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ABSTRACT 

High speed photographic and time and space resolved 

spectroscopic investigations have been undertaken to quantify 

the processes governing arc thermal reignition phenomena. 

A fixed nozzle and electrode geometry was used with SF6 

as the host gas. A sonic flow of gas at the nozzle throat 

was sustained using an upstream vessel pressure of 7.8 psig. 

A 35.5mF capacitor bank was used to supply electrical 

energy for reduced and full power arcing tests using different 

circuit configurations. 

Sophisticated optical diagnostic instrumentation has 

enabled photographic and spectroscopic investigations with 

high time and space resolution to be made during the current 

zero period of both the full and reduced power arcing cases. 

The results of above experimental investigations are 

of value in determining the thermal structure and the 

processes governing thermal reignition of the circuit breaker 

arc of the present investigation. In particular, temperature 

profiles derived from the above investigations have been 

used to quantify the important terms of the dynamic current 

zero energy balance. 

Experimental investigations have thus been performed 

during the critical current zero period of a full power 

circuit breaker arc. The significance of these results has 

been realised in evaluating the current zero temperature 

profiles and subsequently the energy conservation equation 

terms for severe circuit breaking conditions. 
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CHAPTER 1 

INTRODUCTION 

Circuit breakers are an integral part of any power 

transmission system. They serve to protect components 

within that system which are expensive and easily damaged 

if subjected to the excessive currents which occur during 

a typical power system fault. Protection is achieved by 

isolating a particular part of a circuit or network when a 

fault occurs. The fault current is interrupted in a manner 

such that no system damage occurs owing to voltage transients 

caused by too rapid a rate of current decay. The latter 

requirement is normally fulfilled by interrupting the 

alternating fault current as it passes through a zero value 

naturally at the end of an alternating half cycle. 

Most commercial circuit breakers consist of two contacts 

which are closed together when the power system is in normal 

operation. However if a fault is detected, the contacts are 

separated. The instant at which contact occurs varies 

according to the circuit breaker type and application but 

in all cases an electrical arc discharge is formed. This 

arc is contained or manipulated such that when the fault 

current has decayed to zero, the arc is extinguished and 

the fault current is successfully interrupted. 

To achieve such a successful interruption, sufficient 

energy must be removed in order to keep the electrical 



conductance in the recovering contact gap as low as 

possible so that reignition due to joule heating caused 

by residual current flow is avoided. In addition a sub- 

sequent recovery of the insulation properties is required 

to prevent dielectric breakdown by the voltage across the 

arcing gap produced by the network reaction to current 

interruption. 

For the above reasons the medium in which the arc is 

formed is important in determining the electrical performance 

limitations of a circuit breaker. The influence of the 

medium is manifest through its thermodynamic and aerodynamic 

properties prior to current zero, the first few microseconds 

thereafter, and its dielectric properties during the voltage 

restrike period. Thus as power system voltages have 

increased, the ability of a circuit breaker to interrupt 

increasing short circuit fault currents and withstand greater 

voltages has necessitated improving and changing circuit 

breaker designs. 

Early forms of circuit breakers incorporated a knife 

switch type mechanism which posed an obvious safety threat 

for the operator. Further developments of circuit breakers 

led to a remote operation and an eventual complete immersement 

in oil. The latter development involved the evolution of 

hydrogen gas during breaker operation which resulted in an 

explosion hazzard. Thus such commercial breakers included 

a minimum amount of oil (Rieder, 1971), These breakers were 



-3- 

superseded by air blast breakers, the further developments 

of which (e. g. unit stacking and insulation) led to their 

installation in the 400KV distribution system (Rieder, 1971). 

Over the last 25 years the use of air has been further 

superseded by SF6 gas as an arcing medium, the first 

production breakers being developed by Westinghouse 

(Friedrich et al) and (Leeds et al, 1957). SF6 has a low 

ionization energy and a high affinity for electrons when 

de-ionizing which makes it an ideal quenching medium. These 

properties enable a lower pressure or a higher rating per 

break unit to be used when compared to the equivalent air 

breaker. 

SF6 breakers have been developed for a large range of 

power system switching duties. They range from the medium 

voltage rotary arc switches where the arc is magnetically 

driven through the SF6 gas to the higher voltage duties 

utilising a multi-break puffer style breaker. The latter 

involves compressing a volume of gas-pneumatically forcing 

it to flow in opposing directions through two back to back 

nozzles before exhaustion into a collection chamber. With 

full duoflow operation the two nozzles are also used as the 

contacts. Any vapourised contact material is removed by 

the biderctional flow so assisting in providing an efficient 

performance. However in many other ways the fundamental 

processes governing arc quenching are similar to those in 

interruptors using unidirectional flow produced by pressurised 

gas on one side of a nozzle sustaining a flow into lower 
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second (or. sometimes sub-microsecond) time resolution 

and precise spatial resolution owing to the rapid rate 

of change of properties and the small, radial dimensions 

of the arc column respectively during this period.. 

An extensive investigation using high speed photographic 

techniques was conducted on both full and reduced power 

arcing conditions so that the arc column dimensions and 

structure could be quantified and a direct comparison of 

the two cases made. The instrumentation pertaining to this 

section of the work is described in chapter 4 and the 

results obtained are presented in chapter 6. 

The photographic measurements not only allowed a 

quantitative analysis to be made of the luminous arc column 

and its properties but also enabled a precise evaluation of 

the arc column throughout the current zero period. This 

enabled the more elaborate measurement technique required 

for the spectroscopic investigation to be executed efficiently 

with a full knowledge of the arc column's luminous behaviour. 

The spectroscopic investigation enabled direct localised 

arc column intensity measurements with radial (and spectral) 

resolution and a time exposure of 1.6ps such that radial 

temperature profiles during the current zero period could be 

derived. The results of this investigation are presented 

in chapter 6. 

From the radial temperature profiles derived from these 

diagnostic techniques the transient variation of arc properties 
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during the current zero period could be derived. The 

information provided an accurate method of quantifying 

the energy processes during the current zero period and 

establishing the existence of LTE conditions. Additionally 

a quantitative evaluation of the shape factors of the 

integral analysis could be made. Some of the underlying 

theoretical aspects of the above properties and processes 

are discussed in chapter 7 and their implications discussed 

in chapter 8. 

The experimental data required for the solution of 

the current zero energy conservation equation had previously 

been inadequate or non-existent. Since it is technically 

unrealistic to apply such elaborate diagnostic techniques 

to the hostile environment of a full scale circuit breaker 

test station, it is hoped that the information presented 

in this thesis may serve to identify more precisely the 

physical phenomena governing interruption in commercial high 

power interruptors. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

In this chapter the work published to date by authors 

working in the field of gas blast circuit breakers is 

reviewed and particular attention is paid to the current 

zero period of the current waveform. 

A section of this chapter is devoted to the evolution 

of theoretical models describing the current zero arc 

behaviour. It is also necessary to include a review of 

interrupter design and development by means of empirical 

laws which were derived directly from experimentally observed 

phenomena. In particular, the development of optical 

measurements as a useful diagnostic technique and their 

significance with respect to interrupter development is 

considered. 

2.2 Theoretical Models Describing Current Zero Arc Behaviour 

The need for a satisfactory theory to describe current 

interruption by a circuit breaker became clear in the 1920's 

when oil and-air blast breakers were being used extensively 

in the power distribution system. It was not understood why 

identical breakers interrupted currents up to their rated 

value in some circuits whereas in others arc reignition and 

failure to interrupt occurred for a peak current level well 
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below the rated value. Rieder (1972) describes high 

voltage oscillations (the transient restrike voltage) 

present just after current zero owing to the combination 

of the natural frequency of the circuit and the remnant 

arc column. In 1927 the relatively fast recording capability 

of the C. R. O. enabled these transients to be observed and 

the apparent anomaly explained in terms of post current 

zero severity. 

In 1928 Slepian utilised these observations to formulate 

his 'race theory' to describe the effect of the transient 

restrike voltage upon breaker performance. The race referred 

to was between the increasing transient voltage across the 

circuit breaker and the recovery of the dielectric strength 

of the arc gap after current zero. Although the 'race' 

concept remains valid, Slepian's theory was disproved 

(Kesselring and Koppelman, 1935) through the observation 

that circuit breakers could withstand a faster rate of rise 

of recovery voltage (larger dielectric strength) than 

predicted by Slepian's theory. Slepian (1941) responded to 

this by accounting for the increased rrrv withstand by the 

molecular diffusion of cool material by turbulent mixing of 

the plasma. This explanation was unacceptable on three counts. 

Firstly, turbulent mixing time scales exceed those involved with 

the thermal recovery of a plasma column. Also Cassie (1953), 

through the use of high speed photographs, demonstrated that 

the nature of the arc column dictated that the turbulence 

could only be in evidence at the high current levels and 

not at the current zero. In addition the increase in voltage 
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required by Slepian's explanation-did not evidently co- 

incide with the turbulence. 

An independently derived alternative theory which 

gained notoriety was proposed by Kesselring and Koppelman 

(1935) and Prince et al (1940). This essentially described 

the current zero arc column splitting into two electrically 

isolated axial sections. Although agreement was evident 

with cross blast circuit breakers, the theory was disproved 

by Slepian who cited the high speed photographs of Biermanns 

(1932) showing a continuous arc column at current zero and 

Cassie's (1953) observation of post current zero (post-arc) 

current which could not flow according to the displacement 

theory. 

The two theories described above attempted to describe 

the performance of the breaker in terms of the voltage or 

dielectric withstand after current zero. Neither theory 

could accommodate the possibility of a continuous conducting 

channel giving rise to a post current zero conductance. 

Thus it was clear that a satisfactory arc model should be 

capable of describing the conductance decay of the plasma 

when the current ceases, to flow and should be sufficiently 

simple for combination with the external circuit equations. 

Two such theories emerged, the first by Cassie (1939) and 

the second by Mayr (1943). Based on an independent set of 

assumptions they both describe the dynamic energy equilibrium 

of the arc plasma column during the current zero period. 

Both models characterise the column conductivity during the 

current zero period as some unique function of temperature 
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which may 'in turn be related to the energy content per 

unit volume of the plasma. When applied to the whole 

cross-section of the arc the conductance could be described 

as 

1=G. 
=f(Q) 2.1 

R 

where 

R is the arc resistance per unit length 

Q is the energy content per unit length 

Both Cassie (1939) and Mayr (1943) established the 

nature of thr dynamic energy content variation as 

t 
Q= j(W-N)dt 2.2 

where 

W= arc power input 

N= arc power loss 

dt = time derivative 

Also with the relationship (Browne, 1948) 

1= f(W, N, t) 2.3 

1t F(Q) =F (W-N)dt 2.4 

0 
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Equation 2.4 can be differentiated to establish a 

more general form for use in arc modelling i. e. 

F1(Q) dQ F1(Q) (W-N) 2.5 
RL R) F (Q) dt F (Q) 

Both Cassie (1939) and Mayr (1943) solved this equation 

within the context of a set of assumptions regarding the 

physical nature of the arc column to arrive at their 

respective arc equations. 

Cassie (1939) formulated his model with the following 

set of assumptions: 

(i) The arc cylindrical column is regarded to have 

uniform temperature with constant electrical 

resistivity and energy content per unit volume, 

ö and q respectively. The arc column is enclosed 

by a well defined boundary outside which the con- 

ductivity is zero. 

(ii) The arc column is surrounded by an axial flow with 

no mutual interaction occurring. 

(iii) Heat loss across the boundary from the arc is entirely 

radial in direction. 

(iv) The arc cross-sectional area undergoes change to 

accommodate changes in current but the arc temperature 

remains constant. 

(v) The power loss is proportional to the column cross- 

section. Thus 
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N= AA 

where 

X= power loss per unit volume 

A= column cross-sectional area 

Therefore 

2 2_ 
W-N =K- aA =E RPX 

2.6 

Also 

4= qA=_qP 
R 

Therefore 

1_4=F (S2) 
R Pa 

2.7 

So, substituting in 2.5 yields 

Rd1=X E2 
_ 1= 1 E2 

-12.8 it Rq ap 0c Xp 

has units of time and is called the Cassie time 
c 

constant. 

Mayr (1943) evolved his model through a different set 

of assumptions. Mayr assumed 

(i) The arc column is cylindrically symmetrical with a 

constant area A in space and time. 

(ii) There is no external gas flow. 
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(iii) To accommodate changes in current the conductivity 

is allowed to vary with temperature according to 

a much simplified Saha equation (Haydon, pp. 348- 

356), namely 

G= K1 exp (-a/T) 

where a= constant 

(iv) Thermal losses occur in a radial direction only 

and obey the Fourier law of heat conduction. 

By forming an expression for the conductivity in terms 

of the stored energy per unit volume and applying it to 

the whole arc column to obtain the heat content per unit 

length, Q, the Mayr equation may be formed by substitution 

into equation 2.5 

Rd (11_ Na W 
dt `RJ Qo 

(No 

Therefore 

Rd1 1 E2 
at R _ 6M RNo 

Where, 

- 1) 
_1W-1 J eM 

(No 

-1) 

E is the instantaneous electric field 

2.9 

No is the power dissipated by thermal heat conduction 

and is constant 

0M = is the Mayr time constant No 

.. 

Q0 is a constant and is determined from the equation 
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R=K 
exp 

(Q 

o 

K is a constant 

Browne (1948) proposed a composite model by des- 

crib'ing the arc decay towards current zero using Cassie's 

model and then characterising the arc during the post 

current zero period when the column still has some con- 

ductance and is subject to the restrike voltage using Mayr's 

model. Browne claimed his model demonstrated good qualitative 

agreement with experimental observations when special cases 

of simple current and voltage waveforms were used. 

However, Browne's (1948) model was open to criticism 

in three ways. Initially, if the steady state condition 

is applied to the Cassie model before current zero (equation 

2.8) then the relationship E= (pa) 1/2 
emerges with p and X 

constant and independent of instantaneous current. Con- 

sequently the Cassie equation cannot predict the increase 

in electric field which occurs just before current zero in 

the case of a good interruption. Secondly, Browne (1948) 

defines his criterion for the critical electric field to 

cause reignition as being the instantaneous voltage required 

to hold the conductance constant, a condition synonymous 

with the dielectric definition quoted originally by Slepian 

(1930) rather than continuing the original theme of a power 

balance. This criterion yielded incorrect values of 

critical electric field strength when either the Cassie or 

Mayr equation was applied to the real circuit breaking case. 

A further criticism was-put-forward by Skeats (1948) in 
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response to Browne's (1948) model. This concerned the 

attempt to describe the behaviour of a single arcing event 

when many properties may change, by using two models with 

assumptions which are peculiar to each and which are 

independent i. e. constant temperature with variable area 

before current zero and constant area with variable temperature 

thereafter. It will be shown in chapter 8 that in practice 

both arc column area and arc temperature may collapse 

simultaneously during the final few microseconds before 

current zero. In response to these criticisms Cassie and 

Mayr (1956) proposed a model which augmented Cassie's (1939) 

model with a thermal conduction power loss term. Browne 

(1959) however claimed it was too complex to be used as an 

efficient arc model. Instead he adapted his composite model 

to the current zero period and considered imposed square and 

ramp voltage waveforms as restriking voltages. The use of 

Cassie's (1939) model enabled Browne (1959) to determine the 

resistance Ro at current zero when applied in the pre current 

zero period. By solving Mayr's (1943) equation in the post 

current zero period using the Ro value as an initial con- 

dition and the imposed voltage waveform, this author derived 

simple relationships for the critical electric field strength 

in terms of AM, the circuit component values and the steady 

state arc voltage. 

Browne's model, including Slepian's definition of 

critical electric field strength, was dispelled when measure- 

ments showed that arcs could still be quenched despite the 

post zero conductance initially increasing during the 



- 15 - 

imposition-of the TRV. Thus the importance of incorp- 

orating the electrical interaction processes between the 

arc and the external circuit was realised and dynamic arc 

models were augmented to include this effect. The first 

author to achieve a reasonable agreement with the real 

circuit breaker test results was Kopplin (1962) who, used 

an analog computer to solve a.. pair of simultaneous non- 

linear differential equations, one describing the circuit, 

the other the arc (Browne's (1948) model). He presented 

his results in the form of two non-dimensionalised quantities 

representing a time constant and heat dissipation. Kopplin 

(1962) plotted these two quantities and defined a boundary 

on the plot which he claimed discriminated between thermal 

reignition and extinction. The agreement with experimental 

results was however limited. 

Other researchers have attempted to modify Cassie's 

(1939) and Mayr's (1943) original equations to achieve closer 

agreement with the experimentally observed phenomena during 

the current zero period. However these have proved 

unsuccessful owing to over simplification leading to poor 

accuracy when compared with experimental measurements or the 

incurrment of prohibitive mathematical complexity preventing 

the model from being capable of predicting interruptor 

behaviour during the current zero period. Clearly only 

limited success could be obtained by the use of these early 

models for interruptor behaviour predictions and a superior 

method of approach would be required if closer agreement with 

test results was to be obtained. 
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A convenient method for describing an arc in a flow 

is to represent it by annular zones at a given axial 

station which divide the cross-section into two or more 

segregated regions by clearly defined boundaries. The 

circuit breaker arc in an-axial flow approximates well 

to this description since the derivatives of properties 

in the radial direction are greater than those in the axial 

direction. Under such conditions the arc conservation 

equations may be formulated using the Boundary layer 

approximation or analysis. 

The first authors to apply this technique to formulate 

a current zero arc model were Swanson and Roidt (1971,1972) 

and Swanson et al (1970,1971,1971(a), 1977) in a series 

of publications describing the basic technique and its 

application. 

In the publication by Swanson and Roidt (1971) their 

assumed arc energy equation takes the form 

thermal radial axial 

storage convection convection 

pah + pVah + PUah = at ar ax 

Expansion 

cooling 

1_h UdP 
_W (P , T) PT UR 

+ radial 

diffusion 

1aru Ptf ah 
r 5r Pr + Prt 7r 

+ Joule 

heating 

+ aE 
2 

2.10 



- 17 - 

where 

p is the density 

h is the enthalpy 

V is the radial velocity 

U is the axial velocity 

P is the pressure 

W is the radiated power per unit volume 

Em is the eddy diffusivity for momentum 

Prt is the turbulent Prandtl number 

Pr is the Prandtl number 

o is the electrical conductivity 

E is the voltage gradient 

The terms in this equation were integrated across the 

arc radius R(x, t) and the equation 2.10 transformed in a 

partial differential form for the dynamic arc radius within 

an axial range from the tip of the upstream electrode to 

the nozzle throat. This equation includes two coefficients 

excess energy density stored in the arc column 
v= 

rate of energy removal by axial convection 

v- 
energy loss by radial transfer 

rate of energy removal by axial convection 
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Additionally the following assumptions were made: 

(1) The radial integrals which are contained in the co- 

efficients of the radius terms are regarded constant 

for assumed average radial temperature profiles. 

(2) The term accounting for radial energy losses N(x, t, R) 

is assumed to vary with R only. Consequently the change 

in thermally stored energy is accounted for by changes 

in arc radius only., (Eq. 12, Swanson and Roidt (1971))-'. - 

Thus with the above two assumptions and taking the arc 

radius obtained from the quasi-steady state (d/dt = 0) 

solution of the dynamic equation for the arc radius as the 

initial condition the authors proceed to solve the dynamic 

equation for a linear current ramp to zero. A value for the 

current zero arc radius at the nozzle throat was thus 

obtained. Analytical solutions were obtained for the current 

zero radius for the case of 

(1) The dominant energy removal mechanism being axial 
'convection. 

(2) The dominant. energy removal mechanism being radial 

diffusion and radiation. 

in both cases the current zero arc diameter is expressed 

as the quasi-steady value attenuated by certain heat transfer 

parameters. 

The two independently derived expressions for current 

zero radius are substituted into Frind's (1960) formula for 
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the thermal time constant of arc dominated by turbulent 

diffusion. This yields formulae for the current zero arc 

radius in the nozzle throat for the two cases considered. 

The preceeding expressions are used in a comparison 

paper (Swanson, Roidt and Browne, 1971) where interruption 

criteria are established for the case of short line faults 

(Rieder, 1972). In this publication the authors were 

concerned with the arc at the current zero instant and 

during the immediate post zero period during which a 

linear RRRV is imposed. 

Swanson et al (1971) make the assumption that during 

this post arc period energy loss from the narrow column is 

governed by turbulent and molecular diffusion and that 

axial convection may be neglected. They also state that 

energy growth of the arc column is by Joule heating (a E2) 

which is proportional to the column conductivity (a). Above 

8000K the variation of electrical conductivity, a, is taken 

as linear whereas the variation below 8000K is taken as 

exponential. Thus Swanson et al (1971) state that above 

8000K the arc energy equation can be transformed into a 

'Cassie' type integral equation for post arc current whereas 

below 8000K the same equation can be transformed into a 

'Mayr' type equation for post arc resistance. In the former 

case (with a proportional to S) the criterion for interr- 

uption to occur is that the time derivative of the post arc 

current should reach zero at some instant after current 

zero. From this condition a critical thermal time constant 

is established. This is then equated to convection and 
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diffusion-controlled arc time constant obtained by 

Swanson and Roidt (1971) to determine the value of maxi- 

mum rrrV which can be imposed without reignition occurring. 

From the Mayr type solution a criterion is also established 

whereby interruption must occur. This is that for 

successful interruption the time derivative the post zero 

arc resistance must reach zero at some instant. A critical 

time constant is thus established in a similar manner as 

indicated above in this case. By further equating this to 

the arc time constants derived by Swanson and Roidt (1971) 

another maximum value of rrrV is obtained. Swanson et al 

(1971) further conclude that from the Cassie and Mayr type 

equations the maximum rrrV shows the following relationships: 

(a) approximately proportional to the gas pressure 

(b) proportional to the effective nozzle arc length at 

current zero and to the number of nozzle arc gaps 

connected in series 

(c) proportional to the coefficients which are functions 

of the gas properties 

(d) inversely proportional to (di/dt)M where M= 3/2 for 

the Cassie type solution and m=1 for the Mayr type 

solution. 

Although the authors intend the theory to serve as a 

limited approximation only for the values of rrrV inadequacies 

are still inherent in their predictions. These include: 
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(i) The'criterion involving a zero rate of change of 

post arc current is not in itself a necessary and 

sufficient condition for interruption. The criterion 

regarding the zero rate of change of post arc 

resistance is also erroneous. 

(ii) Chapman (1977) in his measurement of localised arc 

behaviour has shown that the definition of an effective 

nozzle length to be unrepresentative in the case of 

real circuit breaker arcs. 

(iii) Unrealistic assumptions regarding radial distributions 

(Bessel functions) of arc properties are made which 

are mutually inconsistent and not representative of 

the true physical situation. 

(iv) The expression for the dynamic variation of heat 

flux potential is dependent on the dynamic resistance 

equation (Swanson and Roidt, 1972). Swanson (1977) 

proceeds to calculate arc radii and axial temperatures 

from this pair of equations (Swanson, 1977) which is 

rigorously invalid. 

(v) The time constants used to define the maximum rrrV 

were derived by the use of different energy transport 

assumptions and originate from different time periods 

with respect to current zero. 

(vi) It will be shown experimentally in this thesis that 

to consider the arc temperature constant and allow 

the arc area to collapse alone is not representative 
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of . the case of a real circuit breaker (chapter 8). 

This is particularly true close to current zero 

and one effect of making the constant temperature 

assumption is to artificially increase the arc 

thermal time constants (chapter 7). 

Another arc model characterising the transient arc 

behaviour near current zero has been developed by Topham 

in a series of publications (Topham 1971,1972(a), 1972(b) 

and 1973). Topham (1971) formulates a theory on the basis 

of the following assumptions for a steady state arc in con- 

stant pressure axial flow: 

(i) Arcs at atmospheric pressure and above can be des- 

cribed by equilibrium thermodynamics and the con- 

tinuity equations of fluid dynamics. 

(ii) Radiation power loss is neglected. 

(iii) Self-magnetic effects are neglected (e. g. pinch effects) 

(iv) Electrode effects are neglected. 

(v) The gas flow is axisymmetric, laminar and unaltered 

by the presence of the arc. 

(vi) Boundary layer approximations are made since the 

radial derivatives exceed the axial ones. 

Topham (1971) proceeded to formulate the integral energy 

balance equation by invoking Polhausen's integral technique 

(Schlichting, 1958) and assuming boundary layer conditions. 

The energy conservation equation was non-dimensionalised by 
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dividing every parameter within each term of the equation 

by its value at the 4000K boundary of the arc in pure 

nitrogen. Due to a lack of experimental data Topham (1971) 

derived a radial temperature profile from the Elenbaas-Heller 

equation which the author claims to be only slightly modified 

by axial convection. This profile is claimed to be a good 

approximation to the temperature profile of a circuit 

breaker arc below 100A. This information is then used to 

evaluate the integral terms of the energy balance equation 

which is solved to demonstrate that the voltage gradient 

variation with current is a unique function of the flow 

conditions. 

Topham (1972(a)) extended the original analysis to 

accommodate arcs subjected to pressure gradients. In this 

analysis some additional assumptions are made: 

(vii) Although the calculations are based on laminar flow, 

the method can be adapted to include turbulence. 

(viii) Viscous forces are considered negligible. 

(ix) The kinetic energy of the flow is considered small 

compared to the thermal energy. 

The introduction of a pressure gradient modifies the 

momentum conservation to yield a solution which is sub- 

stituted into the enthalpy flow integral. This was then 

evaluated for an outer thermal layer and the energy balance 

equation rewritten such that it could be solved analytically 

for a known pressure gradient. 
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The same author in a further publication, Topham 

(1972(b)) attempted to adapt his analysis to the transient 

case of a circuit breaker arc in the current zero period. 

In this publication the author incorporated the above 

assumptions ((i) to (ix)) to quote the dynamic energy 

equation in an integral form which. can be found in standard 

text books (e. g. Goldstein, 1938). This author (Topham, 

1972(b)) further reduced the energy equation for the case 

of a linear pressure gradient and represented it in non- 

dimensional form. 

Drastic simplifications were then made to obtain the 

solution of the energy 

velocity and temperatu: 

non-dimensional energy 

to be unique functions 

conductance. 

balance. The steady state radial 

re profiles were used to evaluate the 

integrals which were further assumed 

of G, the non-dimensional electrical 

The dynamic arc equation takes the form: 

d+=2 g2 g1 
dt G 

where 

I is the non-dimensional current 

t is the non-dimensional time 

ý gý non-dimensional integrals representing 

2.11 

g2 heat loss and heat storage functions respectively 

G is the non-dimensional conductance 

Topham (1972(b)) further reduced his energy equation 
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to the Bernoulli type equation which is true for certain 

forms of the functions gl and 92. Assuming simple power 

law relationships between gl, g2 and G the arc energy 

equation becomes 

dG 12 
_ 

a1 G 2.12 
dt a2M (G)M a2M 

where al, a2 and M are constants. 

The Cassie and Mayr arc equations may be shown to 

correspond to equation 2.12 with different power law 

relationships. The arc circuit interaction may also be 

described by representing the circuit equation in non- 

dimensional form. 

Using this analysis Topham (1972(b)) describes the 

current zero period voltage and current waveforms. A 

criterion is established whereby interruption occurred 

which led to clearance/failure boundaries being defined 

for a circuit breaker in a simple busbar test circuit. 

This analysis showed a qualitative agreement with measure- 

ments on a model circuit breaker by Chapman et al (1975) 

but is unable to provide accurate qualitative predictions. 

The lack of experimental data which existed when this 

model was developed forced the author into making drastic 

assumptions for the radial property profiles for the dynamic 

model. The work presented in this thesis (chapter 8) provides 

such much required data for SF6 arcs and in particular 

established the shape of the temperature profile above the 
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6000K isotherm of an SF6 gas blast arc during the current 

zero period. The present work also shows the persistence 

during the current zero period of copper vapour evolved 

from the upstream electrode during the high current phase 

(chapter 6) which has been largely neglected in most arc 

interruption models. 

Topham (1973) has also presented a similar dynamic 

analysis for the case of a constant pressure flow arc. 

However this is not considered to be representative of the 

real aerodynamic conditions present during the current zero 

period in an interruptor and will not therefore be discussed 

further. 

The Brown-Boveri group produced a series of publications 

in which they attempted to characterise the transient 

behaviour of the circuit breaker arc by initially describing 

the steady state behaviour (Hermann et al, 1974(a), (b)) 

and then developing a theoretical model in conjunction with 

experimentally observed phenomena (Hermann et al, 1976 and 

Hermann and Ragaller, 1977). The authors' experimental 

observation (Hermann et al, 1976) showed the arc column 

during the current zero period to have two independent axial 

sections segregated by the nozzle throat: 

(1) The upstream high pressure section which appears uniform 

and stationary with respect to the axis and whose 

diameter decays continuously with decaying current. 

(2) The downstream (low pressure) region which appears 

irregular and erratic in cross-section with respect to 

the axis and whose cross-section oscillates with 
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decaying current. 

The upstream and downstream regions are each 

characterised respectively by: 

(1) laminar flow conditions whereby energy loss is mainly 

by axial convection 

(2) turbulent flow conditions due to the formation of a 

shear layer between the low density arc column and 

the high density surrounding hot gas whereby energy 

loss is principally by radial transport (mainly 

turbulent mixing) 

It is claimed that the two regions dominate the energy 

balance at different times during the current cycle. During 

the high current quasi-steady phase the ohmic heating (cE2) 

is balanced by convection losses through radiative energy 

transport, a condition which is well appreciated but difficult 

to quantify from fundamental considerations (Hermann et all 

1974(a)) thus the upstream region dominates. Paradoxically, 

as the current approaches zero (within the last 20 us) energy 

loss is governed by turbulent mixing and the downstream 

region is claimed to dominate the energy balance owing to 

the turbulent energy removal process having a much shorter 

time scale than the upstream convection process. 

Hermann et al (1976) then develop their model by 

assuming a parabolic axial pressure variation resulting in 

a linear axial velocity rise in the upstream region. A mean 

constant velocity is assumed inside the arc column in the 
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turbulent low pressure region consistent with results in 

a previous publication (Hermann et al, 1974(b)). 

Hermann et'al (1976) then develop the model to 

incorporate all the energy terms (Ohmic heating, energy 

transport by radiation, turbulent mixing, conduction and 

convection) in the energy balance, the'momentum transport 

terms (turbulent mixing, convection and friction) in the' 

momentum balance. These processes are considered to be 

occurring at different times in one cylindrical cross-section 

whose length'is governed by the length of the appropriate 

dominant axial region (upstream at quasi steady state and 

downstream at current zero), although they occur physically 

at different axial regions. Pressure and axial velocity 

values are inserted according to which process is effective. 

Near current zero when turbulence is assumed the predominant 

loss mechanism, the arc cross-section is divided into three 

regions: 

(i) The electrically conducting column which determines 

the electrical parameters. 

(ii) An outer region of cold gas (T < 10000K) which 

governs the, pressure variation along the element and 

acts as a heat sink. 

(iii) An intermediate zone (1000 <T< 4000K) which is 

important for describing the radial processes, 

principally turbulence i. e. to act as an energy 

buffer 
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The energy mass and momentum conservation equations 

are derived and solved in detail in a further publication 

(Hermann and Ragaller, 1977). Solution is by radial 

integration assuming a parabolic temperature profile in 

the central zone and an exponentially decaying temperature 

profile in the intermediate zone. Hermann and Ragaller 

(1977) predict the thermal extinction limiting curves for 

air and SF6 for various upstream stagnation processes, and 

the variation of post arc current with time and different 

rxrV for SF6 at 21 bar and a single peak current. 

The authors (Hermann et al, 1976) claim that the model 

can predict the variation of axial field strength which 

during the current zero period shows a maximum value near 

the nozzle throat due to enhanced cooling by turbulence and 

decays significantly further downstream. Chapman (1977) 

made the criticism that an increase should be evident further 

downstream where turbulence is more severe. Hermann et al 

(1976) explain this phenomenon by a widening of the arc 

column in this axial region. However the authors claim 
that an elongated downstream section to the nozzle throat 

enhances interruption capability. The latter claim is 

difficult to comprehend in view of the variation of local 

electric field strength. Indeed such a variation itself 

implies that the critical area for arc interruption is near 

the nozzle throat. Experimental results presented in this 

thesis (chapter 6) show that the arc column is uniform in 

appearance in the nozzle throat region which is indicative 

of an arc in a laminar flow. In the same publication 
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Hermann et'al (1976) claim to provide experimental evidence 

from which they obtain quantitative information regarding 

the upper limit of the average temperature. The technique 

used is a side on scanning method with a1 ps (or greater) 

scan which exceeds the time constants which characterise 

their claimed turbulent energy removal mechanism. Indeed 

the computed temperature variation for an SF6 arc during the 

current zero period is of the order of 18,000 to 20,000K 

3 ps before current zero (response to discussion on Hermann 

and Ragaller (1977))which appears close to the upper limits 

during the peak current phase and certainly higher than the 

experimental values presented in this thesis (chapter 6). 

