constant (see Figures 2 and 3) but fell 
gradually to about 65% of its initial value. At 
P out “ 5.3 atm the arc voltage started to fall when the 
current reached 27 kA and at P out « 10.6 atm the arc 
voltage started to fall when the current reached 39 kA. 
These results suggest that the arc conductivity (a) is 
increasing possibly due to the introduction of copper 
vapour from the overheated cathode at the higher cur
rents. This arc voltage decrease would cause the pre
dicted arc diameter to be reduced to 80% of its former 
value since D “ (o)“l and a “ V arc"% (assuming the tem
perature does not fall below 15,000 K). Applying this 
correction to the predicted relationships at the higher 
currents gives good agreement with the measured varia
tion of diameter with current.

7. CONCLUSIONS
Luminous arc diameters have been measured at the nozzle 
constriction of a 132 kV interrupter unit at peak cur
rents up to 45,000 A. The results agree with calcula
tions based on an enthalpy flow model up to currents of 
13 kA. Above this level larger diameters are predicted 
by the model than arc actually observed. Measurements 
of arc voltage show that at currents above 27 kA the arc 
conductivity is increased possibly due to electrode eva
poration. Using the higher conductivity in the arc dia
meter equation improves the agreement at these higher 
currents. Good agreement is shown between predicted 
and observed arc diameters when gas pressure is used 
as a variable. Less agreement between experiment and 
theory is shown for change in arc voltage with pressure 
possible due to geometrical differences in the 
models.
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Abstract. Radial temperature profiles for pulsed SFe arcs burning in high-pressure, 
approximately 5 bar, supersonic gas flow have been measured for discrete current levels 
in the range 10 kA-1 0 kA. The current pulse was a 10 6 ms half-sine wave and all the 
temperature measurements were carried out as the current decayed from 10 kA towards 
zero.

The temperature distribution was obtained by comparing the calculated and meas
ured emission intensities of spectral lines due to excited fluorine and ionized sulphur in 
local thermodynamic equilibrium. No evidence has been found for the sulphur/fluorine 
demixing effect previously reported in steady, free-burning, cascade arcs but strong 
column instabilities have been observed. The temperature profiles were measured for 
times when the arc exhibited reasonable radial symmetry.

The results for currents above 3-5 kA show that the axis temperature is 20 000 K ±  
1000 K  and is independent of the arc current. Also the temperature profile is essentially 
parabolic, and any increase in arc current is accompanied by a corresponding increase 
in arc cross section to maintain a constant current density. Below 3-5 kA the axis 
temperature falls rapidly with current down to 15 500 K ±  1000 K  at 1 kA and the 
temperature profiles show very steep temperature gradients less than 1 mm from the 
arc axis.

1. Introduction

While much experimental research has been devoted to understanding the fundamental 
properties of arcs in gas flow, most of the results hitherto reported have been obtained 
in small-scale devices with currents of a few hundred amps. Although such data are 
extremely valuable, they cannot be used to predict the behaviour of arcs existing in 
practical devices such as gas-blast circuit-breakers, where the arc current can be tens of 
thousands of amps. Recently, with the upsurge of interest in such devices, more realistic 
measurements are being made. For the present investigation a model circuit-breaker has 
been constructed, which is capable of being operated at these high currents with an 
interrupter head similar in geometry and dimensions to those in commercial use (Hermann 
et al 1974a).

The behaviour of an arc, both at high current and in the region of current zero, 
depends on the surrounding medium. The proven superiority of SFe over air or nitrogen 
for arc interruption (Frind and Rich 1974, Airey and Abbott 1974) suggests that this 
gas will be used for the future generation of gas blast switchgear. Consequently SFe has 
been used for all the results reported here.
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Time-resolved radial temperature profiles fo r 10 kA SFe arcs

In assessing the response of an SFe arc to variations in current, a great deal of informa
tion can be obtained by measuring the radial temperature distribution. Temperature 
profile measurements at fixed currents, 200 A  in SFe (Hertz et al 1971), 1900 A in N 2 
(Hermann et al 1974b) and 34CX) A in air (Andriessen 1973) have enabled the derivation 
of quasi-steady state arc properties. In this paper we report measurements of the varia
tion of temperature profiles over radial zones where local thermodynamic equilibrium 
(l t e ) can be shown to exist, as the arc current falls from 10 kA to TO kA. The measure
ments were made by comparing the calculated and observed intensity distributions of 
specific spectral lines.

2. Experimental apparatus and techniques

The arc assembly is shown in figure 1 and comprises the two copper/tungsten electrodes 
(Elkonite 30W3), an insulating p t f e  nozzle and the plasma gun for arc initiation. The 
anode and nozzle were fixed to a high-pressure SFe chamber which for these experiments

20 mm

High - pressure 
SF5 gas 
65 bar

Nozzle cut
;athodc
iCu/W

away

Anode
CU/ W

to view 
arc Low-pressure 

region 
3 1 bar

Nozzle PTFE

Temperature
measurements

Figure 1. Interrupter geometry.

was held at 6-5 bar. When the high-pressure gas valve was opened, the SFe exhausted 
through the nozzle into the main gas chamber where the pressure was 3T bar. These 
pressures were chosen so that the axial velocity of the cold gas was supersonic for regions 
downstream of the nozzle throat. For the axial position at which the intensity measure
ments were made it has been estimated, from the fluid dynamic properties of SFe, that 
the stagnation pressure lies in the range 4-5 bar. The arc was initiated by plasma jet 
breakdown of the small (10 mm) anode/nozzle gap. The resulting arc was then trans
ferred to the cathode by the stream of SFe gas (Airey and Gardner 1974). The complete 
arc transfer took only 1 -5 ms which facilitated realistic diagnostics on the arc column 
with fixed electrode separation during the major part of the current pulse.
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D R Airey, P H  Richards and J D Swift

The complete-arc facility has been described in detail elsewhere (Airey and Abbot 
1974). It  was designed with a recirculating gas system specifically for gases such as SF( 
to prevent the escape of any toxic arc products. The large scale of the facility (the down
stream volume, for example, was 1-0 m^) enabled steady gas-flow conditions to be main
tained during the arcing period; this was achieved by synchronizing the gas-flow control 
valve and plasma gun operations. The arc current was obtained from an LC  discharge 
circuit which gave 10 6 ms half-sine wave pulses with a peak of 9 3 kA. The overall 
repeatability of the experiments was confirmed from measurements of the arc current, 
voltage envelope and upstream pressure during each pulse; only those intensity measure
ments were used for which the scatter in these waveforms was ± 5 %.

The arc was observed through a small cut-away section of the nozzle (figure 1). This 
window position encompassed the region of arc extinction (Siddons and Heron 1969) 
and the region of minimum arc column section, 10 mm downstream of the throat, which 
was established by high-speed framing camera measurements. A streak camera (figure 2) 
was used to photograph radial variations with time of the arc’s luminous boundary.

Oscilloscope

Slow romp 
generatorPhotomultiplier

signal Streak camera

"Lens
'  NO f i l t e r s

Photocell 
trigger pulse

NO filte rs
Interrupter

- Windows

Monospek 600  
grating
monochromator

300 Hz rotating  
mirror

0-5m lens

Figure 2. Apparatus for measuring instantaneous side-on arc intensity and temporal 
variations in arc structure.

With a film speed of 36 m s~i, a slit width of 0 2 mm and an object : image ratio of 
7 -7 : 1 ,  the time resolution was 5-5 (jls and the spatial resolution about 1 mm. These 
records showed that the arc boundary was highly unstable with radial expansion and 
contraction velocities of about 300 m s~i and radius variations around ±15%.  Hence to 
‘freeze’ the arc motion for accurate radial spectroscopic measurements a radial scan 
velocity an order of magnitude faster than this velocity was required. This was achieved 
using an electrically driven mirror from a high-speed rotating mirror camera with a 
mirror rotation frequency of 300 Hz and an optical lever of 0-5 m (figure 2). The scan
ning mirror formed an integral part of a novel method of measuring the spectral intensity 
of one line at different currents. By synchronizing the photomultiplier with a trigger 
pulse from a photocell situated just above the monochromator entrance slit, the complete 
intensity profile could be displayed on the oscilloscope. The maximum rate of change of 
current was about 3 A (jls~ ^ ,  s o  that with a mirror scan speed of 3 mm [xs~i these inten
sity measurements corresponded to an approximately constant current, e.g. for a 6 mm
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Time-resolved radial temperature profiles for 10 kA SFq arcs

diameter arc at around 1 *5 kA, the change in arc current during the scan time is only 6 A. 
A slow-ramp generator was used to separate the intensity signals so that six intensity 
profiles could be recorded on a single polaroid photograph.

The lines used for the temperature measurements, for the reasons given in §3.2, 
were the 624-0 nm Fi and 545-4 nm Sii. Microdensitometer measurements from survey 
spectra of the arc showed that these particular lines were free from overlapping spectra, 
had sharp dispersion-type profiles (a good indication of freedom from absorption defects) 
and had full widths of 1-2 nm; these were the line widths at which the line profiles merged 
with the continuum. The dispersion of the grating monochromator over this wavelength 
range was 1-37 nm mm~i so that an exit slit setting of 1-0 mm encompassed the line

Number of heov Equilibrium density 
neglecting demixing 
(Kinsinger unpublished)

SH
•?
E

I Electrons

Fn Sm Fnr

Temperature (lO^K)

Figure 3. Particle density of SFe at 5 0 bar.

profile and the photomultiplier recorded all the radiation from these transitions. How
ever, with this slit setting the contribution of the background continuum radiation was 
significant; measurements o f the continuum intensity adjacent to the line profiles showed 
the line : continuum ratio to have a maximum value of about 5 : 1 in both cases. This 
ratio was largely insensitive to current, although at low levels, 3-5-1-OkA, there was 
some evidence that the ratio increased— a possible indication of the fall-off in electron 
density with falling temperature (figure 3). The continuum contribution was taken into 
account in calculating the net emission intensities. For this the spectral response of the 
complete optical system was calibrated using a standard tungsten lamp operated with a 
filament temperature of 2200 K.
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3. Temperature measurements

The intensity of a spectral line is related to the temperature of the emitting species by the 

equation =  N ( T)  e x p - ( E J k T )  ( I )

where Amn is the transition probability, gm the statistical weight, Amn the wavelength, N  
is the number density o f the emitting species, Em is the upper energy level and k  is 
Boltzmann’s constant. The temperature T  in this equation applies strictly to the emitting 
species (the excitation temperature) and it is only for cases where l t e  exist that the excita
tion and arc temperature are equal.

3.1.  Local thermodynamic equilibrium
Deviation from l t e  can be estimated (Lochte-Holtgreven 1968) by calculating the differ
ence between electron and gas temperatures and this is related to the average energy 
gained by an electron from the electric field E between collisions. Thus

(re-rg)/7'e =  (Ze£)2/[(3/2) kTe]^ M/4Me (2)
where Z  is the electron mean free path, M  is the atomic mass, the electron mass, and 
e the electronic charge.

Elementary kinetic theory shows that for Te =  20 000 K, and hence the electron density 
Ac —7 X 10*̂ 3 m~3 (figure 3), Z ^  10~® m. Airey and Abbott (1974) have measured the arc 
voltage as a function of electrode separation at a peak current of 4 kA and have estimated 
T ~ 3  kV m~i in this region of the arc. With these values, the solution of equation (2) 
yields Te-T g  =  300 K for T = 2 0  000 K.

A further check on the validity of l t e can be made by comparing the radiative and 
collisional decay rates. In order that the departure from l t e be less than 10% it is 
necessary for the collisional rate to be ten times the radiative rate. McWhirter (1965) 
has expressed this as follows :

Ae ̂  ! -6 X 1018Tel/2 {^E^nnf (3)
where ATmn is the excitation energy of level m from level n in eV.

For the transitions under consideration here A£mn —2eV and with an assumed
temperature of 20 000 K it follows from equation (3) that Ae must exceed 18 x 10̂  ̂ m~2
for a 10% departure from l t e . The predicted value of Ae in the present investigation is 
7 X 1023 m-3 at this temperature (figure 3) ; this compares with a value of about 1 x 1Ô  ̂m~3 
deduced from Stark broadening of the Fi line and Cui lines.

Thus in the high-current SFe arc the criteria for l t e  (equations 2 and 3) appear to be 
satisfied. Moreover, the high electron density in the arc column ensures the establishment 
of LTE, both between electrons and heavy particles, and over the discrete atomic energy 
levels in a time short (around 10“'̂  s) compared with the arc pulse duration (around 
10"2s) (Lochte-Holtgreven 1968). However, with falling arc current and temperature 
there will be a progressive departure from l t e . Also in regions beyond the luminous 
boundary of the arc, the temperature and, therefore, the electron density is probably 
much lower than that required to maintain l t e  for the transitions used here. In this 
paper we have confined our measurements to regions where l t e  exists.

3 .2. Transition selections
The choice of which spectral lines to use is determined firstly by their spectral clarity and 
secondly by the availability of reliable data for the constants required for equation (1).
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Time-resolved radial temperature profiles fo r 10 kA SFq arcs

For a gas such as SFe it is usually necessary to use electrode impurity lines (Richards 
1968) but some later work by Motschmann (1968), using the absolute intensity of neutral- 
and ion-lines of fluorine and sulphur, showed that there is a limited number of gas lines 
which can be employed. In the present work the electrode vapour concentration is small 
(the distributed intensity of normally strong electrode vapour lines is much less than that 
of the Fi and Sii lines) and the gas lines have therefore been used to measure the tem
perature. One advantage of using lines of the same species is that by measuring the ratio 
of the intensities of two or more lines, the factor N { T )  in equation (1) is cancelled out. 
However, the accuracy of the temperature measurement will then depend on the term 
exp —(£,ni —£ n i2)/A:T, where £mi and Em2 are the upper energy levels of the two lines 
considered. Differentiation of the ratio expression based on equation (1) shows that it is 
necessary for £mi — £in2 to exceed k T  for the intensity ratio to vary appreciably with 
temperature. In  the present case k T  is of the order of 2 eV, whereas the difference in the 
upper energy levels of visible neutral gas lines is only of the order of 0 2 eV. For ion 
lines, wider gaps in the upper energy levels exist but the number of lines for which the 
spectral constants are available is more limited. An alternative approach is to use lines 
from different atomic species but the factor N { T )  in equation (1) then becomes impor
tant. This, however, can be readily calculated from Saha’s equation for gases in lte and 
we have chosen to use the results of Kinsinger (private communication) described below. 
The lines selected for the present work were the Fi 624*0 nm line and the Sir 545*4 nm 
line; the spectral constants are given in table 1 (Wiesse et al 1966 for Sii, Bengtson 1968 
for Fi).

Although it can be seen from table 1 that the values for the transition probability 
could have an error as large as ± 30%,  it can be shown that the error in a measured 
temperature of 20 000 K will not exceed ± 1000 K.

Table 1

Species Amn /Imn Sm Em Possible errors in
(nm) (s-1) (cm-1) /4mn ( %)

F i 623-964 2-42 X 10" 4 118 429 ± 2 0
S ii 545-381 7-8 X 107 8 128 599 ±3 0

3 .3. Demixing effects

The equilibrium composition data as a function of temperature for a mean SFe pressure 
of 5*0 bar is given in figure 3. This data neglects the effects of demixing discussed by 
Frie (1967) and Hertz et al (1971). In the steady state at temperatures of more than 
10 000 K, the different ionization potentials of sulphur (10*36 eV) and fluorine (17*42 eV) 
cause diffusion of sulphur ions to the cooler arc boundary and diffusion of fluorine atoms 
towards the axis. Hertz et (1971) have shown that this process, in a steadily burning 
wall-stabilized arc, leads to a reduction in the Sii emission at the axis. No evidence for 
this has been found and attempts to calculate the temperature profiles from the present 
data and Frie’s calculations gave reversed temperature distributions i.e. a temperature 
minimum at the axis. For these reasons Frie’s equilibrium calculations have not been 
used to deduce the temperature profiles. It  is thought that the natural atomic demixing 
effects are not observed in the present investigation for two possible reasons: (i) due to 
the short arc duration relative to the diffusion time constant; (ii) because of the highly
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unstable nature of the arc in supersonic gas flow causing turbulent remixing of the heavy 
particles. Kinsinger’s data for 10, 2 0 and 5 0 bar, together with the value of the con
stants in table 1, were used to calculate the relative line intensities (figure 4). The intensity 
ratio F i : Sii is relatively insensitive to pressure and at 5 0 bar varies from 200 : 1 at 
8000 K down to 1 : 1 at 20 000 K. Thus the intensity ratio and the relative intensity of 
the individual lines is a sensitive function of temperature and is ideal for the temperature 
range of interest in the high-current SFe arc.

_  — 5 bar

bar 
5 bar

SE

bar

2 bar  Fl

£
bar

Sir

Temperature tlO^K)
Figure 4. Calculated relative Intensity of Fi 624 0 nm and Sii 545*4 nm as a function of 
temperature and pressure.

3.4.  Abelinversion
The measured intensity is, of course, the total integrated intensity along a line of sight 
through the arc. For a true radial intensity profile, an Abel inversion computer program 
was used based on the technique proposed by Edels et al (1962).

It  is worth pointing out that Jordan (1972) found that this technique always produced 
a dip at the centre of the radial profile. As there was no apparent physical reason for 
this, the problem was studied by Kapp (1973) who found that the weighting coefficients 
close to the zero radius position were in error. When the corrected coefficients were used, 
smooth profiles extending to the axis were obtained (Gick et al 1973). Before use on the 
experimental data, the sensitivity of the program to variation of input data was esti
mated using known intensity profiles. This enabled the reliability of subsequent meas
ured intensity disturbances to be assessed and in particular those errors which were 
introduced by smoothing the data.

3.5.  Intensity profiles
From the intensity profile measurements and the high-speed photographic records de
scribed above it was clear that although the electrical reproducibility of the arc was better
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Time-resolved radial temperature profiles for 10 kA SFq arcs

than 5 %, the physical position and intensity distribution of the arc varied considerably 
from shot to shot. Possible errors due to asymmetrical radial intensity distributions were 
minimized by using only those oscilloscope records in which the arc emission was sym
metrically disposed about the peak and by taking the mean temperature indicated by the 
ratio of the peak amplitudes. However, this does not ensure radial symmetry; an ellip
soidal intensity distribution, for example, will produce a symmetrical side-on intensity 
record. One solution to this problem would be to observe the arc from a number of 
different radial positions as carried out by Benenson and Cenker (1970) but this would 
be difficult in the present experiments. The solution adopted here has been to further 
segregate the oscilloscope records and to use only those records which displayed a current 
density equivalent to the mean of all the records (figure 6). Since the arc was more stable 
at and after current peak, we have confined our measurements to this region. The 
scatter in axis temperature, ± 500 K  (figure 5), and the scatter in arc radius about the 
mean current density, ±  1 mm (figure 6), provide indirect measures of the shot-to-shot 
variations in radial asymmetry for the chosen records.

20- "

Axis temperature

19-

b 18-
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/  700--7

A  ^  600 6/ g"/ II 5  500-5

u 4 0 0 + 4
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l(rX<t

300-
Arc voltage

200--214-

lOO-l
0 - 0

Tim e after current peak (m s)

Figure 5. Instantaneous axis temperature, arc current and voltage in SFe.

S . 6. Results

The mean axis temperature was determined by comparing the calculated intensity ratio 
F i : Sii at 5 0 bar from figure 4, with the measured peak intensity ratio after inversion. 
The results are given in figure 5 as a function of time after current peak, together with the 
arc current and voltage envelope. For the sake of clarity the error bars, ± 1000 K, due 
to uncertainty in the transition probabilities, have been omitted.

Because of variations in the intensity distribution with successive shots, it was not 
practicable to derive the temperature profile using the above ratio method except at the
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Figure 6. SFe arc temperature profiles at various times during the current pulse: 
O  624-0 nm Fi; #  545-4 nm Sii.

highest current. Instead, the mean axis temperature, from figure 5, was used to establish 
a reference intensity for each spectral line at a particular current. With the aid of figure 4 
the measured intensity profile was then converted to a temperature profile. The variation 
of the temperature profile with arc current and time after current peak (/ =  0), is given in 
figure 6. A t the highest current, where the arc is most stable, the good agreement between 
temperature profiles derived from both spectral lines gives confidence in using the above 
technique.

4. Discussion

The aim of these dynamic temperature profile measurements has been to quantify the 
interaction between the decaying arc and the surrounding gas flow. In this section we 
present semi-quantitative derivations of the electrical and thermal arc properties; the 
detailed solution of the energy balance equation, using these profiles, will be attempted 
in a further paper.

The measurements are, to some extent, limited in that they do not cover the current 
zero period and they do not extend to the cooler regions outside the luminous arc 
boundary. However, they reveal, for the first time as far as the authors are aware, the 
temperature response of the SFe arc in a circuit breaker environment to a falling current. 
Figure 5 shows that the mean axis temperature has a value of between 19 000 K  and 
20 000 K  relatively independent of arc current in the range 3-5 kA to 9-3 kA. Below
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Time-resolved radial temperature profiles fo r 10 kA SFq arcs

3-5 kA the temperature falls off rapidly and is accompanied by a rapid rise in the arc 
voltage from the high-current value of 320 V  to greater than 1000 V  just before current 
zero. The rate of fall of temperature at the arc boundary is extremely high and Hertz 
et al (1971) have measured temperature gradients in this region of about 10  ̂K  mm~i. 
In the present investigation the lower limit of temperature measurement, due to insuffi
cient emitted intensity, is around 12 000 K  but due to the rapid variation of conductivity 
with temperature, the error in taking this isotherm as the conduction radius, is small. 
We may thus estimate the mean current density using the arc radii at different currents 
from figure 6. The mean value is 40 M A  m~2 and there is no significant systematic 
departure from this value for low currents. We therefore reach the important conclusion 
that over this current range the rising arc voltage is determined solely by a general fall in 
temperature and hence conductivity and not by a change in the arc cross section. A  
simple check on the electrical conductivity variation with temperature, using the data 
of Frost and Liebermann (1971) shows that the arc voltage should increase by a factor 
of 15 with the mean radial temperature falling from about 17 000 K  (3 5 kA) to about 
14 000 K (10  kA ) in reasonable agreement with the measurements (see figure 5).

The equilibrium calculations of Frost and Liebermann (1971) predict an electrical 
conductivity, a, of 8000 m~^ for an SFe arc at a pressure of 5 0 bar with a radially
averaged temperature of 17 000 K . From the above mean current density J  and the 
value of electric field F = 3  kV m~^ found by Airey and Abbot (1974), it follows from the 
definition a = J j E  that ct= 12 000 m~^. This is 50% higher than that value calculated
from the temperature profile and equilibrium data. It  is thought unlikely from our error 
estimates that this large discrepancy is due to errors in the temperature profile measure
ments. It  is more likely that the electric field has been underestimated; the methods used 
to deduce this parameter were such as to require extrapolation of the axial arc voltage 
distribution into the present region of interest. This problem will be resolved when 
better techniques for electric field measurement become available.

It is of interest further to compare the results obtained here with the enthalpy flow 
model predictions of Frost and Liebermann (1971). This model equates the instantaneous 
input power per unit arc length to the power flowing through any arc cross section due 
to forced convection. The model assumes a constant current density, as is observed here, 
and that radiation and thermal conductivity power losses are negligible. For currents 
greater than 3 5 kA the agreement is quite good; using a mean radial temperature of 
17 OCX) K  and an average longitudinal pressure of 4 bar, the model predicts a current 
density of about 56 M A  m~2 at 10 mm downstream of the nozzle throat and a total arc 
voltage of 340 V, when a Mach number of unity is assumed and enthalpy flow in the 
surrounding gas is neglected. However, for currents less than 3-5 kA  the model predicts 
much lower voltages than are observed, principally because the enthalpy flow rate falls 
off rapidly with temperature over the range 20 000-14 000 K. For the present investiga
tion, where the rate of fall of input power is very high (around 400 M W  s"i), the meas
ured temperature and arc radius will always lag behind their equilibrium values when 
forced convection is the principal heat removal process. This is because heat generated 
at the anode junction takes a finite time to pass through the measurement region; for 
the geometry in figure 1, and assuming a flow velocity of 3000 m s“  ̂(Mach 1 at 17 000 K )  
the delay will be around 10 ps. For the cooler regions surrounding the arc the time 
constant will be much longer because of the lower axial velocity in these regions. These 
considerations suggest that while the enthalpy flow model can predict steady-state, high- 
current arc characteristics, other heat removal processes become more important at low 
currents.
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A  puzzling feature of the temperature profiles (figure 6) is the progressive formation 
of a narrow, high-temperature core at the axis as the current falls below 3*5 kA. While 
this distortion could be due to experimental errors, the consistent presence of the core 
below 3*5 kA  and its absence at higher currents suggest that this possibility is unlikely. 
Distortion of the profiles due to radial thermal diffusion variations with temperature is 
equally unlikely; the narrow core boundaries have steep temperature gradients in the 
range 19 000 K  to 14 000 K , implying regions of poor thermal conductivity, but reference 
to the thermal conductivity data o f Hertz et al (1971) for SFe shows no such variation 
over this temperature range. Moreover, thermal diffusion from the axis to the outer 
boundary is a positive function of temperature so that this process should tend to flatten 
the profiles and eliminate the core.

A  possible clue to the source of the core has been found in the low current (around 
200 A ) SFe arc investigations of Hertz et al (191 \); whereas steady, free-burning, cascade 
arcs produced smooth parabolic temperature profiles, arcs burning in a strong, nozzle- 
imposed, sonic gas flow exhibited a truncated triangular shape not unlike those profiles 
in figure 6. As a tentative explanation we suggest that the effective nozzle throat cross 
section and the gas flow stream lines are altered by the arc’s presence. A t high currents, 
around 10 kA, the arc radius around 10 mm represents a significant proportion of the 
throat radius, 19 mm. Thus the gas flow stream lines, figure 1, may become parallel and 
fail to interact with the arc in the region of interest. A t low currents, however, (less than 
3-5 kA) with a correspondingly smaller arc radius, the gas/arc interaction due to the 
radial gas flow component may be much stronger and permit penetration and cooling 
of the outer regions. The interaction may take the form of turbulent gas mixing, which 
is a highly efficient cooling process (Swanson and Roidt 1971) leading to the observed 
distortion of the temperature profiles. The above explanation is largely speculative but 
accounts qualitatively for the low-current results. Investigations into these phenomena 
with particular emphasis on temperature profiles at lower current are being continued.

5. Conclusions

Temperature profiles of high-pressure SFe arcs in l t e  have been measured for currents 
up to 10 kA. The measurements show that above 3-5 kA  the axis temperature is 20 000 K  
( ±  1000 K ) and is independent of the arc current. The temperature profiles are parabolic 
down to 12 000 K  and changes in arc current are accompanied by a change in arc radius 
to maintain a constant mean current density of 40 M A  m~2. Below 3-5 kA  the axis 
temperature falls rapidly with current, being 19 500 K  at 3-5 kA  and 15 500 K  at 1 kA, 
the lowest current studied. In  this region the temperature profiles exhibit sharp peaks, 
but the mean current density retains its former value. Thus the arc voltage rises due to a 
fall in conductivity caused by a rapid fall in temperature.

These results confirm that above 3-5 kA, for the arc geometry used here, the enthalpy 
flow model can be used to predict steady state arc properties up to 10 kA. Below 3-5 kA  
it is suggested that heat flow due to turbulence-enhanced radial conduction becomes 
important and can account for the distorted shape of the temperature profiles.
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ABSTRACT

In this paper it is suggested that the magnetic pinch effect at the 
electrode/arc column junction is responsible for local current density 
enhancement and the consequent copious emission of electrode 
vapour into the column of an SFg arc. This hypothesis is supported 
by measurements of electron density and arc temperature in the 
column vapour core and by the agreement of pinch theory with 
empirical relationships. Since the vapour core decay current is less 
than the inception current (~ 20 kA) then for very high peak cur
rents an enhanced vapour density can exist at current zero. The high 
electrical conductivity associated with this vapour can thus have a 
deleterious effect on voltage recovery in a practical circuit breaker.

INTRODUCTION

It is well known that the arc interruption ability of a gas blast 
circuit breaker decreases steadily with the magnitude of the applied 
fault current and its rate of fall at current zero ̂  However, at very 
high currents arc column and electrode effects having a lifetime com
parable with the pulse duration begin to dominate the arc behaviour 
and the fall off in performance can be more dramatic. One such 
effect, nozzle clogging, becomes apparent when the arc column fills 
the nozzle throat and prevents the gas flow from cooling the arc 
boundary. This effect has been the subject of a number of investiga
tions^»'  ̂ but electrode effects at high current are not so well under
stood and this is the subject of the present work.