A powerful analytical approach to the problem of 

circuit breaker arc modelling was introduced in a series 

of papers (Cowley (1974), Cowley and Chan (1974) and Chan 

et al (1976)) in which the analysis of electrical arcs by 

integral methods was described. In part I (Cowley, 1974) 

the overall conservation equations for energy conservation 

and mass were derived in terms of radial integrals for an 

arc in longitudinal flow. The equations are formulated such 

that integral quantities can be characterised by areas 

relating to specific electrical or thermodynamic properties 

which are physically meaningful. A standard area is then 

chosen, namely the thermal area, to which all the area terms 

defined in the analysis are normalised and the concept of 

shape factors obtained. The shape factors are thus defined 

as the ratio of a given area to the thermal area. These 

depend upon the shape and magnitude of the radial temperature 



- 31 - 

and velocity profiles but not their radial extent. In 

order to form a closed set of equations the relationship 

between the shape factors, in particular the conductance 

shape factor (5c), and a known characteristic needed to 

be known. Cowley (1974) relates the shape factors cal- 

culated from the full differential solution of the model 

gas equations to the non-dimensional form of the electrical 

power input (EI) for a fully developed arc and thus the set 

of integral equations could be closed. 

In part II (Cowley and Chan, 1974) the analysis 

developed in part I (Cowley, 1974) is tested for two cases, 

namely the arc in uniform flow and the d. c. arc in 

accelerated flow. It was shown also in part II that with 

reference to the free recovery case a rate equation would 

be required to describe accurately the conductance shape 

factor variation. 

In part III (Chan et al, 1976) it was deduced that a 

further equation involving axial and timewise differentials 

was required for satisfactory closure of the integral 

equations. By limiting the range of radial integration and 

obtaining an improved method of shape factor prediction the 

authors derive a useful set of integral equations. One such 

equation which is of particular use when added to the overall 

arc equations of Cowley (1974) is the integral energy 

equation of the arc core. Thus the radial energy transport 

mechanisms across the core boundary can be considered. If 

the heat conduction across the core boundary obeys the 

Fourier law the authors (Chan et al, 1976) state that the 
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shape factors can be approximated to being dependent 

only on the Nusselt number for heat conduction at the 

core boundary. The core energy balance involves the 

Nusselt number so allowing closure of the set of integral 

equations. 

Walmsley and Jones (1978(11)) realised the significance 

of correlating the shape factors with a parameter repres- 

enting power loss. Curves are presented for conductance 

shape factor versus Nusselt number Nu and a further parameter X 

the dynamic power loss for different arc types derived from a 

wide range of operating conditions covered by previous 

authors. Significantly, a unique set of curves are obtained 

between 5c versus Nu and X. Thus provided the shape of 

the temperature profile is known (in order to specify Nu) 

this correlation curve may be extended to encompass a wide 

variety of arcing conditions and allow predictive calcul- 

ations to be made from a limited set of data. 

The first current zero arc model to be published 

utilizing the integral analysis was by Fang and Brannen (1979). 

This model deals with an arc in an orifice flow of air. The 

following assumptions were made: 

(1) The radial velocity profile is linked to the enthalpy 

profile by the relationship p w2 = p. w 
ar 

where the 

subscript - relates to the values of quantities in the 

external flow. This is equivalent to assuming constant 

Mach number across the cross-section and makes the 

momentum equation redundant. 
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C2) Net radiation is neglected. 

(3) The enthalpy area is equivalent to thermal area and 

the enthalpy flux area is equivalent to the kinetic 

energy area. 

When the above assumptions are incorporated the overall 

arc energy equation reduces to 

(p-hoOS') +a (Powooho ý, eb ýt az 
2 

=i2.12 
Q8c 'Bb 

where 

P° is the density of the external flow 

ho is the characteristic value of enthalpy 

6S is the thermal area 

W. is the velocity of the external flow 

bh is the enthalpy flux shape factor 

i is the instantaneous current 

e is the characteristic value of electrical conductivity 

Sc is the conductance shape factor 

In this case radial integration across the thermally 

influenced arc cross-section has eliminated all the radial 

diffusion terms. 

This equation is then solved for a known Sh and Sc 

which are unique functions of dynamic power loss. The model 

predicts accurately the axial electric field strength, the 

arc size, and the (rrrV)c for a range of current decay rates. 

I 



- 34 - 

It also predicts correctly the influence of stagnation 

pressure if correct account is taken of the current wave- 

form distortion and decayed rise of recovery voltage. By 

this means the model accommodates the imposition of arc - 

circuit interaction through the distortion of the current 

waveform. 

Unlike the models proposed by Swanson and Roidt and 

Hermann et al (1976) the energy equation does not need to 

be altered to account for turbulence. Since the overall 

energy balance is considered core boundary turbulence is 

already accounted for in the shape factor relationships. 

This model has proved successful in its prediction of 

arc behaviour in air and orifice flow. It has also been 

adapted to different nozzle geometries (Shayler and Fang, 

1978). However for development of such a model in SF6 the 

detailed current zero temperature profile needs to be known 

so that the shape factors may be calculated and their 

relationship to the dynamic power loss confirmed. 

The models described in this section have involved the 

use of empiricisms to various extents. Empirical formulae 

are derived from direct arc property measurement or circuit 

breaker testing. It is the ultimate aim of theoretical 

arc modelling to minimise expensive full scale testing so 

that at least initial feasibility studies of a reliable 

nature may be made without resorting to the use of industrial 

test facilities. 
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2.3 The Evolution of the Circuit Breaker by Empirically 
Derived Laws 

Since many of the present day interruptor design 

criteria are based upon empirically derived laws, a review 

of existing literature pertaining to empirical interruptor 

design criteria with emphasis on thermal performance aspects 

is in order. 

As early as 1946 it was realised that interruptor 

performance could be optimised by altering such design 

parameters as the pressure differential across the nozzle 

throat and the ratio of nozzle diameter to arc length (distance 

between the electrodes). 

Some quantitative analysis were performed by Hudson 

(1955 and 1964) who considered the effect of nozzle geometry 

and circuit influences on arc performance. The interrupting 

capability was characterised in terms of the air mass flow 

rate through the breaker nozzle when an arc was present 

(Hudson, 1955). This value was normalised by taking the 

ratio of mass flow rate with and without an arc present. The 

mass flow rate ratio M was then empirically expressed as a 

function of a parameter q where 

_I q- (d1.5P0.5) 

where 

I is the rms value of the first current loop 

d is the throat diameter 

2.13 

p is the initial arc chamber pressure 
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There apparently exists a band of M values which 

separate two distinct regions of unity clearance rate 

and unity failure rate, the centre of which defines the 

mean critical value of mass flow rate for statistically 

acceptable clearance and hence an equivalent mean critical 

value of q. Investigations were made (Hudson, 1955) of the 

independent effect of varying the upstream distance between 

electrode tin and nozzle entry plane (the upstream length, 

Lv) and rrrV upon the critical value for a particular nozzle 

geometry and circuit condition. It was concluded that the 

breaker performance deteriorated with an increase in rrrV 

and Lv. In a further publication, Hudson (1964) investi- 

qated the effect of varying the nozzle geometry by intro- 

ducing a coefficient K to accommodate a newly discovered 

variation of q(crit)with the values of I, d and p where 

2 K= 
d0.6pc 2.14 

I0.5 

where 

pc is the mean critical value of P 

From the latter investigations Hudson concluded 

(1) The use of a radiused nozzle promotes circuit breaker 

performance compared with a sharp inlet. 

(2) The optimum nozzle length is between ein. and lin. 

(3) No improvement in performance is apparent by using a 
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divergent nozzle section, 

(4) The electrode nozzle gap for optimum performance must 

be as small as possible, the limit being determined 

by the voltage insulation between nozzle and electrode. 

Conclusion (3) is misleading since other researchers 

have determined the nozzle divergence semi-angle optimum 

range to be less than 150, the minimum value used by Hudson 

(1964). 

Similar work was conducted by Zuckler (1967) where the 

mass flow rate through the nozzle was related to the current 

pulse peak value and frequency. This author defined the 

dynamic back pressure as the pressure required to reduce 

the mass flow rate to the value when arcing is present. 

Using high speed photographs Zuckler (1967) showed that 

improvements in interrupting capability could be achieved 

by increasing the pressure coupled with a good nozzle design. 

Zuckler (1969) extended his work to facilitate nozzle blocking 

by the arc and demonstrated the detrimental effect on interr- 

uptor performance caused by reducing the cold gas throughput 

at current zero due to arc nozzle blocking. Mass flow rate 

alone however is an insufficient means by which to charact- 

erise circuit breaker performance since, within the arc 

column and particularly during the high current phase, a 

decrease in local radial mass density (therefore local axial 

mass flow) is accompanied by increased axial velocity and 

thus enthalpy transport. 

Following this Kopplin et al (1971) used the peak arc 
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current as a variable parameter and a fixed rrr17 to 

determine the electrical performance characteristics of 

a duo flow breaker (bi-directional axial flow) with air 

and SF6 as the arcing media. Kopplin et al showed SF6 

to have superior quenching capabilities and an optimum 

nozzle separation to nozzle radius ratio existed. 

Extensive investigations into the effect of the current 

decay rate and pressure upon the (rrrV)c were carried out 

by Frind and Rich (1974). Tests were carried out for a two 

pressure monoflow interruptor with a laval 12.5mm throat 

diameter, a 150 semi divergent angle with upstream tank 

pressures of 100 to 600 p. s. i. for SF6 and air as quenching 

gases. The pre-current zero decay rate was varied in the 

range 5 to 30 A/us which are representative of peak current 

values of 10 to 60KA for a 60Hz current pulse (although the 

frequency used was actually 1200 FIz to enable a sufficiently 

low value of peak current to be used to avoid nozzle 

blocking). 

Frind and Rich showed that for a fixed value of 
dl/dt 

(27A/us) the (rrrV) 
c 

increased with upstream tank pressure 

linearly for air and to the power 1.4 for SF6. 

The same authors derived the relationship between (rrrV) 
c 

and 
dl/dt 

as 

c dt 2.15 (rrrV) 
(di) r2 

for both air and SF6 at a pressure of 550 p. s. i. a. Although 

the two curves were parallel, the SF6 withstood generally 
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higher (rrrV) values than air for any given 
dldt. 

Although the authors in this case claimed their 

di/dt 
to be representative of real arcing conditions the 

effect of nozzle blocking upon the breaker performance 

during the peak current phase has not been investigated 

and is not therefore representative of real circuit 

breaking conditions. 

In a further publication (Frind et al, 1980) the 

thermal reignition characteristics have been investigated 

for a gas blast interruptor with a 12.7mm diameter orifice 

using air and SF6 as arcing media. The post zero arc current 

and voltage were measured in order to determine the 

variation of arc resistance and the electrical power input 

during the thermal recovery period. The authors also 

employed high speed photography to evaluate qualitatively 

which axial arc section responded most rapidly during the 

transient conditions. 

The critical peak post arc current and power loss at 

that instant were compared with the theoretical calculations 

of various authors (Swanson, 1977, Hermann and Ragaller, 

1977). 

Frind et al (1980) drew the following conclusions 

(1) The dominant arc section during the thermal reignition 

period was at the axial location near the nozzle throat, 

was about 10mm in length and showed a smooth but rapid 

decay towards current zero. 
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(2) The erratic and dispersed nature of the downstream 

arc column during the thermal recovery period made 

interruption at this axial location unlikely. 

(3) The measured post zero current was slightly less than 

the theoretical values of Hermann and Ragaller (1977). 

(4) The critical power loss for arc reignition was con- 

siderably less than that predicted assuming turbulent 

losses to dominate. 

(5) Recovery speed was comparable to other nozzle geometries. 

Although this experimental investigation forms a 

significant contribution there are a number of reservations 

which need to be noted: 

(i) The critical time for reignition is determined from 

the instant at which there is a quasi-steady value 

of arc resistance. The identification of this 

instant can only be achieved with limited accuracy. 

(ii) The peak arcing current has been restricted to a 

low value such that nozzle blocking phenomena are 

precluded. 

Briggs (1982) has investigated the influence of various 

properties of the gas flow upon the thermal interrupting 

capability of an SF6 gas blast circuit breaker. The influence 

of parameters such as upstream pressure and nozzle geometry 

upon performance have been confirmed and has been claimed to 

be directly attributable to the size of arc diameter at the 
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current zero instant. Although most of the work was 

conducted for reduced power arcing conditions this was 

supplemented by full power tests. These results are in 

accordance with the earlier results of Briggs and King 

(1977) who also identified the important influence upon 

current zero arc diameter of upstream pressure, upstream 

geometry coupled with nozzle throat diameter and the need 

to maintain sonic velocity. 

By optimising these parameters the velocity profile 

(axial and radial components) may be optimised to enhance 

interruption capability (Briggs, 1982). An investigation 

of these and other parameters (e. g. arcing medium) upon 

(rrrV)c for a wide variety of flow geometries and arcing 

conditions enabled Briggs (1982) to draw the following 

conclusions: 

(i) For inter_runters with modest downstream nozzle lengths, 

it is the upstream section which governs arc extinction 

and thus interrupter performance. 

(ii) The flow velocity of the quenching gas is the dominant 

influence upon design. 

(iii) The upstream flow profile (i. e. the axial and radial 

velocity components) determine the characteristic 

quenching properties of the breaker i. e. breakers 

utilising a high degree of radial flow component 

reduce current zero arc time constants while breakers 

with a high degree of axial velocity component promote 

good arc transfer to the nozzle throat and low arc 

duration. 
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(iv) Optimum performance is predicted to occur in nozzle 

designs which incorporate a balance between the 

axial and radial gas velocity components. 

Although Briggs (1982) has attempted to quantify the 

effect of varying the important design parameters upon 

interruptor performance the following criticism may be 

made: 

Although a wide range of operating conditions have been 

covered, this has not been undertaken in a rigorously 

rational manner e. g. the influence of one parameter has been 

investigated with a throat diameter of 20mm and upstream 

pressure 6.35 bar whilst another parameter has been investi- 

gated with a different nozzle diameter of 45mm and a 

different upstream pressure of 7.9 bar. Some parameters 

have been investigated with air as the arcing medium, whereas 

the performance curves and the time constant variation arc 

presented with SF6 as the medium. 

The G. E. C. group (AnQilewski et al, 1984) have derived 

an empirical equation from a range of test data for predicting 

the performance of SF6 circuit breakers. This gives the 

critical rate of rise of recovery voltage as a function of 

a number of parameters as follows 

(rrrV) 
c=ax pn xLx Dt x Mq 

2.16 
(di/dt) xA 

where 
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(rrrV)c = critical rate of rise of recovery voltage 

p= upstream pressure 

L= ratio between throat and gap 

Dt = throat diameter 

M= Mach number 

(di/dt) = rate of decay of current 

A= area of the arc at current zero (cross-section) 

a, n, q = constants 

The authors also quote an equation for the dynamic arc 

diameter variation: 

D=bx I0.63 xL0.25 cu 

P0.25 M0.25 

where 

Dc = core diameter in cm 

I= instantaneous current in amps 

Lu = upstream arc length in cm 

p= upstream pressure in bars 

M= Mach number 

b= constant 

2.17 

which the authors claim to show good agreement with test 

measurements above a current of 1KA. Clearly equation 2.17 

can only be approximate since it implies zero arc diameter 

at current zero. In practice the authors claim that above 

a critical current level the measured arc diameter below 1KA 

increasingly deviate from a monotonic decay. This is a 

result of the radial inflow being unable to adjust sufficiently 
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rapidly so that convective effects are limited with the 

arc column decay retarded. 

The same authors also measured the cold flow velocity 

distribution through the nozzle using a particle tracing 

technique which the authors claim enable the radial pinch 

component of the flow to be evaluated. 

Finally the authors evolved a method for predicting 

the dynamic pressure rise with an arc present which they 

claim to take account of thermal and arc core blocking in 

a calculation which covers the duration of the contact 

separation and full current loop. When the current zero 

is reached equation 2.16 is used to evaluate the performance. 

The authors then produce a series of performance curves for 

various values of radial pinch component of the external 

flow and conclude that a value of 25% radial pinch component 

shows the best agreement between the calculated and measured 

performance. This is greater than ideal theory predicts 

but agrees with cold flow experimental results. 

Many difficulties exist in the utilisation of the 

empirical analysis of Ancilewski et al (1984). Firstly, 

the empirical equation describing the performance (2.16) 

has been derived from measurements made on a monoflow interr- 

uptor. Rigorously it is not clear how the analysis should 

be applied to calculate the performance of a duoflow 

interruptor since the physical values of certain variables 

(e. g. L) is obscure. Secondly, the constants which appear 

in equation 2.16 (a, n and q) have not been defined nor 
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values given so inhibiting comparison with test results 

under different arcing conditions. Thirdly, there are 

many ways of measuring the optical arc diameter and 

considerable care is required in relating optical and 

electrical arc diameters close to current zero. No 

mention or description of the measurement technique 

employed has been made so making a meaningful comparison 

of arc diameters measured by other authors difficult. 

Finally, although measurements of the cold flow distribution 

have been made and unexpected flow properties demonstrated 

no measurements have been made under arcing conditions to 

confirm the effect, if any, upon the arc column. (Note 

that no other investigations e. q. dynamic electrical con- 

ductance (Chapman, 1977) and laser doppler (Todoronic, 1983) 

have given any evidence of any unexpected influences under 

ideal conditions. 

An extensive investigation into the current zero 

electrical arc properties and the thermal performance of a 

model gas blast circuit breaker has recently been conducted 

at Liverpool as reported by Taylor et al (1982). Tests were 

conducted for both reduced power (1.6KA holding current 

level) and full power (34 to 64KA peak sinusoidal waveform) 

where a converging-diverging nozzle (120 semi-divergent 

angle) geometry coupled with an upstream tank pressure of 

7.8 bar ensured sonic flow conditions at the nozzle throat 

(diameter = 35mm). Copper and PTFE were used as nozzle 

materials and Cu/W and Carbon as upstream electrode materials; 

the nozzle/electrode geometry remained unchanged throughout 
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the investigation. The principal arcing medium was SF6, 

though some tests were performed with air. Measurements 

of current and voltage and upstream pressure throughout 

the arcing cycle and during the current zero period were 

made for a current decay rate range between 14 to 60A/us 

(reduced power) and 14 to 26A/us (full power). This 

allowed the detailed interrupting performance to be obtained 

(plotted in terms of (rrrV) 
c versus 

dl/dt), 
as well as an 

indication of arc flow interaction (from transient pressure 

variations). These measurements taken together give an 

insight into the effect of arc flow interactions upon the 

interruptor performance. 

The authors derived the following empirical relationships 

for the stated operating conditions: 

Reduced power: 
-2.8 (y( 

di It) 

crit 
- 3.3 x 103 

dt 2.18 

Full power: 

ät 
= 4.6 x 108 ät 

-7. J 

2.19 
crit 

A comparison of these two equations reflects the more 

rapid degredation of performance which occurs with full 

power arcing (exponent of -7.5 compared with -2.8). 

In addition to establishing detailed performance trends 

Taylor et al (1982) calculated the arc conductance and 

instantaneous power input from which the authors calculated 
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the Mayr arc time constant as a function of time and 

di/dt 
and the critical peak post arc current and rower loss 

for the different operatinq conditions. 

Further empirical analysis was used to derive an 

expression for the time delay between the current zero 

instant and the instant of peak critical post arc current 

as defined by Frind et al (lQRC) in terms of the conductance 

decay time constant and the current decay rate. 

The results of this investigation led to the following 

conclusions: 

(1) The thermal performance of the test circuit breaker 

deteriorated with increasin 
dl 

q /dt. The existence of 

pressure transients for low di/dt 
values for the full 

power arcing condition indicated thermal nozzle blocking 

which did not affect the performance compared with the 

reduced power level. 

(2) The deterioration in performance at the high dl/dt 

values is exaggerated for the full power case (equations 

2.18 and 2.19). This corresponds to the existence of 

severe nozzle ablation in the full power case which 

results in substantial back-flow. Since the ablation 

process is different for the two nozzle materials (Cu 

and PTFE) there exists a slight influence on performance 

for the full power case due to the nozzle material. 

This has ho-en shown to be due to differences in the 

wear of the nozzle throat rather than the direct 

influence of ablated material or back-flow. 
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(3) Small changes in arc conductance at current zero 

can produce relatively large changes in test head 

performance. 

(4) The arc conductance at current zero was found to vary 

linearly with current decay rate whereas the Mayr time 

constant was invarient with 
dl/dt. 

Both of these above 

quantities were found to decrease in sympathy with 

current during the current zero period and in agreement 

with the results reported by Briggs (1982). 

(5) Post arc currents and critical powers showed reasonable 

agreement with similar measurements made by Frind et al 

(1980) and the empirical relationship derived for the 

time delay for critical thermal reignition showed the 

correct trend when compared with measured critical 

thermal reignition data. 

(6) The electrical condition of the arc during the current 

zero period following a full power or reduced power 

test is the same within the experimental error for a 

given 
di/dt 

value. 

Empirical investigations such as the ones described in 

this section clearly provide useful and directly applicable 

criteria whereby circuit breakers may be designed. These 

design parameters may be utilised in order to produce an 

interruptor design to work at a lower or higher power rating 

provided the laws governing the scaling of the parameters 

are known. However such deviations in performance between 
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reduced power and full power as noted by Taylor et al 

(1982) imply that fundamental differences in the structure 

of the current zero arc column are present which do not 

manifest themselves in the electrical properties (conductance) 

and therefore warrant investigation by other diagnostic 

means. The most suitable means for investigating the arc 

structure is by optical measurements (photographic, total 

and spectrally resolved radiation or emission). These 

methods are reviewed in the next chapter. 
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CHAPTER 3 

REVIEW OF OPTICAL DIAGNOSTIC TECHNIQUES 

3.1 Introduction 

In the previous chapter the theoretical and empirical 

development of the circuit breaker has been reviewed. The 

latter involves principally the measurement of overall arc 

parameters such as current and arc voltage. These measure- 

ments enable the performance of a circuit breaker to be 

evaluated for a particular ranqe of operating conditions. 

However no information can be derived as to the fundamental 

thermal properties and structure of the arc column and the 

physical processes governing arc extinction. To quantify 

these processes measurement must be made of arc temperature 

and species concentration, with spatial (radial and axial) 

and temporal resolution if the arc is in a transient state. 

This chapter therefore reviews different techniques 

which have enabled previous researchers to identify features 

of arc column structure and in some cases extinction criteria 

through both qualitative and quantitative analysis of their 

experimental measurements. Particular sections deal with 

different types of diagnostic technique each of which enable 

different fundamental properties to be quantified or at 

least identified. 

3.2 Photographic Techniques 
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3.2.1 Introduction 

Photographic studies of arcs involving usually high 

speed photography of the luminous arc column have been 

undertaken by many researchers since it was decided that 

the appearance of the arc column would play an important 

part in proving or disproving early theories regarding arc 

extinction. Biermanns (1932) utilised his high speed 

photographs to demonstrate the continuity of the arc column 

at the current zero instant and thus disproved existing 

theories that the arc may have separated into two independent 

axial sections to cause circuit interruption. 

Whatever photographic technique is employed, care is 

needed in considering what the luminous cross-section of the 

arc represents. Clearly this will be affected by the exposure 

time and type of film or recording surface sensitivity. 

Where gradual changes in the radial extent of the true 

luminosity are present e. g. during the current zero period 

of a circuit breaker arc (particularly downstream of the 

nozzle throat) this problem becomes acute. For instance, 

over-exposure can lead to gross over-estimates of the area 

of the electrically conducting core of the arc. Therefore 

quantitative analysis using a photographic diagnostic 

technique must stipulate precisely the photographic operating 

conditions as well as the optical calibration procedure. 

Chapter 5 of this thesis describes such an overall calibration 

procedure conducted during the present investigation. 

A major problem with optical diagnosis of circuit 
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breaker arcs involves gaining optical access through the 

walls of the flow shaping nozzle. The following section 

includes a review of significant contributions to date in 

the field of arc photography in a real circuit breaking 

environment. 

3.2.2 Development of the Technique 

A novel method of overcoming the optical access problem 

was used by Airey (1972) who mounted a camera to view the 

nozzle throat of a production circuit breaker from a 

position downstream of the nozzle exit and offset from the 

axis of symmetry. A framing speed of 8000 fps and a 

carefully chosen value of neutral density filter enabled 

the luminous arc diameter at the nozzle throat to be 

determined for pulsed arc currents of up to 45KA peak in 

air. Airey (1972) studied the effect of instantaneous arc 

current and upstream tank pressure on the luminous arc 

diameter and compared his results with the simplified 

enthalpy flow model of Frost and Liebermann (1971). 

Airey (1972) claims good agreement with the physical 

model up to an instantaneous current value of 13KA. However 

once this value is exceeded, the model predicts larger 

diameters than those measured. The author explains this 

in terms of the evolution of electrode vapour giving rise 

to higher electrical conductivity of the plasma. Cal- 

culations taking account of the copper vapour plasma gave 

better agreement with the experimental results. However 

the model does not take account of radiation loss which is 
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important at such high current levels and particularly so 

when the plasma is contaminated with copper vapour (e. g. 

Strachan et al, 1975(b)). 

A more conventional method of gaining optical access 

to the arc in an interruptor nozzle is to make lateral 

slots in the nozzle wall which are then sealed so that 

each slot is gas tight. 

Kogelschatz and Schade (1971) used a laval nozzle of 

12mm throat diameter with slots as described above with 

sealed quartz windows. In this way a 2KA, 5ms duration 

pulsed arc in accelerated flow (23 atm upstream tank pressure) 

was photographed using a rotating mirror arrangement to 

give 2us exposure. Results showed the presence of turbulent 

nerterhations upstream which the authors claim became clear 

on streak photographs (unfortunately not presented in this 

publication). No photographic results were presented for 

the section upstream of the nozzle throat. 

In a further publication by the Browr-Boveri group 

(Hermann et al, 1976) streak photographs for similar arcing 

conditions to those described by Kogelschatz and Schade 

(1971) are presented. Hermann et al photographed the arc 

at four downstream stations and one axial station upstream 

of the laval nozzle entrance during a period covering 30us 

each side of current zero. The results show the arc column 

to have a turbulent, eratic appearance further downstream 

throughout most of the current zero period whereas the two 
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stations furthest upstream showed no signs of turbulence. 

Based upon these observations it is claimed that turbulence 

plays an important part in the arc quenching process. 

Jones et al (1975) measured the optical radius of an 

arc in an orifice geometry for triangular arc current pulses 

up to 17.5KA and 5 to 25ms duration in air using eine 

photographs (Lidgate, 1973). This enabled the axial (upstream 

and downstream of the orifice) and temporal variation of 

the optical arc radius to be measured. Using these measure- 

ments, plus others of different arc properties, the terms 

in the quasi steady state energy balance equation (Swanson 

and Roidt, 1971) and their relative significance were 

determined and compared with the instantaneous power input. 

As a result it was possible to quantify the effects of 

varying the arcing conditions (e. g. electrode material) 

upon the peak current phenomena such as arc flow inter- 

action and local and overall arc properties. 

Walmsley et al (1976) used a high speed photographic 

technique to observe in detail the arc diameter variations 

during the major part of the 3 to 8KA sinusoidal pulse. 

The authors used a 19mm radiussed orifice, upstream pressures 

of 50,100 and 150 psig with different upstream electrode 

geometries and materials. A high speed streak and framing 

investigation was carried out using an A. W. R. E. 54 camera 

giving 0.05 to 0.1mm/Us writing speed and a Dynafax 350 

camera giving an exposure of 1.6 to 3u sec respectively. 

The authors identified two distinct modes of arc diameter 
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behaviour, namely normal and oscillatory, When the arc 

behaved normally the arc diameters were found to correlate 

well for the range of upstream tank pressure, current and 

electrode material using parameters deduced from an 

integrated enthalpy flow analysis. However, under certain 

circumstances the arc diameter measurements showed distinct 

axisymmetric oscillations which also appeared simultaneously 

as oscillations in the arc voltage. Walmsley et al (1976) 

identified these oscillations with plasma pulsations caused 

by the interaction of electrode evaporation and flow effects. 

Furthermore, it was found that the oscillations were most 

severe for elkonite as the upstream electrode but could be 

minimised by giving the electrode a rounded or radiussed 

geometry. The authors further postulated that the existance 

of such blobs during the current zero period could have a 

detrimental effect on performance because of their effect 

on the arc voltage. High speed photographs obtained by 

Lewis et al (1983) under different arcing conditions, which 

will be described in chapter 6 of this thesis, have shown 

similar vericose deformation phenomena so confirming that 

such oscillations may be anticipated to occur generally 

rather than for limited, particular conditions. 

In a further publication Walmsley et al (1978(i)) extended 

the previous work on the luminous cross-section of the 

19mm orifice arc to the current zero period (loops before 

to 9us after). The techniques in this work included short 

exposure framing records using both conventional and image 

converter photography. Streak records were also included. 



-5- 

The image converter photographs were necessary in 

order to achieve sufficiently short exposure of the low 

luminosity plasma consistent with the rapid changes which 

occur in the plasma column properties close to current 

zero. These image converter photographs were taken using 

an Imacon 700 camera in conjunction with an image intensifier 

(3 stage magnetically focussed) at a framing rate of 5x 10 

and 106 fps giving exposures of leas and 0.2us respectively. 

These photographs identified the arc column as having a 

shallow radial luminosity gradient at its periphery so that 

care was needed in setting the exposure conditions (such as 

intensifier bias) in order that the measured luminous area 

would be physically meaningful and reproducible. 

Walmsley et al (1978(i)) presented only a limited amount 

of luminous area reasurements showing 

3KA (dl/dt = 1.3A/us at current zero) 

locations upstream and downstream of 1 

final 8OUs and l4us of current decay. 

in these results is for a rapid decay 

at around the instant of current zero 

region persist upstream for a few (at 

current zero. 

the area decay for a 

peak current value at 

=he orifice over the 

The trend apparent 

of the downstream area 

whereas a luminous 

least 6) das after 

Walmsley and Jones (1978(iii)) have also extended their 

luminous arc core measurements to currents up to 100KA peak, 

to a larger diameter (50mm) radiussed orifice and to both 

air and SF6 as arcing media. They monitored the luminous 

diameter over the major part of the current pulse using a 



- 57 - 

Beckman-Whitley Dynafax 350 framing camera which captured 

10,000 to 20,000 fps with exposure times of 1.3 to 2.6us. 

Their results confirmed the foundation of a bright inner 

core with the main luminous arc plasma for currents above 

20KA independent of upstream contact material and arcing 

medium. The diameter of the core was only weakly dependent 

on the stagnation pressure and instantaneous current. Narrow 

band filtered photographs around the 515.3nm (Cu line) wave- 

length showed that the core consisted of electrode material. 

Severe blocking of the nozzle by the outer plasma column 

was identified to occur at instantaneous current values of 

80KA and above and material ablated off the orifice wall 

was luminously identifiable downstream where it merged with 

the arc plasma column. This form of blocking was observed 

to cease well before current zero. 

Plasma oscillations similar to those observed at 

moderate current values, but ceased at higher current levels. 

Although Walmsley and Jones (1978(iii)) did not extend 

this work to the current zero period a number of peak 

current effects which could effect interruptor performance 

at current zero were nonetheless discussed (e. g. electrode 

vapour entrainment into the column). 

Separately identifiable electrode material core had 

first been identified by Airey et al (1976) downstream of 

a converging-diverging nozzle (throat diameter 38mm) also 

at instantaneous current levels above 2OKA. The authors 

also identify oscillatory variations in the core diameter 
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which were coincident with the voltage oscillations also 

observed as did Walmsley et al (1976). Airey et al (1576) 

claim that a high remnant conductivity at the current zero 

following a 5OKA arc in air existed which could have 

deliterious effects on breaker performance. The need for 

detailed current zero measurements of arc diameter (and 

other parameters) is further demonstrated by the latter 

claim. It is unfortunate however that in this publication 

all the optical diameter measurements were presented for a 

section further downstream than the nozzle exit itself 

whereby such factors as the degree to which the arc filled 

the nozzle could not be easily established. 

Ancilewski et al (1984) present results of arc luminous 

diameters taken during the current zero period of an arc 

whose peak current is undefined although the current decay 

rate is quoted. No indication is given of the optical 

operating conditions so that unfortunately the diameter 

measurements quoted cannot meaningfully he compared with 

the results of other authors. This, of course, is 

particularly important during the current zero period as 

indicated by Walmsley et al (1978(i)) since the luminous 

structure of the arc column during this period is such that 

variations in exposure etc. can lead to large variations 

in the recorded optical diameter. 

3.2.3 Concluding Statement 

Quantitative analysis of photographic measurements has 
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shown itself to be a useful diagnostic technique whereby 

for instance certain terms in the energy balance may be 

evaluated as shown by Jones et al (1975) during the peak 

current phase. Clearly similar measurements made close 

to current zero could also be used to elucidate the energy 

terms during the current zero period in a similar manner. 

However Walmsley et al (1978(i)) have shown that unlike 

the peak current regime, during the current zero period the 

radial profile of the light intensity has shallow wings so 

that care must be taken in analysing such records. In this 

thesis measurements of radial relative intensity profile 

will be presented particularly during the current zero period 

so that as a result the variation of radial light intensity 

can be quantified. 

3.3 Spectroscopic Techniques 

3.3.1 Introduction 

A large portion of the work presented in this thesis 

is based upon information derived from spectroscopic measure- 

ments. The branch of spectroscopy with which this thesis 

is concerned involves atomic spectra since at the temperatures 

of interest within an arc column most of the species are 

atomic in nature. The theory and physical principles of 

atomic spectra are covered in a number of texts (e. g. 

Herzberg, 1944). 

With a knowledge of the physical principles governing 

atomic spectra, the theory may be applied to the plasma to 
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derive the localised arc properties of temperature and 

species density. However, this analysis may be greatly 

simplified if certain assumptions regarding the thermo- 

dynamic state (local thermodynamic equilibrium) and optical 

depth of the plasma are shown to be valid. These are 

discussed in detail in chapters 7 and 8. Plasma, and in 

particular arc, spectroscopy in idealised situations has 

been used to confirm existing theories and derive funda- 

mental constants of certain materials (e. g. Koch and Richter, 

1968 for copper). However the arc column in a circuit 

breaker departs in many ways from the above mentioned 

idealised situations, so that care must be taken when making 

spectroscopic measurement in such situations. As a result 

it is profitable to review the previously published work on 

arc spectroscopy. 