In previous experimental investigations in air and SFg^.b it was 
shown that at a particular high current (>  20 kA), determined by the 
nozzle radius and the upstream gas pressure, the column current 
density suddenly started to increase and the total arc voltage to fall. 
High speed photographs of the SF5  arc showed that this change in 
arc behaviour was accompanied by the formation of a bright 
luminous core within’ the confines of the normal arc radius. More 
over, survey spectra plates taken of the arc in its normal and core 
modes revealed major differences. At low current, lines mainly due 
to the high temperature spectrum of SFg were found but at high 
currents the core region consisted of strong copper lines super
imposed on a bright continuum. In the present work we have 
extended the spectroscopic measurements to evaluate the composi
tion, electron density and temperature of the ate core and surround
ing plasma. In order to understand the effects of these parameters on 
arc behaviour we have calculated the equilibrium properties of SF5  

and copper vapour mixtures at high temperatures. A theory, based 
on the interaction between the plasma and its self-magnetic field, is 
put forward to explain the sudden appearance of the core and its 
attendant effects. Finally the engineering relevance of the work to 
high current arc interrupters is discussed.

EXPERIMENTAL FACILITY

The arc chamber has been fully described in a previous publica
tion^ and we will restrict the present description to the geometry 
and operating conditions. The arc was established between sintered 
copper/tungsten (22:78) electrodes in high pressure flowing SF5 . 
The nozzle was made from PTFE (Figure 1) with a throat radius of 
19.0 mm; a fairly realistic value for a practical SF5  interrupter. The 
gas flow direction was from anode to cathode and the fixed upstream 
and downstream pressures were 6.5 bar and 3.1 bar respectively; 
sufficient to create supersonic flow just downstream of the nozzle 
throat. Arc voltage and current was recorded on a multichannel 
oscilloscope together with the output from a pressure transducer 
mounted upstream of the anode. These measurements were used to 
confirm that repeatable test conditions had been achieved and 
typical records are shown in Figure 2.
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Fig. 1. Core formation in SFg
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The arcs were initiated by plasma jet breakdown of the anode 
to nozzle gap with subsequent arc transfer in the gas flow to the 
cathode®. This process took about 1.5 ms and enabled measurements 
of the arc parameters during most of the current pulse with fixed 
electrode separation ( 1 0 0  mm).

The tests were carried out using one, two or three parallel
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connected LC discharge circuits with auxiliary make switches. By 
varying the capacitor charge voltages, peak pulsed currents in the 
range 9 kA to 30 kA o f sinusoidal form, with a duration o f about 10 
ms, were obtained. To overcome difficulties with arc transfer at high 
rates of rise of current the operation o f two of the discharge circuits 
was delayed for about 2  ms giving the initially distorted current 
waveform shown in Figure 2.

COLUMN MEASUREMENTS  

Arc Composition and History

At currents <  20 kA high speed photographs showed that the 
arc luminosity was evenly distributed across a diameter and that this 
diameter at any axial position varied as the square root o f the arc 
current. Assuming the luminous column is the conducting region 
then this variation implies a constant current density. For currents >
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20 kA the arc emission took the form shown in Figure 1, with a 
bright core surrounded by diffuse plasma. The mean current density 
(derived from the luminous diameter) was no longer constant but 
increased with the arc current and remained high with falling current. 
The time resolution for these high speed photographs was only 50 ps 
and with a mark space ratio o f 1 :2  the records were not continuous 
so that important phenomena could be missed during the non-record
ing interval. Better resolution, 5 ps, and continuous recording was 
obtained using high speed streak photography with the slit aperture 
at right angles to the arc axis. Previous survey spectra^ showed that 
the core was rich in copper vapour. Therefore to distinguish between 
the core and the outer plasma the streak records were taken with an 
optical transmission filter corresponding to the 515.3 nm Cui line 
emission. A typical record together with a simultaneous record o f the 
arc current, voltage and upstream gas pressure is shown in Figure 2. 
Two 2.4 ms sections o f the streak record are shown, (a) just before 
current peak and (b) with current falling to zero. The first section



shows regular bursts of emitted light (from the copper vapour), 
superimposed on a diffuse background. (A representative SII line 
falls within the bandpass of the spectral filter). Towards the end of 
this section the bursts merge into continuous emission, the fully 
developed core. The burst frequency, 4 kHz, is the same as the arc 
voltage oscillation frequency just before current peak with an 
emission maxima corresponding to a voltage minima. The continuous 
emission commences when the arc voltage starts a steady decline and 
continues through current peak into the second section. In this 
section the core breaks up just before current zero allowing the arc 
voltage to rise to the suppression peak.

Closer examination of the bursts reveals the presence o f one or 
more fine filaments, about 1 mm diameter, similar to those found by 
Wienecke^. These filaments oscillate rapidly within the core boun
dary, about 1 0  mm diameter, at speeds in excess of 2 0 0 0  ms‘ * and 
with frequencies greater than 300 kHz.

Approximate calculations comparing the relevant arc and core 
cross sections and changes in arc voltage show a conductivity en
hancement factor of 2.4 for the core over the SFg arc. However, 
theoretical calculations (see Appendix) of conductivity using Saha 
equations for SF5  and copper at the same temperature and pressure 
reveal little difference. To achieve a factor of 2.4 increase in conduct
ivity at a pressure of 5 bar and a temperature of 10,000 K requires a 
temperature increase in the core of about 6,000 K. This is difficult to 
justify because the mean column power density is approximately the 
same before and after core formation. A possible mechanism where
by both temperature and pressure are enhanced is the magnetic pinch 
effect. In the following sections we describe measurements of elect
ron density and temperature which support this hypothesis.

Electron Density

In gas discharges at high temperature and pressure the emitted 
spectroscopic lines are not sharp but have profile breadths deter
mined by the various broadening mechanisms. The principal mecha
nisms are temperature, or doppler, broadening and pressure broaden
ing with secondary effects due to Zeeman, magnetic broadening, 
natural line breadth and further doppler broadening due to arc 
motion. In the present work line breadths are dominated by pressure 
broadening and in particular by the Stark effect due to the collision 
interaction between electrons and photon emitting particles. We are 
fortunate in this case to have lines with large Stark broadening co
efficients, so that reasonably accurate measurements are possible 
without recourse to very sophisticated instrumentation.

For copper vapour Iwao & Jayaram^^ have related the full line 
width AX s (cm) at half peak height to the electron density Ne (m '3) 
by

AXs= 11.37 1 0 6 (C4 ) 2 / 3 v l / 3 N e (\2 / 2 ffc) (1)

The half widths were determined using a rapid scan spectro- 
meterb which took 1 0 0  ^ s photo-electric snapshots of the visible 
radially integrated arc emission at various times during the current 
pulse. The wavelength resolution was not better than 0.2 nm so that 
our small half-widths were over-estimated but the accuracy increased 
for high electron densities. The overall accuracy for copper vapour 
was checked using similar data for the 521.82 nm and 522.01 nm 
Cui lines The sharpness of the line profiles substantiates our 
assumption that the plasma is optically thin. Measurements of half 
widths with 9 kA, 13 kA and 24.5 kA peak pulses were made and 
these were converted to electron densities using equations (3) and
(4). The measurements are presented in Figure 3 and show that 
whereas the density implied from the Fl half widths is relatively 
insensitive to current, with a value of about 1 x 1024 electron/m^, 
the density implied from the Cul line width increases with current 
reaching a value of 7 x 1024 electrons/m3 just after 24.5 kA peak. 
Also the latter measurements show current hysteresis whereas the 
former do not. From our stigmatic survey spectra and the wavelength 
resolved streak records (Figure 2) we conclude that the high electron 
density is present in the inner copper vapour rich core while the low 
electron density is found in the surrounding SFg plasma.

Ï

8
Ne in core from 5l5.3nm Cul 
O — Rising current 
# — Falling current7

24.5kA
6

5 17.5kA

4 13kA

3
9kA

Ne in outer plosma 
from 624.Onm F I

2

•-Rising & falling current

0
128 24164 20

Arc current (kA)

Figure 3. Instantaneous electron density

where C4  is the broadening constant, X the emitted wavelength (cm), 
c is the velocity o f light (cm/s) and V  is the relative velocity 
(electron-atom cm/s) given approximately by

V  = (8 kT/nm )^ (2)
where m is the electron rest mass, k is Boltzmann’s constant and T  
the electron temperature.

Using Iwao and Jayaram’s calculated value, C4  = 28.7 x 10"^^ cm*  ̂
s4 for the 515,32 nm Cul line at a temperature o f 15,000 K we find 
with equations ( 1) and ( 2 )

Ne = 1 .58x 1031 AXs (3)

For SF5  G riem ll gives the Stark broadening coefficient for the 
623.97 nm Fl line under similar conditions which leads to

Ne= 1.7x 1031 AXs (4)

It  should be borne in mind that the above densities represent 
average values and, more important, that the density within the 
copper filament could be considerably higher. However the values 
obtained and their time history are encouraging in that they quali
tatively support the observed voltage/high current characteristics. 
Moreover, the general shape of the curves agrees very well with those 
curves predicted by Tonksl2  for a pinched, low pressure discharge. 
In order to further quantify these data we have made measurements 
of the average copper vapour temperature from the arc emission 
spectrum.

Temperature Measurements

The intensity o f a spectral line with upper and lower 
energy levels m and n is related to the temperature by

^mn "  (Amn8m/^mn)14(T)exp-(E^/kT) (5)

where A^^^ 1* fhe transition probability, g^  the statistical weight.
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Xmn the wavelength and E^i is the energy o f the upper level.

Taking the intensity ratio o f lines from the same species 
removes the requirement for N (T ) the particle concentration at a 
particular temperature. Thus using the values o f g ^  and 
given by R ic h a r d s fo r  the 510.54 nm and 529.25 nm lines o f the 
Cul spectrum, equation (5 ) reduces to

T  = 4 .5 4 x  1 0 4 |/n 6 0 .8 a 5 10.5 /1529.3 )}-! ( 6 )

The spectroscopic intensities were measured using the rapid 
scan spectrometer with hand calculation o f the symmetrical profile 
integral

ê = max
^mn "  KX)dX (7 )

( = 0
Measurement accuracy checks were carried out by plotting 

mn^mn/^mnBm) against E j^  for the two Cul lines given above, 
and for 515.34 nm Cul. A straight line was observed as predicted by 
equation (5 ) and suggested that radiation absorption effects were 
within tolerable limits.

The temperature measurements are given in Figure 4 for arc 
current pulses o f 24.5 kA  peak. The current limits, 17 kA  with rising 
current and 9 kA  w ith falling current, are due to insufficient copper 
line emission for accurate measurements below these levels. The 
results show that with current rising to about 23 kA the mean 
temperature is constant at about 10,300 K. Above 23 kA  the 
temperature lies in a range between 10,300 K and 14,400 K. 
However, with current falling to 9 kA  the temperature is either high 
or low and, we think, dependent on whether the core is present or 
not. Similar streak and oscillographic records to Figure 2, but taken 
at 24.5 kA , showed the oscillatory core formation and decay 
observed in the early part o f Figure 2, but without a continuous core 
developing.
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Figure 4» Instantaneous temperature

We do not have any direct measurements o f SFg temperature in 
this expanding arc region but equilibrium considerations suggest that 
in the diffuse mode the SF5  temperature w ill be similar to that o f 
the copper vapour. When the core has formed the temperature may 
well be different because the core material might be accelerated 
towards the cathode by a strong axial magnetic pressure gradient 
whereas the SF5  will proceed more slowly under the axial kinetic 
pressure gradient and equilibrium mixing may not occur.

ANODE EFFECTS

Anode Current Density
The photographic measurements o f column current density were 
limited to regions downstream o f the nozzle. However photographs 
taken through the nozzle at a shallow angle to the arc axis revealed 
the approximate upstream arc shape shown in Figure 1. A  more 
accurate value for the mean anode current density, was obtained 
by measuring the surface erosion areas and relating these to the peak 
current for particular pulses. The results are given in Figure 5 and 
although the data are limited they show that is reasonably 
constant with a value o f 7 x 10^ A /m ^ until a current o f about 20 
kA is reached. Above 20 kA  the current density increases. Results are 
also presented in Figure 5 for air w ith 37 mm and 45 mm nozzles at 
8.3 and 15.5 bar. The results show a similar behaviour but with a 
more pronounced transition at higher currents. The air results w ill be 
used in a later section to give more general support to the magnetic 
pinch hypothesis.

consequent high erosion rate. These results are used in the following 
section to establish a current at which this concentration may be 
expected to occur.

Theory

It  should be said at the outset that while we have measurements 
of temperature, electron density and composition in the arc column 
our only measurements at the anode consist o f current density from 
the erosion marks. Since the copper vapour must originate at the 
anode we have first to examine the conditions at this electrode in 
order to quantify the sudden appearance o f a core. This examination 
involves some assumptions o f temperature and fractional ionisation 
which we hope to support with indirect evidence from the column 
measurements.

Consider the electron collection processes at the anode 
junction. For equilibrium at low currents the electron, ion and 
neutral partial pressures are balanced by the surrounding cold gas 
kinetic pressure, P. The diffuse current density at the anode has a 
value so that the junction radius r in terms o f the total current I is 
given by

(8)

Detailed examination o f the SF5  anode erosion pits after arcing 
showed considerably steeper sides and a greater depth than would be 
expected for a constant current density, i.e. for constant and 
constant erosion coefficient per unit charge, the pit depth at any 
radius should be proportional to the time spent by the arc at that 
radius. We interpret these results as suggesting that the arc root had, 
at some stage, been concentrated at the anode centre w ith a

-XXXVII-

A t high currents the arc is subjected to a further pressure Pm due to 
the self-magnetic field. The magnetic pressure acting radially inwards 
for a uniform current density is

Pm = ( l 2 / r 2 ){;io /47r2 ) in MKS units

Combining equations ( 8 ) and (9 ) we have for Pm 

Pm = ( I  J a ) (jiol4n)

(9)

(10)
This pressure w ill act principally on the electrons but, because



% 400-

0-A ir P = 15,5bar and 
8.3bar 

Dn = 45mm

P = 6.5bor 
Dn = 38mm

•-A ir P = 15 .5bcr and 
8.3bar 

Dn = 37mm

20 30
Peak arc current (kA)

Figure 5. Anode current density

in the arc charge separation leads to high electric fields and strong 
restoring forces, it will also act on the positive ions. The neutral 
particles will, through collisions, tend to damp the diffusion of 
charges towards the axis. We may expect the magnetic field to 
become important and to significantly increase the current density 
when Pm becomes comparable with the sum o f the electron and ion 
partial pressures, i.e. when

P m >  2fP (1 1)
where f  is the ionisation fraction. We assume that f  = 10%; a reason
able figure for a high current arc. (This value corresponds to a SF5  

temperature just above the anode o f 13,000 K).Combining equations 
(10) and (11) using = 7 x 10^ A /m 2 and P = 6.5 bar we find I = 
20 kA. For arc currents greater than 20 kA  the current density 
increases through pinch constriction, so that the product o f the 
electric field, immediately above the anode, and the current density 
creates a region o f higher power density and temperature w ith the 
consequent release o f electrode vapour.