3.3.2 Development of Arc Spectroscopic Techniques 

Much of the early work on arc spectroscopy was conducted 

on arcs burning in different gases in a wall stabilised 

environment. As a result of the cylindrical symmetry and 

well controlled experimental conditions temperature and 

electron densities could be conveniently and reliably measured. 

For instance Maecker (1963) measured the radial temperature 

profiles of nitrogen wall-stabilised arcs for a range of 

currents between 10 and 250A. Much of the wall stabilised 

work was conducted for nitrogen, argon and helium plasmas 

but its relevance to transient circuit breaker arcs at current 

zero remains to be rigorously demonstrated. 
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One of the earliest spectroscopic investigations on 

high current arcs was conducted by Roberts and Prasad 

(1972) for the quasi steady conditions of a free burning 

1OKA arc in air. Both streak and shuttered (snapshot) 

spectra were recorded using a Hilger medium spectrograph 

type E528 and Ilford HP3 and long range spectral plates. 

An A. W. R. E. streak camera system (Gabriel, 1960) was used 

to enable streak records of up to 2ms duration which could 

be shuttered by a rotating disc to give a l9iis exposure. 

Measurements were also made using an EMI type 9529/B photo- 

multiplier. The authors measured radial temperature 

distributions which were derived from a number of different 

methods, the most accurate of which were 

(i) Relative intensity of the Cu I lines 
(ii) Line intensity variation of NI 
(iii) Relative intensity of the Cu II lines 
(iv) Relative intensity of the N II lines 

A similar analytical approach to that of case (i) is 

used in this thesis and is discussed in chapter 7. Plasma 

species density were evaluated from existing air plasma 

equilibrium compositions in those regions of the arc where 

the equilibrium condition was to be expected. Thus a 

knowledge of the temperature distribution enabled species 

concentrations to be evaluated within the copper plasma jet. 

The electron density, Ne was calculated from the Stark 

broadening of particular lines, a method which will be further 

described in chapter 7. 

From their streak records Roberts and Prasad (1972) 
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identified a rotational motion of part of the arc plasma. 

This plasma column rotated as a distinct entity with a 

regular frequency of about 22KHz along with a higher 

frequency irregular fluctuation. The authors also observed 

the presence of a copper vapour rich core at 1OKA which 

had a lower temperature than the rotating host plasma column 

owing to increased radiation losses around which the hotter 

host plasma column rotated. 

The authors determined the proportion of the power 

loss by radiation to be 36% of the total, 90% of this being 

by copper emission. The remaining energy loss was governed 

by self generated axial convection, heat conduction being 

only involved in redistributing energy within the thermally 

affected region of the arc. 

Roberts and Cowley (1973) extended spectroscopic 

investigations to an arc in an efflux constant pressure flow. 

It was observed that the efflux flow arc showed less copper 

radiation but more nitrogen and oxygen emission compared 

with a corresponding free burning arc. These phenomena were 

explained by enhanced vapour injection from the cathode and 

an increase in volume for radiation cooling coupled with a 

reduction in Nitrogen species concentration. When a flow 

with Mach number M=0.7 was imposed, the visible regions 

at the boundaries became sharper in appearance, implying a 

steeper radial temperature and electron density gradient at 

the boundary. 

In the above two investigations the authors investigated 
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high current quasi-steady arcs burning in simple self 

or constant external imposed flows. They identified the 

spectral radiation features of the arc column from which 

they deduced the temperature and species density profiles 

and the contribution of terms to the steady state energy 

balance. The need was therefore clear to extend this work 

to the accelerated flow conditions experienced in real 

circuit breaker arcs. 

This extension to orifice air flow was made by ]ousbv-- 

Smith and Jenkins (1978). The flow was sustained by upstream 

tank pressures of 50,100,150 and 190 psig. A fixed nozzle 

electrode geometry was used with carbon, steel, copper and 

elkonite as upstream electrode materials. Peak arc currents 

of 3 and 8KA were used along with the same spectrometer and 

rotary shutter system as that used by Roberts and Prasad 

(1972). Snapshot spectra were obtained for instantaneous 

current values of 1.9 and 6.8KA during the quasi-steady 

phase of the respective current pulses. Three axial 

locations were viewed - 6.5mm upstream, 2mm and 9mm downstream 

with respect to the orifice edges. 

Of the four electrode materials used, copper and 

especially elkonite gave rise to the most useful spectra 

showing a high density spectrum both upstream and downstream 

of intense copper lines and some N II emission downstream. 

All these lines were found to increase in intensity as the 

peak current level was raised. The authors selected experi- 

mental results for analysis which avoided the inherent problems 
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caused by a high continuum intensity, spectral line self 

absorption, overlap effects from intense neighbouring 

lines and spectral plate over-exposure. The lines chosen 

were Cu I 330.7nm, 282.4nm, Cu II 276.9nm downstream; 

Cu I 249.2nm, Cu II 248.9nm upstream; and N II 399.4nm, 

444.7nm, 453. Onm and 463. Onm at the downstream station. 

Qualitative analysis showed the N II and copper 

emission species to occupy different radial sections of 

the arc column, with the hot plasma spectrum oscillating 

rapidly as in the free burning and efflux flow cases. 

Electron temperatures were estimated from the intensity 

ratio of Cu I and Cu II lines in the copper regions and 

from different N II lines in the air regions. These cal- 

culations assumed local thermodynamic equilibrium and were 

based upon Abel inverted spectral emissions for the cases 

when cylindrical assymetry was apparent. Electron densities 

were derived from Stark broadening effects of selected lines 

and a method relating the electron density to the continuum 

intensity, and copper vapour densities from the intensity 

ratio of Cu II 276.9nm to N II 300.6nm. 

Hnusbv-Smith and Jenkins (1978) used the above 

information (Ne and T) to calculate the local static 

pressure variation for the peak current levels of 3 and 

8KA. The authors found good agreement with earlier eitot 

probe measurements by Jones et al (1974) only after Stark 

broadening parameters used to derive Ne were empirically 

adjusted. 



- 65 - 

From their analysis HOusbv-Smith and Jenkins con- 

cluded that the arc was similar to the previously 

investigated free burning and efflux arcs in that there 

existed two principal emitting species (N and Cu) which 

were non-coaxial and at different temperatures. The 

intensity and number of lines of emitting copper was found 

to be higher in this case implying a higher radiation loss 

from the copper core, although the vapour concentration was 

not sufficiently high to effect the transport properties. 

Also the optical diameter was lower in the orifice flow arc 

and the electron density higher, which corresponded to a 

more constricted arc column. These conditions were noted 

to be advantageous for enhancing current interruption. 

Although ITousby-Smith and Jenkins (1978) were hampered 

in their analysis by the assvmetric nature of the arc column 

preventing the use of an Abel inversion procedure, they 

have presented electron temperature profiles, the majority 

of which were derived from non-Abel inverted results. 

Unfortunately no distinction is made by the authors between 

Abel and non-Abel inverted results. The fact that an 

inversion procedure was not used makes the electron temperature 

distribution (shape and absolute value rigorously inaccurate 

although the magnitude and shape of the profiles are 

reasonable. 

Spectroscopic investigations of the downstream region 

of SF6 arcs in a nozzle flow with the direction of flow from 

anode to cathode presented by Airey (1977). Peak currents 
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of up to 38KA were investigated with spectra recorded 

for instantaneous currents as low as 300A using a rapid 

scanning spectrometer (Monosnek 600) arrangement to give 

good temporal resolution. 

Initially, measurements were made of radially integrated 

at a station 37mm downstream of the anode which was also 

downstream of the nozzle exit. Photoelectric snapshots 

of lOOUs exposure were used to measure the line intensity 

and width of Cu I 510.5nm, 529.3nm and 515.3nm from which 

the average electron temperature and density was calculated. 

Further measurements of radially resolved spectra were 

performed on a section 25mm downstream of the anode which 

were viewed through a cutaway section of the nozzle. Since 

at currents below 200A the copper vapour concentration was 

low in this region it was necessary for Airey (1977) to 

estimate the radial temperature distribution from the 

intensity ratio of the FI 624. Onm and S II 545.4nm spectral 

lines. An Abel inversion procedure was incorporated in this 

calculation. 

Below 20KA (the instantaneous value for the inception 

of the vapour core) Airey (1977) measured the arc temperature 

profile to be parabolic with an axis temperature of 20,000K 

and a radially averaged electron density of 3.2x1017 cm-3 

which resulted in a predicted pressure of 2.25 bar compared 

with the 2 bar derived from the flow measurements. At 1KA 

instantaneous current the temperature profile exhibited a 
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raised portion confined to a radius of less than Im.. 

Large oscillations in the averaged temperature were observed 

at the peak of a 24.5KA pulse which were attributed to 

genuine temperature fluctuations (between 17,000 and 

31,000K) of the vapour core. These fluctuations existed 

for currents as low as 1OKA but the maximum averaged 

temperatures had decayed to 19,000K. The author further 

concluded that conditions of LTE were satisfied for 

instantaneous current values below 20KA but could break 

above this value. The copper vapour concentration in the 

arc was found to increase slowly between 1° and 5% as the 

peak current value was increased from 7KA to 13KA the 

values being independent of increasing or decreasing current. 

However, following a 19KA peak current the Cu concentration 

increased to 35% at an instantaneous value of 1OKA. With 

a knowledge of the radial distributions of arc temperature 

and electron density the author formulated a two zone arc 

model for the high current phase. 

Airey (1977) identified globular motions of the copper 

plasma which appeared to merge into a continuous motion using 

high speed photographs. This observation was similar to the 

phenomenon described by Walmsley et al (1976) and could 

account for the local temperature oscillations. However 

Airey (1977) did not relate these observations to those of 

Roberts and Prasad (1972) or Roberts and Cowley (1973) but 

rather believed them to be associated with temperature 

fluctuations. Also Airey (1977) did not indicate to what 

extent the cutaway section of the nozzle effected flow patterns 
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downstream which could seriously effect local and overall 

parameters. 

Similar measurements were made by Ikeda et al (1982) 

but in an orifice flow using SF6 as the quenching medium 

with an upstream tank pressure of 7 bar. The orifice throat 

diameter was 50mm and peak current values of 30KA and above 

were investigated. 0.5ms exposures enabled photographic 

recording after dispersion through a Hilger-Watts 1000 prism 

spectrometer. The spectral lines selected for analysis were 

F 1623.96nm, S II 545.39nm, S II 532.07nm, Cu 1578.31nm, 

Cu 1529.26nm, Cu 1510.55nm. 

Ikeda et al (1982) confirmed the evolution of a copper 

core above an instantaneous value of 18KA which was in 

agreement with Airey (1977). However in contrast to Airey 

(1977) the temperature of the copper core lmm downstream of 

the orifice was found to be lower than that of the surrounding 

plasma, these temperatures being about 15,000K and 20,000K 

respectively. These authors also determined the electron 

density from Stark broadening calculations to be 1.5 to 1.8x1018 

cm 
3 

and a copper vapour concentration of about 70%, lmm 

downstream of the orifice exit. 

It is unfortunate that, owing to the extreme experimental 

conditions encountered that the Abel inversion technique 

could not be employed and a more accurate radial temperature 

distribution derived. It is also unfortunate that the 

upstream temperature, electron density etc. could not be 

calculated owing to reabsorption etc. which would have also 
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enabled axial gradients of parameters to be determined. 

The only spectroscopic investigation made which 

included the current zero period of an arc similar to 

that in a circuit breaker was reported by Smith et al 

(1978). Studies were made during the current zero period 

of 3KA peak current arc burning in SF6 and air in a 19mm 

diameter shaped orifice with an upstream pressure of 100 psig. 

The upstream and downstream electrode geometries were varied 

according to which axial region of the arc, 2mm upstream or 

lmm downstream was to be viewed. A Hilger and Watts medium 

quartz spectrograph type E528 was used in conjunction with 

Ilford HP3 photographic plates for the upstream investigation 

whereas lower light intensities necessitated the use of an 

E720 scanning attachment fitted with an IP28 photomultiplier 

for the downstream investigation. The photographic plates 

were exposed for 61is snapshots during the final 200Us before 

current zero whereas the photoelectric detection system 

enabled a continuous timewise record of a given spectral 

line to be obtained during the final 25us before current zero. 

Radially integrated electron temperatures were cal- 

culated from Cu I emission spectra at the upstream station 

by measuring the intensity ratios of the spectral lines 

319.4nm and 309.9nm and 319.4nm and 330.7nm and at the 

downstream station by measuring the intensity ratio of the 

lines 515.3nm and 510.5nm, 515.3nm and 578.2nm, 521.8nm and 

578.2nm and 521.8nm and 570. Onm. Electron density was 

evaluated at 70us and 50pas before current zero from the Stark 
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broadening of the 330.7nm line measured upstream. 

The authors used the values of electron density and 

temperature to confirm the existence of LTE up to 5Oiis 

before current zero. In the final 2Ops before current 

zero the downstream air temperature results showed a 

plateau at about 9,000K up to l0is before current zero 

at which instant it rose to about 10,000K before falling 

steeply over the final 3us to about 7,000 at current zero. 

The SF6 temperatures remained virtually constant (at 8,500K) 

up to about 5us before current zero after which a rapid 

decline occurred to about 6,500K at the current zero instant. 

Different line pair ratios gave different temperature 

values throughout the current zero period for both air and 

SF6, a phenomenon related to the lower energy levels of the 

electronic transitions concerned. 

It is unfortunate that the authors used different 

electrode geometries for different measurement locations 

since this makes comparison of their own results from 

different axial regions difficult let alone comparison with 

different authors. No upstream temperature results were 

presented for SF6, although the temperatures in this region 

are similar to those at downstream stations during the current 

zero , -)eriod, at which point the authors claim little difference 

in temperatures for the two gases. No results were presented 

of the radial temperature distributions which enabled only 

an overall analysis of the arc column to be made at a given 

axial position. Furthermore no radial energy distribution 
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detail could be deduced so that no evaluation of the current 

zero energy conservation equation could be obtained. An 

approximate estimated value of current decay rate from 

the oscillograms of Smith et al (1978) yields a value of 

8KA; clearly in order to correspond to real circuit breaking 

conditions, the current zero spectra of both higher peak 

current and current decay values need to be investigated. 

3.3.3 Concludinq Statement 

In this section the work of authors using spectroscopic 

techniques applied to circuit breaker arcs has been reviewed. 

It has been shown that extensive spectroscopic investigations 

can be used to calculate local arc parameters which are 

fundamental for describing the arc column condition and 

structure. A detailed knowledge of such parameters further 

enable energy transport terms to be calculated. Much work 

has been done to calculate the above mentioned parameters 

for high current arcs in a quasi-steady state for many 

different operating conditions. However, to obtain a 

knowledge of such parameters during the current zero period 

where their effect on current interruption phenomena can be 

studied directly, a dynamic and extensive spectroscopic 

investigation during this period is required. Smith et al 

(1978) studied the overall spectral radiation features of 

an arc column during the current zero period of 3KA and 

8KA arcs in an SF6 flow. It is the objective of the present 

experimental investigation to improve on the technique of 

Smith et al (1978) in order to obtain a detailed spectroscopic 
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investigation of an SF6 nozzle flow circuit breaker arc 

for full power arcing conditions (>34KA peak current). 

3.4 Measurement of Radiation Power Loss 

3.4.1 Introduction 

Photographic and spectroscopic measurements have been 

reviewed in the previous two sections and it has been shown 

how they can provide valuable information regarding overall 

arc as well as detailed local arc column structure. This 

information is useful for calculating important energy 

transport terms in the energy balance. Paradoxically neither 

of these optical measurements can easily provide information 

about radiative power transfer away from the arc environment 

on account of the need for detailed absorption information 

within the thermal volume surrounding the arc plasma. As 

a result recourse needs to be made to measure this nett 

radiative loss directly. This is possible if careful con- 

sideration is given to arc geometry and overall measurement 

system calibration. A brief review of some radiation power 

loss techniques is included since they can provide additional 

valuable information to that already obtained with spectro- 

scopy and photography. 

3.4.2 Development of Radiation Power Loss Measurement 

Radiation measurement made for free burning arcs with 

peak currents in excess of 1OKA (up to 23KA) were reported 

by Strachan (1973, a, b). The arc burned between copper 
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electrodes which were fixed at a 100mm separation and was 

viewed at several axial locations using a 3mm width 

collimating slot laterally situated along the arc diameter. 

Both thermopiles and flat wavelength response photo- 

multipliers have been used for such radiation measurements. 

Adequate time response was obtained with the photomultiplier 

system whilst the time response of the thermopile could be 

improved somewhat using a helium atmosphere and suitable 

deconvolution methods. The author measured radiation loss 

as a function of time and axial distance and calculated 

the fraction of local power loss by radiation to local 

electrical power input using the probe measurements of 

Barrault et al (1972). Strachan (1973, a, b) showed how the 

presence of electrode vapour can greatly enhance the 

radiation power loss in the free burning arc. Similar 

measurements by Strachan (1974,1975(a)) showed again that 

radiation loss provided a major contribution to the total 

energy loss from the arc column. The increased radiation 

loss corresponded to the time required for electrode melting 

(Strachan, 1974,1975(a)) which is of the order of 2ms and 

is in agreement with theoretical predictions. 

Strachan (1975(b)) and Strachan et al (1977) extended 

the work on the free burning and efflux flow arcs to the 

more realistic circuit breaking conditions of the orifice 

flow geometry. Strachan (1975(b)) and Strachan et al (1977) 

investigated the effects of varying upstream pressure 

(4.46 to 14.1 bar), upstream electrode material (copper, 

carbon, elkonite, tungsten and mild steel) and peak current 
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(3,8 and 13KA) upon the radiation power loss. The authors 

viewed the arc at locations 9mm downstream and 6mm upstream 

using the same optical system and detector as described 

by Strachan (1973). 

From their measurements Strachan (1975(b)) and Strachan 

et al (1977(a)) concluded that the upstream electrode 

material influences the magnitude of the radiation power 

loss throughout the arcing cycle and along the arc column 

length. The radiation loss with various electrode materials 

increased in the order carbon, copper, mild steel, elkonite. 

The variation in radiation loss with electrode material is 

reflected by a variation in the measured arc voltage at 

a given current consistent with energy conservation con- 

siderations. The radiation loss when normalized with 

respect to the electric field and axial pressure distribution 

was found to correlate with instantaneous current for copper 

and elkonite upstream electrode materials, but not carbon 

(which was associated with fusewire material persistence). 

From their observations Strachan et al (1977) arrived 

at the following empirical law: 

Q= ar IEF3.1 

where, 

Q is the total radiation power loss 
I is the instantaneous current 
E is the local electric field strength 
p is the local gas pressure 
ar is the constant of proportionality whose value is 

dependent upon the host arcing medium and the 
upstream electrode material. 



- 75 - 

Strachan (1975(b)) and Strachan et al (1976) have 

shown the significance of the radiation loss in terms of 

the energy balance (un to 30% of the power dissipated is 

lost radiatively). This may be correlated with instantaneous 

current if the electric field and pressure distribution are 

known during the quasi-steady arcing phase according to 

equation 3.1. However the sensitivity of their detector 

did not enable the authors to make a similar investigation 

during the current zero period, thus the significance of 

radiation loss could not be quantified during this period. 

Similar work to that nerformed by Strachan (1975(b)) 

and Strachan et al (1977) was reported by Leclerc and Jones 

(1982) which included radiation power loss measurements 

for arcs in the peak current range 20 to 100KA burning in a 

50mm diameter radiussed orifice. In addition, elkonite and 

carbon were used as electrode materials, copner and PTFE 

as nozzle materials and air and SF6 as arcing gases. The 

upstream pressure was set at about 7 bar. The arc was 

viewed at two axial locations, one lmm upstream of the 

orifice inlet, the other lmm downstream of the orifice exit 

plane, using an RCA 4328 photomultiplier. The validity of 

the photomultiplier measurements was confirmed by comparison 

with results obtained during the quasi-steady period using 

a Hilger-Schwartz thermopile as described in Strachan 

(1975(a)). 

Leclerc and Jones (1982) concluded that, despite the 

presence of complicating features such as pressure transients 
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and vapour core formation, similar trends to those 

observed at lower current levels by Strachan (1975(b)) 

and Strachan et al (1977) were evident in the high current 

range. Leclerc and Jones (1982) identified the dominant 

influence on radiation loss as the arc current followed 

by the local static pressure. These underlying trends 

were severely affected by perturbations arising from pressure 

transients and electrode vapour core formation and the 

presence of ablated material from the nozzle wall. The 

latter effected the downstream radiation results in 

particular. The authors further estimated the radiation 

power loss from an air arc to be of the order of 10MV from 

the entire arc length at a current of 9OKA. 

Jones and Leclerc (1982) identified important effects 

which occurred during the current Weak phase of arcing 

which could effect interruptor performance during the current 

zero period. However the authors did not extend their 

investigations to include the current zero period, therefore 

again a quantitative statement of the significance of 

radiation power loss during this period was not possible. 

The first measurements of radiation power loss in 

conditions which were relevant to the current zero period 

of a real circuit breaker arc were reported by Shammas and 

Jones (1982). Here reduced power arcing conditions were 

investigated and the arc current was ramped from a holding 

level to zero for a current decay rate in the range 12 to 

46A/Us. Elkonite and carbon were used as upstream electrode 
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materials, SF6 as the host gas with an upstream tank 

pressure of 8.5 bar. A converging-diverging nozzle with 

five 2mm width collimating slots was used to view the arc 

diameter, but in this cafe only the slot just downstream 

of the throat was used. A detailed description of this 

experimental test facility is included in chapter 4 of this 

thesis. The detector was an RCA 4832 photomultiplier 

situated sufficiently far (2m) from the arc to validate the 

inverse square law which was necessary to determine the 

total radiated power. 

Measurements taken during the quasi-steady phase showed 

the empirical relationship (equation 3.1) to be true down 

to a current of 300A and was independent of the current 

decay rate. For instantaneous power levels less than 

350KW the radiation loss under transient conditions was 

greater than that in the steady-state for a given instant- 

aneous power level from which the authors concluded that the 

percentage of the electrical input power lost by radiation 

was greater under transient conditions than under steady 

arcing conditions. The authors also calculated the percentage 

of the electrical input power lost by radiation during the 

current zero period and found it to be constant at approx- 

imately 20% up to 3.5us before current zero, after which a 

rapid increase was observed. Shammas and Jones (1982) 

associated this phenomenon with a sharp increase in the 

relative magnitude of the rate of dissipation of the stored 

energy compared to the electrical power input. This latter 
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postulation will be 

this thesis, Measu 

by radiation at the 

current decay rates 

arc length) below a 

further discussed in chapter 8 of 

rement of the instantaneous power loss 

current zero instant for different 

showed a relatively low value (71V/mm 

di/dt 
of 24A/us. However for 

dl/dt 

values above 24A/pps a share increase in the radiated power 

loss occurred such that the radiative loss for a 
d'-/dt 

of 

447ý/ps was 8OW/mm. The authors concluded that radiation 

losses in the higher 
dl/dt 

region assume greater importance 

and the detection of radiation after the current zero instant 

(up to 4-os) was regarded as being indicative of the duration 

of the thermal recover- period. At later times when the 

arc was made to reignite there appeared a sharp increase in 

radiation which is indicative of dielectric rather than 

thermal reignition. This phenomenon was also noticed in 

the present investigation and is discussed in chapter 8 

of this thesis. 

From their investigations Shammas and Jones (1982) 

derived the following empirical relationships between radiation 

loss and the electrical parameters 

(i) During the quasi-steady state the empirical law 

governing radiation loss corresponded to equation 3.1 

with constant pressure and radiation power loss 

proportional to instantaneous current as 

L=0.0143 (i-300) for i>30OA (3.2) 

where, 
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L is the equivalent radiative loss in volts 
(L = QR/99 , where 99 is the calibration factor) 

QR is the radiative nower loss 

i is the instantaneous current 

(ii) During the transient current decay period (i<150A) 

the following law applied 

L= Ai 
1.05 

+B (io) 1.1 
(di/dt) 2.37 (3.3) 

where, 

io is the holding current level 

di jdt is the current decay? rate during the final 
2us before current zero 

A, B are constants of proportionality 

(iii) The decay of radiation during the post current zero 

period is described as 

0.174 (dl/dt - 17) 

for di > 24A/us and io = 1.55KA 
dt 

(3.4) 

where T is the time for the radiation to decay to a 
negligibly small value (gis) 

Shammas and Jones (1982) have derived, for the first 

time, empirical laws which describe the total radiation power 

loss decay for the transient conditions encountered during 

the current zero period in terms of electrical parameters. 

This has been performed under reduced power arcing conditions 

(i. e. steady low level current ramped to zero at different 

decay rates) which excluded the more complicated effects 
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encountered when a peak current is passed through the arc 

(e. g. enhanced electrode vapour entrainment into the column). 

Shammas (private communication) suggests that under such 

conditions deviations from this set of empirical laws are 

likely to exist. 

3.4.3 Concluding Statement 

Radiation power loss measurements have proved to be 

reasonably accurate and relatively convenient to make. The 

measurements at peak current or during the quasi-steady 

arcing phase have shown consistently that nett radiation 

power loss does play an important part in the energy balance 

during this period. However lack of reported experimental 

data during the current zero period makes such an estimation 

impossible although some unpublished data by Shammas and 

Jones does exist and will be used in this thesis (chapter 8) 

in the quantitative solution of the current zero energy 

balance. 

All the radiative power loss investigations reported 

in this section have invoked some knowledge obtained from 

photographic and spectroscopic investigations under equivalent 

operating conditions. Therefore the use of the three 

optical techniques (high speed photography, total radiation 

measurements and spectroscopic measurements) taken in con- 

junction with each should provide essential information for 

a better understanding of the current zero period behaviour 

of arcs in SF6 circuit breakers. 
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3.5 Other Techniques 

3.5.1 Introduction 

Other techniques exist which can provide important 

information, for example concerning the flow of cooler 

gas surrounding the arc plasma. It is beyond the scope 

of this thesis to include an in-depth appraisal of such 

techniques but it is necessary to include a brief review 

of work of some authors who have used such techniques to 

obtain important information which is relevant to the 

current zero energy balance. 

3.5.2 Techniques Description and Review 

Non-standard photographic techniques such as Schlieren, 

interferometrv and shadowgraphy, the theoretical background 

of which is described in Leonard (1965), can provide useful 

information about the cooler gas flow and thermal reqions 

surrounding an arc plasma. 

Bagshaw and Ellis (1969) used a laser Schlieren technique 

to investigate the air flow during arcing in a model air 

blast interruptor for peak currents up to l3KA. They demon- 

strated qualitatively how the presence of the arc disturbs 

the flow pattern. This was intended as feasability study 

for the pulsed laser technique, but no quantitative 

information was derived, 

Walmsley et al (1978(i)) employed a laser shadowgraphy 

method to measure the thermal area fluctuations during the 
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whole arcing cycle of 3KA and 8KA peak current arcs in 

an orifice geometry. Particular attention was paid to 

the current zero period. The electrical and gas flow 

conditions used in this work have already been described 

in chapter 3.2.2. W^Ialmsleyy et al (1978(i)) also used a 

laser deflection mapping technique to measure gas density 

variations within the thermal region for a temperature 

range between ambient and 2000 to 3000K. 

From these measurements Walmsley et al (1978(i)) drew 

the following conclusions: 

(a) during the peak current phase 

(i) the thermal area - current relationship was 
linear and took the form 

0= Oso + KI (3.5) 
where 
0= instantaneous thermal area 
Os-, = thermal area at current zero 
K= constant of pronortionalitv(denendent 

on operating conditions) 
I= instantaneous current 

(ii) hysteresis denartur4 
noticable at higher 
to electrode vapour 

(iii) metallic electrodes 
external flow which 
formation 

ýs from equation (3.5) were 
currents and were attributed 
effects 

caused disturbances in the 
were attributed to droplet 

(b) during the current zero period 

(i) regular oscillations in 0 were observed when the 
arc reignited and these were attributed to 'plasma 
blobbing' phenomena 

(ii) disturbances to 0 persisted for about l50}ls upstream 
and 701is to a few milliseconds after the gap 
cleared 

(iii) greater disturbances to the thermal region occurred 
in the case of metallic electrodes than with 
carbon as the contact material 
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(iv) the tip of the copper upstream electrodes were 
molten even several }as after current zero with 
a similar effect evident with elkonite as the 
material but to a lesser extent. 

From their laser deflection mapping data Walmslev et al 

(1978(i)) derived radial temperature and mass density results 

below temperatures of 2 or 3x 103K which aided subsequent 

work in integral analysis formulations (Walmsley et al, 

1978(ii)). 

Through their measurements of thermal region character- 

istics, particularl\T near current zero, Walmsley et al 

(1978(i)) identified important factors which could effect 

the performance of an interruptor (e. g. electrode melting 

after current zero and 'plasma blobbing'). 

An alternative method for measuring arc column diameters 

and average temperatures was proposed by Dhar et al (1978). 

The authors used radio frequency signals to detect the change 

in capacitance between a copper ring placed at the throat 

section of an insulating nozzle and the arc column. The 

method has the advantage of not requiring optical access 

through the nozzle. The results from this investigation 

showed good initial agreement with the work of previous 

authors who used optical techniques. The work was therefore 

extended by Dhar et al (1979) to enable the arc diameter and 

temperature to be measured in a similar fashion at multiple 

axial locations using a multi-ring electrode arrangement. 

The nozzle used was profiled, of thoat diameter 19mm, semi- 

divergent angle of 120 and made of PTFE. Investigations with 



- 84 - 

air as the arcing medium during the major part of the 

75Hz, 3KA peak current loop and the current zero period 

were made with carbon and elkonite as upstream electrode 

materials, nozzle inlet to upstream electrode distances 

of 2mm and 12mm and an upstream tank pressure of 7.8 bar. 

Dhar et al (1979) claimed good agreement with authors 

using different diagnostic techniques to measure the same 

parameters i. e. arc diameter and average temperature. 

Although this claim is justified through good correlation 

of the diameter results e. g. with Walmsle",, (1978(i)) it is 

difficult to envisage a similar agreement between the axial 

temperatures calculated by these authors (Dhar et al, 1979) 

and the spectroscopically obtained average temperatures of 

Smith et al (1978). The radially averaged results of 

Smith et al (1978) are consistently higher than the axial 

temperature values of Dhar et al (1979). 

3.6 Concluding Statement 

In this chapter, diagnostic techniques are mentioned 

which are both directly and indirectly related to the work 

reported in this thesis. 

It has been shown that with careful calibration 

procedures photographic techniques can be used to successfully 

describe the overall arc column diameter and radial intensity 

profile. If this work is further augmented by application 

of spectroscopic techniques valuable local temperature and 

electron density data can be derived. Measurement of the 
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total radiation power loss from the arc coupled with the 

information derived from the above two techniques would 

enable the energy transport terms of the energv balance 

to be evaluated. 

It has been shown that much work using the techniques 

involved here has been performed during high current or 

under quasi-steady arcing conditions. However little 

experimental data obtained from such techniques exists for 

the current zero period, particularly under full power arcing 

conditions such as those experienced in a real circuit 

breaking environment. 

This thesis is concerned with presenting time and. 

space resolved high speed photographs and snapshot spectra 

during the current zero period for both reduced and full 

power arcing conditions. 
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ruAPTFR n 

EXPERIMENTAL AND TEST FACILITY 

4.1 Construction of Test Ri 

The test rig used in this investigation was 

essentially the same as that used by Strachan et al (1977(b)). 

It consisted of a high pressure upstream reservoir tank 

which was connected via a blast valve, a honeycombe flow- 

straightener, the test head and a cylindrical outlet pipe 

to a low pressure reservoir. The upstream pressure was 

initially set to 100 psig and the downstream pressure to 

just below atmospheric for the whole series of investigations. 

The test head which was insulated electrically from the 

remainder to the test rig consisted of a mild steel block 

into which nozzles of various geometries could be inserted 

and whose vertical sides could be sealed with glass ports 

so that optical access was readily available. The 

schematic overall test rig layout is shown on fiq. 4.1. 

4.2 Gas Handling System 

SF6 was used as the arcing medium for all the 

investigations of the present work. In the interests of 

economy, it was necessary to collect and recycle the spent 

gas. This was achieved by using a gas recirculation and 

purification plant which essentially consisted of a 

compressor, vacuum pump, a refrigeration unit and a number 
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of strategically placed traps for drying and purifying 

the gas. The overall layout of the gas handling system 

is indicated in fig. 4.2. Further details may be found 

in Strachan et al (1977(b)). 

4.3 Pneumatic Initiation Facilit 

Arc initiation was achieved by striking a low current 

d. c. arc between the two arcing electrodes. This was 

achieved by keeping the main arcing electrodes fixed and 

pneumatically driving an auxilliary electrode (a 6mm diameter 

rod) through the hollow downstream electrode from its 

initial rest position in contact with the upstream electrode. 

The time taken for the rod to fully retract into the electrode 

was made small compared to the duration of the d. c. initiation 

arc such that electrical and flow conditions just prior to 

the main arcing period were quasi-steady. The efficient 

operation of the pneumatic initiation arrangement was ensured 

by the use of a vacuum latch and initiator gas supply vessel, 

the details of which are also reported in Strachan et al 

. (1977(b)) 

4.4 Test Head Geometry 

The test head geometry including the nozzle used in 

this investigation is shown in fig. 4.3. The general nozzle 

geometry consisted of an upstream convergent section 

connected to a 120 diverging section via a l0mm long parallel 

sided throat section of 35mm diameter. A specially designed 
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nozzle with the same flow profile was used for viewing 

the arc. This carried a number of lateral, sealed slots. 

One slot was located upstream of the nozzle throat, one 

at the throat, one near to but slightly downstream of the 

throat, and a further two were located in the downstream 

diverging nozzle section. The slots were sealed by a 

slotted rubber gasket compressed against a 15mm thick glass 

viewing window so preventing the leakage of gas from the 

nozzle through the slots. This was an important measure 

both diagnostically and with regard to electrical performance 

since leakage of gas could cause image distortion and 

perturbations or shock waves in the gas flow. Both PTFE 

and copper were used as nozzle materials. The main arcing 

electrodes consisted of an upstream contact which was a 

32mm diameter cylinder with a hemispherically shaped tip 

which was situated 17mm upstream of the upstream edge of 

the nozzle throat, and an identically shaped downstream 

electrode which carried a hollow bore which housed an 

auxilliary initiation electrode. The downstream electrode 

tip was fixed at a distance of 78mm downstream of the 

downstream edge resulting in an overall gap length of 105mm. 

The downstream electrode material was 1OW3 elkonite through- 

out the investigation while the upstream electrode material 

used was mainly 1OW3, although some tests with graphite 

were also performed. 

4.5 Electrical Power Source 

Tests were performed with both reduced and full power 
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arcing conditions which required the use of two different 

electric circuits. 

4.5.1 Reduced Power Circuit 

The circuit used for reduced power testing is shown 

on fig. 4.4(a). This circuit produced an initial d. c. 

current level (or holding current) of 1.6KA or 0.7KA and 

then imposed a negative going ramp to zero at a variable 

decay rate. The rrrV applied to the arc gap after current 

zero was determined by the natural restrike of the main 

capacitor bank. The main current circuit (fig. 4.4(a)) 

consisted of two separate current loons. The holding current 

was supplied by a 35.5mF, 6.3KV capacitor bank (Cl) connected 

in series with a 1.67Q to 3.5Q variable limiting resistor 

(R), inductor (L1) and the circuit breaker. The supply was 

switched using an ignitron valve (12). The negative going 

linear ramp was synthesized by discharging an auxilliary 

capacitor bank (7OUF, 20KV) (C2) through a variable series 

inductor (L2,90 to 330ppH) to supply a current in opposition 

to the holding current through the breaker after switching 

by ignitron I4. This circuit allowed independent control 

of holding current and rrrV. The charging voltage (V1) and 

the resistor (R) determine the magnitude of the holding 

current, while the charging voltage on the auxilliary 

bank (V2 on C2) and the value of the inductance L2 determine 

the current ramp decay rate. The rrrV was dependent on 

the value of stray capacitance and resistance in parallel 

with the breaker. An additional branch in parallel with the 
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main capacitor bank (Cl) was provided so that excess 

energy remaining on the capacitor bank following the full 

arcing sequence was rapidly drained by diverting the current 

via a low value resistance to earth by means of an ignitron 

valve (I3), 

The current decay rate range just prior to current 

zero was 14 to 60 A/}as. The rrrV was in the range 0.1 to 

2 KV/das and could be sustained for durations in the range 

2 to IOUs which was dependent upon the holding current and 

current decay rate values before current zero. The 

operating conditions are summarised in table 4.1(a) whilst 

further details of the ramp circuit are available in Taylor 

et al (1982). 

The steady, low level d. c. current required for arc 

initiation (i. e. whilst the contacts were being separated) 

was provided by allowing current to flow through a resistor 

Rl(6Q), R, Ll, L2 and the arc column. This produced a 

steady current of 200A to 300A for approximately lOOms. 

4.5.2 Full Power Circuit 

The circuit used to produce full power arcing con- 

ditions (fig. 4.4(b)) consisted of an L-C (L1 = 90}iH, 

C1= 35.5mF; 6.3KV) ringing arrangement with an auxilliary 

loop containing a variable damping resistor to supply a 

quasi steady arc initiation current. The initiation current 

was switched through the arc by an ignitron valve (Ii) 

providing a current range of 300A to 800A dependent upon 
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the value of variable resistor P, I* The main arcing 

current was switched. h'7 triggering the forward biassed 

iqnitron I2 which effectively shorted out RI and gave 

rise to an independent sinusoidal current waveform with 

a high peak current value. Smooth commutation of the 

current through zero Was ensured by using a 3rd ignitr on 

(I3) which was in the onnosite sense to I2. This ignitr on 

was triggered just before current zero and the commutation 

was ensured by the auxilliary 'holding' anode of I2. The 

peak current could be varied by varying the charging voltage 

on Cl, which resulted in varying current decay rates before 

zero. The voltage restrike (rrrV) immediately after current 

zero was provided by the natural circuit response. The 

rrrV was therefore governed by the charging voltage on Cl 

and was again limited by stray-capacitance and leakage 

across the test head. Again a branch was nrovided in the 

circuit for rapid dumping of excess charqe on the capacitor 

bank Cl. 

With this arrangement the current 

in the range 34 to 65KA resulting in a 

rate (dl/dt) range of 13 to 30A/us. A 

operating conditions is given in table 

details of the full power circuit arc 

(1977(b)). 

4.6 Diagnostic Instrumentation 

Peak value was varied 

current zero decay 

full summary of these 

4. I (b) 
. Further 

given in Strachen et al 

4.6.1 Arc Current and Volta e Measurements 
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(a) Reduced Power Conditions 

The current shunt used for the measurement of arc 

current was a co-axial tyre with resistance of 12.35m2 

and an 8Ons risetime. This enabled the accurate measurement 

of arc current during the current zero period. Voltage 

measurements were made by a differential probe technique, 

the two probes being situated to measure the voltage directly 

across the test head (fiq. 4.5). 

The probes used were tektroniks P6015 high voltage 

probes which had a bandwidth of 50MHz. The voltage and 

current were recorded simultaneously on a tektroniks 556 

oscilloscope and registered nhotographicall'T. All the 

above instrumentation was earthed to a single point located 

on the 'earth side' of the current shunt (the experimental 

or signal earth) as shown on fig. 4.5. This was to avoid 

the occurrence of current loops through the earth connections 

which could have profound effects on both instrumentation 

and data for the magnitude of arcing currents in nuestion. 

(b) Full Power Conditions 

Arc current and voltage measurements (taken in con- 

junction with photographic measurements) under full power 

conditions were made in an identical manner to the reduced 

power measurements. However a different current shunt (lmQ) 

was used to avoid excessive power dissipation in the 12.35mQ 

shunt and to prevent saturation of the oscilloscope pre- 

amplifiers by the excessive voltages developed across the 
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shunt. This was preferred to the fuse protection 

technique (Taýrlor et al, 1982) in order to reduce electro- 

magnetic noise problems. Voltage measurement was by an 

identical technique to that used with the reduced -power 

arcing. Overall calibration of this Particular measurement 

system was performed by Taylor et al (1982). 

Arc current and voltage measurements in conjunction 

with spectroscopic measurements were made using the same 

measurement system as the arc photography system excent 

that two tektroniks 468 digital storage oscilloscopes were 

used rather than the tektroniks 556 oscilloscope. The arc 

voltage and current measurement systems are shown schemat- 

ically as part of the overall measurement system in 

fig. 4.5 (b) 
. 

4.6.2 Optical and Photographic Measurement Systems 

The optical system for photographing the arc is shown 

schematically on fig. 4.6. It consisted of a novel set of 

collimating mirrors (details on fig. 4.6(b)) which provided 

a collimated beam for focussing directly onto the image 

converter camera nhotocathode by its first lens (6", 152mm, 

f/2.8 type T32 Taylor Hobson). The camera sensitivity was 

enhanced by the use of an EMI type 9914,3 stage image 

intensifier (Gain < _106) which was ontica)ly coupled to the 

camera thrcugh a relay lens (Oscillac 1: 0.42, f/1) which 

was maintained at its maximum aperture (f/1) throughout the 

photographic investigations. The image intensifier was 
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powered off an independent power supply (electrostatic 

voltage and focus coils current) and the final image on 

its back screen was photographed with a poleroid camera 

back attachment which was loaded with a polaroid type 

46L film. 

The novel collimating mirrors (fig. 4.6(b)) were 

necessary because it was found that otherwise the collimated 

light from the nozzle slots was not all collected by the 

camera lens system. The collimating mirrors gave a 9: 2 

overall axial image size reduction at the expense of inter- 

slot separation which did not affect the axial resolution 

since the image height of each slot remained unchanged after 

passage through the mirror system. Diametric image sizes 

were also unaffected for the narrow arc diameters occurring 

during the current zero period. Aluminised glass plane 

mirrors were used at each reflecting surface. The mirrors 

on the exit slot side received collimated light through 

the entrance slots and were orientated so as to reflect the 

light onto the five 'output' mirrors bunched closely 

together on the entrance side and which gave a collimated 

beam of light through the exit slot. The mirrors were 

encased in a brass housing box and the two slotted sides 

were coated with black paint to reduce spurious reflections. 

The image converter, a John Hadland Imacon 700, had 

both streak and framing facilities. The framing speed was 

set to either 106 f. p. s. at 20ns exposure or 2x 105 f. p. s. 

at lus exposure by the use of different plug in units. Each 
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photographic sequence consisted of 18 to 20 such frames 

maximum. The image intensifier was required because the 

light intensity levels encountered as the arc current 

decayed to zero required a high sensitivity detection system 

for such a short exposure. The image intensifier power 

supply had an electrostatic voltage range of 10KV to 40KV 

with a focus coils current range of 0 to 15A providing gain 

in the range 10 to 10, 6 

Full Power Arcinq Conditions 

Owing to the extremely high light intensities ( 1MW 

power loss by radiation) which occurred during the current 

peak of the main arcing pulse, a system of protective 

shutters was required to safeguard the extremely sensitive 

photodetector surfaces from saturation or damage. The 

introduction of these shutters necessitated changes in 

the optical system configuration (fig. 4.7(a)). The 

collimating mirrors were retained in the optical system for 

the same reason as for the reduced power case. However 

light was brought to a focus by means of a pair of bi-convex 

f/2, f= 20mm lenses - on the first reflecting surface of 

the 90° image rotator (fig. 4.7(a)). The image rotator 

consisted of a mirror/prism arrangement which performed a 

90 0 rotation of an image in the plane normal to the optical 

axis through it. Further focussing of the rotated image 

by means of another pair of f/2, f= 20mm lenses allowed 

the lateral slots of the viewing nozzle to be focussed on a 

set of vertically orientated slots which formed the back of 
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the capping shutter (fig. 4.7(b)), The capping shutter 

allowed light to pass for approximately lms. A shorter 

exposure ( 200ps) was obtained by using a rotating disc 

shutter (fig. 4.7(b)). The disc contained 13mm x lOmm 

slot which, when rotated at a speed of 9,230 r. p. m., yielded 

a 200us exposure time. After passing through the shutters 

the light was collected and focussed by the image converter 

camera as described above. The image converter and 

intensifier were used in an identical manner to the reduced 

power case. 

4.6.3 Optical and Spectroscopic Measurement System 

The photographic investigations suggested that arc 

spectra could be profitably recorded through slot 2 

(chapter 6 of this thesis). For this reason only one 

viewing slot was used and so avoided the need for a pro- 

hibitively complicated optical system. 

The optical system (shown photographically on fig. 

4.8 (a) (i) and schematically on fig. 4.8 (a) (ii)) was 

used to view full power arcs only. It consisted of a 

focussing arrangement, a shutter (fig. 4.8(b)), a spectral 

resolving instrument (monochromator) and a detector/analyser 

system. 

Collimated light emerging from slot 2 of the viewing 

nozzle was focussed by an £/2, f= 20mm biconvex lens onto 

a first reflecting surface of the same image rotator as 

described in section 4.5.2. After the subsequent 900 image 
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rotation the light was focussed onto the entrance slit 

of the monochromator such that the whole of the internal 

collimating mirror of this instrument was illuminated. 

A single action capping shutter (fig. 4.8(b)) was 

incorporated in the light path and situated close to the 

monochromator entrance slit. This prevented light from 

being incident on the entrance slit for up to l00Us before 

current zero. The monochromator was a F-iilger Watts mononspek 

1000 grating (1200 line/mm) spectrometer type D400-352 

fitted with an F1497 slit on the entrance plane. The slit 

width was set to 281im resulting in a dispersion of about 

0.7nm/mm at about SOOnm. The detector camera was a vidicon 

SIT 500 which enabled spatial resolution in two dimensions 

by virtue of its multi-element diode array photo detector 

surface or target (fig. 4.8(c)). One dimension in this 

case was occupied by wavelength due to dispersion by the 

monochromator. The other dimension represented image 

dimensions across the entrance slit which in this case 

corresponded to the diameter of the arc. The camera 

operation was such that the diode array could be split into 

five lateral segments. These segments therefore corresponded 

to five segments along the arc diameter (fig. 4.8(d)). After 

intensification (fig. 4.8(c)) and resolution, the information 

stored on the diode surface (target) was synchronously 

scanned off the target by an electron beam which took 32ms 

to scan the whole target and 1.2ms to 'flyback' and restart. 

The information collected off the target in this manner was 
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instantaneously converted into an analogue signal and 

transferred to the parent OSA 500 system to be digitally 

processed. For the entire spectroscopic investigation 

the SIT 500 camera was operated in 'gated' mode. This 

meant that an internal electronic shutter allowed light 

to be incident on the vidicon target for a preset exposure 

time (1.6us). The operational limitations of the camera 

were such that this exposure time had to coincide with 

the scan flyback period. The gate pulse (-1KV) for the 

shutter was provided by an external unit. After the 

information was recorded on the camera target in this 

manner the scanning electron beam required three full scans 

to fully transfer the information into the OSA 500 memory. 

This meant that some background (dark current) noise would 

be accumulated with each scan which could subsequently be 

removed using one of the OSA 500 control (or call programs) 

(appendix 7). In addition, the OSA 500 controlled the 

scanning sequence and other operational parameters of the 

camera. A summary of these is given in appendix 7. 

Using this system, l. 6p_is snapshots of arc spectra at 

selected wavelengths could be taken with radial resolution 

at different instants during the decay of arc current to 

zero. 

4.7 Timing Sequences 

During the operation of the model circuit breaker 

many events were required to occur in a precise sequence. 
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It is clear therefore that the timing of such events 

was important to ensure reliable and reproducible arcing 

conditions. It is convenient to split the timing sequences 

into two categories. 

(i) The overall timing of the breaker mechanism and the 

arcing pulse. 

(ii) The precision (microsecond or submicrosecond) timing 

during the current zero period of all the associated 

diagnostic instrumentation. 

4.7.1 Overall Timing of the Breaker Mechanism and Arcinq Pulse 

(a) Reduced Power Conditions 

The flow of gas from the upstream pressure vessel 

through the test head was controlled by operating three 

magnetic valves which prohibited or allowed gas to flow 

through certain vessels at specified times. 

Essentially the gas blast was generated by triggering 

(opening) an electro-magnetic blast valve which sealed the 

upstream high pressure vessel prior to opening. This was 

further aided by the operation of the vacuum latch and 

actuator vessels which were also connected to the main 

test rig through electro-magnetically actuated valves. The 

pulses required to operate these valves were provided in the 

correct sequence by a rotary cam-timer device which gave 

sufficiently accurate and reproducible timing for these 

purposes. The steady flow of gas through the test head could 
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be sustained for hundreds of milliseconds in this manner 

which provided sufficient time for the arcing events to 

occur. Further details of the timing of the gas flow are 

given in Strachan et al (1977(b)). 

The timing of the arcing events required greater 

accuracy than the gas flow sequence but a knowledge of the 

latter remained essential to ensure reproducible arcing 

conditions. 

It was essential to ensure the inception of flow of 

arc initiation current before the initiation rod was 

pneumatically lifted off the upstream electrode and electrical 

contact lost. The initiation ignitron (fig. 4.4) was fired 

by an auxilliary pulse unit which was triggered initially 

from the 200V output of a Culham delay unit at the instant 

ti (fig. 4.9). Sufficient time elapsed for the initiation 

rod to wholly retract into the hollow downstream electrode 

before the main arc current pulse was triggered to ensure 

reproducible arc length. Thus at the instant tl (fig. 4.9(a)) 

the first main ignitron was triggered via an auxilliary 

pulse unit which was in turn triggered by a 200V Culham 

delay unit pulse, and the main arcing sequence started. A 

holding current of up to 1.6KA was allowed to flow for about 

Sms (t1 to t2, fig. 4.9(a)) before the second main ignitron 

was triggered (in the same manner to the first ignitron) and 

the current was subsequently ramped to zero at a decay rate 

determined by the parameters discussed in section 4.5.1 

above. The dump ignitrons were triggered at some preset 
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time after current zero (usually 2 or 3 milliseconds). 

Using this configuration all the arcing events could be 

timed to an accuracy of about 1% or better. 

(b) Full Power Conditions 

The sequence of gas flow conditions remained unchanged 

from the cold flow conditions of the reduced power circuit 

so that the timing sequences were identical for the magnetic 

valve triggering. 

For reasons explained later in this section (4.7.2) 

the initiation arc was sustained for variable durations. 

The first main ignitron (fig. 4.10(b)) was fired by an 

auxilliary unit and the 200 volt output from a Culham delay 

unit. The main current pulse was generated from the LC 

ringing circuit as described in section 4.5.2 above (and 

fig. 4.4(b)) and had a half period of 6.45ms (fig. 4.10(a)). 

About 300us before current zero the 2nd main ignitron was 

fired in a similar manner which would facilitate a smooth 

commutation of current through zero in the event of arc 

reignition. At some time after current zero the remnant 

charge on the capacitor bank was dumped electronically by 

firing the dump ignitrons. Again the timing of the ignitron 

firing etc. was performed to an accuracy of 1% or better 

by use of the Culham delay units. 

4.7.2 Timing of the Diagnostic Instrumentation Particularly Near 
Current Zero 

Microsecond or sub-microsecond time resolution was 
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required for an accurate investigation of the current zero 

period plasma processes. For this reason, the timing of the 

diagnostic instrumentation recording sequences etc. needed 

to be of microsecond accuracy or better. 

(a) Diagnostics with Reduced Power Arcing 

In the case of reduced Hower arcing, sufficient accuracy 

of timing was obtained by triggering the image converter 

camera and current zero arc voltage and current recording 

oscilloscopes from a delay unit (fig. 4.9(h)) which was set 

on a scale of 0 to lOOUs, thus providing the microsecond 

accuracy. This delay unit was triggered at the same instant 

as the start of the current ramp (t2 on fig. 4.9(a)) and 

provided a means by which the camera and oscilloscopes could 

be tuned to the current zero period. 

(b) Diagnostics with Full Power Arcing 

A more sophisticated method of timing was required in 

the full cower case. The reason for this was that once the 

first ignitron valve was triggered the resulting half cycle 

of arcing had a duration of 6.45ms ± 0.05ms regardless of 

the instant at which the second ignitron was triggered (fig. 

4.10). This ± 50Tis fluctuation in the half period clearly did 

not meet the required current zero timing specifications. Thus 

it was more convenient to trigger the diagnostic instrumentation 

off the falling current waveform as it approached zero (fig. 4.11). 

An additional complication to the timing problem arose 

due to the nature of the shutter system. The rotating disc 

shutter could not be synchronised to the experiment without 
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the use of unnecessarily complicated control electronics 

which might have failed in the harsh environment experienced 

in close proximity of the full power arcing test head. It 

was therefore more convenient to synchronise the experiment 

and in particular the current zero instant to the fully 

open period of the rotating shutter. 

The precise period and the position of the slot in the 

disc with respect to the optical axis could be monitored 

using a laser and a photodetector unit (fig. 4.11(a)), circuit 

diagram in appendix 6). The laser light was passed through 

a hole in the disc situated on an axis on the plane of the 

disc which ran through the disc centre and the centre of 

the slot, and at a marginally greater diameter than the 

outermost edge of the slot (fig. 4.7(b)). Thus the detection 

of a light pulse from the laser coincided with the instant 

of the shutter slot being fully open with respect to the 

optical axis. The disc was rotated at a speed such that 

the time for a full revolution of the disc was identical to 

the half period of the arcing pulse i. e. 6.45ms. This time 

was measured using the photodetector in conjunction with an 

electronic pulse shaping unit (appendix 6) and a Gould 

TC 320 timer/counter (fig. 4.11(a)) which was capable of 

measuring to an accuracy of + lus in 1000pas. The maximum 

deviation between a number of successive periods of rotation 

of the disc was 5us which was insignificant since the radial 

extent of the slot on the disc allowed for a timing error 

of + loos. 
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The object of using this timing system was to achieve 

a timewise coincidence of the current zero instant and 

camera exposure. This was achieved by matching the beginning 

of the main arcing pulse to the fully open position of the 

rotating shutter (fig. 4.11(b)). At this instant the 

capping shutter was shut and no light was incident on the 

camera. Since the period of rotation of the rotating disc 

was matched to the half period of the arc current pulse 

the current zero instant coincided with the shutter being 

fully open following a further full rotation at to (fig. 

4.11(b)). At this instant the capping shutter was in its 

fully open position and the camera was exposed to light 

from the arc column. 

The image converter recording sequence was triggered 

by the falling current waveform (fig. 4.11(a)). This was 

achieved by deriving a fast rising-edge pulse from the time 

base sweep (A gate) pulse of the current measuring oscilloscope 

(fig. 4.11(a)). The oscilloscope could be set to trigger 

off any required instantaneous current during the linear 

decay to zero, consequently the camera was able to record 

for a range of durations within the current zero period. 

Because the current recording oscilloscope was triggered 

off the falling arc current, simultaneous arc current, 

voltage and photographic records were obtained. 

The timing requirements for the spectroscopic diagnostic 

system were similar to those of the photographic system for 
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the full power arcing case. Similar principles were 

employed in the electronic timing technique for the 

measurement system and shutter. However, owing to differences 

in the mode of operation of the OSA 500 system, the tech- 

niques were applied in a different manner. 

The continuous scanning operation of the SIT 500 as 

described in section 4.6.3 above meant that the timing 

sequence of the rest of the experiment would have to be 

synchronised to the scanning period of the camera. Also 

it was no longer possible to use the rotating shutter since 

this could not be synchronised with the continuous camera 

scanning. 

As described in section 4.6.3 above, the time taken for 

the camera to complete one scan of the diode matrix 

(scanning period) was 33ms which was followed by a l. 2ms 

flyback interval. It was necessary to record the required 

information on the camera target during the l. 2ms flyback 

period so that the current zero period was to coincide with 

this flyback period. The camera could then be gated (section 

4.6.3) during this time. The same electronic coincidence 

unit as used in the photographic investigation was used to 

achieve this timewise coincidence (fig. 4.12(a), circuit 

diagram in appendix 6). Pulses of 1.2ms duration (corresponding 

to the flyback period) with a period of 33ms were provided 

by an electronic pulse shaping unit (circuit diagram in 

appendix 6). The pulses were input to the coincidence unit 

which was externally triggered from a Culham delay unit 
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(fig. 4.12(a)) so enabling the unit for a duration of 

33ms (fig. 4.12(b)). A pulse appeared on the output 

immediately after receiving the first pulse at the camera 

input when the unit was enabled (fig. 4.12(b)). The output 

pulse was then used to trigger the ignitron valves with 

the correct delay settings to ensure that the current zero 

instant coincided with the next pulse at the camera input 

of the coincidence unit i. e. during the camera flyback 

period (fig. 4.12(b)). 

The vidicon camera was gated (exposed) by a -1KV pulse 

applied to the cathode of the tube whose duration corresponded 

to the exposure time and which was supplied by an external 

vidicon gate pulse generator (circuit diagram in appendix 6) 

(fig. 4.12(a)). The gate pulse was generated at different 

instances during the arc current decay by using the gate 

output of the current measuring oscilloscope as was used 

in the photographic investigation. The gate out pulse was 

further shaped and delayed by variable amounts (0 to l0iis) 

by an auxilliary delay unit which ultimately triggered the 

vidicon gate pulse generator (fig. 4.12(a)). 

The shutter, whose physical characteristics were dis- 

cussed in section 4.6.3 above (fig. 4.8(b)) was triggered 

following the output pulse from the coincidence unit (fig. 

4.12(a)). The delays were set so that the shutter would 

expose the camera fully at about 20 or 3OUs before current 

zero (fig. 4.12 (b) ). 
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With this experimental configuration consistent 

simultaneous records of arc voltage, current and spectra 

during the current zero period were obtained. 



LIST OF TABLES 

4.1 Summary of arcing conditions 

(a) Reduced power 

(b) Full power 

4.11 Summary of photoqraphic optical system 

characteristics 

4.111 Summary of spectroscopic optical system 

characteristics 



Parameter Range, Material etc. Units 

Upstream Tank 110 p. s. i. 
Pressure 

11.5 to 49 A/Its 
dt 

dt 
or RRRV 0.07 to 2 KV/iis 

Nozzle Copper 
Material 

Electrode Carbon, Elkonite (10113) 
Materials 

Holding 1.6 and 0.7 KA 
Current 

(a) 

Parameter Range, Material etc. Units 

Upstream Tank 110 p. s. i. 
Pressure 

di 13 to 30 A/Its ät 

ät 
or RRRV 0.2 to 2.5 KV/das 

Nozzle Copper (Photography only Material PT FE 

Electrode Elkonite (10W3) 
Material 

Peak Current 34 to 65 KA 

(b) 

Table 4.1 Summary of Arcing Conditions 

(a) Reduced Power 
(b) Full Power 



(i) Image Converter Characteristics 

Framing Unit 

2x 10 

1x 10 

Characteristics 

Number of Frames 
Framing Interval 
Exposure 
No. of Frames per Record 

Number of Frames 
Framing Interval 
Exposure 
No. of Frames per Record 

Quantity 

2x 105 f. p. spc. 
511s 
lis s 
18 to 20 

1x 10 
6 

f. p. sec. 
lpis 
200ns 
18 to 20 

(ii) Intensifier Characteristics 

Effective Gain : 102 to 2x 103 

(iii) Recording Film Characteristics 

Type : 46L (Polaroid) 

Speed : ASA 800 

(iv) Additional Information 

Optical Filters Used: 

521 + 4.5nm Interference 

515 + O. 5nm Interference 

Table 4.11 Summary of Photographic Optical System 
Characteristics 



(i) Spectrometer Characteristics 

Type 

Mount 

Grating 

Slit Width 

Dispersion 

Aperture 

Focal Length 

Monospek 1000 

Czernv - Turner 

1200 lines/mm 

28L1m 

0.7nm/mm at 500nm 

f_/8 

lm 

(ii) Camera Characteristics 

Sensitivity 12 photons/count (maximum 

Exposure 1.6l s 

Table 4.111 Summary of Spectroscopic Optical System 
Characteristics 
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(b) Timing diagram 
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CHARACTERISTICS OF THE PHOTOGRAPHIC 
AND SPECTROSCOPIC SYSTEMS 

5.1 Introduction 

The optical systems for both the photographic and 

spectroscopic measurement consisted of a complicated 

geometric focussing system with a detector whose response 

characteristics are highly non-linear. Although it is 

possible in principle to consider each element of the 

optical system individually and then combine the individual 

characteristics to obtain an overall response, the com- 

plexity of the overall system made such an approach difficult. 

It was more convenient and more accurate to consider 

the overall system using a suitable known standard or 

calibration source to simulate the arc. 

The choice of source was made according to the following 

requirements: 

(i) Its spectral emission characteristic needed to cover 

approximately the same range as the arc emission to 

be investigated i. e. between 400 and 500nm. 

(ii) The source needed to be of sufficient intensity to 

allow detection by the snapshot photography (l'is 

and 200ns exposures) and spectroscopy (1.6pps 

exposure) in addition to being sufficiently short 

duration (pulsed operation) so as not to damage the 
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exposed photosensitive detector surfaces. 

(iii) The radiation power emitted from the pulsed source 

needed to be sufficiently constant for the duration 

of the pulse and sufficiently reproducible over a 

number of successive operations. 

(iv) The source needed to be capable of operation on a 

test bench as well as in situe in the circuit breaker 

test head. 

A suitable source which met all the above requirements 

was a flashgun (Sunpak autozoom 2400). 

The parameters requiring calibration were image 

dimensions, intensity and the spectral composition. The 

effect of varying certain parameters of the optical system 

also required investigation, as well. The influence of 

electromagnetic interference produced by the circuit breaker 

arc upon the diagnostic instrumentation particularly the 

spectroscopic detection and recording instruments. 

5.2 Calibration Technique and Procedure 

5.2.1 The Photographic System 

The simplest form of calibration performed with this 

system was to determine the magnification factor i. e. the 

ratio of the final image size (corresponding to arc radius) 

to object size. 

This was performed directly in the case of the reduced 



- 11r) - 

power arc by mounting two thin parallel tungsten wires 

5mm apart and coaxial with the arc column between the 

outer nozzle wall and the sealing gasket (fig. 4.6). The 

arc could be viewed directly through the wires thus 

providing a scale on the final image (the photographic 

record) from which the luminous arc diameter was directly 

reduced. 

This method was not feasible in the full power case 

since the higher power dissipation from the arc during the 

peak current phase of arcing caused the destruction of the 

wires through severe ablation. Also the cone of focus 

of this optical system (fig. 4.7) was much steeper and 

would have resulted in large errors. 

In this case, the method adopted for overall system 

magnification calibration consisted of focussing the flash- 

gun on the plane of focus of the optical system shown on 

fig. 4.7 (i. e. normally the central arc axis) where 3,5mm 

width vertical (in the axial direction) slots at 5mm spacing 

(in the radial direction) were located. This was used as 

a test object, the luminous regions of which were taken to 

correspond to 5mm of luminous arc diameter. An identical 

procedure was followed with the optical system used for 

the reduced power arcing investigation and good agreements 

with the 'wire' method was obtained. 

A detailed investigation was conducted into the effect 

of individually varying the optical system parameters upon 
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the final image. The optical systems used for both full 

and reduced power arc photography (figs. 4.6 and 4.7) 

were studied independently. 

In order to obtain a continuous final image the 

flashgun source was placed in the plane of focus of the 

optical system in question i. e. the arc axis. Collimation 

of the light was achieved by viewing the flashgun through 

a single slot of the arc viewing nozzle which was displaced 

towards the optical system, thus acting as a single long 

collimating slot. Image converter records were taken during 

the flashgun light pulse and the radial intensity variation 

of the image analysed on a Hilger type microphotodensitometer. 

5.2.2 The Spectroscopic System 

The magnification factors of the optical system and 

the resulting image geometry on the camera target when 

operated in the 2 dimensional (and gated) mode (chapter 4) 

were investigated. 

The flashgun light pulse was triggered simultaneously 

to the vidicon gate pulse (approximately lOpis duration) 

to enable detection of a clear spectral line in the flash- 

light spectrum (centred on 529. lnm). The camera target in 

this case was split into 30 segments in order to give a 

good radial resolution so that the radial extent of the 

image could be accurately identified. To split the target 

into so many segments and scan them all would not be feasible 

for viewing the arc since the total scanning time would be 
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longer than the decay time of the image on the photo- 

sensitive target, thus giving erroneous intensity profiles. 

However the intensity of the spectral line of the flash 

was not important and its detection was sufficient to 

identify the image geometry. 

From the previous spectroscopic investigations (llousby- 

Smith and Jenkins, 1978) it is clear that many of the 

diagnostic spectral lines, and in particular copper lines, 

occupy a narrow spectral range and in addition may be 

accompanied by satellite or neighbouring lines for which 

little data exists. For this reason it was imperative that 

the accuracy of the monochromatnr in indicating the correct 

wavelength was confirmed. This was achieved by using a 

low pressure mercury 'nen ray' lamp as a spectral 

calibration source. The lamp was situated at the same 

location as the arc axis in the vacant test head and a 

continuous image of the lamp was formed. The monochromator 

was adjusted to cover a wide range of wavelengths (365. Onm 

to 546. Onm) and the wavelengths of the detected peaks were 

compared with the lamp manufacturers specifications. 

A tungsten light source (filament temperature 2000K) 

was used to provide a continuous emission radiation spectrum. 

This continuous spectrum was used to evaluate the overall 

system spectral response. The tungsten source was operated 

to give a constant light intensity and the monochromator 

again was adjusted to cover a wide spectral range (300nm 

to 700nm). The spectral output of the lamp was known but 
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was adjusted by correction factors to take account of the 

spectral response of the individual components of the 

optical system e. g. the neutral density filters, the vidicon 

camera and the blaze of the monochromator grating ( blaze = 

500nm). Thus the adjusted specified output of the lamp 

could be compared with the measured spectral response. 

The above procedures (with the exception of the geometry 

calibration) were used to evaluate the steady state response 

of the system. However in the experiments during arcing the 

vidicon camera was used in the gated mode as described in 

chapter 4. Thus it was important to evaluate the system 

response when used in this manner. Further calibration tests 

were performed which necessitated using the arc as the light 

source. These were used to ascertain the effect of electro- 

magnetically induced noise from the arc and the general image 

quality of selected diagnostic lines. 

5.3 Calibration Results 

5.3.1 The Photographic System 

A summary of the magnification factors calculated for 

the optical systems used for photographing both the reduced 

and full power arcs are presented in table 5.1. These 

magnification parameters were used throughout the photographic 

investigation. 