The enhanced ionised vapour density and temperature will, 
however, increase the plasma pressure (particularly through the 
higher electron density associated with copper vapour at low temper
atures) so that 2fP becomes larger than Pm and the junction radius 
will grow destroying the pinch. We can visualise an oscillatory situ
ation developing such as that shown in Figure 2 before current peak.
Eventually with increasing current the magnetic forces become 
dominant and the core is sustained possibly coinciding with the 
formation o f a stable anode spot. An estimate o f the time taken by 
the discharge to pinch has been made from the theoretical work o f

■ I  "  
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Leontovich &  Osovetsl'^. Under the present discharge conditions a 
time to pinch o f about 2 0 0  (is is indicated which compares favour
ably with the burst periodicity shown in Figure 2.

The high vapour concentration and its ease o f ionisation to
gether with the high current density is ideal for sustained core 
formation down to a low current. Hence the behaviour o f the core 
with decaying current shown in Figure 2. We suspect that the core 
lifetime may also be determined by bulk cooling processes at the 
anode but this has yet to be ascertained.

DISCUSSION

The criterion for core inception (equation 11) is to some extent 
arbitrary in that a pressure component due to the self field is exerted 
at all currents, however small. This is consistent with the electron 
density measurements which we interpret as a gradual increase at 
first, but increasing more quickly at the higher currents. On the other 
hand, a sudden temperature change coincident with core formation is 
observed and, once established, it persists to a lower current.

In  the present work the time to pinch is o f the same order as 
the neutral diffusion time; using the same approach as Lochte 
HoltgrevenlS we have calculated a time o f ~  1 ms for diffusion 
across a 10 mm radius. Thus on a millisecond timescale the ions and 
electrons can be compressed by the magnetic field, independently o f 
the neutral background gas. This is in contrast to fast pinch situ
ations where the neutrals are compressed and hence their pressure is 
an additional component in opposition to the magnetic pressure. In  
the constricted condition the lateral filament velocity agrees well 
with the theoretical value derived by McChesney et a l.l^  from ion 
velocity considerations and with empirical pinched discharge data 
reviewed in that reference. A velocity o f 2400 m/s is indicated 
whereas we observed 2 0 0 0  m/s and increasing with current as pre
dicted.

The Saha calculations suggest that an electron density o f 7 x 
1024/ni3 at 15,000 K would be observed in an equilibrium copper 
vapour plasma at a kinetic pressure o f about 35 bar; well above our 
background pressure o f 6.5 bar. Under these conditions the electrical 
conductivity would be enhanced by about a factor o f 2  in broad 
agreement with the original estimates from the core. However, the 
streak photographs show that the core may be a time averaged view 
of one or more rapidly oscillating vapour filaments. For these fila
ments to cause the observed fall in voltage a far higher conductivity 
is required. These factors imply that equilibrium calculations may 
not be directly applicable to this situation. Radially resolved 
measurements o f temperature and electron density may provide an 
answer to these questions.

We have calculated the radius at which the charged particle 
pressure (2NgkT) would just balance the magnetic pressure (equation 
9). Taking the values for Ng and T  from the above example which 
were obtained at a current o f 24.5 kA , we predict that r = 1.8 mm. 
This radius is not inconsistent with the rather indistinct filaments 
seen in Figure 2.

Since Pm can be balanced by a proportionate increase in either 
Ng or T , it is at first surprising that whereas Ng increases by almost 
an order o f magnitude, T  increases by only 50%. A possible ex
planation lies in the radiation/temperature curves for SFg and Cu. 
With copper vapour the enhanced line radiation becomes the domin
ant energy loss process and holds the temperature down. Thus the 
magnetic over-pressure can only be balanced by a major increase in 
Nm.

It  is worth pointing out that the values o f equivalent kinetic 
pressure and mean pinch radius derived here scale very well with those 
obtained by Ito  et a l.l^ ; 10 bar and 1 mm. In that case free burning 
SFg arcs at 1 bar between carbon electrodes at a current o f 10 kA  
were investigated. Like the present work an enhanced electron



density was observed in the central column region which retained a 
high value after current peak. I t  would appear then that copper 
containing electrodes are not a necessary condition for the creation 
of a high density and temperature core. I t  will be shown in the final 
section that similar results can be obtained with other materials in 
air.

H IGH CURRENT A IR  ARCS

It  was mentioned in the Introduction that a similar voltage and 
current density behaviour had been observed in an air blast inter
rupter. In  that investigation a similar nozzle shape was used but the 
upstream electrode was the cathode. The current, Ig, at which the 
voltage started to fall, was further found to be independent o f the 
cathode material, copper, copper/tungsten or molybdenum, but 
varied as

Ig = constant P% (12)
where is the nozzle throat diameter and P the upstream pressure.

We note that for a nozzle clogging limit based on enthalpy flow 
theory'^ we would expect a relationship

Ig = constant P (13)

and that for an electrode heating effect, neglecting cooling, Ig would 
vary as

Ic
Ig = constant V  /  I(t)d t ( 14)

0

where V  is the electrode fall voltage.
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Figure 6. Arc current for magnetic pinch

The data for air and SFg are presented in Figure 6  and show a 
good fit to equation (12) but not to equations (13) or (14).

The similarity between equations (9) and (12) is immediately 
apparent when P “  Pm and D„ « r is assumed. P « p ^  is our pinch 
criterion (equation 11 ) and D„ « r is an experimentally observed 
result (Figure 5). The fact that Ig for SFg and air lies on the same 
line (Figure 6 ) implies that the ionisation fraction f  is the same at a 
given temperature for both gases. Reference to the data of Drellishak 
et al. ^ 8  and our data (see Appendix) shows this to be reasonably 
correct for T  >  10,000 K. The above equations assume that r is 
independent o f P. Figure 5 confirms this and previous investigations 
showed that the column diameter varied as P^ in agreement with 
enthalpy flow theory *9 i.e. it is a second order effect. The effect of 
Dn on r is much more important and suggests that the radial flow 
pattern just in front of the nozzle throat dominates the value of 
at the electrode face. I t  will be interesting to see in the future 
whether results from other nozzle geometries scale as well as those 
presented in Figure 6 .

During the air blast interrupter tests, results were obtained at 50 
kA peak where the arc voltage did not rise at current zero. From the 
SFg results we associate this behaviour with maintained core for
mation and the implied high electron density and temperature 
dictate a high remanent conductivity. Such a conductivity could 
lower the post-zero recovery voltage performance. Further work is in 
hand to investigate the relationship between core cessation and 
circuit and gas parameters, and to investigate interrupter geometries 
to overcome these effects.

SUMMARY AND CONCLUSIONS

Measurements o f composition, electron density and temper
ature in high current SFg arcs support a previous hypothesis that the 
magnetic pinch effect causes copious emission of electrode vapour 
into the arc column. This electrode vapour is observed in the column 
as a bright core coaxial with the normal SF5  plasma.

The evidence suggests that at a particular current level ( ~  20 
kA for the geometry tested) the arc’s self-magnetic field, acting 
radially inwards, concentrates the normally diffuse current into a 
filamentary column and the consequent overheating at the anode 
leads to a mzyor increase in vapour emission. High speed streak 
photography shows that the vapour emission lines come from one or 
more thin filaments which exhibit rapid lateral motion within the 
core; this motion is generally consistent with kink instabilities 
observed previously in pinched low pressure discharges. The en
hanced vapour density immediately above the anode momentarily 
causes the pinch to collapse and over a limited current range bi-stable 
oscillatory formation and decay o f the filaments is observed, with 
simultaneous arc voltage oscillations. With current rising above the 
inception level the pinch is sustained and the arc voltage falls 
steadily.

The electron density in the outer plasma measured from an FI 
line width has a mean value o f about lO^^/m^ and is insensitive to 
instantaneous current. However, the electron density, determined 
from a Cul line width, increases with current to a value of 7 x 
1024/m3 at 24.5 kA.

The arc temperature is constant at ~  10,000 K until the core 
forms when it suddenly increases to ~  15,000 K. Such a high elect
ron density at the upper temperature implies a mean conducting arc 
radius of about 2  mm, balanced by the magnetic pinch effect at an 
arc current o f 24.5 kA. The equilibrium electrical conductivity of 
copper vapour under these conditions agrees with the conductivity 
calculated from relative arc voltage and arc/core cross section con
siderations. However, the filament diameter, ~  1 mm, is so small that 
an extremely large conductivity is required for its presence to affect 
the arc voltage. Possible explanations include, reduction of the anode 
fall voltage by vapour emission and limited resolution of the electron 
density and temperature radial distributions.
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The vapour core and its enhanced electron density and tempera
ture persist to a lower current level than the inception level. In  air 
arcs at 50 kA peak a high remanent conductivity has been observed 
at current zero with a potentially deleterious affect on recovery 
performance. Tests with different interrupter geometries and back
ground pressures have shown a variation in the vapour core inception 
current which scales very well with magnetic pinch.
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APPENDIX

Equilibrium Calculations

The equilibrium composition of a gas mixture at a given 
temperature and pressure may be calculated using techniques based 
on minimisation o f the free energy20 or on the equilibrium Saha- 
Eggert equations2^. We have chosen the latter method and have 
employed a numerical program which iterates to convergence on the 
electron number density in the coupled Saha-Eggert equations

n ĵ + i/n^j = const, u ĵ + i/uSj

expl - (ESj - AESj)/kTl ,

the conservation o f charge

ng = 1C jnSj , 
s ,J  ^

and the ideal equation o f state 

p = l/k T |n g +  gZj n S jl .

In the above equations superscript s denotes atomic species, subscript 
j denotes charge state, n^ are number densities, u ĵ are partition 
functions, T  is temperature, p is pressure and E^j andAE^j are the 
ionisation potential and its reduction due to plasma effects.

For the reduction in the ionisation potential we use the ex
pression o f G r ie m 2 2

A E S j =  ( j + l ) e 2 / p p  ,

where pQ is the Debye length. Partition functions are evaluated by 
summing over the lowest several states explicitly,

uSj= Ç  gSjkexp(-ESjk/kT) , 

and modelling all other states via a dummy state whose statistical
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weight, g^k, and energy E^jk, depend on AE^j so that the partition 

function evaluations o f Drawin and F e le n b o k ^ ^  are well approxi

mated. Demixing effects are not explicitly included in our calcu

lations since the relative densities o f all atomic species, Sn^;/ 2  n^j,
j  s,j

are prescribed, w ith the pressure and temperature, in the input to the 

programme. In  all cases we have represented SF5  by a 1:6 ratio o f 

sulphur to fluorine number density.

In Figures A I and A 2 we show the calculated electron number 
density at total pressures o f 5 and 25 atmospheres for SF5  9 9 % sFg  

-  1% Cu, 90% SFg -  10% Cu and pure Cu. Note that above 20,000  
K the plasma is nearly completely ionised and the electron density is 
only weakly dependent on the plasma composition. Below 20,000 K 
the lower ionisation potential o f copper (7 .72  eV versus 10.36 eV for 
S and 17.42 eV for F ) can provide large enhancements in the 
electron number density for significant fractional copper concentra
tions.

«
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For the electron-atom cross section we have 

Q F ça=  1.412 X 10-28 -55

Q^eo= 1 368 X 10-34 v2-38

= 2 .0  X 10-14

where the values are in cm2  and the speeds are in cm/s.
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Figure A1. Electron density at P = 5bor
Figure A2. Electron density at P = 25bor

Given an equilibrium plasma composition, one can calculate 
plasma properties if  the relevant cross sectional data are available. We 
have calculated the equilibrium electrical conductivity from  the 
general formula

a =  8e2ne/37r‘/^m(m/2kT)5/2 y jy  ^3 g- mv2/2kT / 
o

2  n 
s,j 'jQ'ej

where Q^gj are the electron-heavy particle momentum transfer cross 

sections. Integration is performed using Gauss-Laguerre quadrature. 
For electron-ion cross sections we use the expression by Frost24

The first two expressions are fit to the data o f Robinson and 
G e t t m a n 2 5 .  The electron-copper value is a crude estimate à la 
M a e c k e r 2 6 .

The calculated electrical conductivities for 5 and 25 atmospheres 
pressure are shown in Figures A3 and A4. The large increase in 
electron number density w ith large copper fraction is not carried 
over to the electrical conductivity. Compositions varying from pure 
SFg to pure Cu vary in electrical conductivity by less than 40% for 
any temperature greater than 9000 K. From comparing Figures A3 
and A 4 we note that in this temperature range the electrical conduct
ivity is also relatively insensitive to pressure.
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Discussion

D. Lidgate and J. S. Stewart (A . Reyrolle &  Co., L td ., Hebburn, Tyne &  
Wear, England): The authors are to be commended for their investiga
tions in to  electrode effects in high current switchgear arcs, a topic which 
has received little  attention in the past. Their analysis o f their experi
mental results does, however, raise some obvious points for discussion.

Since the results presented were all obtained from  arcs w ith  an up
stream anode, the simplest test o f their magnetic pinch theory would be 
to reverse the arc polarity and determine the current for core inception. 
As the cathode current density would be expected to be at least an 
order o f magnitude greater than the anode current density (Cobine and 
Berger, 1955), the resulting core inception current should be corres
pondingly lower. We would ask, therefore, i f  any such tests have been 
carried out by the authors.

The agreement between experim ent and theory is surprisingly good 
considering that the anode current density has been determined by 
measurement o f the electrode erosion area. In our experience this is very 
unreliable, especially at current levels such as these, because o f the small 
diameter involved and possible electrode root movement. Since an over
estimation o f the erosion area would lead, using their theory, to a high 
core inception current, we would appreciate the authors views on the 
accuracy o f their experim ental technique.

We would also ask if  the authors have considered any further 
theories that fit  their experim ental results. Our results, obtained from  
air arcs, have shown that copper vapour is present in the arc at currents 
as low as 3k A , together w ith significant electrode erosion (Lidgate, 
1973), and our prelim inary SF6 results do not contradict this. We 
would suggest, therefore, that the authors experim ental results could be 
explained by an electrode bulk m elting process. A t low  currents, heating 
o f the electrodes would release copper vapour into the arc preferentially, 
the tungsten m atrix o f the electrode ensuring low electrode erosion. A t 
currents approaching core form ation, bursts o f electrode m aterial would 
be released in to  the arc in term itten tly , possibly as sections o f the tung
sten m atrix are detached, and these bursts would then travel down the 
arc colum n, (Lidgate, 1973). The nature o f these bursts is such that they 
would have a higher electrical conductivity than the rest o f the arc 
column and thus give rise to lower arc voltages. The arc core is then 
form ed when the heat flux to the electrode is sufficient to provide a 
continuous stream o f copper and tungsten into the arc. The d^ep pit 
noticed in the anode after arcing, indicating excessive electrode erosion, 
appears to verify this theory. Again reversed arc polarity woujd test the 
theory, except that in this case approxim ately the same core inception 
current would be expected as the heat flux reaching the upstream  
electrode would not be vastly d ifferent.