The flashgun source was photographed as described in 

section 5.2.1 and microphotometer measurements were made of 
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the diametric intensity distribution on the recording film. 

This allowed a study of the effects of the following 

operating conditions upon the image properties to be made: 

(i) The effect of varying the NDF (neutral density filter) 

transmission value upon the image diameter (fig. 5.1(a)) 

and the exposure of the film (inverse of opacity) 

which is hitherto referred to as the recorded intensity 

(fig. 5.1 (b)) . 

(ii) The effect of varying the image intensifier bias upon 

the image diameter (fig. 5.2(a)) and recorded intensity 

(fig. 5.2(b)) . 

The diameter values in fig. 5.1(a) and the four central 

values of fig. 5.2(a) were selected from exposures where the 

film emulsion was known not to have been saturated. The 

luminous diameter shows no significant variation throughout 

the range of NDF values. On fig. 5.1(b) it appears that the 

recorded intensity increases with the use of less opaque NDF. 

This result alone may not appear significant. However, if 

more parameters are known then the increase in recorded 

intensity when the NDF value or intensifier bias are varied 

can be predicted. 

One such important parameter which was considered in this 

analysis was the film characteristic curve (the specified 

response of the film emulsion opacity to changes in incident 

intensity) which is shown on fig. 5.3. The effect of intro- 

ducing the film response is included in the predicted variation 
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of recorded intensity with intensifier bias for a NDF 

nominal transmission value of 0.44 (fig. 5.2(b)). This 

adjustment is only valid if the intensifier bias setting is 

the same for a given reduction by an NDF. If the value of 

NDF was such that a higher value of intensifier gain was 

required to make the image visible (such as the case of the 

0.05 (nominal) transmission NDF) then a knowledge of the 

intensifier gain versus applied bias was required. The 

specified gain characteristic as supplied by EMI is shown 

on fig. 5.4. Also shown on fig. 5.2(b) is the predicted 

intensifier bias setting (calculated from the gain character- 

istic) to achieve the same recorded intensity when the 0.05 

(nominal) transmission coefficient NDF is introduced. Since 

the image converter and intensifier both have a type S20 

photocathode then the peak sensitivity lies at about 400nm 

(EMI, 1972). This being so the transmission coefficient of 

the neutral density filter in question in that particular 

wavelength range needed to be considered. This was found to 

be about 0. n3 (Ilford, data sheet F26.1). 

Thus the measured variation of the luminous structure of 

the image when different parameters in the optical system were 

varied has shown good agreement (fig. 5.2(b)) with the 

expected variation when the response of certain system elements 

were considered. 

The diameter versus intensifier bias characteristic 

(fig. 5.2(a)) indicates that there exists a range of bias 

for which the luminous diameter shows little or no change. 
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However on either side of this plateau the variation of 

the luminous diameter with intensifier gain is steep. For 

the low intensifier gain the steepness is due to the 

intensifier just detecting the peak of the image intensity 

profile, thus giving rise to an artificially low diameter. 

For the higher intensifier ; ain values the intensity of the 

image on the intensifier phosphor is so high that helation 

effects were becoming apparent both on the film and the 

intensifier, thus giving rise to an artificially high diameter 

value. Additionally, the diameter value within the plateau 

region is independent of the value of NDF used (fig. 5. l(a)), 

indicating that the use of an NDF has no effects such as 

clipping of the 'wings' of the intensity profile which would 

give rise to a smaller diameter. A useful criterion from 

which the film exposure limits could be obtained was available 

when the luminous diameter was plotted against the peak 

recorded intensity for several cases over the whole recorded 

intensity range (fig. 5.5). On fig. 5.5 there are four main 

regions of interest. The first is the range of diameters for 

intensity values less than 0.01. The diameters measured in 

this range were sometimes as low as half the diameters 

measured for mid-range intensity values. The second range 

of interest is the mid-range, for intensities between 0.01 

and 0.5 in which case the diameter values are virtually 

constant within the experimental scatter of 10%. This range 

coincides with the linear region of the film characteristic 

(fig. 5.3) in which case there is only a slight departure 

from linearity above 0.3 up to 0.5. Another region exists 
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where the luminous diameter increases gradually for 

intensities of 0.5 up to about 0.95 where the film character- 

istic reaches another saturation limit (fig. 5.3). Beyond 

this value of intensity the diameters (fig. 5.5) increase 

assymptotically which corresponds to the fourth region of 

interest. The assymptotic increase can be explained by the 

fact that as the intensity of the image on the rear screen 

of the intensifier increases, the film emulsion which is 

already in saturation cannot respond to further increases 

in intensity and the increase in luminous diameter is due to 

helation effects. Thus the criterion for the film exposure 

is that the film should not be exposed to an extent that 

an optical density greater than 2 (transmission factor 0.01) 

or less than 0.02 (transmission factor 0.95) should be 

recorded. If this is the case the luminous diameters can 

be recorded to an accuracy of about 20% or better. An 

improved accuracy is obtained if the maximum of the exposure 

is limited to give an optical density of 0.3 (transmission 

factor 0.5). 

5.3.2 The Spectroscopic System 

The diameter of the arc which each segment represents 

was calculated after illumination of the vidicon target using 

the flashgun source as described in section 5.2,2. The 

results of section 5.3.1 were used as the object (the flash 

source) luminous diameter. The dimension of arc diameter 

which each segments represents is summarised in table 5.2 

which shows the segment to be representative of lmm of arc 
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diameter. 

The accuracy of the monochromator wavelength calibration 

was tested as described in section 5.2.2 using the low 

pressure mercury source. The results of this investigation 

are summarised in table 5.3. They show generally good 

agreement with the lamp manufacturers specifications thus 

indicating that the monochromator wavelength calibration 

is indeed accurate. 

The results of the investigations of the system 

spectral response characteristics are presented in fig. 5.6 

where a comparison is made between specified spectral output 

of the lamp (for a colour temperature of 2,000K) and the 

observed response which was corrected by taking into account 

the individual spectral responses of the optical system 

components. These components included the camera response, 

the neutral density spectral characteristic, the blaze 

characteristic of the monochromator grating and the cut-off 

due to the glass windows. This calibration was performed 

over a wavelength range of 300 to 700nm. No results were 

obtained below a wavelength of 400nm since insufficient light 

was detected by the vidicon camera and the normalised spectral 

radiance value using glass optics is of the order of 10-15 

at 350nm. There seems to be poor agreement between the two 

curves at a wavelength of 400nm but this is due to the fact 

that both sets of radiance values are very low in this range. 

Better agreement (within 25%) is evident over the rest of 

the wavelength range which is good when the cumulative errors 
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due to uncertainties in manufacturers specification of 

individual components (e. g. NDF's) are considered. Thus 

the system spectral response was by no means linear hut 

was significantly accurate over the wavelength range required 

for testing purnoses. 

T detailed investigation was undertaken to examine any 

deliterious effects upon the camera response when it was 

operated in the qated mode. Although intense electrical 

interference was detected on the video output of the vidicon 

camera at the instant of application of the gate pulse, this 

was not found to he significant provided the gate pulse was 

applied during the camera fly-hack period (chapter 4.6.3). 

The camera operation necessitated the application of the (late 

pulse during this period and it could not be applied at any 

time during the scan since interference of the nature shown 

in fig. 5.7(a) would be present. No noise from the 

peripheral electronic units was present in either continuous 

or gated modes. 

Some noise was present on all records and was due to 

the operation of the electro-mechanical shutter which caused 

microphonic pick-up by vibrating the electron gun of the 

vidicon tube. This manifested itself in regular low amplitude 

oscillations on the baseline of the video signal. A typical 

record including this noise is shown in fig. 5.7(b) which 

represents a typical Cu I arc spectrum (Xc= 521.8nm). 

on most experimental test records this noise was found 
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to contribute less than 10% to the true signal. 

The arc itself proved to be an additional source of 

interference. This manifested itself on the video output 

signal by distorting the baseline as shown in fig. 5.8(a). 

This shows two regions of distortion, the first being on 

the left hand side of the record where, in the presence of 

the arc the baseline level is lowered gradually as the left 

extreme is approached. The second region of interest is a 

more severe dip in the baseline which occurred at the right 

extreme of the records. Fig. 5.8(b) shows a typical arc 

spectrum which was subjected to the interference described 

above. The intensities (height) of the spectral lines in 

this case was unaffected by the distortion of the baseline 

described above. The spectrum of figure 5.8(b) was corrected 

by superposition of the correction spectrum (fig. 5.8(c)) 

and the result is shown in fig. 5.8(d). For the purpose of 

experimental tests, the wavelength setting was thus selected 

so that the spectral lines occupy a spectral range outside 

the influence of the above mentioned distortion. 

5.4 Conclusions 

'he magnification factors for both the spectroscopic 

otographic optical system were carefully deduced and 

we sufficiently accurate for the measurement of the small 

aminous arc diameters which occur close to current zero. 

Measurement of the luminous diameter and recorded 

intensity of the flashgun source on the type 46L film showed 
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that little or no effects from such factors as film emulsion 

saturation occurred, provided the exposure required to give 

a peak recorded intensity on the film between 0.01 and 0.95. 

Thus symtem parameters such as image intensifier bias and 

NDF value could be varied and provided the range of film 

exposure was ensured any intensity or diameter variations 

observed could be attributed to variations due to the source 

alone. 

In addition to the useful intensity-diameter criterion, 

the required gain setting for the image intensifier could 

be predicted for a known attenuation or amplification in 

light intensity. 

The wavelength calibration of the spectroscopic optical 

system and in particular the monochromator showed the optical 

system to be accurate in wavelenqth determination for the 

range in question (365nm to 546nm). The optical system had 

a measured spectral response which was consistent with that 

expected from specifications of the individual system 

components in the wavelength range 300 to 700nm. 

Interference from the arc or any other source was not 

present on any operating conditions. Some microphonic 

pick-up was present on the spectroscopic records but this 

could be eliminated by averaging (e. g. in the continuum 

estimation of the 'OSPLT3' program of appendix 2) and was 

of insufficient amplitude to seriously effect the spectral 

data. Interference caused by the arc was present but could 
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be compensated for by superposition techniques. Further- 

more this type of interference did not affect the intensity 

level of a given recorded spectral line above the continuum 

level, and therefore caused no additional errors in the 

subsequent temperature estimation. 

Thus, a detailed calibration procedure has enabled 

the limitations and overall response characteristic of the 

two principal optical systems employed in the arc diagnostics 

described in this thesis to be determined. As a result a 

high degree of confidence may be placed on the results 

obtained with both the photographic and spectroscopic systems. 
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Measured Separation of Calibration Wires = 5mm 

Separation Measured on Microphotometer = 35mm 

Magnification of Microphotometer 

15 
Optical Magnification ='x 35 

Table 5.1(a) Optical Calibration of Arc Diameter 
Measurements in the Reduced Power Arcing 
Case 

Measured Width of Calibration Slot 

Luminous Width (On Microphotometer) 

Optical Magnification =5x 
21'8 

35 

= 5mm 

= 21.8 

= 3.11 

= 15mm 

= 2.15 

Table 5.1(b) Optical Calibration of Arc Diameter 
Measurements using a Test Slot and the 
Flashgun for the Full Power ArcinQ Case 



Luminous Diameter of the Flash Tube = llmm 

(Section 5.3.1) 

Number of Segments into which the Vidicon 

target was divided = 30 

Number of Segments Illuminated = 20 

Proportion of the Diameter of the Test Object 

(the Flashgun) Viewed by each Segment= 11 = 0.55mm 
2 

(+ 0.05mm 

Number of Segments into which the Vidicon 

target was divided for Viewing the 

Arc = 15 

Proportion of the Arc Diameter Viewed by 

each Seqment = 0,55 x2 

= 1. lmm 

+ 0. lmm 

Table 5.2 Optical Calibration of Arc Diameter to 
Enable Radial Resolution of Arc Spectra 



Specified 
Wavelength (nm) 

3650 

3654 

3663 

4047 

4358 

5460 

Observed 
(Y or N) 

Y 

Y 

Y 

Y 

Y 

Y 

Line was observed in region close to the centre of the 

screen of the WPI. 

Source of Specified Wavelengths: 

Data Sheet For Mercury Source 

Table 5.3 Calibration of the Monochromator using the 
Mercury Source 
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CHAPTER 6 

ARC COLUMN PHENOMENA OBSERVED EXPERIMENTALLY 
DURING THE CURRENT ZERO PERIOD 

6.1 Photographic Results 

6.1.1 Introduction 

High speed photographs of the decaying luminous arc 

column during the current zero period are presented. 

Observations were made of the variations in diameter and 

radial intensity distributions throughout the current zero 

period of both the full and reduced power arcs. In some 

cases problems were encountered in observing the entire 

arc length simultaneously since for some conditions the 

light levels from the upstream portion of the arc could be 

at least one order of magnitude greater than from downstream. 

In these cases the arc photograph was slightly over exposed 

at the portion of the image corresponding to upstream before 

and after current zero (in the case of reignition) so that 

the correct exposure conditions were obtained close to the 

current zero instant. 

Experimental results are reported for a wide range of 

operating conditions which are summarised in table 4.1. 

Simultaneous records of current and voltage are also 

presented in some cases. 

6.1.2 Observations made with the Reduced Power Arcinq Facili 

(i) The Temporal Variation of the Luminous Arc Cross- 
Sectional Area, Peak Light Intensity, Arc Current 
and Voltage over the Major Part of the Current Ramp 
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The time variations of the arc voltage and current 

are shown on fig. 6.1(a) together with the high speed 

photograph corresponding to that particular test (fig. 6.1(b). 

The arc column cross-section and relative axial light 

intensity measured from fig. 6.1(b) for a 6Otis interval 

encompassing the instant of current zero are shown on 

fig. 6.1(c) and (d) respectively. The condition shown 

corresponds to a holding current of 1.6KA, a current decay 

rate of 40A/us and with an elkonite upstream electrode. 

The rate of rise of recovery voltage after current zero 

was sufficient to ensure efficient arc reignition. 

Fig. 6.1(c) shows that substantial fluctuations occur 

in the arc diameter during the current decay. The period 

of these oscillations is typically 20 to 3Opps which is 

similar to that reported by Walmsley et al (1978(i)) during 

the current zero period of an 8KA arc in air. This phenomenon 

will be further discussed in chapter 8. Corresponding 

fluctuations in the light intensity (fig. 6.1(d)) were also 

consistent with the simultaneous total radiation loss 

measurements of Shammas and Jones (1982). The amplitude 

of these oscillations varies with axial position but no 

phase difference is apparent between the occurrence of the 

oscillations at the various axial positions. 

f These oscillations of arc cross-section are super- 

imposed upon a general decrease as the arc sustaining current 

decays to zero. The decay is gradual until about 5 to lOpis 

before current zero when a more substantial collapse occurs. 

Note also that before current zero the arc diameter at slot 3 
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is somewhat less than the diameter at slot 2, both being 

significantly less than the diameter at slots 4 and 5. 

Furthermore, the diameters at slots 3 and 4 increase more 

slowly after current zero (particularly at slot 4 at which 

there is a pause before a rapid rise occurs after about 

l5us. 

The light intensity from the arc column segment also 

decays with current and shows oscillations of the same 

period as the arc diameter oscillations (fig. 6.1(d)). 

Slot 3 appears to be the least intense during the current 

zero period in the case of an Elkonite electrode and exhibits 

a similar variation to the other downstream slots during 

the current decay. Slot 2 which is located nearest the 

nozzle throat exhibits very low intensity close to the 

current zero instant but prior to that the intensity is high 

and comparable to that at slot 1. The rapid intensity decay 

occurs over the final 5 or lOUs before current zero. 

During reignition the light intensity at all slots 

recovers more rapidly than their respective diameters. This 

effect is important in describing the reignition behaviour 

of switchgear arcs and will be discussed in detail in 

chapter 8. 

Whereas the mean arc areas at the axial positions 

corresponding to slots 2,4 and 5 vary proportionally with 

current, the arc area at slot 1 merely fluctuates about a 

mean value except perhaps within a few microseconds of 

current zero. This reflects the extent to which a plasma 
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volume is sustained in front of the upstream electrode. 

(ii) The Temporal Variation of the Luminous Arc Area, 
Peak Light Intensity, Arc Current and Voltage 
During the Current Zero Period 

The timewise variation of the current and voltage 

close to current zero is shown in fig. 6.2(a). The high 

speed photograph corresponding to the oscillogram of 6.2(a) 

was taken with an exposure of 200 ns and a framing speed 

of 1x 106 f. p. s. and is shown in fig. 6.2(b). The 

operating conditions for this photograph correspond to 

a 
di/dt 

of 13A/us, a 
dv /dt of 0.5 KV/Us, a holding current 

of 1.6KA and with an elkonite upstream electrode. 

Fig. 6.3(a) to (d) show the variation of cross-sectional 

area, light intensity and current with time close to current 

zero for a holding current of 1.6KA, an elkonite upstream 

electrode and 
dl/dt in the range 32 to 36A/lis. Optical 

results are shown for slots 1,2,4 and 5 and the influence 

of restrike voltages after current zero of 0.07 to 0.31KV/ups 

is shown. 

Figs. 6.3(a) and (b) show results under clear and fail 

conditions respectively when no optical filter was incorp- 

orated in the system. These results are indicative of the 

shot to shot variation which can occur during the pre- 

current zero period, as well as the fluctuations which can 

occur in the luminous arc area and axis intensity during 

the lOUs or so of observation. The latter fluctuations are 

of an oscillatory nature and have a period which varies 

between 2 and 4 das. The cause of these fluctuations is most 
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likely to be associated with plasma pulsation effects 

which will be discussed in further detail in chapter 8. 

The 2 to 4 us oscillations could only be detected 

when the 1x 106 framing unit was used which enabled 1 

frame per microsecond and a 200ns exposure to be achieved 

over a l01is interval. The statistical variations in arc 

diameter which result from these oscillations produce a 

substantial uncertainty in the estimated mean diameter. 

This was found to be particularly acute at slot 5, the 

furthest downstream. 

The results of fig. 6.3(c) show that when a significant 

post arc current flows the arc diameters respond vigorously. 

For the case depicted in fig. 6.3(c) a narrow band optical 

filter with a centre wavelength of 521 nm (table 4.11). 

Although the spectral range of the filter meant that only 

a very narrow proportion of the light spectrum was viewed 

the spectral content of the light emitted from the arc 

suggests that to view the arc diameter at this wavelength 

(521 nm) was representative of the total radiation emission 

spectrum. Therefore it is equally feasible to state that 

the diameter measured in this way is representative of the 

arc luminous diameter provided the exposures etc. are 

arranged to be equivalent. 

The results of fig. 6.3(a) to (d) show that the 

oscillations in arc diameter are more pronounced downstream 

of the nozzle throat. This variation in the oscillatory 

nature of the arc cross-sectional area with axial Position 
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is consistent with that measured by Dhar et al (1980), 

although these oscillations were measured over a longer 

time scale (they had a period of approximately 50Tas). 

If the oscillations are regarded as occurring about a mean 

line drawn through a set of points then it can be seen 

from fig. 6.3(a) to (d) that the arc diameter before current 

zero generally decreases as the current decays. This 

result is in good agreement with Dhar et al (1980) and 

Walmsley et al (1978(i)). Generally before current zero 

the arc diameter nearest the throat region (slot 2) is the 

smallest of the visible locations. At slot 1 the diameters 

are generally more stable throughout the pre-current zero 

period and for a relatively long time afterwards. The 

pronounced oscillations in luminous area at slots 4 and 

particularly 5 make it difficult to identify underlying 

trends but from fig. 6.3(a) to (d) clearly the tendency is 

for the arc area to collapse during the current zero period. 

No light was detected in the region corresponding to slot 3 

for the results in fig. 6.3(a) to (d). This was most likely 

to be due to obstructions (e. g. ablated material) in the 

viewing slot or slight misalignment of the optical system. 

Trends are apparent in fig. 6.3(a) to (d) during the 

post current zero period, particularly when reignition occurs. 

It is noticeable that w: ien the arc diameters begin to expand 

following arc reignition they do so at the downstream 

locations first and also most rapidly. This is particularly 

true for the case of the results of fig. 6.3(b). In all 

these cases a luminous region persists after current zero 

at the region nearest the upstream electrode (slot 1). 
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Also shown in fig. 6.3(a) to (d) are the temporal 

variations of the peak relative axis intensity for slots 

1,2,4 and 5 and the respective operating conditions. 

Slots 4 and 5 exhibit a generally lower intensity value 

than slot 2. Taken in conjunction with the diameter 

measurements this is indicative of a more diffuse arc 

column in the former locations whereas a brighter, more 

sharply defined column exists at slot 2. The axial 

intensity at slot 1 remained consistently high throughout 

the current zero period in fig. 6.3(a) to (d). Such 

behaviour is consistent with the observation made from the 

diameter measurements that a volume of plasma survives in 

front of the upstream electrode after current zero. 

(iii) Radial Light Intensity Distribution During the Current 
Zero Period 

The evaluation of meaningful arc column cross-sections 

from photogL "aphic records requires a steep intensity gradient 

at the luminous periphery which accurately defines the extent 

of the arc column. If such a situation does not exist then 

the alternatives are 

(a) to maintain an unchanged optical recording system so 
that relative values of arc diameters are obtained for 
comparison of different operating conditions, 

and 

(b) wherever changes in the optical system operating con- 
ditions (e. g. intensifier gain) are made necessary 
(e. g. an excessive change in the arc luminous intensity) 
these changes may be correctly compensated such that 
the same relative standard of arc diameters is obtained. 
This is possible with the knowledge of the system 
calibration discussed in the previous chapter. 
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The latter two conditions (a) and (b) have been 

satisfied throughout the present investigations but it 

is also necessary to examine how well the initial criterion 

(i. e. the profile gradient) is satisfied under the most 

difficult experimental situation so that absolute, rather 

than relative, arc diameters can be determined and the 

general applicability of the diameter values quoted here 

is established. 

Fig. 6.4(a) shows typical radial intensity profiles 

measured at slots 1,2,4 and 5,2us before, at and 2ps 

after the current zero instant for a case in which the arc 

has reignited. The peripheral intensity gradients at 

slots 1,2 and 4 are sufficiently steep for meaningful 

absolute diameters to be derived, but at slot 5 this 

criterion is only satisfied to a limited degree. Note 

that the intensity at slot 5 is less than at slot 4 although 

the slot 5 diameters are greater than those at slot 4. This 

is consistent with the deduced diffuse nature of the arc 

column in this downstream reg? on. 

No results for slot 3 are shown on fig. 6.4(a) since 

no light intensity was recorded photographically. To 

investigate the intensity profile at slot 3a record for 

which the 
dl/dt 

value corresponded closely to that of 

fig. 6.4(a) was chosen. The 
dl/dt 

for the case presented 

in fig. 6.4(b) is 33.5A/us and the variation of the radial 

intensity profile is shown throughout the current zero period 

at 21js intervals. Fig. 6.4(b) shows that for the frames 

in which the arc was visible the peripheral intensity gradients 



- 131 - 

at slot 3 are sufficient to enable a meaningful arc 

column diameter to be identified. 

Figs. 6.4(a) and (b) also extend into the post current 

zero period. In the case of 6.4(a) the arc eventually 

cleared following a passage of some post arc current 

(fig. 6.3(a)) and the intensity profiles eventually collapse 

after current zero. However, in the case of 6.4(b) arc 

reignition occurred. The evolution of arc column reformation 

is of particular interest. In this case the intensity 

profile immediately after current zero appears steeper 

than it was prior to current zero. Furthermore, on the 

onset of reignition it is the axis intensity which grows 

very quickly rather than the luminous diameter (fig. 6.4(c)). 

This rapid growth in axis intensity is followed by a more 

gradual increase in luminous diameter. This growth pattern 

provides vital information as regards to arc reignition 

which will be further discussed in chapter 8. 

(iv) The Influence of Different Operating Conditions upon 
the Collapse of Arc Cross-Sectional Area during the 
Current Zero Period 

Results for various operating conditions are shown in 

fig. 6.5(a) and (b). Fig. 6.5(a) shows the influence of 

the initial holding current (1.6 and 0.35 KA) and the current 

decay rate ( 35A/us and 15A/iis) for an elkonite upstream 

electrode whilst fig. 6.5(b) shows the influence of the same 

parameters for a carbon electrode. 

Despite shot to shot variations and diameter oscillations 

the results shown on fig. 6.5(a) and (b) indicate little 
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effect of holding current but a distinct effect due to 

the current decay rate. No substantial overall effect 

due to the upstream electrode material is evident although 

the arc at slot 3 was visible with the carbon electrode 

but not in the case of the elkonite electrode. As stated 

previously the lack of visibility of the arc column at 

slot 3 was probably due to a slot obstruction or partial 

misalignment of the optical system. 

Fig. 6.5(a) (i) and (iii) allow the influence of a 

0.3 optical density (= 0.52 transmission factor) neutral 

density filter to be observed. These results show that 

within the large experimental scatter, the measured arc 

diameters are not drastically affected when the incident 

light intensity is attenuated. 

Fig. 6.5(a) (i) and (ii) and 6.5(b) (i) and (iii) 

correspond to conditions of critical reignition and in all 

cases the delayed response of the arc cross-section is 

apparent. 

(v) The Variation of Arc Cross-Sectional Area and Peak 
Light Intensity at the Current Zero Instant with 

1/dt 

The influence of 
di/dt 

upon the arc column at the 

current zero instant may be examined through the luminous 

diameter and the peak light intensity. The results shown 

in fig. 6.6 give the variation of current zero arc diameters 

at various axial positions with 
dl/dt 

for both carbon and 

elkonite electrodes. These results represent mean values 

and so exclude the substantial oscillations which can produce 

shot to shot variations. As a result clear behavioural 
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trends are apparent. 

For an elkonite upstream electrode the detailed 

variation with 
dl/dt 

of arc diameter at current zero 

depends upon axial position. At the downstream locations 

corresponding to slots 4 and 5 the arc diameter is relatively 

insensitive to 
di/dt 

within the experimental uncertainty. 

The slot 5 diameters are in the range 3 to 5mm and the slot 4 

diameters are virtually constant at about 3mm. At slot 3 

no current zero diameters were detected below a value of 

di/dt 
between 29 and 34A/us. Above this range the arc column 

becomes visible and increases with 
dl/dt. 

The arc diameter at slot 2 increases with 
di /dt through- 

out the whole range of observation and increases in value 

from 2 to 3mm. The arc diameter at slot ]. shows a similar 

increasing trend between 2.8 and 4.5mm. 

The variation of current zero arc diameters with 
dl/dt 

and with carbon as the upstream electrode material is 

similar to the elkonite electrode case throughout the current 

decay rate range at slots 1 and 2. Howeveriat slot 3 with 

carbon, the arc column was detected at low dl/dt 
and increases 

from about 2 to 3mm over the 
di/dt 

range. The arc diameters 

at slots 4 and 5 are similar for carbon and elkonite 

electrodes at the higher 
dl/dt 

values, but the arc column 

with the carbon electrode was not detected at the lower 

di/dt. 

Thus, the only substantial difference between the carbon 

and elkonite electrode results arises from the invisibility 
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of the arc column for some different conditions for the 

two electrode materials. This strongly suggests that 

the absence of a visible column is associated with an 

eclipse of the arc light due to an external agency rather 

than a genuine arc column effect. 

The variation of axial light intensity at current. 

zero with 
di/dt is shown in fig. 6.6(b) for the case of 

an elkonite upstream electrode. These results show a 

substantial increase in light intensity at slots 1,2,4 

and 5 over the 
di/dt 

range investigated. This result is 

consistent with the simultaneously measured total radiation 

power loss (Shammas and Jones, 1982) which showed similar 

changes in the total radiation loss at slot 3 over the 

same 
dl/dt 

range. 

(vi) Results Summary 

The results presented above constitute a study of the 

transient variation of the luminous arc diameter during 

the current zero period. The effect of various operating 

conditions such as current decay rate and upstream electrode 

material has also been studied. All the results were 

gathered for the case of reduced power arcing where the 

arc current has been held at a relatively low steady value 

(up to 2KA) before being ramped to zero to simulate the 

current zero period of full power arcing. 

The purpose of the reduced power investigation was to 

establish the general trends concerning performance and arc 

column features without including some of the complicating 
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factors incurred by full power arcing e. g. nozzle blocking. 

Therefore having conducted a detailed photographic investi- 

cation into the reduced power arc a deEcript. ion of the 

application of the technique to full power arcing is made 

so that a comparison of results becomes possible. 

6.1.3 Observations for the Full Power Arcinq Fac: ilit 

(i) The Are, Column during the Quasi-Steady Peak Current 
Period 

The arc current and voltage for lOOpis during the peak 

current range are shown on fig. 6.7(a) together with the 

corresponding high speed photograph (fi. g. 6.7(b)). The 

operating conditions for fig. 6.7(a) and (h) correspond 

to a peak current of 341<A, elkonite electrodes and a 

PTFE nozzle. The overall arc conductance can be measured 

from fig. 6.7(a) and in this case is 42.5S which compares 

well with corresponding values measured by Taylor et al 

(1982) who used identical operating conditions. 

Fig. 6.8 shows the variation with peak current value 

over a range of 32 to 56KA of the luminous arc area measured 

at the current peak. Values of area are presented for axial 

positions corresponding to slot 2 (nearest the throat) and 

slot 3 (about 10mm downstream) and for both PTFE and copper 

as nozzle materials. The copper nozzle areas show a marked 

increase over the peak current range while the PTFE values 

are generally lower and show a much more gradual increase, 

if any, over the corresponding current range. 

Also shown in fig. 6.8 are luminous arc areas measured 
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by Walmsley et al (1978(iii)) for an SF6 arc burning in 

a 50mm copper orifice. Reasonably good agreement is 

evident with the copper nozzle results of the present 

investigation. 

ii) The Temporal Variation of the Luminous Arc Diameter, 
Peak Light Intensity, Arc Current and Voltage over 
the Final 50rs of Current Decay 

A current and voltage oscillogram together with the 

corresponding high speed photograph are shown following 

a peak current of 46KA in fig. 6.9. These were captured 

over . 
he final 50us before current zero. The operating 

conditions for this case corresponded to a current zero 
d, 

/dt. of 19.5A/is with elkonite electrodes and PTFE as the 

nozzle material. 

Fig. 6.10 shows the variation of arc luminous area, 

peak axis intensity and current measured over a similar 

time scale to that of fig. 6.9 for a wide range of 
dl/dt 

values. Fig. 6.10(a) to (c) indicate that the oscillations 

in column area which were present in the reduced power case 

are still present at full power but have a somewhat reduced 

amplitude in comparison. However the period of these 

oscillations remain unchanged from the reduced power arcing 

case. 

Underlying trends can be identified in fig. 6.10(a) to 

(c) if the oscillations are ignored and a more general view 

of the arc collapse is adopted. It is clear that the areas 

(where detected, in some cases e. g. slot 1 fig. 6.10(b) the 

viewing slot was obstructed) throughout the current zero 
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period generally increase with 
di/dt. 

Also, significantly 

as the 
dl/dt 

value is increased the rate of collapse of 

area close to current zero, increases particularly at those 

slots situated upstream and around the throat (1,2 and 3). 

Mild (if any) oscillations are present on the intensity 

results presented on fig. 6.10(a) to (c). These intensity 

results show two different modes of behaviour corresponding 

to the upstream and downstream locations. Upstream (slots 

1 and 2) the intensity is quite high at a time greater than 

20ps before current zero before a more rapid decline occurs. 

A1Eo as the 
di/dt 

increases the period for which the intensity 

remains high approaches the current zero instant more 

closely until as in the case of 
dl/dt 

= 29.3A/ps the intensity 

persists at a high level even after current zero when signi- 

ficant post arc current flows. The corresponding results 

for the two slots furthest downstream, 4 and 5 (when visible) 

show a generally lower intensity value which is similar to 

the trend observed with the reduced power arcing and the 

decay is a more linear one throughout .. he observation period. 

At slot 3 the intensity with the low di 
/d4- value (fig. 6.10(a)' 

is comparable to that further downstream (slot 4), although 

the decay is of the same nature as in the upstream regions- 

In fig. 6.10(b) (dl/c? t = 22&/U s) the decay at slot 3 is 

more oscillatory in nature but the intensity values are 

generally slightly higher than in fig. 6.10(a). When the 

current decay rate is high (dl/dt = 29.3A/us) as in the 

case of fig. 6.10(c) the slot 3 intensity is generally very 

high throughout the current zero period and follows the trend 
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of slots 1 and 2. Therefore a large increase in the 

obse=-ved luminous intensity on the afc axis is e- idont 

ý: i 
above a /it of about 22A/das whi _: h is consistent with 

a similar sharp rise observed in the simultaneously 

measured to' al radiation power loss (Shamas, vrivat` 

comm. ) above this current decay level. 

The Radial Light Intensity Distrib"-ticn d-, -,. ring the 
Final 20uß" of Current De: aý- 

he radial light intensity d 
. st. -ib1, tinn a` slot 3 

captured at lOUn intervals during the final 20gaP before 

current zero is c. hown in fig. 6.11. The steepness of the 

peripheral regions of the profile is sufficiently steep 

to indicate an accurate diameter measurement in each of 

the three cases shown. However a region exists at the 

extremities of the profiles, particularly the one measured 

14.2us before current zero, which corresponds to a uniform 

annalus of constant luminous intensity. This was attributed 

to hot gas of relatively low luminous intensity which also 

caused reflection of the arc column light into the optical 

path. For these reasons this annular region was discarded 

for the purpose of diameter measurement and was con- 

sidered to artificially superimpose wings onto an otherwise 

steer-sided intensity profile. 