The authors m ention that the transfer o f the arc from the nozzle 
to the cathode took about 1.5ms. Arc transfer in SF6 is a problem we 
have encountered and we would ask if  the authors have correlated the

M a n u s c rip t received A ugust 1, 1 9 7 5 .
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transfer tim e to the expected cold flo w  velocities or w hether it is a 
function o f arc current.

O ur own experim ents on an S F6 p u ffe r  c ircuit-breaker, having a 
3 1 .5 k , \ ,  145kV  one break per phase I EC rating, w ith  a not too  dis
sim ilar geom etry to that shown in Fig. 1 o f the paper, may c larify  some 
o f  the other points raised by the authors. Fig. 1 shows tw o  typ ical 
synthetic test currents, one w ith  a m uch larger peak than the other, but 
both having the same d l /d t  at current zero. Fig. 2 shows the in ter
rupting perform ance attained by fou r d iffe re n t electrode/nozzle  geome
tries, A -D , when tested w ith  these currents. As can be seen, w ith in  the  
range o f  currents tested, perform ance is v irtua lly  independent o f current 
peak depending m ainly on d l /d t  at current zero. The low er current 
level referred to is m arginally low er than the core inception current 
reported in the paper but gives the same perform ance as the 8 0k A  arc 
despite the form ation o f  a core.

F in a lly , the authors refer to  tests on air arcs at SOk.A where the arc 
voltage did not rise at current zero and a ttrib u te  this to the rem anent 
core. Whilst we agree that this could affect the c ircuit-breaker perform 
ance, we would po in t out that an S F6 arc o f  8 0 k A  in the geometries  
tested still dem onstrated a voltage peak near to  current zero.

R E F E R E N C E S

D. Lidgate, 1973. “ Properties o f  the H igh-Current A rc in an O rifice  A ir-
F lo w ” . Ph.D  Thesis, University o f  L iverpoo l.

J. D. C obine &  “ Analysis o f electrode phenom ena in the high current
E. E Berger arc” . Journal o f  A pp lied  Physics V o l 2 6 , pp. 8 9 5 , 9 00 . 
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“ by plasma je t breakdown o f  the anode to nozzle gap w ith  subsequent 
arc transfer in the gas How to the cathode” , but Fig. 1 shows the nozzle  
to be made o f  P T F L , a po lym eric  insulating m aterial. .A m ore detailed  
description o f the actual arc in itia tio n  process in this case w ould  he help
ful in clearing up this apparent m ystery.

Second, 1 am intrigued by the evidence o f arc oscillation in the 
records o f  Fig. 2. This 4 k H z  oscillation in apparent size and copper- 
vapor brightness o f the arc colum n and in the associated arc voltage is 
evident during the current rise before its peak and appears to be begin
ning again as the current approaches zero. Such an oscillation should 
have a pronounced effect on in terpretation  o f the photographic records, 
but there is no indication that the authors have taken it in to  account. 
For exam ple, in Fig. 3 if  the curved lines drawn in accordance w ith  the 
authors’ theory were not present, 1 would be inclined just to draw a 
straight line through all the points for the arc core and assume that the 
scatter was due to the oscillation. O r a lte rn a te ly , one straight line  
through the origin w ould  seem to fit most o f the falling-current points  
and another o f lessor slope to fit the rising current points for which  
Fig. 2 shows more evidence o f oscillation. Again, in Fig. 4  is it not pos
sible that the tw o  levels o f arc tem perature shown m ight represent peaks 
and valleys o f an oscilla to iy  cond ition  having the observed 4 kH z  
frequency?

Such a possible in terpretation  is suggested by observations at 
Westinghouse m any years ago o f relaxation type oscillations in liquid  
flow  through short ortifices also contain ing arcs^. These oscillations, 
which were purely m echanical (no t synchronous w ith  the arc current), 
produced extrem e variations in appearance o f  the arc from  a large light 
filled bubble to a very narrow  bubble closely surrounding the arc. Asso
ciated w ith  this were periodic sharp pressure peaks just upstream  o f the 
orifice , apparently  coincident w ith  the m in im u m  bubble size. The  
frequency o f  this oscillation was linearly related to the mean liquid  
(w ater or o il)  velocity  through the orifice . An identical oscillation oc
curred when a ir was injected through the upstream  electrode at a rate 
sim ilar to that o f  gas generation from  the liquid by the arc. A n essential 
part o f this oscillating system was the mass o f the liquid being acceller- 
ated tow ard the orifice and the associated gas bubble. It  seems like ly  
that the relatively dense compressed S f6 (w ith  10% o f  oil or w ater  
density when the upstream pressure is 15 atmospheres) m ay act in a 
sim ilar m anner in the described orifice flow  studies where the arc is also 
surrounded by an invisible fo r nonetheless real “ bubble” o f  very hot and 
so low  density gas. 1 he instability  leading to oscillation arises from  the 
large difference in volum e rate o f  Row between the hot “ bubble” gas 
and the surrounding cold gas or liqu id  for the same pressure d ifference.

Fu rth er evidence o f S F^ orifice  flow  oscillation in the presence o f  
an arc is to be found in Fig. 22 o f an article by W. H ertz et al.*^ where  
quite sim ilar copper-line light pulsations were shown, in that case o f
6.5 k H z  frequency. Here a sym m etrical doub le-flow  nozzle (d iam eter
10.4 m m ) was used. In  each case the observed frequency o f  the oscilla
tion was inversely related to the orifice  diam eter and indicated a “ wave 
length” , assuming sonic velocity  o f  the cold S Fft, near to the orifice  
diameters. Th is is consistent w ith  the concept o f a relaxation oscillation  
o f a gas “ bubble” just upstream o f the nozzle constriction as previously  
observed w ith  liquid flo w . In  add ition , the presence o f copper vapor up
stream o f  the nozzles in the H ertz et al. case seems to prove that the 
orifice flow  was periodically  subsonic, a cond ition  which could occur 
only w ith  flow  oscillation.

Fu rth er evidence o f  oscillatory flow  would be the presence o f flu id  
pressure oscillations o f  the same frequency on the upstream side o f  the 
orifice . The low er frequency pulsations in the pressure record o f Fig. 2 
suggest that the pressure measuring system used m ay not have been able 
to detect pressure pulses at a frequency as high as 4 k H z . The authors’ 
com m ents on this would be appreciated.

R E F E R E N C E S

J. Slepian and T . E. B rowne, Jr., “ Photographic Study o f  A -C  Arcs 
in F low ing  L iquids” , A IE E  T ra tisactio n syo \. 60  (A ugust, 1941 ), 
pp. 823-828.
W. H ertz , H . M otschm ann, and H W itte l, “ Investigations o f  the 
Properties o f  SFf, as an Arc Quenching M e d iu m ” , \E E E  Proceed
ings, V o l. 5 9 , No. 4 (A p r il, 1971), pp. 4 8 5 -4 9 2 .

T . E. Browne. Jr., (P ittsburgh, Pa ): F irs t, 1 have a question about the 
operation of the test fac ility . The authors state that arc in itia tio n  was

J. J. Low ke and B. W. Swanson, (Westinghouse Research Labs): The  
authors are to  be com m ended for their consideration o f  the effect o f  
the self m agnetic field on arcs, which may have a significant e ffect on 
are behavior in circuit breakers. H ow ever, (tie suggestion that the mag

V lari'jv .rip t received August 6 , t9 7 5 . M anuscrip t received August 7 , 1975 .
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netic pinch e ffec t leads to  arc constric tion , we feel, is as yet not proven. 
Experim ents are needed to  separate the e ffec t o f  m agnetic constriction  
from  the effects o f  copper vapor on the arc. There is considerable  
evidence in the a u th o r’s paper that the observed onset o f  the emission 
o f  copper vapor could be caused p rim arily  by the arc diam eter exceed
ing a critica l value such that the nozzle is clogged or the central region 
o f  the electrode is rap id ly  vaporized. Th e  observed arc constriction  
associated w ith  the emission o f  copper rad iation  m ay be independent o f  
the self m agnetic fie ld .

(1 )  Th e  argum ents o f  the authors d iffe ren tia tin g  the mechanisms 
o f  magnetic constric tion and the onset o f  clogging on the basis o f  d iffe r
ing pressure dependences fo r the onset o f  the critica l current for arc 
constric tion are m istaken. The enthalpy flow  th eo ry , un like  the authors  
Eq. (1 3 ) , gives arc area prop ortion al to  p'/^, where p is the pressure. This  
is shown from  the enthalpy flow  equation o f  F rost and Lieberm ann I

Y osh ih iro  Ueda (M itsubushi E lectric  C orporation , Japan): Th e  authors 
o f  this paper should be congratulated fo r their unique a ttem pt o f  
dem onstrating an im portance o f  e lectrode effect and onset o f  instab ility  
due to pinch e ffec t. These considerations are supported by exp erim ent
a lly  confirm ed facts that arc colum n and electrode effects have a life  
tim e com parable w ith  the pulse du ratio n . Th e  a ttem p t to  estim ate arc 
tem perature  and electron density by means o f spectroscopic observa
tions is also valuable for be tter understanding o f the arcing phenom ena  
in c ircu it breakers. As fo r arc tem perature  m easurem ent, I should like  to  
ask some questions.

1. Has the arc tem perature been estimated also from  S or F  line? 
I f  it is m ade, does the tem perature estim ated from  S or F  line agree w ith  
that obtained from  C u-I line o f  the order o f  1 to 1.5 x1Q4 o k ?  A ppear
ance o f  S -ll line is iden tified  in the paper in the arc o f 1 to  1.5 x lO ^ o K . 
S-11 line , how ever, does not becom e predom inant line below  2 0 0 0 0  o K ,

oE 2 = 3 (p h v zA )/d z ( I )

which a fte r substitu ting E =  1 /aA  from  O h m ’s Law  and in tegrating  
assuming a and phv^ to  be independent o f  z gives

A  = (2 z /p h v 7 a )‘/ 2 1 (2)

P= 16 atm 
T= 10.000 "K MAX 10°= 1.66x10®

10°i

10

i.e. A  a  l/p 'A . In  the above equations a is the electrical con d u ctiv ity , E 
the electric fie ld , p «  p is the density, h the entha lp y, Vg the plasma 
veloc ity , A  the arc area, z the axial distance from  the upstream  elec
trode, and 1 the arc current. The authors experim enta l results o f  Fig. 6 
where the critical current, Ic , fo r the onset o f  constric tion , is given by  
Ic  «  p'/^, are consistent w ith  constriction occurring when the arc attains  
a given diam eter. Both c lo s in g  and m agnetic pinch explanations o f  the 
constric tion lead to  Ic  ^  p'-^.

(2 )  The authors results o f  Fig. 6 show Ic p rop ortion a l to the d iam 
eter o f  the nozzle th ro a t. I f  the arc does not clog the nozzle , the arc 
d iam eter at the throat as given by Eq. (2 )  above should be independent o f  
the th roa t d iam eter, fo r, p and thus p and also vg are then independent 
o f throat d iam eter. Thus the fact that Ic  is dependent on throad d iam 
eter is suggestive o f  a clogging phenom enon w hereby the increase o f  
copper vapor,is  prdduced by the arc diam eter exceeding a critica l value 
relative to the th roa t d iam eter, thus increasing the evaporation o f 
copper. I f  the nozzle is not clogged and the constric tion is due to the 
m agnetic p inch, Ic  should be independent o f  th roat diam eter.

(3 )  The arc d iam eter calculated from  Eq. (2 ) , using m ateria l func
tions appropriate  to  1 5 ,0 0 0 °K and z = 1 cm is 3 0  m m  fo r 45 k A  at 15.5 
bar tank pressure po- E xperim en ta l results o f  M urano  et a l.2  indicate  
that at high currents the pressure at the nozzle th roat increases signifi
cantly from  its adiabatic value o f  ~ 0 .5  po and the consequent velocity  
at the throat can be as low  as Mach 0 .3 . Th e  resulting corrcctions2 to  
Eq. (2 )  s ignificantly  enhance the arc d iam eter above 3 0  m m  to be o f  
the order o f  the throat diam eter o f  ~ 4 5  m m .

(4 )  In  Fig. 5 the authors m easurements o f  erosion area at the 
electrode indicate arc diam eters o f  ~ 3 0  m ni at the electrode fo r  50  k A . 
The norm al expansion o f the arc downstream  o f  the electrode would  
make the arc d iam eter approx im ate ly  equal to  the throat d iam eter for  
the currents above which the current densities increase. Again the results 
suggest that constric tion occurs when the nozzle becomes clogged.

It  w ould  be o f  considerable scientific value if  the authors were to 
repeat the ir measurements fo r  a nozzle configuration  which is less 
diverging a fter the th ro a t, and fo r which the upstream  electrode gives 
less obstruction to  the flow . Then  gas separation effects are less like ly  
and theoretica l analysis sim ilar to  that applied to  the nozzle configura
tion o f  H erm ann et al.3 is feasible, bu t also including account o f  the 
magnetic pressure.

It  is o f  in terest tha t s im ilar arc constriction and hysteresis effects  
are predicted to  occur^ at high arc currents in a ir i f  there is a m axim um  
in the rad iation emission coeffic ien t, U , at the tem perature at which the  
onset o f  constriction occurs. As the measured diffuse arc tem perature is 
~ 1 0 ,0 0 0 ° K  and the predicted tem perature  for the m axim um  in U  is 
> 1 5 ,0 0 0 , this exp lanation  seems un like ly .

R E F E R E N C E S

10'

lO'-
5 0 0  6 0 0  7 0 0

Wave Length in nm

P =  16 atm
T = 20.000 "K MAX ICf= 1.62x10®

8 0 0 9 0 0
Y F3ZI
Z FV

FT7
X Fm
▲ F n
o F I
X S H

S V
+ ST7
A sm
O SE
G S I

5 0 0 6 0 0 7 0 0 8 0 0 9 0 0

Wave Length in nm 
Fig. A  Calculated results o f  relative in tensity o f spectra o f  S F^ gas at 

16 a tm , 1 00 0 0 °K  and 2 0 0 0 0 ° K respectively. M A X  10° indicates 
the in tensity at 10° in each figure o f  10000 or 20000° K in 
arb itrary  un it.

according to m y theoretical calculations assuming L .T .E . F ig . A  repre
sents relative in tensity o f  spectra o f  SF^ gas at 10000  »K  under L .T .E . 
at 16 atm . S -ll lines are no t still predom inant in their in tensity at 
2 0 0 0 0  OK. Th erefore , the arc tem perature o f 1 to 1.5 x 10̂  o k  
obtained from  Cu-1 line in the paper seems to be considerably lower than 
those expected from  the calculated ochavior o f  S or F lines.

2. A uthors have estim ated the arc tem perature from  relative in 
tensity ratio  o f  spectra. W ill the authors please com m ent on assumption  
o f  L .T .E . and hom ogeneity o f  the arc space in the estim ation o f  the arc 
tem perature?

3. H o w  is the in fluence o f  vapour o f P .T .F .E . besides copper 
vapour?

4. Isn’ t sausage instability  considered instead o f  k ink  instability?
1 w ill appreciate the authors’ com m ents on these points and 1 w ill 

be fo llow ing  the ir fu ture  w o rk  w ith  keen interests.

Manuscript received August 1 1, 1975.
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D . R . A ire y , R . E . K insinger, P. H . R ichards, and J D . S w ift: The
authors w ould like to thank the discussers fo r the ir detailed appraisals 
o f  the paper and for their valuable com ments.

M anuscript received O cto b er 3 .  1 97 5 .
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Dr. Lidüatc ami M r. Stew art have raised the question o f  the eft'ect 
o f po larity  on tiie core inception current. We would po int out that 
Figure 6 presents results fo r both upstream anode, in S F6 and cathode, 
in air. W hile in the diffuse collection m ode the current density in a single 
cathode spot can be several orders o f m agnitude larger than that at an 
anode, the im portant feature is the equivalence o f  the overall d istributed  
current density prior to constriction o f  the ju n c tio n . Th is is apparently  
independent o f the gas or the po larity  as shown in Figure 5. H ow ever, 
fu rther w ork w ill be carried out on the effect o f  po larity  in the same gas 
and w ith  identical geom etry . We accept the criticism  o f the current 
density estim ation from  erosion m arks, but suggest that the strong in
ward radial gas flow  restricts excessive arc m ovem ent, as indicated in 
Figure 5. We agree that electrode vapour is always present in arcs o f  this 
type; however, core fo m ia tio n  represents a step change in the metal 
vapour emission and our recent results indicate an enhancem ent factor  
>  100. The process o f tungsten m atrix  destruction w ould , we feel, lead 
to irregular voltage and core lluctuations un like  those presented in 
f'igure 2. M oreover, the in jection o f  e lectrode m aterial in to the high 
tem perature arc should, in the absence o f o th er processes, cool it and 
reduce the conductiv ity . Figures A 3  and A 4 . As to the mechanism  
responsible for core inception, we have previously rejected the heat flux  
idea because this predicts core inception varying linearly w ith V /  l ( t )  dt 
(equation 14), and not 1 as is observed.( ' )

The discussers have indicated that the ir nozzle geom etry is slightly  
differen t from  ours and w ith o u t more detailed in fo rm atio n , it is d if f i
cult to decide w hether core form ation  exists in the pu ffer c ircuit break
er at these currents. It  is w ell know n that, due to  the high current arc 
radius partia lly  blocking the gas How , considerable pressure enhance
m ent exists in these designs and this m ay be above the level fo r core in
ception. A lternative ly  the gas pressure and arc geom etry may be such 
that core form ation is present throughout the m ajor part o f the pulse 
but decays before current zero  a llow ing norm al recovery, as shown in 
Figure 2.

Dr. Browne and the above discussors have requested m ore details 
on the arc in itia tio n  process. The plasma gun is inserted in the nozzle  
wall and has an electrically  conducting body contain ing the co-axial 
discharge space, w ith  a tip made o f  copper/tungsten. A small orifice  
drilled in the tip is directed at right angles to the gas How and when the 
gun is fired, by discharging a 2 0 g F , 7 k V  capacitor, the hot exhaust 
gases break down the 10 m m  tip /anode gap. T h e  tip is e lectrically  con
nected to the cathode so that the m ain circuit supplies the arc current 
during transfer by the gas stream . Th e  axial velocity  o f the arc loop in 
the supersonic region o f  the nozzle, measured w ith  a high speed fram ing  
cam era, is about 200 m /s fo r the present pressure ratio , and is apparently  
independent o f arc current suggesting that the J x B forces do not 
dom inate the arc m otion. The current lim it fo r arc transfer is de tem iined  
by the tip /anode gap; if  the arc radius becomes larger than this gap 
before the loop reaches the cathode then transfer w ill not be achieved. 
This is the reason for sequential main capacitor bank in jection to achieve 
high current operation . Figure 2. W ith the present arrangem ent the cur
rent lim it is I 2 kA  peak for a sine wave pulse having a d l /d t  o f about 
3A/fi.s.

Dr. Browne rightly  draws a tten tion  to  the im portance o f  the arc 
oscillation in in terpreting results like those in Figure 2. We do, in fact, 
take this in to  account in Figure 4 to explain the supposed experim ental 
scatter in the tem perature measurements. In  the theory section the 
in itia l oscillations are an essential part o f  the m agnetic m odel in that 
they cover the transition current between the norm al arc and the arc 
w ith  the fu lly  developed central core. The exp lanation o f a hydrod y 
namic pressure oscillation im plies a m om etitary  reduction in gas density  
in the throat w ith  consequent gas flo w  d isruption tantam ount to m o
m entary nozzle clogging. Th is  should be detectable both by oscillations  
in the upstream gas pressure wave fo m i and by expansion o f  the arc 
colum n. Figure 2 does not show o.scillations o f  the required frequency, 
4 k l lz ,  although the pressure transducer (piezo-electric  type ) is certain ly  
sensitive to that frequency. M oreover the oscillatory bursts in Figure 2 
are bursts o f copper vapour w ith in  the lum inous SFf, arc boundary i.e. 
the arc itself does not expand by this am o unt. We are gratefu l to D r. 
Browne for pointing out the sim ilarities between our w ork and that o f  
H ertz et a l,(2 ) . I he copper vapour burst frequency 4 .5  kH z is almost 
identical to our ow n, although the nozzle throat diam eters are very d if
ferent, 5 mm com pared to 38 m m . We feel that this discrepancy sup
ports a relaxation oscillation orig inating at the electrode and not at the 
throat.

We agree w ith  Dr. Low ke and D r. Swanson that s trictly  the en
thalpy How m odel predicts l a D p -  p'/  ̂ fo r nozzle clogging. O ur equation
(1 3 )  is based on equation 14 o f  Perkins’ and F ros t’s p a p e rF '), viz.. 
I'm  -  l in ^ l’ i* A o  where F,n is the m axim um  enthalpy removal rate o f  
the nozzle and is related to the upstream arc voltage by Fm  = l^V u  
Thus fo r the case where the observed arc voltage is largely insensitive to 
current ( Figure 2) ,ind to pressure! I ). then approxim ate ly  L -^ H n -  
for sonic How. Clearly D„ is a more sensitive param eter than I’ in deter
m ining the best lit to a particu lar m odel and the observed vaiia tion  
favours a magnetic origin rather than an enthalpy lim it. 1 he critical

current Ic for core inception depends linearly on the throat d iam eter,. 
D |i, because in these experim ents D „ determ ines the ju n c tio n  radius at 
the upstream electrode. This is a consequence o f  the radial com ponent 
o f the gas How stream lines which are determ ined by the throat d i
am eter, Figure 5. T lie  lum inous arc diam eter in the nozzle throat at core 
inception is always less than the throat diam eter for both a ir !H a n d  
,SF'6 (see la te r); thus these results do not fall w ith in  the usual defin ition  
o f  nozzle clogging.

We now agree w ith  Dr. U eda ’s com m ents on the arc tem perature. 
The tem perature measurements in the paper were made using the transi
tion probabilities for Cu! due to  Corliss and B ozm an .!^ ) We are grateful 
to D r. J. F . Jenkins o f  Liverpool U niversity Arc Research project for  
pointing out m ajor errors in these constants and to  D r. K. C. Lapw orth  
o f the N ational Physical Laboratory for experim enta lly  con firm ing! 5 )  
the constants obtained by K ock and R ichter!!^F Using the latest values 
the “ N orm al Arc Tem pera tu re ’’ , Figure 4  is now 16,500  K whereas the 
m axim um  tem perature achieved in the core i s ^  3 0 ,0 0 0  K. These radial
ly averaged tem peratures have since been confirm ed by tim e and space 
resolved measurements o f F I ,  SH and C’ul line intensities (see below ). 
No SI lines have been detected in the wavelength range up to  6 50  nm ; 
the sensitive wavelength lim it for m onochrom e Polaroid film . Survey 
spectra taken w ith  I.R . sensitive film  have revealed strong emission lines 
in the range 6 5 0  nm to 6 90  nm possibly corresponding to the tw o  SI 
lines in Figure A . N o carbon lines were found in these spectra im plying  
the absence o f  P T F F  nozzle m aterial. Prior to core form ation  the arc 
space is homogeneous w ith  the particle distributions adequately des
cribed by the Local T fierm odynam ic E qu ilib rium  m odel and the tem per
ature p ro file .(7 )  H ow ever, the confinem ent o f the core to the narrow  
central region and its increased tem perature and electron density relative 
to the surrounding plasma im p ly  strong dem ixing and therm al isolation. 
But this should not m arkedly  effect the estim ation o f the core tem per
ature since this region dom inates the copper emission. A  possibly more 
serious error lies in the determ ination o f  electron density from  the 
Stark ha lf w id th  o f  the 5 15 .3  nm Cu! line. T lie  Stark constants used in 
the paper were derived by Iw ao  and Jayaram using the theory o f L ind- 
ho lm . Dr. Jenkins has recalculated these constants using the theory o f  
G riem  et a l ! * l  w ith  the result that e q u a tio n (3 ) now reads N^ -  3 .6  x 
10^f*AXs, i.e. the predicted electron density in the core is about a factor 
o f 4 smaller, F'igure 3. It is suggested that the la tte r theory is more ap
plicable to the present plasma conditions and the new relationship is 
therefore more accurate. Using the above m axim um  values o f T  =

I ? . 5
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l is:. 2c. Tem perature  profiles before and a fte r m etal vapour core 
fo rm ation

3 0 .0 0 0  K. and Ne = 1.6 x 10-4 e leetrons/rn^, just a fter 24.5 kA  peak, 
then the eharged particle pressure in the core (2  N e k T ) is 14 bar; 
still well above the downstream  pressure o f  3.1 bar. Reference to 
f  igures A I  and A 2 shows that these values are in broad agreement w ith  
the calculations for a copper vapour coneentration o f  about lO '/l. Also 
the tim e history o f  a determ ined from  Saha calculations and Ne and T  
now give much better agreement w ith  the observed conductiv ity  varia
tion.

Since w riting  the original paper we have obtained tim e resolved 
measurements o f  the radial arc current and tem perature distributions  
prior to  and fo llow ing core form ation for a position 10 mm downstream  
o f the nozzle throat. The in tensity d istribution  o f  the 5 4 5 .4  nm S ll.
510 .5  nm C ul and 5 29 .3  nm Cul lines were measured using the rapid 
scanning m onochrom ator Iechni(|ue described in reference (7 ). This a l
lowed the arc and core radii to be determ ined as a function o f  current 
and hence the mean current density for the tw o  regions, f  igure IC . The  
tem perature d istribution was obtained, fo llow ing Abel inversion o f  the 
side on arc in tensity, by com paring the relative in tensity o f  the S ll 
line w ith  previously obtained in ten sity /tem peratu re  profiles,* ^ > and by 
com paring the measured in tensity ratio o f  the C u l lines w ith  the cal
culated value using Kock and R ichter’s d a t a * I ,  Figure 2 (’ . This figure

includes error bars due to experim enta l variations but om its possible sys
tem atic errors due to uncertainty  in the transition probabilities o f  
± 1 ,000  K fo r S ll and ± 2 .0 0 0  K for C u l at 2 0 .0 0 0  K.

Figure IC’ shows that for a peak current o f 20.5  k.A the core de
velops at 19 k A  and persists down to a level o f about 6 k.A The m axi
m um  arc radius is 12 m m  and is thus considerably smaller than the 
nozzle throat radius o f  19 m m . The mean current density prior to c,)ie  
fo rm ation  is 41 M A /rn -  but w ith  the core present the oseiall arc radius 
decreases and w ith  falling current the current density is 70 \ 1. \  m - .  
Assuming that the electrical properties o f  the ou ter plasma do not 
change upon core fo rm ation . ( the ou ter plasma shows no spectroscopic 
differences w ith  or w ith o u t the core), then the llnal m axim um  current 
density in the core is 100 M A .m - .  Fu rth er assuming a un iform  tie Id 
distribution  for the total are voltage o f 4 3 0  volts. Figure 2. the mean 
conductiv ities o f  the outer plasma and the core are 9 .4 0 0  m ho /m  and
2 3 .0 0 0  m ho /m  respectively.

Figure 2C shows tw o tem perature profiles, ( i I  just prior to core 
fo rm ation  at I 7 .0  kA  and (ii I w ith  the core present at 2 0 .0  k A  during  
the core tem perature and electron density transition period. Figure 3 
and 4 . In ( i )  the axis tem perature is 2 0 .5 00  K and the profile  is approx
im ately  parabolic down to  a tem perature o f  13 .000  K and a radius o f  
12 m m. I he mean electrical conductiv ity  com puted from  this pro llle  
and Figure A 3 for pure S ly , shows good agreem ent, 9 ,0 0 0  m h o /m . w ith  
the above value for the ou ter plasma. In ( i i )  the p ro llle  exhibits  a hum p  
at the axis due to the core and although the current is larger the radius 
is smaller, I 1.5 m m , than tlie pre-core p ro llle . It is suggested Irom  the 
previous results that the core tem perature , electron density and there
fore pressure increase w ith  arcing tim e whereas the ou ter plasma tem per
ature remains relatively contant*  ̂*. This finally  results iii a core con
ductiv ity  about 2.5 times that o f  the outer plasma so that at X k.A. for  
exam ple. HO'/r o f  the total arc current Hows in the core.