(iv) The influence of Different Operating Conditions upon 
the Luminous Arc Area Collapse during the Final 50Fis 
of Current Decay 

Fig. 6.12(a) snow, tho timewise arc cross-section area 

variatinn at similarly low current decay rates 118.2 and 

16.2A/us) where PTFE and copper were used as nozzle materials. 
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The optical experiment-all- cond _L, _ons were maintained is 

similar its pess. Lbl(7z in these two cases, the only difference 

being an image intensifier bias change from 14KV to 15KV 

when PTFE and copper were used as the respecLive nozzle 

ma`erLals (i. e. the copper nozsle imace was 1 ss ntens(_e) 

, ', ccording to the film emulsion calibration of cha. -: ter 5 

this change in bias has an insignificant effect on the 

recorded luminous diameter provided t a- exposure limits 

stipulated in (-ha-)ter 5 were not exceeded. in this case 

this condition was satisfied. However the increased gain 

of the intensifier meant that in image was detected at 

slot 5 in the copn'er nozzle case which was just. visible. 

The luminous intensity of the arc col u. nn in this axial 

_egi. on is low compared to the regions further upstrea::;, 

and she PTF1 slot 5 lnnmirou- intensity is probably jzast 

below the light detection threshold of the npticai systen 

for an intensifier gain bias setting or 14T-, V. Comparison 

is also difficult, in the case of the slot 3 areas in the 

coppe- nonzlc came, Y 'blob' of luminous materiel has 

artificially dilated the arc cross-suction at times well 

before current zerr. Ablated material then appear 7 to 

^cli. pse the arc column at this viewing slot close to current 

zero resulting in an aprar"cnt prenatrre 3res collapse This 

uaski.. ng of the arc column at slot 3 is a feature which occurs 

regularly with the copper nozzle and is associated with the 

ablation characteristics of the nozzle in the throat region 

(just upstream of slot 3) (Taylor et al, 1982). 

A direct comparison can be made between the two cases 
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shown on fig. 6.12 at slots 1,2 and 4 which are axial 

regions that cover a large proportion of the arc length. 

If these are compared, the previously discussed oscillations 

are disregarded and the area collapse is regarded as an 

average decay, then similarities are evident in the two 

cases. For instance, the slot 2 diameters are similar 

during the final 2OUs but the PTFE are lower prior to that 

time. This could be associated with the globular nature 

of the arc column particularly in view of the similar 

behaviour of the neighbouring slot 3 diameters. 

At slots 1 and 4 the decay trends are similar through- 

out the current zero period, the magnitude of the areas 

also being similar. 

The slot 3 arc areas in the PTFE nozzle case show a 

temporal decay trend which is similar to the one observed 

by Walmsley et al (1978(i)) for an axial location 2mm 

downstream of the nozzle (orifice) throat. Although the 

absolute magnitude may not be the same, which is understand- 

able in view of the different arcing conditions employed 

(nozzle geometry, 3 to 8KA peak currents and air as the 

host gas), the trends are similar. 

Fig. 6.12(b) shows the corresponding temporal variation 

of arc areas in PTFE and copper nozzles but at higher 
di/dt 

values (22 and 23.7A/us). Again slot 5 areas are absent in 

the PTFE nozzle case and can be attributed to a lo-aer_ luminous 

intensity. Also absent in the PTFE nozzle case is the slot 1 

areas. This was due to severe obstruction of the viewing 
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window by carbon deposits which were generated during 

the peak current phase and subsequently deposited on the 

window. The same is true for the slot 3 areas in the 

copper nozzle case where the deposits were solidified 

copper. 

However when a comparison is made between the slot 2 

and 4 areas striking similarities exist once again over 

the recording interval (the final 3OUs before current zero). 

(v) The Temporal Variation of the Luminous Arc Cross- 
Sectional Area, Peak Light Intensity and Arc Current 
During the Final lOUs before Current Zero 

A typical arc current and voltage oscillogram and the 

corresponding high speed photograph taken during the final 

lops of current decay are shown in fig. 6.13. The photo- 

graphic record was made at a framing rate of 1x 106 f. p. s. 

and an exposure of 200ns per frame. The operating conditions 

in this case correspond to a peak arc current of 34KA 

resulting in a current zero decay rate of 15A/pis between 

elkonite electrodes and in a PTFE nozzle. 

Fig. 6.14(a) to (c) shows the timewise variation of 

the luminous arc cross-sectional area, current and column 

axis intensity for 

27.1A/us in a PTFE 

current decay. It 

area collapse over 

to the area collap 

three values of 
dl/dt 

between 

nozzle over the final lOUs or 

is clear from these figures t] 

the final 5 or lops generally 

se of fig. 6.10(a) to (c). The 

15 and 

so of the 

hat the 

corresponds 

only 

severe departure from this appears between the slot 2 areas 

in the high dl/dt 
case which could be explained by the 
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appearance of a plasma blob causing the higher areas in 

the long time scale case. 

The oscillations observed in the reduced power case 

are again present throughout the recording interval and 

are of similar frequency and amplitude except downstream 

(slots 4 and 5) where the amplitude of the full power case 

oscillations is surpressed compared to the reduced power 

case. 

In the case of low 
di/dt 

(fig. 6.14(a)) the areas of 

the arc at the upstream slots 1 and 2 are generally larger 

than those at slots 3 and 4 throughout the current zero 

period, the arc not being visible at slot 5. The axial 

intensity measurements (fig. 6.14(a)) show a similar trend 

which also indicate the intensity values dropping to a very 

low value just prior to current zero (1is before at slot 1, 

31is before at slots 2,3 and 4). In the case of the higher 

di/dt 
values (fig. 6.14(b) and (c)) the arc area at slot 1 

remains the largest but the slot 3 areas are comparable to 

the slot 2 areas and larger than those measured at slots 4 

and 5. The axis intensity at slot 3 also becomes comparable 

to the slot 1 and 2 intensities at the high dl/dt 
values. 

However there is some evidence of partial light obstruction 

at slot 3 in fig. 6.14(c) which was probably caused by ablated 

material fragments. In general the cross-sectional areas 

at all the slots increase as the 
di/dt 

value increases. This 

trend is consistent with that observed over a longer time 

scale (fig. 6.10(a) to (c)). A departure from this trend is 
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apparent at slots 3 and 4 in the high 

(c)) but this can be explained by the 

obstruction caused by ablated materia 

cause a dip in the luminous intensity 

zero. 

di/dt 
case (fig. 6.14 

partial light 

1 fragments which also 

just before current 

The rate of decay of the arc cross-sectional areas 

at the upstream slots (visible until the current zero instant) 

is approximately the same being slightly higher at slot 1 

than at slots 2 or 3. Also the area decay rate generally 

increases with current decay rate for the cases where an 

arc image was detected. 

(vi) The Radial Light Intensity Distribution Close to 
Current Zero 

Fig. 6.15 shows the radial and timewise variation of 

the photographically measured light intensity during the 

final few microseconds before and the few microseconds 

immediately after current zero at slots 2 and 3. The 

operating conditions in this case correspond to a current 

decay rate of 27. lA/ps (a peak current of 64KA) for an arc 

burning between elkonite electrodes in a PTFE nozzle i. e. 

the same as fig. 6.14(c). Sufficient evidence exists in 

fig. 6.15(a) and (b) to show that the photographic intensity 

profile is sufficiently steep at the column periphery at 

slots 3 and 2 respectively to enable accurate measurement 

of luminous arc diameters to be made. This was an 

observation made with both the reduced power (section 6.12(iii)) 

and with the longer recording interval under full power 

(section 6.1.3(iii)). 
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Fig. 6.15(a) shows the arc intensity profile collapsing 

at slot 3 as the current decays to zero, which is consistent 

with trends established from similar measurements presented 

above. The arc intensity profile at the instant closest 

to current zero in fig. 6.15(a) (O. 41js after current zero) 

appears to be generally very much attenuated with respect 

to the profiles at all other times. However as discussed 

in 6.1.3(iv) this was probably due to partial eclipsing 

of the radiated light. The reduction in intensity by the 

partial eclipsing in this case does not make it possible 

to determine whether a true reduction in the axial column 

intensity occurred. However during the reignition the next 

frame on fig. 6.15(a) (2.4us after current zero) shows a 

well formed arc column with an axial intensity value which 

is somewhat higher than the arc column before current zero 

at a corresponding instantaneous current value (fig. 6.14(c)) 

with little or no change in the extent of the profile 

(extreme of the luminous diameter). Further evidence of 

the arc column reignition process is available on fig. 6.15(b) 

which shows the arc intensity profile over the same period 

at slot 2 for the same test as fig. 6.15(a). The arc column 

intensity growth occurs at a slightly later time in this 

case (the +4.4us frame) and is not as exaggerated as in 

fig. 6.15(a). However this provides ample evidence of the 

arc column reignition behaviour under full power arcing 

conditions and is consistent with the same reignition 

behaviour observed under reduced power arcing conditions 

(section 6.1.2(iii)). 
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(vii) The Influence of Different Operating Conditions 
Upon the Luminous Arc Area Collapse during t. -. e 
Final lOUs of Current Decay 

The influence of different nozzle materials (PTFE and 

copper) upon the arc cross-section decay over the last 

lOUs before current zero for two values of 
di/dt 

is shown 

on fig. 6.16(a) and (b). Similar experimental photographic 

operating parameters were maintained in each case so that 

direct comparisons could be made. 

Fig. 6.16(a) shows the cross-sectional area variation 

for values of 
dl/dt 

of 15 and 17.5A/us corresponding to 

PTFE and copper as the respective nozzle materials. In 

this case differences are apparent in the case of the area 

variation at slot 1, the area being generally larger in 

the copper nozzle case. The somewhat higher values in the 

latter case are attributable to local plasma blobinq. These 

values are also higher than the corresponding ones in 

fig. 6.12(a) (taken over a longer time scale) which is 

further evidence of a spontaneously high area value in this 

case. 

The cross-sectional area variations at slots 3,4 and 

5 compare well if the oscillations present on some records 

are disregarded. 

No areas were recorded at slot 2 in the copper nozzle 

case. This was due to severe obstruction of the viewing 

window as described in part (iv) of this section. Comparison 

is not therefore possible in this case althouqh the results 

of fig. 6.12(a) indicate a reasonably good comparison at 



- 146 - 

slot 2 under similar operating conditions. 

Fig. 6.16(b) represents the temporal area variations 

for PTFE and copper nozzles at a higher 
dl/dt 

value. 

Clearly, the slot 1 area variation corresponds well for 

the two nozzle rnatorials. 

The slot 2 areas appear to be generally lower in the 

copper nozzle case. However this is not a genuine effect 

since comparison with fig. 6.12(b) over the final IOUs 

indicates slot 2 copper nozzle areas of similar magnitude 

to the PTFE nozzle areas during that time interval. 

Furthermore the lack of slot 3 information for the copper 

nozzle case indicates that there could be some eclipsing 

or obstruction of the arc column in this axial region. 

The slot 4 cross-sectional areas in the copper nozzle 

case are somewhat lower than the corresponding PTFE areas. 

However the general lack of reproducibility of the arc 

appearance at this axial station makes comparison difficult. 

The same hypothesis applies to the arc column at slot 5. 

However the arc column here does appear luminous up to and 

beyond the current zero instant in the copper nozzle case 

(fig. 6.16(b)). The presence of a luminous arc column at 

current zero with the copper nozzle but not the PTFE nozzle 

is also a feature of fig. 6.12(a) and (b). Thus the trend 

appears to be consistent with similar results taken with 

different exposure times and could be associated with the 

ablation characteristics of the nozzle. 

The effect of different current decay rates upon the 
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arc column cross-section at the current zero instant is 

shown on fig, 6.17 for both PTFE (fig. 6.17(. a)) and copper 

(fig. 6.17(b)). 

The results of fig. 6.17(a) show that the upstream 

(slots 1 and 2) cross-sectional areas increase gradually 

with increasing 
dl/dt. 

A similar trend is evident at 

slot 3 where the areas are generally smaller than at slots 1 

and 2. A corresponding trend at slots 4 and 5 is difficult 

to ascertain since the lack of luminous intensity at these 

downstream locations did not make an area measurement 

possible. The limited measurements available only at high 

di/dt 
values (fig. 6.17(a)) show the cross-sectional areas 

at these axial locations to he smaller aqain. 

Similar measurements for a copper nozzle are Presented 

in fig. 6.17(b). It is clear from this figure that a large 

experimental scatter is present in the case of slots 1 and 

2. This could be due to enhanced plasma blobbing effects 

at these axial stations. 

The cross-sectional areas at slot 3 (fig. 6.17(b)) follow 

a more clearly defined trend which shows them to be increasing 

slightly with 
dl/dt. 

They also correspond closely to the 

slot 3 areas of fig. 6.17(a) (PTFE nozzle). 

Since the luminosity of the arc column downstream of 

the nozzle (slots 4 and 5) is higher at the current zero 

instant with copper than PTFE it is possible to establish 

a current zero area - 
di 

/dt trend, Fig. 6.17(b) shows that 

the arc areas at these axial locations again increase with 
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di 
/dt which is slightly more pronounced than the corresponding 

variation at slot 3. The arc areas at the high 
dl/dt 

values 

are also somewhat higher (particularly slot 4) than the 

corresponding PTFE values (fig. 6.17(a)). Thus the arc 

column downstream of the throat in a copper nozzle at the 

current zero instant is relatively large but photographic 

optical density measurements indicate the luminosit'7 to be 

rather low in comparison to that at the upstream stations 

(1,2 and 3). Thus the arc column here has a diffuse 

appearance. Such an appearance is consistent with an arc 

column in a slightly turbulent or disturbed flow. Further 

consideration to these effects is given in chanter 8. 

Also shown on fig. 6.17(a) is the corresponding current 

zero area - 
di/dt 

characteristic for the reduced power 

arcing conditions. The arc areas at slot 1 under the full 

rower conditions are generally higher than the corresponding 

reduced power arc areas. Slot 1 is the furthest upstream 

and is located nearest to the upstream electrode. The 

apparent anomaly could be associated with more severe contact 

evaporation following full power arcing. The arc column 

areas at slot 2 correspond satisfactorily between full and 

reduced power arcing conditions for the lower values of 
dl/dt. 

However for the raised 
di/dt 

values (>20A/das) agreement 

breaks down and the full power arc areas exceed the correspondin 

reduced power areas. The same trend is evident at slot 3 

which is located just downstream of the nozzle throat. The 

difference in arc column dimensions near the nozzle throat 

is Indicative of fundamental differences in the overall arc 
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column structure. The difference and its significance 

with respect to the thermal performance of the circuit 

breaker is further discussed in chapter 8. 

The comparison of the full and reduced Hower arc 

areas at slots 4 and 5 was difficult for two reasons. 

Firstly, no luminous arc column was detected at the current 

zero instant when a low rate of current decay was used. 

Secondly, the temporal oscillatory behaviour of the reduced 

power arc column area close to current zero (fig. 6.1 (c)) 

introduces a large uncertainty on the current zero arc 

column area at the current zero instant. 

(viii) The Variation of the Axial Light Intensity at the 
Current Zero Instant with /dt 

The variation of the axial light intensity at slot 3 

for the full power arcing 

The most striking feature 

rise in intensity above a 

This is in agreement with 

results of Shammas (priva 

fig. 6.18 (solid line). 

conditions is shown on fiq. 6.18. 

of this characteristic is a sharp 

value of 
dl/dt 

of about 20A/lis. 

the total radiation power loss 

to comm. ) which are also shown on 

The corresponding slot 3 results for the reduced power 

case is also shown on fig. 6.18. This characteristic also 

exhibits an accelerated rise above a certain 
dl/dt 

value. 

However in this case the rise is more gradual than in the 

full power case and takes place above a 
dl/dt 

level of about 

30A/us. 
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6.1.4 Concludinq Statement 

A number of photographic results have been presented 

for a wide range of operating conditions which have enabled 

the interpretation of a luminous arc diameter and measure- 

ment of the photographic radial intensity profile to be 

made. By employing a careful analysis procedure the 

relevant information can be obtained from these results 

and when coupled with further simultaneous radiation measure- 

ments (Shammas and Jones, 1981, Shammas private comm. ) can 

be used to formulate a relationship between the overall 

circuit breaker performance and particular arcing parameters 

(including arc cross-sectional area). 

The measurement of the photographic intensity profile 

has proved a useful indicator for the validity of the 

assumption that the luminous arc area is representative of 

a meaningful conducting column area. 

The photographic intensity profile when corrected for 

line of sight effects provides a basis for the correlation 

of radial spectral data (chapter 7) such as those presented 

in the next section below. 

6.2 Spectroscopic Results 

6.2.1 Introduction 

In this section time and space resolved spectra of 

the decaying arc column during the current zero period of 

a full power arc are presented. The arc was observed at a 
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single axial location near the nozzle throat (slot 2) which 

was considered to represent a suitable location at which 

important parameters governing arc extinction/reignition 

could be identified. The spatial resolution of the arc 

spectra corresponds to the arc diameter at the single 

axial location and was limited only by the resolution of 

the optical system and the vidicon camera scan capability 

as explained in chapter 4 (section 4.6.3). The temporal 

resolution for all the results is l. 6us (exposure time) 

which was governed by the camera gate time (chapter 4) and 

limited by the amount of light incident to the camera. A 

wide range of operating conditions were investigated following 

an inaugural feasibility study or spectral survey (6.2.2), 

using PTFE as the nozzle material. 

Snapshot spectra (1.61js exposure) are presented at 

different instants during the final lOips of current decay 

for a given set of operating conditions where current, voltage 

and pressure conditions were for successive tests to ensure 

good reproducibility of the arc column under observation. 

Simultaneous arc current and voltage measurements were also 

made for all the results in this section. 

6.2.2 Spectral Survey 

To obtain meaningful temperature results during the 

transient arc column decay conditions occurring during the 

current zero period, two fundamental conditions must be 

satisfied: 
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(1) The spectral lines under observation must satisfy 
many constraints applied by the physical nature of 
the source. 

(2) Adequate time resolution must be achieved to identify 
important transient current zero arc processes. 

The first of these conditions will be dealt with in 

death later in this section (6.2.2(ii)). The second of 

the conditions in question is wholly a function of the 

overall system sensitivity. Therefore it is vitally important 

that adequate light intensity exists during the current zero 

period to enable short duration exposures. The demands 

imposed by arc conditions within the investigated time period 

are that the exposure should be as short as possible to 

freeze changes associated with the short arc time constants 

(1 to 2us, chapter 8) but sufficient to ensure adequate light 

intensity for detection. The intensity requirement is made 

more severe by the requirement for radial resolution. There- 

fore there was a need to identify an axial region of the arc 

column where all the above requirements were satisfied for 

all the operating conditions prior to any serious spectral 

investigation. 

Evaluation of a Suitable Nozzle Material and Axial 
Viewing Station for Current Zero Spectroscopy 

Many investigations were conducted where the arc was 

viewed at slot 3 through a copper nozzle. However this was 

found to be unprofitable since insufficient light intensity 

was present during the current zero period and narticularly 
in the case of the lower current decay rates. 

This light intensity defficiency was believed to be associated 

with the absorbent nature of copper vapour ablated from the 
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nozzle wall during the high current phase and already 

identified through the total radiation results of Shammas 

et al (private comm. ). This being the case, the optical 

system was then aligned with slot 2 which is actually 

located nearer to the nozzle throat than slot 3. Sufficient 

light was detected but only on an irregular basis. The 

reason for this was the coating of the viewing window by 

copper vapour 'spluttering' prior to current zero as dis- 

cussed above (6.1.2). The effect was particularly acute 

when the arc column during the peak current phase could 

burn asymetrically to one side of the nozzle. This con- 

dition gave rise to intermittent gathering of results when 

light was collected from the entire arc diameter (radially 

averaged) and locally degraded results in the radially 

resolved case since the coating could be denser at certain 

radial localities. Such a situation was tolerable in the 

case of the photographic measurements since all of the slots 

were viewed simultaneously and to lose the information at 

one (or even two) slots on a single record could be tolerated. 

However with the single slot viewing implemented in the 

spectroscopic investigation intermittent loss of information 

was no longer tolerable. 

Consequently, it was more profitable to utilise the 

PTFE nozzle for the preliminary investigations. The result 

of these investigations was that arc spectroscopy was 

possible with both satisfactory time and soace resolution 

throughout the current zero period. Fig. 6.19 shows a 

typical radially resolved arc spectrum with an exposure of 

1.6us. The operating conditions corresponding to these 
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records were 
dl/dt 

= 14 to 18A/Us, captured 4.8 to 9.6us 

before current zero viewing the copper I line emissions 

in the wavelength range 459-529nm. 

The broadening of the spectral lines due to the 

influence of the viewing slit of the monochromator was 

known to be negligible when compared with the spectral 

line widths of typically a few angstroms (1 angstrom = O. lnm). 

This was confirmed by lhuk. i (Ph. D. thesis, 1978) who used 

the same monochromator. 

(ii) The Evaluation O 'Suitable Spectral Lines 

There are many requirements which a spectral line must 

satisfy before it may be used for diagnostic purposes owing 

to physical processes present in the source rather than 

purely due to measurement limitations. 

The first of these requirements concerns the broadening 

of the spectral line in question by various physical processes. 

Since the switchgear arc plasmas have relatively high particle 

densities (Ne >1015 cm 
3) 

it is reasonable to assume that 

the only broadening mechanism which could have a measurable 

effect on a diagnostic line is Stark Broadening (Grier. 51,1964) 

(Further consideration of the line broadening mechanisms is 

made in chapter 7). The spectral line should maintain a 

consistent line profile over the range of pressure variations 

within the plasma for the scope of the operating conditions 

studied. Also, important parameters linking line width and 

particle (electron) densities should be known. If a line 

satisfies these two constraints then it is possible to make 
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spectroscopic measurements of electron density and thus 

compare this electron density with a theoretical value 

for a given plasma pressure (chapter 8). 

A second but equally important requirement for a good 

diagnostic line is that the line in question satisfies the 

optical density criteria (chapter 7) and shows no signs of 

self reversal. 

A third constraint which must be satisfied is that the 

line profile is not impeded by satellite emissions in the 

close neighbouring spectral range to the extent that the 

line profile is distorted to give a false line width. 

Fig. 6.19 shows a typical Cu I line emission at 521.8nm 

with the operating conditions as indicated. This shows 

that this particular spectral line is free from any of the 

deliterious effects outlined above. A small satellite 

emission (Cu I, 522.2nm) is present but does not seriously 

impede the line profile and the instrument's spectral 

resolution is sufficient to resolve the two line peaks. 

Further suitable diagnostic lines included the Cu I 

emissions at 510.5nm, 515.3nm, 529. lnm, 459nm and 465nm, 

examples of which are presented in fig. 6.19(b) (i) to (iii) 

with the corresponding operating conditions. 

The parameters governing an accurate spectroscopic 

irvestigation have been identified and satisfied for a wide 

range of arcing conditions. Thus a comprehensive and mean- 

ingful investigation during the current zero period is 
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possible provided that the limits of the constraints 

established in this section are satisfied. 

6.2.3 Spectroscopic Measurements of the Arc During the Current 
Zero Period 

(i) Radially Averaged Spectra Captured During the Final 
lOus of Current Decav 

The radially averaged, time resolved spectra of the 

decaying arc column are shown on fig. 6.20(a), (b) and (c) 

for different peak current values between 34 and 50KA 

(corresponding to current zero 
di/dt 

values of 15A/us and 

23A/us). Spectra are shown for the two major wavelength 

domains investigated here, namely those centred on 521.8nm 

and about 512nm. 

Fig. 6.21(a) represents the intensity decay of the 

three principal diagnostic lines used in this investigation 

(515.3nm, 510.5nm and 521.8nm) during the current zero 

period. These values were derived from the results of 

fig. 6.20(a) by a computational analysis of the respective 

spectrograms. Two distinct regions may be identified 

corresponding to different decay rates, period A and period B 

(fig. 6.21(a)). Period A corresponds to the period lOpas to 

2.51As prior to current zero, during which the decay of the 

521.8nm intensity is slow or non-existent as in the case 

of the other two lines. Period B corresponds to the period 

2.51-is to ous during which the line intensities have decayed 

to a level which is below the threshold of detection of the 

Vidicon camera. The decay rate during this interval is 
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characteristically high and is indicative of an arc 

column in a highly transient state. Further consideration 

to these phenomena will be given in chapter 8. 

The radially averaged intensity decay of the arc 

column during the current zero period of a 46KA peak current 

arc is shown on fig. 6.21(b). The intensity variation was 

recorded for two Cu I spectral lines at 510.5nm and 515.3nm. 

The 521.8nm emission was excluded in this case in order to 

economise on the number of heavy current tests. Sufficient 

information is available from the two lines investigated 

to allow extensive temperature and electron density information 

to be extracted. 

Again two distinct time intervals exist which relate 

to different characteristic intensity decay rates as was the 

case with the lower peak current value. However, in this 

case, there is a slight intensity decay rate during period A 

which is not the case for the same two spectral lines on 

fig. 6.21(a). Also period A extends closer to current zero 

before the rapid intensity decay occurs. It is difficult 

to judge whether the intensity decay rate is greater in 

the case during period B due to the lack of data during this 

time interval on account of the low intensities. The 

intensities of these lines are similar in magnitude to the 

34KA peak case throughout the current zero period except 

within the final two microseconds before current zero where 

a higher intensity is evident in the 46KA case. 

The corresponding intensity variation with a peak current 
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of 53KA is plotted on fig. 6.21(c). The two distinct 

periods of intensity decay rates are apparent once more. 

Period A is again characterised by a steady intensity 

decline similar to that of the 46KA case. However, a 

considerably higher rate of intensity decay is evident 

during period B. Also in this case the threshold between 

the two periods is even closer to current zero than the 

46KA case (fig. 6.21(b)). It is clear from comparing 

fig. 6.21(c) and fig. 6.21(a) and (b) that the intensities 

of both the spectral lines are greater during the final two 

microseconds before current zero. In fact light was detected 

1.2us before current zero which means the camera exposure 

time (1.6äs) actually overlapped the current zero instant 

in this case. It is also worth noting that the intensity 

of the 515.3nm line is generally higher in the 53KA case 

throughout the current zero period, whilst the 510.5nm line 

intensity is not vastly different. The significance of 

this phenomenon will emerge in the following section con- 

cerning arc temperature deductions from this data. 

Arc spectra during the current zero period have been 

captured for a wide range of arcing conditions and their 

resulting temporal intensity variations presented. However 

timewise intensity variations of spectral lines in this 

manner can be misleading owing to their unique intensity: 

temperature characteristics (chapter 7). A more meaningful 

physical representation of the arc column would be a timewise 

variation of temperature rather than intensity. 



- 15o - 

(ii) Time Variations of Radially Averaged Arc Temperatures 

Radially averaged arc temperatures have been calculated 

from the data presented in section (i) above. The method 

of calculation is described fully in chapter 7 of this 

thesis. Essentially, the temperature was deduced from 

the ratio of two Cu I line intensities as insufficient 

information existed for the radially resolved spectra. 

Fig. 6.22 shows the temporal variation of the radially 

averaged arc temperature at the nozzle throat during the 

current zero period for the two extreme cases of peak arcing 

currents used in the present investigation. There are two 

sources of uncertainty involved in these temperature 

measurements. The first is the scatter produced by experi- 

mental test to test variation, the second, and equally 

important, is the uncertainty in atomic data values e. g. 

transition probabilities which can be as high as 20% in 

some cases. The relevant atomic data will be presented in 

chapter 7 of this thesis. These uncertainties represent a 

total uncertainty of about 
± 500K which is shown in fig. 6.22 

as an error bar. 

Two clear trends emerge from fig. 6.22. Firstly, the 

temperatures relating to the 34KA case occupy a range 

generally lower than the corresponding 53KA values throughout 

the current zero period. Secondly, the temperature values 

in the 53KA case appear to rise at a time between one and 

two microseconds before current zero to a value above 10,000K 

and then fall sharply as current zero itself is approached. 
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Insufficient intensity made such a temperature measurement 

impossible closer to current zero. However certain criteria 

are developed in chapter 8 whereby upper and lower limits 

of radially averaged temperatures so close to current zero 

can be defined. 

(iii) The Radially Averaged Arc Temperature Variation with 
Current Decay Rate 

Owing to the lack of intensity of the spectral lines 

at the current zero instant in the lower peak current case 

a plot of radially averaged arc temperature at the current 

zero instant would be of limited value. However results 

are available at times within the final lOUs before current 

zero (fig. 6.22) which enable comparisons to be made between 

the different operating conditions and this is shown on 

fig. 6.23. The most striking feature of these results is 

the sharp rise in current zero period temperature above a 
di /dt value of about 20A/us. For example, at the 15A/pss 

value the radially averaged temperatures tie-; in the range 

7.5x 10 3K 
to 8.5x 103K whereas at 22A/u si hP rana of 

temperature values is 8.5 x 103K to above 1.05 x 104K. 

It is notable that the value of 
dl/dt 

at which the 

radially averaged temperatures rise sharply is 20A/Us which 

corresponds to the 
dl/dt 

values at which the arc column axis 

intensity (measured photographically) and the total radiation 

power loss show a similar increase. 

The nature of these radially integrated results clearly 

can only provide an approximate insight into arc temperature 
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changes. More detailed and reliable information can be 

derived from radially resolved measurements. 

(iv) Radially Resolved Arc Spectra Captured During the 
Firml lOUs of Current Decay 

Radial resolution of the spectral lines was obtained 

by dividing the photosensitive area of the camera into five 

equally proportioned strips as described in chapter 4. Each 

of these strips represents lmm of the arc column diameter 

(chapter 5). 

Fig. 6.24(a) represents the radially resolved arc 

spectra of 3 cases of peak current in the range 34 to 53KA 

at the viewing position near the nozzle throat (slot 2). 

Two Cu I spectral lines are presented per record, centred 

on about 513nm (to include the 510.5nm and 515.3nm Cu I 

emission). A further two records centred on about 521nm 

(to include the 521.8nm Cu I emission) is presented on 

fig. 6.24(b) which corresponded to peak currents of 34 and 

46KA. These spectra were recorded at different instants 

during the current zero period and were representative of 

similar records taken at different times before current zero 

for each case of peak current. 

The radially resolved spectra presented in fig. 6.24 

provide useful information regarding the arc radial intensity 

variation even before temperatures are calculated. Comparing 

figures 6.24(a)(i) and (a)(ii) reveals that the luminous 

diameter of the arc has increased from between 2 and 3mm to 

between 3 and 4mm with an increase in peak current from 
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34 to 53KA. A similar comparison between fig. 6.24(b)(i) 

and (a)(ii) shows that although no apparent increase in 

radial extent has occurred between the two cases (which 

correspond to a given time instant before current zero but 

different peak currents, b(i) corresponding to 34KA, 

a(ii) to 46KA) the intensity of the arc in a(ii) is higher 

at the extreme of the radial profile. This is indicative 

of either a slightly wider arc in the latter case whose image 

is still contained within the same viewing area, or the 

latter has a higher temperature value at its periphery. 

It is worth noting in this case that the emissions in the 

centre viewing portion of 6.24(a)(ii) (Ip = 46KA) is also 

somewhat higher than 6.24(b)(i) (Ip = 34KA) which is indic- 

ative of a higher temperature existing in the centre portion 

of the latter arc column. This is further reinforced by 

the fact that the 515.3nm and 521.8nm Cu I emissions share 

a proportional temperature dependence (chapter 7 fig. 7.4), 

the 521.8nm emission being the most intense for a given 

temperature. 

The radial extent of the line intensities provides an 

indication of the arc luminous area. Thus fig. 6.24(a)(i) 

and (b)(i) indicate that following a peak current of 34KA 

the luminous diameter lies between 3mm and 4mm 7.4us before 

current zero and about 3mm 2us before current zero. If 

these diameters are converted into areas and a comparison 

made with fig. 6.14(a) (which is the photographically 

recorded luminous area variation under similar operating 

conditions) then the two values of area correlate well. 
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Fig. 6.24(a)(iii) represents the spectrogram centred 

at a wavelength of 513.5nm captured 7.9us before the current 

zero of a 53KA arc. The data is limited to this particular 

wavelength in this case because of the limited data available 

at this high value of peak current caused by excessive 

wear on components (nozzles, electrodes). Comparison of 

fig. 6.24(a)(iii) (In = 53KA) with fig. 6.24(a)(i) (Ip = 34KA) 

and fig. 6.24(b)(ii) (Ip = 46KA) shows that no great 

differences in line intensities (above the continuum) exist 

over the whole extent of the arc diameter. This result is 

in good agreement with the radially averaged results obtained 

at corresponding peak current values and instants before 

current zero. It is difficult to compare the radial extent 

of this arc with the others since not all the arc was 

captured within the viewing aperture in this case. It is 

somewhat more complicated to make comparisons of the luminous 

extent of the arc with the photographic records at the 

higher 
dl/dt 

values than may at first appear. This is due 

to the fact that with rising 
di 

/dt the continuum level also 

rises. At the low 
dl/dt 

values (15A/us) the contribution 

of the continuum, particularly near the periphery was very 

low. However as the 
dl/dt 

value increases a significant 

amount of continuum was detected near the periphery where 

no spectral line emissions may be present. This becomes 

clear when fig. 6.24(a)(i) and (b)(ii) and (a)(iii) are 

compared (which correspond to different cases of 
dl/dt for 

similar instants before current zero). The increase in 

continuum may give rise to a luminous region near the 

periphery of an arc photograph. Therefore the photographically 
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measured luminous diameter may not correspond to the 

diameter at which no further spectral line emissions occur 

in the case of high 
dl/dt 

values. Comparison of figs. 6.24 

(b)(ii) and 6.14(b) shows that the photographically measured 

diameter at corresponding instants prior to current zero 

(d = 6mm) is indeed larger than the diameter covered by 

spectral line emissions alone. 