F in a lly , although we would agree w ith  Dr. Lowke and Dr. Swanson 
that the case for m agnetic pinch core inception is not com pletely  
proven, strong evidence has been presented that m agnetic effects d o m i
nate the subset)lient arc behaviour. We sus)iect that at core inception a 
radially constricted anode spot is form ed by the strong self fie ld . The  
axia lly  fa lling eurrent density and hence reduced magnetic pressure in 
the colum n cause a high velocity je t o f metal va|vour to be directed  
towards the cathode. 1 he observed dem ixing and high tem peratures and 
pressures are a rellection  o f  this process in the are colum n.
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APPENDIX IX

ENERGÏ balance of a high current SFg INTERRUPTER ARC

R. Airey A R.J. Urvin

Central Electricity Generating Board, Marchwood Engineering Laboratories, Marchwood, Southanpton, Hants., UK

yWTRODUCTIOW

inter-Detailed understanding of a high current arc 
action with a strong axial gas flow may ultimately 
lead to more efficient gas blast circuit breaker 
designs. Of major importance is the instantaneous 
balance between plasma joule heating and the conduc
tion, convection and radiation components of heat 
dissipation. The magnitude of each fraction can only 
be ascertained when the energy distribution over the 
whole arc and its surrounding flow field is known. 
However, a valuable insight into arc behaviour may be 
achieved with the much more limited experimental data 
which are usually available. In particular it should 
be possible to identify the dominant loss mechanism 
and to assess the importance of other loss processes. 
Moreover, for measurements over a large range of cur
rent, it is possible to compare the change in the 
remaining heat fraction with predicted variations for 
the alternative loss mechanisms.

jCTHOD

Given reasonable values of temperature distribution, 
pressure and axial gas velocity, an estimate of the 
enthalpy flux inside the electrically conducting arc 
boundary can be made. The estimation of losses due to 
radiative transport and conduction enhancement by tur
bulence at the boundary is more difficult and less 
precise. These processes will be examined following 
subtraction of the convection term. The joule heating 
is assessed by the electric field integral over the arc 
length under consideration. Simultaneous measurements 
of the field and the radial tenperature distribution at 
a given axial position are used to investigate the 
suitability of equilibrium calculations for this work. 
Finally, the variation of the thermal annulus cross- 
section with current is compared with the residual heat 
flux required for a balance, and a tenperature assigned 
to this zone.

ÆASUREÆNTS

The apparatus used for the experiments has been fully 
described previously (Airey and Abbott (1)). For the 
present investigation fixed upstream and downstream SFg 
gas pressures of 0.65 MI and 0.31 m  m~^ were used. 
The 100 mm long arc burned between 30 W 3 'Elkonite' 
electrodes in a 38 nm orifice diameter nozzle. A short, 
1 0 mm, upstream arc length was used and most of the 
measurements were made in a position 1 0 mm further 
dwnstream of the nozzle throat. The sinusoidal arc 
current was supplied from an LC injection circuit which 
enabled a maximum peak current of 32 kA to be achieved 
with a duration of 10 ms. Change of LC ratio for con
stant LC product and variation of the capacitor bank 
charge voltage (10 kV maximum) gave correspondingly 
smaller peak currents.

Temperature Profile Variation With Arc Current

The radial distribution of the emitted intensity of the
624.0 nm FI and 545.4 nm SII lines was measured using
a rapid scanning monochromator. Conparison of the cal
culated F1:S1I intensity ratio with the measured ratio 
following Abel inversion, gave the radial temperature 
distribution in the range 2 0 , 0 0 0  K down to about
11.000 K. These results, for a position 10 mm

downstream of the throat have already been reported 
(Airey et al. (2)) but for convenience the profiles at 
instantaneous currents of 17 kA, 9 kA, 4.5 kA and 1 kA 
are given in Figure 1.

Electric Field Measurements

Electrostatic probes have frequently been used to mea
sure the plasma potential in low pressure, non-l.t.e. 
discharges. In the present work the column gas temper
ature is very nearly equal to the electron temperature 
and the high energy density would melt any probe made 
sufficiently small to avoid disturbing the arc. More
over, the high gas velocity would tend to bend the 
probe out of the arc. To overcome these difficulties a 
2 mm diameter axial tungsten probe insulated with a 
PTFE sleeve, 0.1 mm thick, was inserted into the arc 
through a hole in the downstream electrode (Bo’thwell & 
Grycz (3)). From measurements with the probe in dif
ferent axial positions on successive tests, it was 
possible to derive the field as a function of arc cur
rent and axial position. At low currents, when the 
probe and arc radii were comparable, unstable lateral 
arc motion prevented continuous contact between the arc 
and the probe. Satisfactory measurements were only 
obtained without difficulty down to a current of 1 kA. 
The field measurement at 4.5 kA is given in Figure 2. 
Measurements at other currents in the position where, 
the temperature measurements were made showed that the 
field was proportional to the total arc voltage.

Thermal Boundary Measurements

The intensity of the FI and SII emission lines falls 
off very rapidly for tençeratures less than 1 1 , 0 0 0  K. 
Unlike the *2 ate, molecular band emission is absent in 
the SF5 arc at the visible boundary. These features 
are consistent with the relatively low dissociation 
tençerature of SFg compared with N 2 and suggest that 
emission from the thermal annulus is confined to infra
red wavelengths. At present we do not have diagnostic 
techniques for these low temperatures, but useful 
information can be obtained from measurements of the 
thermal radius, i.e. that radius at which the arc tenp
erature approaches the cold gas tenperature, 300 K. Ir 
particular the thermal area variation with instant
aneous arc current may be valuable when assessing the 
energy balance.

'Shadowgraph* measurements were made with a 600 mW 
argon ion laser. This beam intensity permitted almost 
complete suppression of the arc intensity at the laser 
wavelength, 488,0 nm,with narrow pass-band filters. By 
using a long optical path length, about 2 m, the system 
was made sufficiently sensitive to detect density 
changes of about 10%. Greater sensitivity was obtained 
using a *schlieren' knife edge to intercept the output 
beam and this gave an identical thermal radius, as was 
found by Bothwell et al, (4) when investigating arcs in 
air. Typical high speed camera frames at current peak 
and at current zero are shown in Figure 3. The thermal 
radius variation as a function of instsitaneous current 
for a 6 . 8  kA peak pulse is given in Figure 4,

Axial Gas Velocity and Pressure Variation

The highly divergent downstream shape of our nozzle is 
such that flow separation occurs and an underexpanded
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jet results. For such a case, the cold gas pressure 
and velocity distribution can be computed for the given 
set pressures. The pressure at 10 mm doimstream of the 
throat is about 0.2 MN m“^and the Mach number is 1.5 
(M. Hutton,-private communication).

Experimental confirmation of this Mach number has been 
obtained from high speed photographs of the arc loop 
motion during arc transfer in the cold gas stream 
(Airey and Gardner (5)). For the given set pressure 
conditions, an arc loop axial velocity of 2 0 0 m s"^ was 
observed which compared with the cold sound speed of 
SF6 of 135 m s“ ,̂ giving M = 1.48.

Measurements of the hot gas velocity were attempted by 
observing the motion of copper vapour (Cul emission 
lines) along the arc axis. A low value of about 
1 0 0 0  m s"̂  was observed which, for a mean gas tenpera
ture of about ISOOOK yields a Mach number of 0.3. 
However, this result could have been severely influenced 
by vapour diffusion and heating. Conservation of 
momentum in the axial direction, neglecting radial 
pressure gradients, suggests a constant Mach nunter for 
the cold gas and hot plasma (Lowke and Ludwig (6 )). 
Reasonable agreement with this approximation has been 
observed by Jones et al. (7) for air and by Herman etaL
(8) for N2 « We shall assume that these conditions also 
exist in the high current SF6 arc. For the analysis 
presented below, M = 1.5 and P “ 0.2 MN mT^ is used.

COMPARISON OF THE PREDICTED AND MEASURED FIELD

The temperature profiles have'been converted to conduct
ivity profiles using the data of Frost and Liebermann
(9). The predicted field, E', is given by

E' “ l/{2it/ ro(r)dr} ' o (1)
where 1 is the instantaneous current and r^ the limit
ing radius for electrical conductivity, o, (about 
5000 K), Since our tenperature profiles do not extend 
below 1 1 , 0 0 0  K, we have had to assume that the temper
ature gradient measured by Hertz et al. (10)
2 x 10' K m“ ', in a similar SF^ environment, exists at 
our conduction boundary. This radius correction be
tween 11,000 K and 5,000 K becomes important only for 
small arc radii at low currents.

The predicted and measured fields are compared in 
Figure 2. Whilst there is reasonable agreement between 
the average values, the large scatter in the predicted 
field prevents a more exact comparison; certainly no 
systematic difference is apparent. This scatter is 
primarily due to inherently unstable arc radius varia
tions which predominate at low current. At high cur
rent the radius scatter is smaller and is reflected in 
a better agreement. NB. The estimation of electric 
field at 9 kA is actually the mean value of three tem
perature profile results with very small scatter (2 ). 
Since the temperature profiles were derived using equi
librium composition calculations and the expression for 
electrical conductivity assumes an equilibrium plasma, 
then the reasonable agreement between predicted and 
measured fields suggests that equilibrium calculations 
of heat transport properties are appropriate to this 
analysis.

ENERGY BALANCE CALCULATION

The joule heating energy input, Qin, is derived from

Qin =* IVu(I) (2)
where 9^(1), the upstream arc voltage variation as a 
function of current, is obtained from the probe 
measurements. This parameter is plotted in Figure 5.

The heat convected, Qg, through the axial position at 
z - 2 0 mm is given by

Tc
Q. “ 2uMp/ F(r)rdr (3)

where F(r) is the radial variation of the Mach 1 
enthalpy flux per unit pressure. This parameter is 
is tabulated by Frost and Liebermann (9) as a function 
of temperature. The integral was evaluated at rg/20 
intervals from each temperature profile extrapolated 
to the conduction limit.

The difference between the input and convected terms, 
4Q ” Qin “ Qci is also plotted in Figure 5 using the 
smoothed convection data. Assuming that all this ex
cess energy is transported radially across the elec
trical boundary, and is then convected axially within 
the thermal annulus, then a mean temperature for this 
annulus may be derived from

AQ “ 7rF̂ MP(r{.̂  - r̂ (4)

where r̂. is the thermal radius and Fj- is the mean con
vected flux in the annulus at a temperature Ta. Solu
tion of equation (4) at discrete currents of 2 kA and 
10 kA (using an extrapolated value for r^, Figure 4) 
yields F^ = 37.5 and 40 kW cm~^ atm. From Frost and 
Liebermann's (9) data, the mean boundary temperatures 
are 1,300 K and 1,400 K respectively.

DISCUSSION

On the basis of the above calculations and the assumed 
values of M and P, convection inside the electrical 
radius accounts for only 44% of the losses at 2 kA 
rising to 75% between 10 kA and 15 kA. ITiere is strong 
evidence to suggest that for currents greater than 
15 kA, the percentage loss from the arc due to convec
tion falls again and the contribution due to radia
tion assumes greater importance (Airey et al. (11)). 
This current range is at present undergoing further 
examination. The kinetic energy of flow has been neg
lected in the above treatment because of the relatively 
small contribution to the total axial flux (about 1 0%) 
and because of this parameter's cubic dependence on 
axial velocity; i.e. small errors in the Mach number 
estimation, give rise to relatively large errors in the 
kinetic energy term. This term may contribute to the 
loss difference at high currents, but at low currents 
the arc temperature falls rapidly and is accompanied by 
a falling axial velocity. Escaping radiation from the 
pure plasma (i.e. without metal vapour) is similarly 
reduced when the mean arc temperature falls from about
18,000 K to about 14,000 K, but radiation from electrode 
vapour at, and below, the lower temperature is signifi
cant and may contribute particularly strongly to the 
losses in the near electrode region (Strachan (12)).

The dependence of AQ on I for arc current less than 
10 kA suggests that radial heat transport by diffusion 
predominates over non-absorbed bulk radiant emission. 
For a constant current density, peripheral losses wliich 
would apply for diffusion vary as I5 whereas volumetric 
losses associated with escaping radiation vary as I.
The difference between the input and convection energy 
terms more closely follows the former. However, the 
required thermal conduction coefficient is more than an 
order of magnitude larger than that value predicted by 
equilibrium calculations (Frie (13); Frost and 
Liebermann (9)). The dominant transport mechanism may 
be continuous emission and absorption of ultra-violet 
radiation across the temperature profile (Lowke (14)) 
with small scale turbulence accounting for conduction 
enhancement at the electrical radius limit (Swanson and 
Roidt (15); Herman et al. (8 )). If this is the case, 
the isothermal regions observed in the temperature pro
files at low current (Figure 1) may imply strong coun- 
ling between like atomic species, whereas regions with 
large temperature gradients suggest a change of dominart 
species. Spectroscopic measurements tend to confirm 
this suggestion but further work is being carried out 
to obtain more concrete evidence. In particular the 
effective conductivity peaks due to strong radiation
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oupli* ' 8  need conparing with those peaks due to trans
port of ionisation reaction energy (King (16)).

axial zone considered for energy balance includes 
both pure gas and vapour rich arc regions. Since the 
transport mechanisms in these regions may be quite dif
ferent, then averaging the radial loss gives only an 
overall picture; the detailed solution requires tenper
ature profiles and electric fields to describe heat 
entering and leaving each discrete axial zone. However, 
the invariance of the energy density in the thermal 
annulus means that the transport coefficient for these 
mechanisms remains constant over the current range 
consideted. The calculated annulus temperature is not 
yery different from the dissociation temperature for 
the SFb molecule, about 2,000 K. The strong thermal 
conductivity maxima at about this temperature suggests 
that the tenperature gradients will be small in this 
region but could be large at either boundary. This may 
account for the very clear distinction between the hot 
and cold gas layers observed in the 'shadowgraph* films.

.CONCLUSIONS

Axial convection within the electrically conducting arc 
boundary accounts for 75% of the joule heating with 
current in the range 10 kA to 15 kA and the kinetic 
energy of flow merely accounts for a further 10%. At 
2 kA the axial convection fraction falls to 44% and the 
flow kinetic energy is also reduced. Comparison of the 
measured and predicted arc response suggests that the 
remaining fraction is transported to the thermal annu
lus by thermal diffusion. Losses due to freely escap
ing radiation would show a stronger dependence upon 
current. The large conduction coefficient^ so calculate 
may be dominated by successive emission and absorption 
of radiation across the temperature profile.

Assuming that the radial heat flux is convected away in 
the thermal annulus, with the same Mach number and pres
sure as for the electrical region, yields an annulus 
tenperature of 1,300 K. The invariance of this cal
culated mean tenperature for current in the range 2 kA 
to 10 kA implies a constant energy density in the annu
lus and a constant coefficient per unit peripheral 
length for heat transport into the annulus.

This work shows the increasing importance of radial 
energy loss processes as current zero is approached. 
Investigations are planned to measure the radial temp
erature profile and electric field at times closer to 
current zero. A more conplete solution of the energy 
balance equation in this radial loss dominated current 
regime will then be possible.
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INTRODUCTION AND BACKGROUND

The luminous colunn radius of a high current arc burn
ing in a strong axial gas blast normally increases as 
the square root of the instantaneous current. If cur
rent flow is confined to the luminous arc regions, this 
implies a constant mean current density. Since the 
total arc voltage is observed to be almost independent 
of current, the mean electrical conductivity is also 
constant. Photographic radius measurements on high, 
pressure arcs in air (Airey (1)) clearly showed a re
duction in the rate of increase of radius with currents 
greater than 27 kA and this was coupled with a fall in 
the total arc voltage. At that time it was thought 
that the sudden injection of large concentrations of 
copper vapour from the overheated electrode surface 
could enhance the colutm conductivity in the observed 
manner. However, equilibrium conductivity calculations 
by King and Howes (2) for nitrogen and copper vapour 
and by Airey et al. (3) for SFg/copper vapour mixtures 
shewed little difference between the pure gas conduct
ivity and that of electrode vapour at the same high 
temperature and pressure. Although the low ionisation 
potential of the copper atom leads to a higher electron 
density at a given temperature, the long range coulomb 
forces due to the ions scatter the electrons in their 
progression towards the anode and these collisions are 
independent of the orbital configuration and depend 
only on the ion charge state (Spitzer (A)).

In the paper by Airey et al. (3), high speed photo
graphs of 24.5 kA peak arcs in SF5 revealed a change in 
arc appearance when the instantaneous current exceeded 
20 kA; an intense parallel sided core was formed co
axial with the normal arc. This appearance persisted 
to within a few hundred microseconds of current zero, 
whereupon the core extinguished and the arc resumed its 
normal appearance. With the core present the overall 
current density was enhanced in a similar manner to 
that described above and since the total arc voltage 
fell by about 1 0%, conductivity enhancement was again 
indicated. Survey spectra plates showed that the core 
was rich in electrode vapour whereas the outer plasma 
contained the normal, high tenperature SF6 arc con
stituents, namely excited fluorine (FI) and ionised 
sulphur (SII). Electron temperature and density 
measurements using Cul line emission showed that the 
temperature and pressure was much higher in the core 
than in the outer plasma. In the present paper the 
current density of the two regions is examined in more 
detail. A measured value of the electric field is then 
used to derive the conductivity distribution.

experimental ARRANGEMENT

The arc chamber and gas handling facility have been 
described previously (Airey and Abbott (5)). The 
specific geometry and gas pressure conditions used for 
the present work are shown in Figure 1. The SFg gas 
flow was from anode to cathode; expanding from a 
reservoir pressure of 0.65 MN m"^ through a PTFE nozzle 
to a background pressure of 0. 31 MN nT^ . The arc cur
rent was supplied from an LC tuned circuit which could 
provide sinusoidal current pulses of up to 32 kA peak 
with a duration of 10 to 12 ms. Change of LC ratio for 
constant LC product and variation of the capacitor bank 
charge voltage (10 kV maximum) enabled lower peak 
currents to be achieved.

RADIUS MEASUREMENTS

An imoortant feature of the very high current SF5 arc 
examined was the clear distinction on high speed films 
between the core and outer plasma radii in terms of 
emission intensity. These radii were resolved spectro
scopically and corresponded in the core to Cul lines 
and strong continuum emission, and in the outer plasma 
to FI and SII line emission. Thus by tuning a mono
chromator to one line at a time and scanning the arc 
image across the monochromator entrance slit, these 
radii could be resolved as a function of instantaneous 
current and arcing time (Airey et al. (6 )). A fast 
scanning speed, 3 mm ps“ \  was used so as to minimise 
lateral arc motion and consequent blurring during the 
sampling time. For the present investigation the 
radius limits of the 510.5 nm Cul, 529.3 nm Cul and
545.4 SII lines were continually monitored throughout 
a 20.5 kA peak current pulse.

The results are plotted in Figure 2 using logarithmic 
axes. With increasing current the radius measurements 
were evenly distributed about a constant current den- . 
sity of 40 MA m~^. No emission from the Cul lines 
could be detected until a current of 19.5 kA was 
reached. With current falling from the peak, the outer 
plasma radius was smaller and more stable at corres
ponding current values and the overall current density 
increased to 80 MA m“^. Strong Cul emission was 
observed from the core and these radius values were 
clearly smaller than those for the outer plasma but 
again fell naturally on a constant current density lina 
The total arc voltage fell by about 10% following core 
formation and remained at a low value until the core 
extinguished just before current zero.

REVIEW OF TEMPERATURE AND ELECTRON DENSITY MEASUREMENTS

In the previous spectroscopic investigation of the SF^ 
arc containing a metal vapour core (3), the heights 
and widths of a number of Cul emission lines were con
tinuously monitored during a 24.5 kA peak current 
pulse. These data were used to derive the electron 
temperature from the intensity ratio of two lines, 
whilst the electron density was obtained using Stark 
broadening coefficients. Following discussion of these 
results, errors in the transition probabilities and in 
the broadening coefficients were found. The data have 
been reanalysed using the more reliable coefficients 
and, at low currents before core formation, agreement 
is now obtained between the temperature and electron 
density derived from Cul spectra and from the FI and 
SII lines. In the current range 3.5 kA to 17.0 kA 
approximately parabolic temperature distributions with 
axis values of 20,000 K were measured using the FIrSII 
intensity ratio techniques (3) and (6 ). These values 
compare with radially averaged temperatures from Cul 
lines at a current of 17 kA of between 16,000 K and
18,000 K. For the electron density the half widths of 
the 624.0 nm Fl and 545.4 nm SII lines have recently 
been measured at a current of 7 kA. Using the Stark 
broadening coefficients of Griem (7) for Fl and 
Wiesse (8 ) for SII, electron densities of 3.5 xlC?^ m ̂ 
and 2.9 X  10^^ m“  ̂respectively were calculated. The 
recalculated electron density from the Cul data at the 
same current was 4 x 10^^ m~^. These comparisons give 
confidence in the use of Cul line data to measure the 
temperature and electron density at least before the 
core forms.
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with the core present, widely varying ratios of the two 
Cul line intensities were observed inplying significant 
temperature variation. The average temperature oscil
lated between the above pre-core formation value and a 
niaximum value of 32,000 K just following core formation 
Thereafter the maximum temperature fell slowly to the 
pre-core formation level just before current zero.
High speed streak photography shov̂ ed that during the 
early stages of core formation the core presence was 
oscillatoiy. It is possible that the higher tenpera- 
tures corresponded to spectroscopic line intensity 
sanpling with the core present while the lowest values 
corresponded to measurements on a tenporarily core- 
free arc. The Cul line half widths increased markedly 
with the core present and a peak electron density of
1.7 X lÔ ** was derived.

Experimental difficulties at very high current pre
vented reliable measurements from FI and SII line 
emission. However, the limited data showed a fall in 
the SII line intensity at the axis due to the displace
ment of sulphur and fluorine by metal vapour. Survey 
spectra records showed that the line intensity ratio, 
the line half widths and the composition of the outer 
plasma had not changed following the formation of the 
core. These results suggest that we may take the 
tenperature and electron density of the normal arc as 
the values in the outer plasma.

CORE CURRENT DENSITY AND CONDUCTIVITY

If the mean current density, J„, in the outer plasma 
does not change when the core forms, then the mean 
current density, J^, in the core may be estimated by 
comparing the current flowing in the relevant arc cross- 
sections . Using the symbols in Figure 1 where Ij is 
the total current, r^ and tp are the core and outer 
plasma radii respectively, and Ic and Ip are the core 
and outer plasma currents, then from Ij = Ij, + Ip

and
Jc - Ic/ntĉ

The mean core conductivity is given by 

°c “ ^c/E

(1)

(2)

(3)

where E is the axial electric field in the region of 
the measured cross-section. Axial probe measurements 
discussed by Airey and L'rwin (9) showed that the field 
in this region was almost constant with increasing arc 
current above 3.5 kA and was asymptotic to a value of
4.8 kV m"L Equations (1), (2) and (3) have been solved 
at discrete currents through the pulse using the data 
in Figure 2 and the above value of E. The current den
sity in the outer plasma was assumed to be 40 MA 
since observation showed the outer plasma to be un
changed. The measured core conductivity as a function 
of arcing time is given in Figure 3.

DISCUSSION

For an SF5 arc with no core present, simultaneous 
measurements of the tenperature profile and electric 
field at the same axial position have been found self- 
consistent when equilibrium electrical conductivity 
calculations; were used (9). In that case for current 
in the range 1.0 kA to 17.0 kA the axis temperature 
varied from 15,000 K to 20,500 K. Similar conclusions 
on the adequacy of the Spitzer conductivity expression 
in describing measured values of conductivity in argon 
and air at tenperature up to 15,000 K have been drawn 
by Lin et al. (10) and by Devoto (11). In the present 
work the conductivity of the outer plasma using 
Jp - 40 MA m“  ̂ is 8,300(Dm)“ L  According to the cal
culations of Frost and Liebermann (12) and of Kinsinger 
in reference (3), this conductivity would be observed 
in a pure SF^ plasma at an equilibrium tenperature of 
between 16,000 K and 18,000 K and at a pressure of

0.2 MN m~^. These figures are in agreement with the 
deduced values in the outer plasma; the average roininun 
temperature during core formation is 17,500 K which, 
together with the measured electron density and com- 
nuted neutral fraction, yields a pressure of 0.3 MN m"̂ . 
In this temperature range, even the addition of a 
large copper vapour inpurity fraction has little effect 
on the conductivity.

With current rising above the core formation level the 
measured conductivity increases rapidly to a value of
20,000 (Dm)"^ (Figure 3) which is maintained to within 
1 ms of current zero. The dashed curve in this figure 
presents the conductivity variation computed from the 
measured temperature and electron density (nressure) 
variation. It has been assumed in calculating the 
conductivity that the highest measured temperature 
represents the true core tenperature. Also, the equi
librium conductivity calculations of Kinsinger have 
been used, rather than those of Frost and Liebermann, 
because higher values result for temperatures greater 
than about 20,000 K, i.e. the enhanced conductivity is 
more easily explained using the former calculations. 
There is reasonable agreement between the two curves 
in terms of the peak conductivity and the current at 
which conductivity enhancement commenced (19.5 kA). In 
the previous investigation and in more recent results 
it has been shown that the fully develooed (non-osci1- 
latorv) core is observed at a constant current indepen
dent of the peak value. Following the conductivity 
peak, the calculated conductivity falls off verv 
quickly. The agreement in this regime is poor, partic
ularly when the different values of peak current used 
for the two sets of measurements are taken into 
account. If conductivity enhancement is current depen
dent, then we would expect the higher peak current to 
produce the higher conductivity. It may be that durj,ng 
the later stages, as the core decays, the core energy 
is dissipated in the outer plasma and the original , 
observation of the outer plasma’s independence of the 
core is no longer true.

While some of the characteristics of the core can be 
explained by an increased temperature and pressure, 
the reasons for this abrupt change in arc behaviour are 
not clear. The peak pressure deduced from the electron 
density and temperature measurements is 1.3 MN m"^; 
very much above that of the surrounding plasma and cold 
gas. However, without the pressure increase the cal
culated conductivity is reduced by about 35% leading to 
very poor agreement. In a previous examination of 
parameters affecting core inception, agreement was 
obtained with a scaled magnetic pinch relationship. 
However, for the self-magnetic field to restore a 
pressure balance, current flow in the core must be con- 
• fined to an area considerably smaller than the apparent 
core cross-section. Recent high-speed, image converter 
camera photographs of an arc at 32 kA peak, taken 
through a Cul line interference filter, have revealed 
filamentary structure in the core during the formation 
phase. This technique may be capable of development 
to resolve filamentary structure during the non-osci 1- 
latory phase. A further possible explanation of the 
high pressure observed in the core is that the vapour 
velocity is extremely high (i.e. the axial velocity may 
be much greater than the radial expansion velocity).
The initial high pressure and temperature may originate 
from constriction of current flow to a small region on 
the anode surface. Plasma flow from anode to cathode 
would not contribute to the conductivity unless the 
positive ions carry a substantial fraction of the total 
current.

The recent measurements at 32 kA pekk-^uggest that at 
this current level the conductivity may be as high as 
5 X 10'*(nm)“L  Extremely high temperatures are re
quired to explain this result because, although the 
conductivity increases as temperature^/^, it varies 
inversely as the ion charge state, Z, which itself 
increases with temperature (4). Measurements of very 
high conductivities have been reported by

-LI I-



Allen and Crages (13) 12 x 10** (Dm)" ̂ and by Braudo (l4)
3.4 X lO"* (Dm)" in 'pinched' atmospheric pressure dis
charges in. argon. The arc temperatures were estimated 
using conductivity relations and were 160,000 K and
87,000 K respectively. However, in the first reference 
a conductivity relation was used which neglected the 
effects of Z and in the second reference Spitzer's 
relation was used with Z » 2. Saha composition cal
culations indicate that at a temperature of the order 
of 10̂  K in argon, species with Z = 5 would predominate 
leading to a much lower conductivity. For Spitzer's 
relationship to apply in these cases extremely high 
temperatures are necessary. Clearly further measure
ments are required in order that the conductivity at 
these very high current levels be understood and to 
confirm the suitability of equilibrium conductivity 
calculations under these conditions.

CONCLUSIONS

10. Lin, S.C. , Res 1er, F..L. , and Kantrawitz, A., 1955, 
J. App. Phvs. (USA), 26, 1, 95-109.

11. Devoto, R.S., 1976, Phys. of Fluids, 19, 1, 22-24

12. Frost, L.S., and Liebermann, R.W., 1971, Proc.
IEEE, 59. 4, 474-484.

13. Allen, J.E., and Craggs, J.D., 1954, Brit. J.
Appl. Phvs. , 2» 446-453.

14. Braudo, C.J., 1959, Ph.D. Thesis, University of 
Liverpool.

Proc. lEE Gas Discharge Conf. 
Swansea, 1976, Pub. No. 143, 8-11.

Time resolved arc radius measurements have been made 
in an axially blasted SFg arc at a sufficiently high 
current (20.5 kA) for the formation of an intense • 
vapour rich core coaxial with a normal outer plasma. 
The mean current density in the core has been derived 
assuming that the current density in the outer plasma 
does not change when the core forms and that current 
flow is confined to the luminous regions. Combining 
these data with previous measurements of the electric 
field has yielded the mean conductivity of the core 
and outer plasma. It is shown that an enhanced con
ductivity exists in the core, which persists to a low 
current.

Spectroscopic measurements of the relative amplitudes 
and line widths of Cul emission spectra at 24.5 kA 
have shown that the temperature and electron density 
are much higher in the core than in the outer plasma. 
Similar measurements of FI and SII spectra support the 
assunption that the conditions in the outer plasma do 
not change upon core formation. Calculations relating 
conductivity to plasma temperature and pressure have 
yielded reasonable agreement between the initial time 
variation of measured and predicted conductivity 
values, both in the core and in the outer plasma, for 
these current levels.
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