Radially resolved arc spectra have been presented which 

have enabled a comparison to be made with the radially 

averaged spectra and the photographic measurements presented 

in section 6.1.3(v). Also certain qualitative features 

regarding the radial profile of spectral light intensity 

have been identified. However the radial distribution of 

the spectral intensity of the arc enables the calculation 

of the arc temperature profile. The calculation of this 

profile further enables the physical properties of the arc 

column to be determined in a quantitative manner. 

(v) Arc Temperature Profiles Calculated from the Radially 
Resolved Arc Spectra 

The arc temperature profiles calculated from the 

radially resolved spectra of fig. 6.24 (except the case of 

the 34KA peak in which case another spectrum was used) are 

presented on fig. 6.25. A temperature profile is presented 

for three different peak current (current zero 
dl/dt) 

cases 

at various times during the current zero period. The arc 

spectra were l. 6us snapshots captured at lnus, 2.3us and 

7.9ps before current zero for current decay rates of 14, 

17 and 21A/}is respectively. 
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The temperature profile of fig. 6.25(i) shows t:: e 

arc to have a central axis temperature of about 8,800K 

and to have a 6,000K isotherm at a radius of about 2.2mm. 

The radially averaged temperature results of fig. 6.22 

show reasonable correlation with the temperature profile 

at the corresponding current level. The radial position 

of the 6,000K isotherm also shows reasonable correlation 

with the photographic luminous area measurements of fig. 6.14 

(a) which indicates a luminous radius of 2.52mm at the 

same axial viewing station. 

Fig. 6.25(ii) represents the profile captured at 2.3jis 

before current zero for a current decay rate of 17A/}is. 

The profile in this case indicates an arc with a slightly 

higher axis temperature but with a significantly reduced 

6,000K isotherm radius (about 0.75mm). 

The temperature profile at 7.9us before current zero 

for a peak current of 53KA is shown on fig. 6.25(iii). It 

is again indicative of a narrow arc column with a 6,000K 

isotherm radius of about lmm and an axis temperature of 

10,000K. This temperature profile is again consistent 

with the radially averaged measurements of fig. 6.22 for 

equivalent arcing conditions. 

In the case of fig. 6.25(ii) (46KA) and (iii) (53KA) 

comparisons have not been made with the photographic luminous 

area results of fig. 6.14 for the same reasons as stated 

earlier (i. e. visible continuum). In such an event the 

photographic records might be expected to yield a larger 
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diameter for corresponding arcing conditions, which indeed 

is the case (fig. 6.14(b)). Such interpretation of the 

data has a significant influence upon the calculations 

of arc energy loss processes and will be discussed in 

detail in chapter 8. 

The temperature profiles presented on fig. 6.25 have 

a steep temperature gradient at the 6,000K isothermal 

boundary which plays an important role in the justification 

of the boundary layer approximation of the integral analysis 

(chapter 7). 

A final observation on the radially resolved arc spectra 

of fig. 6.24 is that the spectral lines do not appear in 

the same set of viewing tracks from test to test. This 

indicates that the arc column moves from test to test by 

as much as a column diameter. Apart from making such spectra 

difficult to capture in successive tests, this indicates an 

arc which is prone to eccentric movement about a central 

axis. Although the spectral records show that this may occur 

between different tests, no such pronounced eccentric move- 

ment was detected on the framing photographs for a given 

single current zero arcing sequence. 

(vi) Electron Density Measurements 

The electron density in the arc plasma was calculated 

using a formula which describes the Stark broadening of a 

particular spectral line (chapter 7, section 7.2.2.1). Use 

was made of Stark broadening coefficients (Jenkins, private 

comm. ) for the diagnostic spectral lines in this formula. 
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Fig. 6.26 shows the variation of the radially 

averaged electron density during the current zero period 

following the three different peak arc currents investi- 

gated. These electron density values were derived from 

the same spectra as the temperature results of fig. 6.22. 

The results of fig. 6.26 show that the average electron 

density of the arc column at this particular axial location 

lies in the range 1.5 x 10 17 
cm-3 to 4.5 x 10 

17 
cm-3 over the 

whole range of operating conditions during the current zero 

period. 

In the case of the 34KA peak current no significant 

change in electron density was evident during the current 

zero period. However insufficient light was available to 

give spectral line widths closer to current zero than 3jis. 

The higher peak current cases showed a gradual decline of 

electron density during the current zero period which is 

particularly evident in the 46KA case. 

(vii) Summary of the Spectroscopic Measurements 

Arc spectra captured during the current zero period of 

a full power arc have been presented. The spectra were both 

time and space resolved (along the arc diameter). Further- 

more these spectra have enabled both the radially averaged 

arc temperature and electron density to be calculated. The 

spatially resolved spectra have also allowed detailed arc 

temperature profiles to be measured under full power arcing 

conditions for the first time. 
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6.3 Concluding Statement 

The experimental results presented in this chapter 

have been classified into two major categories, namely the 

photographic and spectroscopic results. The photographic 

results allowed not only the luminous arc diameter to be 

determined but also detailed intensity profiles. Photographic 

measurements were made at 5 strategically located axial 

viewing stations. The spectroscopic results included time 

and space resolved arc spectra during the current zero 

period. Radially averaged spectra were also presented with 

the same time resolution. These spectra further allowed 

radially resolved and radially averaged arc temperatures 

and radially averaged electron densities to be calculated. 

The significance of the two categories of results 

analysed collectively is realised in chapter 8 which inclades 

an evaluation of the current zero power balance using the 

results of this chapter. However it is important to present 

the theoretical background from which such considerations 

as the power balance as well as other important calculations 

can be made. This is considered in chapter 7. 
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CHAPTER 7 

THEORETICAL BACKGROUND TO PHOTOGRAPHIC 
AND SPECTROSCOPIC CALCULATIONS 

7.1 Introduction 

This chapter is concerned with a discussion of the 

theoretical aspects of arc spectroscopy and photography 

relevant to this investigation. Particular attention is 

paid to formulations which allow the results of chapter 6 

to be analysed and interpreted in both a qualitative and 

quantitative manner. The interpretation of the results 

is dealt with in the next chapter of this thesis. 

The first section of this chapter deals with back- 

ground spectroscopic formulations, their physical origins 

and application to a circuit breaker arc. Such a theoretical 

approach was not considered necessary in the case of the 

photographic investigation since the arc photographs could 

be interpreted directly with a knowledge of the calibration 

discussed in chapter 5. Special attention is given at the 

end of this section to the interpretation of the spectro- 

scopic data from which the temperature profiles in chapter 6 

were derived. 

The second section of this chapter is concerned with 

the definition of important parameters in terms of measurable 

quantities. Particular attention is paid to the arc thermal 

(Mayr) time constant, the shape factors of the integral 
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analysis, and definition of the terms in the dynamic 

arc energy conservation equations. Again the imnlications 

of the above formulations coupled with the experimental 

data will be discussed in chapter 8. 

7.2 Basic Plasma Spectroscopic Theory and its Application to 
the Current Zero Arc Column 

7.2.1 Introduction 

This section is concerned with the basic development 

of plasma spectroscopic theory and its application to the 

specialised measurement technique of the present investi- 

gation. 

The concept of an arc 

equilibrium is introduced 

more realistic case of an 

equilibrium (LTE). Basic 

then introduced (assuming 

temperatures and electron 

measurable quantities. 

in complete thermodynamic 

which is then extended to the 

arc in local thermodynamic 

spectroscopic formulations are 

LTE) from which local plasma 

densities can be derived from 

The existence of LTE in the circuit breaker arc at the 

nozzle throat is then assessed by the application of a 

suitable criterion which can be evaluated from experimental 

data. This is undertaken in chapter 8. 

Even with the existence of LTE in the current zero 

circuit breaker arc the validity of the calculation of plasma 

temperature and electron density is still dependent on the 
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assumption that the plasma is optically thin. Hence 

consideration is given to establishing the concept of 

the plasma optical depth. 

Two further criteria are developed to test whether 

the plasma optical depth is sufficiently small (ie. 

optically thin) to validate the above temperature calculations. 

Results obtained from the second of these criteria involve 

a plasma diameter which may be compared with the luminous 

arc diameter and temperature profile measurements of 

chapter 6. 

7.2.2 LTE and Optical Depth Criteria and the Determination of 
Temperature and Electron Density 

This section is concerned with the development of 

formulae which allow the temperature and electron density 

of a plasma in LTE to be calculated from measurable 

quantities. All formulae developed depend upon the plasma 

being in LTE. If the concept of LTE is to be understood 

then it is necessary to describe briefly the properties of 

a plasma in complete thermodynamic equilibrium (CTE). 

7.2.2.1 Thermal Equilibrium and the Calculation of Electron 
Temperature and Density 

A plasma in complete thermodynamic equilibrium has 

totally homogenous values of mass density, temperature and 

chemical composition. In such a case the electrons obey 

a Boltzmann distribution in occupying various energy states 

and the free electron velocities follow a Maxwellicin 
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distribution. The radiation emission from a C'ri plasma 

is 'black-body' in nature. A further important property 

of a plasma in CTE is that all the plasma particles exist 

at the same temperature so that a single plasma temperature 

may be defined which corresponds to the same temperature. 

Clearly in many dense plasmas where many electron-atom 

collisions occur the tendency is towards such a thermodynamic 

equilibrium. However where radiative mechanisms become 

comparable to or dominate over the collision mechanisms 

account needs to be taken of such effects through a coupling 

of the appropriate terms in the governing rate equations 

(Griem, 1964). This coupling complicates any subsequent 

equilibrium relations. Fortunately, most high pressure 

arc plasmas are collision dominated and in the case of low 

current arcs the plasma is generally optically thin. However, 

the existence of CTE is rarely experienced in many laboratory 

plasmas let alone in a circuit breaker arc. Thus it is 

convenient to identify regions of a plasma which may have 

the same properties as a CTE plasma. A plasma with such 

localised regions in which thermodynamic properties persist 

is said to be in local thermodynamic equilibrium. 

The concept of LTE may be applied to a circuit breaker 

arc whereby certain key regions of the arc plasma can be 

tested for LTE and the LTE equations applied. The nozzle 

throat of the circuit breaker is such a key region since the 

photographic results of chapter 6 have already shown it to 

be a region in which the arc is sensitive to changes in 

operating conditions etc. 
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The equations to determine the electron (plasma) 

temperature and density can thus be applied initiall«, 

assuming LTE and the existence of LTE itself is later 

confirmed using established criteria. 

The first formulation which is necessary is one whereby 

the plasma temperature can be calculated from spectro- 

scopically measurable values. 

The absolute intensity of the radiation from a spectral 

line from an 'optically thin' plasma (a concept that is 

dealt with later in this chapter) is described by 

Imn =1 Amngm N(T) he 1 Exp -EM 
47r 

_1mn 
Z (T) 1: T -7.1 

where, 

the subscripts m and n refer to two bound energy levels 

Amn = transition probability for m to n transition 

N(T) = species density 

h= Planck's constant 

c= velocity of light 

"imn = wavelength 

Z(T) = Partition function 

gm = statistical weight of the upper energy level- 

Em = Energy of bound level m (upper level) 

K= Boltzmann's constant 

T= temperature 

Clearly it is possible to calculate temperature from 
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equation 7.1 from a knowledge of the atomic data and the 

absolute line intensity Imn. However it is difficult to 

measure the absolute line intensity in practice since 

source and optical system geometry as well as absolute 

instrument detection threshold are factors which need to 

be taken into account. It is more reliable to calcula4t-e 

the temperature from intensity ratio of two lines. Further- 

more, if the intensity ratio of two spectral lines emitted 

by the same atomic species is used then the temperature 

dependent variables N(T) and Z(T) in equation 7.1 may be 

also eliminated. 

The ratio of two such spectral lines is given by 

Imnl 
_ 

Amngm 
1 

Imn1 Exp Em'-Em 
I mit Amnrgm A mit KT 

-7 .2 

Thus if the intensities of two spectral lines of the 

same atomic species are known then with a knowledge of the 

relevant atomic data the temperature of the nlasma may be 

calculated. It is clear from equation 7.2 that in order to 

establish the temperature in such a manner spectral lines 

must be chosen whose upper energy level value (Em) must be 

different. If this condition is not satisfied then Imn and 

Imnl differ only by a constant factor so that their ratio 

is independent of temperature. However this fact may be 

used for assessing the optical depth of the plasma as 

considered below. 

A program was developed to calculate the plasma 

temperature from the measured line intensity ratio and atomic 
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data for a hair of spectral lines (details in annendix 2) 

The relevant atomic data for Cu I (Amn, Em, qm) was 

obtained from Koch and Richter (1968). Thus the 7ilasma 

temperature could be determined from the internretation 

of raw spectral data to which formulae for plasmas in LTE 

have been applied. The temperatures derived in this manner 

need to be further assessed in terms of source and system 

geometry etc. in order to obtain radially resolved arc 

temperature profiles. This latter interpretive exercise 

is not related to fundamental spectroscopic theory and 

so is considered later. 

Another parameter of importance in the present investi- 

qation is the electron density. The electron density of 

the arc was determined from the broadening of the spectral 

lines due to increases in the electrostatic forces due 

in turn to an increased electron density. The broadening 

of spectral lines can be caused by several processes which 

include pressure and doppler effects. However in the case 

of a collision dominated high pressure arc plasma as is 

the case in the present work, the principal broadening 

mechanism is Stark broadening. The theoretical description 

of other broadening mechanisms can be found in the literature 

(e. g. Griem, 1974) and their relative importance in a similar 

arc plasma has been reviewed by Ai. rey (1977). Another 

broadening mechanism which needs to be considered is that 

associated with the measuring instrument (instrument 

broadening). The slit width of the monochromator was 

maintained at 28.51im for the entire investigation of the 
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present work resulted in an instrument broadening of 

0.03nm. This value was obtained from the calibration 

of the same instrument (Ibuki, 1978) which is shown in 

appendix 7. 

The broadening of the spectral line due to the Stark 

effect is given b's' Griem (1964) as 

IWTOTAL [1 + 1.75x(1-O. 75r)] w 7.3 

where 

W-%T TOTAL 
is the total half width due to Stark broadening 

TV is the electron impact width in angular frenuencies 

r is a correlation parameter defined by 

r= mean distance between ions 
Dehve radius 

= 61/3 ßl/6 e2 (4 

Tr (OKT) 

N is the number density of perturbing ions (Ne) 

2 
3/4 

w 

Fo is the normal field strength 
2/3 

Fo = 2.61 Ne 
4nr( o 

ca is the Quadratic Stark coefficient 

Jenkins (private communication) has evaluated equation 

7.3 using values of a, r and w calculated by himself for 

different spectral lines of Cu I and a range of Ne and 

temperature values. The results of these calculations 

of selected spectral lines of interest are shown in table 7.1. 
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The first of the two criteria which needs to be 

considered is Mcl^? hirter's criterion (Huddlestone and 

Leonard, 1965). McWhirter defines the collision transition 

rate Tc as: 

Te = ne n X(Te, P, q) 7.4 

where 

ne is the electron density (cm-3) 

n(p) is the population density of enerqy level p 

X(Te, p, q)is the de-excitation coefficient 

Subscripts p and q refer to bound energy levels 

It is further postulated that for radiative decay 

rates to cause less than 10% departures from LTE, the 

collisional rates must be at least an order of magnitude 

greater than the radiative rates. Thus for energy levels 

p and q, 

ne n (p) X (Te, p, q) : 10 n (p) A(p, q) 7.5 

where A(p, q) is the atomic transition probability 

In the case of high temperature plasmas which McWhirter_ 

has defined as including temperatures of the order. 10 4x 

where plasmas are mostly ionic rather than atomic he uses 

the threshold excitation of ions (Seaton, 1962) as 

X(Te, q, p) = 6.5 x 10-4 f(q, p)Exp -X(p, g) 
X(p, q)Te 

,L1 
KTe L 
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where 

X(p, q) = Excitation potential of level n from c7 (eV) 

f(q, p) = absorption oscillator strength 

McWhirter further relates this to the de-excitation 

coefficient by 

X(Te, p, q) = g(q) X'(Teºq, p) Exp [X(p, 
g)J 

g (p) L KTe 

where g(q) and g(p) are statistical weights of levels q and p. 

The equation relating the spontaneous transition 

probability to absorption oscillator strenqth is then 

invoked 

A(p, q) =1 g(q) 
2f (q, n) 

1.5 q(p) 

and the McWhirter criterion becomes 

ne > 1.6 x 1012 (Te) 
2 [xp, 

q] 
3 

7.6 

Equation 7.6 is least likely to be satisfied for X(p, q) 

being equivalent to the largest energy gap in the term 

scheme of the ions Present. This then represents the most 

severe LTE test on the basis of the McWhirter criterion. 

A still more severe test is provided by the Griem 

formulation (Lochte-Holtgreven, Ed. Lochte-Holtgreven, 1.964). 

This is based upon the hypothesis that the collisional 

excitation rate should exceed the radiative decay rate by 

an order of magnitude. An expression is developed for each 
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transition rate, one of which contains Ne, the electron 

density. An inequality is formed on the basis of the 

above hypothesis and the Boltzmann equation is invoked 

to close the set of equations. The final formulation 

becomes 

Ne >- 9x 1017 E2z-l, a KT 
EIL EH 

7.7 

where 

Ne is the electron density (cm-3) 

E2z-l, a is the first excited level (upper resonance 

level (eV) 

EH is the ionization energy (eV) 

The values of E2z-1'a and Ei for Cu I are 3.82eV and 

7.724eV respectively. As an illustrative example, if the 

electron temperature is 10,000K then according to equation 

7.7 Ne must be greater than 3.64 x 1016 for LTE to exist. 

If similar values are inserted into McWhirter's criterion 

(equation 7.6) with X(p, q) = 2.73eV for Cu then N. must 

exceed 3.26 x 1015 cm-3 for LTE existence. Clearly, of 

the two criteria, Griem's (1964) represents the most severe 

test. The two criteria will be applied carefully using 

the results of chapter 6 and discussed further in chapter 8. 

Initial indications are that the LTE criterion of Griem 

(1964) is satisfied by about an order of magnitude accordinq 

to the electron density measurements of chapter 6 (fig. 6.26) 

for a temperature of 10,000K. 
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7.2.2.2 Optical Depth of a Plasma 

As already indicated, it is necessary to establish, 

in addition to the existence of LTE, whether the plasma 

is sufficiently 'optically thin', A plasma is optically 

thin if its radius is sufficiently small so as to cause 

little or no re-absorption of the radiation escaping 

from the central axis by the cooler outer radial regions. 

Thus all the radiation from each individual atom is 

transmitted away from the plasma. 

Three methods of determining whether the current zero 

arc plasma is optically thin are available. 

The first method involves an insnection of the share 

of particular spectral lines. If the plasma departs from 

being optically thin then re-absorption of the radiation 

at a wavelength corresponding to the line centre occurs. 

The effect of this is to give the line an increasingly 

flattened appearance and, in the extreme, self reversal 

occurs whereby the line profile shows a din at the centre 

wavelength. It was beyond the capability of the present 

optical system to detect the Cu I resonance lines (which 

are centred in the u. v. part of the spectrum), so that it 

was not possible to detect whether self reversal occurred 

for these lines. However inspection of the profile of the 

lines centred on 521.8nm (fig. 7.2(a)) shows no indication 

of flattening at the centre wavelengths. The line centred 

on 521.8nm in this case is accompanied by a satellite 

emission centred on 522. Onm (this is a weaker Cu I emission). 
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The second method for testing for optical depth 

involves taking the ratio of two peaks of a multinlot 

(Lochte Holtgreven, in Lochte-Holtgreven, 1968) or a Hair 

of independent lines which share the same upper energy 

level. In the latter case no variation in their ratio 

should occur with temperature change since the term 

1 (Em -Em) in equation 7.2 tends to zero. 

Equation 7.2 thus reduces to 

Imnl = Amngm-AImn 
Imn Amn grl. kmn 

7.8 

If the atomic parameters Amn, qmn are known (theme 

are included on table 7.2 for a number of visible spectr_iil 

lines of Cu I) then a purely theoretical value of the 

intensity ratio can be calculated. If the measured line 

profile is not affected by optical depth and LTI; exi! >t:: -, 

then the measured ratio of two such lines should correspond 

to this theoretical value within the error margins. Ff9. le 

emissions at 521.8nm and 522nm have a common upper energy 

level value (Em in table 7.2). Therefore if these two 

lines can be resolved by the monochromator, an intensity 

ratio can be measured. Since the two lines shown on fig. 7.2(a) 

can be resolved their intensity ratio may be determined. 

This (1521. 8: 1522 
. 0) was measured as 5,5: 1 for the case of 

fig. 7.2(a) when the mean continuum level (the centre dot Lod 

line on fig. 7.2(a)) was used as the reference level. `P}ýe 

intensity ratio according to equation 7.8 and the values 

in table 7.2 is 7.5: 1. This represents an error of about 
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26% between the measured and theoretical values. However 

the errors in the atomic data of table 7.2 are as much 

as 
± 12% (Kock and Richter, 1968) per parameter so that 

the difference between the measured and deduced ratios 

is within the total error (including a 109r, contribution 

from experimental sources). 

The two spectral lines involved in this calculation 

were recorded simultaneously on the same record so that 

shot to shot variations were eliminated. Similar comparisons 

have been made between the 521.8nm line and the 515.3nrn 

line which, however, could not he 

(Lewis et al, 1985(ii)). In this case two records 

corresponding to well matched operating conditions were 

selected. Agreement between measured and theoretical values 

in this case was found to be particularly good. This 

quantitative method has been used to confirm that the arc 

plasma is optically thin during the current zero period of 

a 34KA arc (l57VUs, Sias before current zero) 

Airey (1977) postulated an alternative qu<inti_tative 

approach to optical depth determination. With this method 

the spectral line intensity from a sphere is equated to the 

'black body' radiation from the same sphere at the w<avelen(tth 

of interest. The value of the black body radiation power 

in this case forms the limit at which the spectral line 

radiation would begin to show a flattening at the centre 

wavelength. The two radiation functions (h1_ack body and 

spectral line) were integrated over a volume (black body) 
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and area x wavelength (line emission). Thus the sub- 

sequent equality enables the determination of a value of 

2r (r = radius of sphere) which corresponds to the 

critical optical depth at which self absorption begins to 

occur. 

The black body radiation function is 

-1 

B(. t, T) _5 

HEXPc2 

-1 
Arran 

C 

tmnT 

where, 

\mn is the wavelength (cm) 

T is the electron temperature (K) 

7.9 

Cl, C2 are constants (Pivovonsky and Naqel, 1961) 

Cl = 1.91 x 10-12 W cm2sr-1 

C2 = 1.438 cmK 

The spectral line intensity was defined in equation 

7.1 as 

Imn =1N (T) gmAmn ./ 
he \ Exp r 

-Lm 
4Tr Z (T) Amn 

L KT 

Multiplying equation 7.9 by surface area and 6 mit (the 

wavelength interval of interest gives the total black-body 

radiation escaping from the sphere of radius r, and the 

wavelength concerned. Thus 

B(X. T). 4lrr2 dXrnn = 471r 2 
dXmn 

Xmn 

[ý 
xmn2' 

7.10 
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rtultinlving enuation 7.1 by the volume of the 

sphere of radius r gives 

Imn ßr"N (T) gmAmn plc )ý, xrý -Em 
4 

ßr3 
43 

73 Z (T) 
C 

n/ KT 

7 . 11 

Thus when the expressions for radiation power of 

equation 7.10 and 7.11 are equated a value of r is obtained 

which when multiplied by 2 represents the o, )tical depth at 

which self absorption effects begin to occur i. e. 

2r _ 

(T) mit 

()j 

(Exn( 

l 
C2 

T) -1) 

Nz (T) Amn qm A Emn E x?: - Em 7.1,? 
KT 

Ehere AEmn = he 
Xmit 

and h is in Js if Cl is in WCm2 s 
r-1 

The value of the partition function Z(T) was obtained 

from Drawin and ielenbok (1965) in the temnerature range 

6,000 to 12,000K. The population density of Cu 1, N7(`T') 

was obtained from unpublished data of Kinsinger (11ire«, 

private comm. ) for a 10% Cu : 90% SF6 plasma mixture. The 

value of 2r was then calculated from eciuation 7.12 For soma 

of the Cu I diagnostic lines over a temperature ranee 6,0)(0 

to 12,000K and is shown on fig. 7.2(b). The -, )ro(jr, -im for 

this calculation is listed in an-)endix 2. For examnle, the 

line at 515 . 3nm at a temperature of q , 000K vields a v<1l. ue 



- 18' - 

of 2.45mm. For the temperature 'rofiles of figs. 1.25(ii) 

and (iii) the 6,000K isotherm lies within the boundary 

described b-7 2r in this case. Furthermore since no self 

absorption effects are evident in the line profiles from 

which the temperature profiles of f_iq. 6.25 were calculated 

then any cooler Cu I species at a radius arnater than r 

must have little or no self absorption effect. Thus the 

concentration of Cu I in these regions must be low. Although 

in the case of the temperature profile for the lower (Ii /dt 

case (fig. 6.25(i)) the 6,000K isotherm diameter exceeds 

2r the spectral lines again showed no indication of self 

absorption effects. 

Airey's (1977) method of optical depth determination 

provides the most severe test for optical thickness in 

the plasma since it renresents the conditions under which 

self absorption may first be observed. 

In summary, three tests have been developed which allow 

the ontical depth of the plasma to be determined. Various 

deqrees of severity Were evident for the different rnetho d 

but comparison with the temperature nrofiles and the spect:. r-il 

data of chanter 6 have shown the current zero arc niasma 

to he generally onticallý. v thin. One result from chanter 0 

failed the most severe test (Airey's method, 1977) but no 

evidence of self absorption was present in the spectral line 

shapes even in this case. Consequently it is considered 

that the arc plasma may he considered to be ontically thin. 
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7.3 The Evaluation of Radial Temperature Profiles from Line 
of Siqht Considerations 

Although methods for determining temperature and 

electron density have been established, the ontical thick- 

ness of the arc plasma has been determined and the existence 

of LTE established it still remains to provide radial 

resolution of the arc plasma temperatures. 

Since t; e arc plasma column is essentially a 

cylindrical source the recorded spectrum needs to be 

corrected for its line of sight nature. A standard tech- 

nique for making such a correction is the Abel inversion 

(Lochte-Holtgreven in Lochte Holtgreven, nn. 184,1968). 

Fig. 7.3(a) represents the cross-section of a cylindri_caal_ 

arc source. The received intensity profile at a given 

displacement on the y axis from the centre (fig. 7.3(a)) 

will be due to emissions from a number of microscopic 

sources along the line of sight such as AA' in f i<q .7.3 (a) . 

in order to derive a true radial intensity profile (ai 1 onq 

the y axis of f_ig. 7.3(a)) it is necessary to be able to 

analyse a continuous received radial intensity profile. 

Such a received profile was available in the Form of the 

measured photographic intensity profiles. Fiq. 7.3(b) 

represents such a measured profile when an interference_ 

filter centred on a wavelength of 521.8nm was used (this 

was of wide enough bandwi-Ith to include the whole Cu I line 

emission centred on X= 521.8nm). 

The received intensity Drofile was subjected to the 
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above mentioned Abel inversion for which it was assumed 

that the cylinder (or its cross-section) could he sub- 

divided into 5 concentric shells (or rings). Lines of 

sight were drawn (such as AA1 in fig. 7.3(a)) at five equi- 

spaced radial positions for the received intensity' nrofile 

of fig. 7.3(b) which corresponded to the radius of the 

innermost shell with the innermost line of sight being at 

a 'y' displacement of rl/2 (fig. 7.3(a)). Also shown on 

fig. 7.3(b) is the Abel inverted intensity profile derived 

from the measured (or received) intensity profile discussed 

above. The computer program relating to the method of 

calculation of the inverted profile ('TBFL') is described 

in appendix 2. The Abel inverted profile of fi_g. 7.3(h) 

corresponds closely to a parabolic shape. This profile is 

referred to hereafter as the emissivity profile and forms 

the basis for the interpretation of the radially resolvecd 

arc spectra (from which the radial temperature profiles 

are determined. 

In chapter 4 the mode of operation of the OSA which 

resulted in radially resolved arc spectra was discussed. 

This radial resolution corresponds to a splittinq of the 

arc diameter into 5 viewing strips of equal width (i. e. 

radial dimension). Five strips across the diameter would 

give insufficient resolution to perform a proper Abel 

inversion for obtaining an emissivity profile directly. 

Also since these viewing strips are fixed with respect to 

the nozzle central axis small radial arc movements could 
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further complicate such a direct interpretation so 

resulting in major errors. 

A more convenient and more accurate method of 

obtaining the temperature profile could be implemented 

if the emissivity profile was known and the inverse of 

the Abel inversion performed in order to predict the 

received line intensity. This method would be particularly 

attractive in the case where two spectral lines are captured 

simultaneously which is the case in the spectra of 

fig. 6.24(a) in chanter 6. The emissivity profile obtained 

by the Abel inversion of the photographic intensity profile 

shown on fig. 7.3(b) was centred on X= 521.8nm for the Cu T 

line. The two lines on fig. 6.24(a) are centred on 510.5nm 

and 515.3nm. The theoretical line intensity variation with 

temperature for each of the above mentioned spectral lines 

calculated from equation 7.1 is shown on fig. 7.4. It is 

clear from fig. 7.4 that throughout the temperature range 

6,000K to 12,000K the intensity values of the 521.8nm and 

515.3nm emissions differ only by a constant factor. Con- 

sequently the ratio of intensities of the two lines will 

remain constant within this region and he independent. of 

temperature. In other words these two lines cannot he used 

to derive a radial temperature profile on account of their 

identical temperature variation dependence. Consequently 

the radial emissivitv profile of the 515.3nm spectral line 

intensity is identical in shape to that of the 521.8nm case 

(fig. 7.3(b)). Also shown on fig. 7.3(b) is a theoretical 
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parabolic distribution for comparison. 

With the known parabolic emissivity profile of the 

515.3nm line the arc was divided into three concentric 

rings with the outermost ring forming the 6,000K boundary 

as shown on fig. 7.5. Also shown on fig. 7.5 are the 5 

lines of view along which the arc diameter is observed by 

the optical spectrum analyser. The situation for an arc 

diameter of 6mm is shown although the same would apply to 

any arc diameter. It is of significance however that, 

regardless of this diameter, the width of the viewing strips 

remains constant. In the case of f_iq. 7.5 areas are 

produced by the intersection of the rings with the lines 

of view. The area enclosed by two rings represents an ar_el-i 

of homogeneous emissivity. This is r_enresentative of an 

average value of emissivity over the radius interval in 

question. Also shown on fig. 7.5 is a typical are emissivity 

profile (shown in arbitrar'ý units). 

It is possible for the emissivity profile extent (radius) 

to change with changing arc radius as well as the position 

of the profile centre with respect to the fixed line of 

sight due to arc movement. 

A program has been developed which predicts the effect 

of the above changes on the recorded intensity. Tn this 

program the areas described above are calculated accordin<f 

to a given arc radius and displacement from the central 

viewing axis. The recorded intensities are calculated 
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according to a similar fixed emissivity nrofile of the 

arc column to that described above. Thus a number of 

predicted recorded intensities are generated for a single 

arc emissivity profile (515.3nm line) which correspond to 

different arc radii and displacement from the central axis. 

These recorded intensities are in the form of radially 

resolved histograms and the program which calculates these 

is called 'IDISP2' and is described in detail in appendix 2. 

The radially resolved arc spectra centred at the 515.3nm 

wavelength captured by the OSA are normalised to the largest 

line intensity value and an experimentally measured radial 

histogram is obtained. The experimentally obtained histogram 

is then compared with the family of histograms calculated 

by the above method. A best fit of the experimental. data 

is then obtained which enables the radial shift of the arc 

axis and the arc radius to be determined. The method disc) 

enables assymetry about the central axis to he i ncorporait_ed 

in the calculations. For instance parabolas of different 

radii on opposite sides of a common central. axis may occur 

in some cases. 

The experimental data of chanter 6 often included not 

only the line emission at 515.3nm but also the 5LO. 5nnu 

spectral peak on the same record. The temperature variations 

of the intensity of these lines calculated from equation 7.1 

is shown in fig. 7.4. It is clear from this f. icture that 

the temperature variation for the 510.5nm spectral line 

intensity is different from that of the 515.3nm line. 't'hus 
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for a given temperature profile a unique emissivity 

profile will exist for the 510.5nm line. 

El Kholy (unpublished) has calculated a series of 

similar intensity histograms for different axis temperature 

values and further normalised these intensity histograms 

to the corresponding histogram for the 515.3nm line for a 

given arc shift and radius. Comparison of the experimentally 

derived 510.5nm histogram with the above calculation of 

El Kholy's enables the full continuous temperature n)r_o-o ile 

to be determined. This was the procedure used in chapter 6 

to determine the temperature profiles of fig. 6.25. 

Thus a method has been developed whereby the raw 

spectral data captured by the OSA 500 can he subjected to 

computational analysis and converted to a continuous rac3: ia1 

temperature profile. 

7.4 Summary 

Formulae have been developed from which the current 

zero arc temperature and electron density can be determined 

from the relative intensities of two spectral lines and 

spectral line widths. Also two criteria have been dis- 

cussed from which the existence of LTE conditions in the 

plasma can be investigated using the values of electron 

density and temperature presented in chapter 6. Initial 

indications have shown that LTE does exist near the nozzle 

throat during the current zero period of the circuit breaker 

arc of the present investigation. 
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A further investigation has also been conducted 

into the optical thickness of the arc plasma. Three 

criteria for the optical depth determination have been 

discussed. These have been used in conjunction with the 

results of chapter 6 to confirm that the arc plasma near 

current zero is generally optically thin. 

A method has also been developed which utilises the 

radially resolved spectral data of chapter 6 and the 

photographically measured Cu I line intensity profile (fi(J. 

7.3(b)) in conjunction with some of the background theory 

above to calculate a continuous radial temperature profile. 

Having obtained a method for calculatinq the temperature 

profile of the arc column it is equally important to make 

use of the temperature profiles by application to the (energy 

equation of the current zero arc column. 

7.5 Theoretical Consideration of the Current Zero Fner 
Conservation 

7.5.1 Introduction 

This section is concerned with the development of 

theoretical arc formulae which are applied to the results 

of chapter 6, the implications of which are discussed in 

chapter 8. 

The section deals initially with a brief discussion 

of the development of the terms in the dynamic current zero 

energy conservation equation a'Xnliec' to the arc core. 
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Attention is then given to the development of the shape 

factors of the integral analysis of Chan et al (1.976). 

Particular attention is also given to important arc time 

constants. An equation relating the Mavr arc time constant 

to the luminous area and the local arc conductivity is 

developed. An alternative means of evaluating the thermal 

time constant is also considered which is derived from the 

terms of the current zero energy conservation. 

7.5.2 Definition of the Energy Conservation Terms 

In their paper on the formulation of integral methods 

for analysing arcs, Chan et al (1976) derived an expression 

for the energy conservation of the arc core. They applied 

the boundary layer assumptions to the core energy equation, 

which included radial diffusive transport terms 

radiation and heat conduction). By substituting for the 

mass flow rate crossing the arc boundary (which was derived 

from the mass flow continuity equation) into the above core 

energy equation and then introducing the energy equation 

for the external flow, the authors were able to wri. t: e the 

complete energy equation for the arc core (equation 5 in 

this reference). For the boundary laver analysis applied 

in this case, the author is able to set nT = p,,, (w"e", p1 

is the pressure at the core boundary, p,,, the cold flow 

pressure) i. e. pressure balance is assumed. 

The core energy equation of Chan et al (19761) can u 

written in the following form: 
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Electrical Power Rate Of Radial Heat Axial Heat 
Input to the + Decay Of The = Conduction + Convection 
Core Stored Energy Infrom the from the 

The Core Coro Core 

+ Nett Power loss due to 
Radiation Loss from the, 
Core 

+ Radial Heat Convection 
From The Core 

7.13 
Equation 7.13 corresponds to 

r rarc arc 

Ei +df (r) ,h (r). 27rrdr = 
f-: 

lý D Kr(3T 1 2irrclr 
dt ar r/ 

00 

r 
arc 

+ h(r), C) 211rdr + 

0 

- Mehl 
7. ]4 

for which the following assumptions have been made: 

1. The enthalpy at the core edge is much greater than 
the snuare of the local axial flow velocity. Thus 

>» W2 hrarc 
rarc 

2.. Radial pressure balance exists. 

3. The radial heat conduction occurs according to the 
Fourier Law. 

4. The work done against shear stress is discarded. 

Thus with a knowledge of the temnerature profile the 
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terms in equation 7.13 can be individually evaluated 

(except for QR). A full discussion of the quantitative 

aspects of the core energy balance during the current zero 

period is presented in chapter 8. 

Chan et al (1976) further introduce core areas which 

correspond to integrals which in turn correspond to nhvsical 

processes e. g. momentum, Kinetic enerqy. These integrals 

were first introduced in the initial work on integral methods 

for the overall arc equations (Cowley, 1974). The integrals 

for the conductance of the arc column are as follows: 

(i) Overall conductance 
00 

0C =( ýr r) 
) 2Trrdr 7.15 

(ii) Core conductance 
rc 

S5c = ir(r)) 2'rirdr 7.10 

(T(r) is the local electrical conductivity and (T* is a 

characteristic value which is arbitrarily chosen. 

Cowley (1974) and Chan et al (1976) further referred 

these values to the thermal areas which are de! ". ine<3 

as: 

(i) Overall thermal 
(DO 

ýý _ 
(1 

- ýý (r) 
1 

27rrdr 7.1.7 

0 
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(ii) Core thermal 
r 

arc 

0(S _ 
0 

Cl - I'(r)) 2Trrdr 
/ýC 

7.18 

where /)(r) is the local qas density /n the value in the 

surrounding flow and pc the value at the core euere . 

The ratios of the conductance areas to the corr_esnondinq 

thermal areas were then used to define the overall dncl 

core conductance shape factors as 

he = 2c - overall 7.19 
6-6 

ýC 
06 - core 7.20 

Using the results of chanter 6 the variation of these 

overall share factors for the cases of low and hi_gll `1 ý/dt 

are investigated in chapter 8 using a universal correlat:. ioýn 

parameter. 

The thermal time constant of a circuit breaker are 

close to current zero should provide useful information t_o 

the circuit breaker designer. For commercial circuit breakers 

it is desirable to have these time constants as small as 

possible. One such time constant which may be conveniently 

evaluated is the Mayr time constant. This is derived from 

the Mayr equation which was reviewed in chapter 2. Lee 

(1975) describes a method by which the Mayr time constant 

can be evaluated from a plot of 
G dG 

versus V. I where 
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G is the instantaneous arc conductance. The Ma«r equation 

is 

1 dG 1 vI-1 7.21 
cý dt T No 

where, 

G is the instantaneous conductance 
T is the Mayr time constant 
I is the instantaneous current 
'1 is the instantaneous arc voltage 
No is the rate of loss of energy per unit length 

The intercepts to the tangent to the characteristic 

on the G 
ät 

axis corresponds to the reciprocal of the 

Mayr time constant, T, for that instant. Taylor et al 

(1982) have evaluated this time constant using their 

measurement of arc current and voltage during the current- 

zero period. It is also possible to estimate the Mavr time 

constant using values of area and conductivity which can 

be derived from the arc photographs and temperature profile!; 

of chapter 6. 

If an average value of temperature is considered to 

represent the radial variation in temperature then d 

corresponding value of conductivity can be allocated to 

this temperature according to fig. 7.6. I' iq .7.6(, 1) shows 

the values of electrical conductivity for a temperature 

range between 7,000K and 10,000K according to the cal- 

culations of various authors. Clearly the conductivity 

values for a pure copper plasma (Shayler and Fang, 1976) 

and those corresponding to a pure SFf Plasma (Frost and 
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Liebermann, 1971) converge near the lower end of the 

temperature range, whereas good agreement with the cal- 

culations of Kinsinger (unpublished) only occurs in the 

high temperature range. Clearly if the time constants 

are to be evaluated for instants close to current zero 

then it is the lower end of the temperature range that is 

of interest. Fig. 7.6(b) shows the variation of the 

electrical conductivity in the range 5,000K to 7,000K 

according to Shayler and Fang (1976) (pure Cu nlasma) and 

Frost and Liebermann (1971) (pure SF6 plasma). 

Equation 7.21 can be written in terms of the electrical 

conductivity, (r , and the area, A, as 

1. dG 1d (u A) =1 Abu + ')A 7.22 
G at (f A at 

ýr A ý3 t -15-t- 

Thus the term 
1 ät 

can be evaluated using the arc 

photographs and temperature rrofiles of chanter F,. This 

method is applied and discussed in chapter 8 for different 

times before current zero and different dl/dt 
values. 

Another time constant which can be evaluated durinq 

the current zero period arises from a comparison of the 

instantaneous stored energy and the total power loss per 

unit length. It is assumed that the total power loss rem<ii_ns 

constant during the current zero oeriod, then the ratio of 

the instantaneous stored energy to the power loss at a (given 

instant with EI (the electrical power input) set to zero 

represents the decay time to affect complete recovery. it 
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is unlikely that the power loss remains constant throughout 

the current zero period, a fact which is bourne out in 

the energy balance discussion of chanter 8 but such an 

evaluation does provide the lower limit for the thermal 

time constant. 

Again the results of chapter 6 are used in chapter 8 

to evaluate the latter time constant and a comparison is 

made with the Mayr time constant. 

7.5.3 Summary 

Equations have been developed which can he used to 

evaluate the current zero energy conservation and the 

electrical conductance shape factor of the integral analysis 

formulations of Cowley (1974) and Chan et al (1976). 'Pwo 

means of identifying the arc thermal time constant during 

the current zero period have also been described. All the 

above formulations allow the corresponding arc narameters 

to be evaluated using the arc photographs and temperature 

profiles of chapter 6. 

1.6 Chapter Summary 

The work presented in this chapter has dealt with many 

of the theoretical aspects of plasma spectroscopy and the 

formulation of the integral analysis as applied to a real. 

circuit breaker in practice. 

Formulae have been developed in the section on plasma 

spectroscopy which allow the electron temnerature and density 
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to be calculated for a plasma in LTE. Also two criteria 

developed to test for the existence of LTE were discussed. 

In addition to this the concept of optical depth of 

a plasma was introduced and the optical 'thickness' of 

the present circuit breaker arc was tested using three 

independent criteria. In almost every case the plasma 

was found to be optically thin. This implies that no self 

absorption of the visible spectral lines occurs which would 

invalidate the calculations of electron temperature and 

density. 

The method of calculation of the arc temperature profile 

was described which enables continuous arc temperature 

profiles to be derived from the radially resolved spectral 

data of chanter 6. 

The basic formulations of the integral analysis 

(Cowley, 1974 and Chan et al, 1976) have been introduced 

and used to formulate a dynamic core energy balance for the 

current zero period. The form of the energy balance is 

such that the results of chapter 6 can be used to investigate 

the influences of individual energy transport terms upon the 

current zero arc column. 

The Mayr time constant has been defined in such a way 

that the results of chapter 6 can be used directly for its 

evaluation. Another thermal time constant has also been 

defined which can be evaluated using energy terms already 

defined in the energy conservation equation. 
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CHAPTER 8 

CURRENT ZERO PHENOMENA AND THEIR INFLUENCE 
ON ARC COLUMN PROPERTIES AND STRUCTURE 

8.1 Introduction 

The experimental results presented in chapter 6 fell 

into two major categories, namely photographic and spectro- 

scopic. It is the aim of this chapter to provide a 

quantitative insight into the processes governing arc 

thermal reignition. That aim may only be achieved through 

careful analysis of the results of chapter 6 in conjunction 

with the theoretical arc considerations dealt with in 

chapter 7. Furthermore, in order to gain an overall 

knowledge of the thermal behaviour of the arc column near 

current zero, it is necessary to invoke results from both 

the major categories stated above as well as some theoretical 

considerations. Therefore in this-chapter no attempt is 

made to identify these categories, the photographic and 

spectroscopic information of chapter 6 being often used 

simultaneously. However, it is convenient to divide the 

thermal arc processes into those occurring before and after 

the current zero instant so that these two time intervals 

may be dealt with independently. Subsequently individual 

descriptions of the processes governing arc extinction are 

combined in an overall empirical relationship which predicts 

the performance of a circuit breaker. 
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8.2 The Arc During the Pre Current Zero Period 

8.2.1 The Appearance of the Arc Column 

The physical appearance of the photographic image 

of the arc column during the current zero period gives 

an important insight into which energy transfer processes 

may dominate at different axial locations. 

It was established in chapter 6 that in the case of 

both reduced and full power arcing, although the luminous 

arc diameter exhibited some oscillatory characteristics, 

no arc column splitting or swirling was evident (particularly 

upstream of and near the nozzle throat). Arc column splitting 

probably indicates turbulent flow conditions. The arc 

photographs of chapter 6 also indicated that the arc column 

downstream of the nozzle throat was generally more diffuse 

in nature than the upstream column during the current zero 

period for both full and reduced power arcing conditions. 

It is therefore clear that upstream of and in the nozzle 

throat vicinity the arc appears to be surrounded by laminar 

flow conditions whereas further downstream turbulent con- 

ditions may exist in some cases. 

it is of importance that no are splitting or prominent 

turbulent effects are in evidence at the localities at which 

the. arc temperature profile is measured so that energy flow 

calculations may be applied radially and axially without 

complication and complies with the boundary layer approx- 

imations described in chapter 7. Also the continuous nature 

of the radial arc intensity profile allows the above mentioned 

Iý: 
_ 
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boundary layer formulations to be applied to the dynamic 

arc equations. 

The oscillations observed in the arc diameter are 

similar to those observed at higher currents (Walmsley et al 

1978(111)) which were due to plasma aerodynamic and magnetic 

pumping effects. However the current level during the current 

zero period is too low to produce oscillations of that nature 

but also the frequency was somewhat less than in the present 

investigation. Another explanation for this phenomenon is 

that molten copper is ejected from the electrode and propagates 

axially through the plasma as a pulsation. These pulsations 

interact with the surrounding flow to maintain the oscillations. 

This type of oscillation has also been observed at higher 

current values (Walmsley et al, 1978(111)). 

in chapter 6 photographic results were presented which 

recorded with a Cu I line filter LXc = 521.8nm) included in 

the optical system. It was also stated in chapter 6 that 

such records were representative of a true arc luminous 

diameter. Careful examination of fig. 6.24(b)(ii) shows that 

significant radiation (enough to give rise to a spectral 

peak) was detected at 4 if not 5 of the radial viewing 

locations. Comparison between the area derived from this 

case (17.5A/us) and one photographically measured under 

similar operating conditions (15A/us) e. g. fig. 6.14(b) show 

a close correspondence of photographic luminous area (about 
2 151M in this case). Therefore the use of a copper line 

filter record to describe the arc column appearance is justified 
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provided similar exposure conditions are used. This was 

the case in this investigation. The importance of justify- 

ing this hypothesis is realised in the fact that it was a 

copper line filter record which provided the experimental 

evidence for the basis of the Abel inversion calculation 

of chapter 7 (which in turn allowed the continuous intensity 

profile at this wavelength to be identified as parabolic). 

8.2.2 Behavioural Trends of the Arc on the Approach to Current Zero 

Important trends in the current zero arc behaviour 

have emerged from the photographic and spectroscopic investi- 

gations of chapter 6. 

Firstly, it is evident from chapter 6 (sections 6.1.2(iv) 

and 6.1.3(iv) that no apparent effect due to nozzle material 

exists upon the upstream current zero arc column diameter 

and luminous intensity in the case of both full and reduced 

power arcing. This result is of particular interest in the 

latter case since it seems to suggest that effects due to 

nozzle material entrainment into the arc column have ceased 

to exist before the current zero period at that upstream 

region. The performance data of Taylor et al (1982) suggests 

that there is a difference in circuit breaker performance 

between the two nozzle materials. However the same authors 

have identified this to be an effect solely associated with 

ablation processes which occur during the peak current period. 

Indeed the conductance measurement of the same authors show 

differences at the higher peak current between the two nozzle 

materials but in each case the subsequent conductance decay 
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towards current zero are similar. Thus no differences in 

upstream arc column properties are anticipated beyond the 

statistical shot to shot variations which the results 

mentioned above indicate. However, some subtle differences 

were detected in the arc column further downstream of the 

nozzle throat (slots 4 and 5). In some cases (fig. 6.12(b), 

6.16(b)) some luminous areas were detected when a copper 

nozzle was used and although much less intense than the 

upstream luminosities they were not visible in the case of 

a PTFE nozzle. The source of the downstream luminous areas 

could be luminous copper particles initially trapped upstream 

by the existing backflow (Taylor et al, 1982) where they 

were heated before being released downstream by the relief 

from nozzle blocking. As stated previously, the regions 

further downstream of the nozzle throat are occupied by 

turbulent flow conditions. Thus some particles released 

in this manner could be caught in the turbulence. Of course, 

the same applies for PTFE but the spectral radiation produced 

by PTFE arcing products is several orders of magnitude 

less intense than copper for temperatures lower than 10,000K. 

Thus the PTFE particles are not expected to be luminous. 

However the appearance of the luminous material down- 

stream is not necessarily accompanied by changes in the arc 

diameter or luminous intensity in the upstream regions close 
zero 

to current. It is shown later in this chapter that changes 

which occur in the arc column in the upstream regions and in 

particular near the nozzle throat play a more dominant role 

in determining arc extinction/reignition. 
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The oscillations in luminous arc diameter commented 

on above are superimposed upon more general trends of 

diameter and luminous intensity decay variations. Two 
" 

common forms of arc column collapse are evident. Fig. 8.1 

shows the arc intensity, area and radially averaged temperature 

for slots 2 and 3 for 2 different di/dt 
cases under full 

power arcing and a selected (high) value of 
di/dt in the 

reduced power case (slot 2 area shown only) for comparison. 

In the low di/dt 
case (fig. 8.1(1)) the tendency is for a 

linear area decay with the more gradual decay occurring at 

slot 3. The intensity collapses at slots 2 and 3 in fig. 8.1 

(i) are somewhat deceptive in that some general masking of 

the light has occurred in this case. The effect has been 

to prematurely reduce the axis intensity at slot 2 so that 

as the material moves further downstream, the intensities 

at slot 3 have similarly been curtailed which would otherwise 

show a gradual decay towards zero throughout the current 

zero period. This is reinforced by the fact that a luminous 

diameter was detected and measured in this case (at slots 

2 and 3) but the intensity was so low that a reliable optical 

density measurement was impossible (on the microphotometer). 

Further evidence of the gradual diameter decay at slots 2 

and 3 at similar 
di/dt levels is visible in fig. 6.16(a) 

for both copper and PTFE nozzles. 

Also shown on fig. 8.1(1) is the radially averaged 

temperature decay during the current zero period of an arc 

,,,, subject to similar operating conditions to the one selected 
for the area and intensity variation, it is seen here that 
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the radially averaged arc temperature fluctuates about a 

mean value of about 8,000K up to 3us before current zero. 

Temperatures closer to current zero than this instant could 

not be measured in the conventional manner (comparison of 

two line intensities, chapter 7) owing to a lack of optical 

intensity from at least one of the spectral lines. Clearly', 

an alternative means of temperature calculation would be 

necessary to evaluate the temperature during this critical 

period. An alternative method was described in Appendix 1 

whereby upper and lower limits of radially averaged temperature 

were derived. This hypothesis was applied to two real cases 

of arcs close to current zero (1.9 and 1.6us before) whose 

spectra are shown on fig. 8.2. The temperatures derived from 

this sample spectrum of fig. Al. l of Appendix 1 was about 

6,000K at the arc column edge. This figure of 6,0ß0K represents 

the minimum arc temperature at which both the 51O. 5nm and the 

515.3nm Cu I spectral lines can be simultaneously detected. 

If a single line at 510.5nm is detected with the 515.3nm 

absent, then according to the temperature/emission character- 

istics of these lines (fig. 7.4) the temperature in such cases 

must be lower than 6,000K. This is the case in fig. 8.2(i) 

and (ii), therefore 6,000K represents the maximum temperature 

in this case. The minimum temperature can be determined from 

a comparison of the intensity of 510.5nm emission with the 

corresponding spectral line of fig. A1.1. This drop in intensity 

corresponds to a decrease in temperature of about 500K. Thus 

the lower limit of the radially averaged temperature of the 

arc-°where the single 510-. Snm line is detected, lies at about 
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5,500K. This is shown on fig. 8.1. 

The temperature results of fig. 8.1 indicate a rapid 

collapse of arc temperatures during the final two or three 

microseconds prior to current zero for both di/dt 
values 

shown. However differences exist in the temperature trends 

for the two di/dt 
values: 

(i) In the low di/dt 
case temperatures fall from a 

quasi steady value of about 8,000K to a value between 
5,500K and 6,000K within the final 3us before current 
zero. 

(ii) In the high di/dt 
case the temperature decay is from 

a somewhat higher level (about 9,000K) to a value of 
8,000K in the final 2us before current zero. 

The temperature profiles measured during the current 

zero period are shown in chapter 6 (fig. 6.24) for three 

cases of current decay rates. In addition to the observations 

already made in chapter 6 the following comments are note- 

worthy: 

(i) The temperature at the profile centre increases with 
increasing di/dt value. 

(ii) The shape of the temperature profile above the 6,000K 
isotherm is continuous i. e. there is no evidence of 
dips for example. However the profile may not 
necessarily be symmetric about the centre (i. e. the 
line defining the temperature maximum. 

(iii) The radial temperature gradient at 6,000K is particularly I 
steep. For instance in the case of fig. 6.24(11i) it 
has a value of 17,800K/mm. However, owing to the 
assymetry of the profile this may not necessarily be 
equal on opposite sides of the arc., column. 

The above observations regarding the radially averaged 

temperatures and the temperature profiles both have important 

implications on the calculation of arc energy transfer terms 
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during the current zero period as discussed in greater 

detail later in this chapter. 

8.2.3 Behavioural Trends of the Arc Close to Current Zero A. A 
Function of /dt. 

Trends of the current zero radially averaged temp- 

erature (fig. 6.22) at slot 2, the luminous arc areas at all 

slots (fig. 6.17) and the photographic axis intensity at 

slots 2 and 3 coupled with the total radiation loss at slot 

3 (fig. 6.18) with changing 
di/dt 

were all established in 

chapter 6. These trends are summarised on fig. 8.3. 

The results of fig. 8.3(1) show that the arc luminous 

areas at the current zero instant after full power arcing 

follow a different trend to the ones following reduced power 

arcing. In the case of the slot 3 areas (just downstream 

of the nozzle throat) there exists no difference in their 

". magnitudes within the experimental scatter (40% in the case 

of areas) when the current decay rate is less than 20A/us. 

However at higher di/dt 
values this is not the case and the 

current zero areas at this axial station are greater in the 

case of the full power arcs than the reduced power arcs. Thus 

the rate of increase of current zero area just downstream 

of the nozzle throat with 
di/dt is greater in the case of 

full power arcing than reduced power arcing. The trend at 
slot 2 (just upstream of the nozzle throat) is similar to 

that of slot 3 for both full power arcing cases, however the 

absolute magnitudes of the' slot 2'areas are generally higher 
di 'throughout the /dt range in both cases. 
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It is clear from fig. 8.3(1) that at both the axial 

stations investigated the areas for the full power cases 

increase steadily with increasing di/dt 
and that no rapid 

increases in areas occur. 

The intensity and total radiation results of fig. 8.3 

(iii) show a quite different trend. The total radiation 

and luminous intensity results at slot 3 were captured 

simultaneously in the case of both full and reduced power 

arcs. and therefore offer a means by which the two parameters 

can be directly compared. The trends for both quantities 

in the reduced power case show both parameters to rise 

slowly up to a value of about 25A/us above which a more 

rapid increase occurs. In the case of the full power arcs 

the intensity and radiation trends follow a similar pattern. 

However the di/dt 
value at which the more rapid increase 

occurs is about 18 to 20A/ps in this case. Also the 

magnitude of the radiation losses and luminous intensities 

are generally higher for the full power arcs. The increase 

in total radiation loss for the high di/dt 
case (22A/us) 

between reduced and full power cases is more than an order 

of magnitude. 

Also shown on fig. 8.3(11, i) is the luminous intensity 

. at the current zero instant measured at slot 2. In the 

case of. the low power arcs the slot 2 intensities are 

generally higher on the arc axis than slot 3 only by a 

nominal amount (which is more clearly indicated in fig. 6.6(b)) 
However in the case of full power the luminous intensity is 
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generally higher at slot 2 than slot 3 throughout the 

di/dt 
range, being about double the value at a 

di/dt 
of 

22A/us. For 
dl/dt 

values higher than 22A/us the relative 

difference between the slot 2 and 3 intensities (the ratio 

of Islot 2 to Islot 3) decreases. This was a trend also 

reflected in the timewise variation of the respective 

intensities first noted in section 6.13(11) (in chapter 6). 

In this case the intensity variation during the current 

zero period at slot 3 approached that of slot 2 as the 

di/dt 
value increased. These trends are strongly indicative 

of an increasing energy loss by radiation which grows from 

upstream to further downstream as the di/dt 
value is 

increased. 

Fiq. 8.3(1 1) represents the radially averaged temp- 

erature at slot 2 captured within the final 1.6us before 

current zero as a function of 
di/dt. 

The increase in 

temperature over the di/dt 
range in question is less vigorous 

than the intensity changes of fig. 8.3 (iii) over the di/dt 

range in question. However there is a greater increase in 

the radially averaged temperature above a 
di/dt 

value of 

18 to 20A/us. Such changes in temperature can give rise 

to significant changes in arc column properties. For 

instance, a change between 6,000K and 8,000K can cause an 

increase in the electrical conductivity of an SP 6/cu arc 

by a factor 5 (fig. 7.4). Furthermore such increases in 

temperature can cause substantial increases in spectral 

line emission intensities of the predominant Cu I lines 

(fig. 7.4). 
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The arc area, peak intensity and total radiation 

results for the current zero arc column all show significant 

differences between full and reduced power in the range 
di/dt 

>20A/us. These results taken together suggest the 

important result that the different total radiation emission 

between full and reduced arcing conditions is mainly due to 

differences in the emission intensity rather than to geometry 

changes as reflected by arc diameter differences. Con- 

sequently the implication is that the current zero arc 

column properties and radial structure following full power 

arcing differ from those following reduced power arcing at 

high values of 
di/dt. 

The discussion thus far has been qualitative in nature. 

In order to ascertain the effects of influences of the 

operating conditions on the circuit breaker performance as 

well as gaining a greater knowledge of the fundamental 

processes governing arc thermal behaviour a more quantitative 

approach is of course necessary. The following section is 

therefore devoted to a quantitative study of the arc column 

decay processes during the current zero period. 

8.2.4 Quantitative Implications of Results 

(i) Local Thermodynamic Equilibrium (LTE) in the Current 
Zero Arc Column 

In chapter 7, two criteria were established which allowed 

the existence (or not. ) of LTE to be confirmed in the current 

zero arc column. The results of chapter 6 were used to 

evaluate both of these criteria in turn, the implications 
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of which are discussed in this section. 

Firstly, equation 7.6 is a statement of McWhirter's 

criterion: 

Ne > 1.6 x 1012(T)k x3 8.1(a) 

where all the symbols were defined in chapter 7 (and x= X(p, q)) 

Fig. 8.4 shows the variation of the product on the 

right hand side of equation 8.1(a) for the different arcing 

conditions investigated in this thesis. Also shown in 

fig. 8.4 are the values of electron densities obtained 

experimentally from Stark broadening calculations based 

upon the spectroscopic data of chapter 6. The temperature 

value (T) required for the right hand side of equation 8.1(a) 

was taken as the experimentally measured radially averaged 

arc temperature. Using this data it is clear that the 

McWhirter criterion for the existence of LTE is satisfied 

by more than an order of magnitude. Also shown in fig. 8.4 

are values based on a similar calculation but with T equal 

to 6,000K. This calculation was made to test the existence 

of LTE at the 6,000K radial isotherm. In each of the above 

calculations the value of x for a Cu I line is taken as 

2.73eV. 

The second criterion which was discussed in chapter 7 

was Griem's criterion which was stated as follows: 
3.. ý 

Ne >9x 1017 ' 
.E XH ý`: 1(hy ... ý ... 

T 
Xg Xg 



- 215 - 

where all the symbols have been defined in chapter 7 and 

XH and E2 take the values 7.72eV and 3.82eV respectively for 

Cu I. 

A similar calculation to the one for the McWhirter 

criterion was made for each 
di/dt 

case and the results are 

shown on fig. 8.4. These results show that the Griem 

criterion is a more severe test of LTE existence. Despite 

this the same results also show that this criterion is also 

comfortably satisfied (in the worst case by a factor 7). 

Also shown on fig. 8.4 is the calculation according to Griem's 

criterion for the 6,000K isotherm. This also shows that 

LTE also exists for this temperature. 

Thus the two criteria for testing LTE existence derived 

in chapter 7 have been evaluated using the experimental data 

of chapter 6. Comparison with measured values of electron 

density (also from chapter 6) shows that LTE exists in the 

circuit breaker arc throughout the current zero period over 

the whole 
di/dt 

range investigated. Furthermore a comparison 

of the same formulae using a value of temperature of 6,000K 

with the measured electron densities shows that LTE exists 

within the confines of the 6,000K isotherm i. e. the conducting 

radius. However the degree to which LTE is satisfied may not 

be as high in the latter case as is initially apparent. This 

le. because the above values of Ne (measured) are all radially 

averaged and to make acompletely rigorous test the local 

value of Ne should be considered. However although it was 

not, possible to measure , -the radial electron density profile 
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in this case it is unlikely that Ne should be an order of 

magnitude less at the 6,000K isotherm than the radially 

averaged value. Thus it is therefore likely that LTE does 

indeed exist at the 6,000K isotherm radius. 

(ii) Pressure Balance in the Current Zero Arc Column 

In many arc models including the integral analysis or 

boundary layer models of Cowley (1974) and Chan et al (1976) 

radial pressure balance has been assumed i. e. 6P/Sr = 0. 

The results of this investigation provide a means by 

which this assumption can be tested. If the plasma composition 

during the current zero period is assumed to be 90% SF6 : 10% Cu 

as was assumed by Smith et al (1978) then the value of Ne 

measured from Stark broadening calculations (Jenkins private 

comm. ) can be compared with theoretical plasma composition 

data of Kinsinger (unpublished, shown in appendix 5). For 

a pressure of 5 atm, a temperature of 10,000K and 90% SF6 : 

10% Cu mixture the value of electron density (Kinsinger) is 

2.26 x 1017 cm 
3. The corresponding value for a pressure of 

4 atm would be about 2x 1017 cm-3 - The values of Ne 

derived from Stark broadening calculations are shown in 

fig. 8.4. These values lie between 2.3 x 1017 cm -3 and 
3.0 x 1017 cm -3 for most of the current zero period and are 

subject to an overall error of at least 20%. Thus the 

latter Ne values show at least reasonably good agreement 

with the theoretical values for an axis temperature of about 
10,000K. Therefore. a pressure of about 4atm would appear 

to exist in the locality of the are axis at slot 2. When 
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compared with the value of 4atm measured in the cold flow 

and at the same axial location by Taylor (1982) good 

agreement exists between the two. 

Thus radial pressure balance does appear to exist in 

the case of the current zero circuit breaker arc column. 

(iii) Experimental Evaluation of the Thermal Time Constants 

The Mayr time constant (chapter 7) at a given instant 

prior to current zero is the intercept of the 
q ät 

: electrical 

input power characteristic on the g ät 
axis (e. g. Taylor 

et al, 1982). 

In order to determine the term 
g 

ät it was necessary 

to define the conductance g from the measured values of the 

electrical conductivity (a) and the electrical column cross- 

section (A) i. e. assuming a radially averaged 

1 dc 
_1d 

(QA) _1A a' 
+o8A8.2 g dt (aA) dt ctA at atJ 

The following assumptions are required: 

(i) A corresponds to the photographic luminous areas 
measured in chapter 6 and shown in fig, 8.1 for 
different di/dt values. 

(ii) The radial conductance profile integral over the 
conducting arc radius can be replaced by a single 
radially averaged value. in this case the radially 
averaged conductance value was assumed to correspond 
to the radially averaged arc temperature which was also measured in chapter 6 and is shown for different di/dt values in fig. 8.1. 

The radial temperature profile (hence conductivity 
profile) does not alter : 

drastically,, during the current Zero period. This has been shown to be the case on fib. 6.25 of chapter 6. 
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Thus equation 8.2 may be evaluated using electrical 

conductivity values for SF6 (Frost and Liebermann, 1971) 

and the experimental results of chapter 6 which are also 

presented in fig. 8.1. The variation of the quantity 
1d CQA) 

versus electrical power input is shown in (QA) dt 

fig. 8.5(a) for two cases of 
di/dt. 

The corresponding 

calculations of Taylor et al (1982) who obtained the 

conductance directly from the voltage and current are also 

shown in fig. 8.5(a) for comparison. 

The results of fig. 8.5(a) were thus used in the 

determination of the arc time constants as indicated above. 

The time constants are shown on fig. 8.5(b) and (c) for 

times close to current zero. The time constants derived 

in a similar way by Taylor et al (1982) and Briggs (1982) 

are also shown on fig. 8.5(a). 

Close agreement between the present work and these 

other authors is clearly evident for times within )is of 

current zero for both di/dt 
cases. The agreement at 2us 

before current zero between the present work (low di/dt) 

and Taylor et al (1982) is poorer but this can be accounted 

for by experimental errors in both cases. These errors can 

be as much as 40% in the present calculations and a similar 
figure applies to the work of Taylor et al (1982) for times 

so close to current zero. 

The arc time constants evaluated in the present work 

show a dependence upon 
di/dt 

which is greater for the higher 
di /dt case. This was-,, not the'case in the work of Taylor et al 
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(1982) but it was so in the work of Briggs (1982). The 

values of the time constant for different di/dt 
values 

do however converge as current zero is approached. However 

it is anticipated that some difference in the current zero 

values of these constants should exist since the thermal 

performances of the two arc types are different. 

In conclusion it may be stated that: 

(a) The time constants calculated from the present results 
are in agreement with those of other workers for the 
critical period 2us before current zero. 

(b) An increase in the thermal arc time constant is co- 
incident with an increase with di/dt. 

(c) This is also accompanied by a deterioration of the 
same circuit breaker thermal performance which was 
measured by Taylor et al (1982). 

Although the analysis this far has been based upon the 

radially integrated arc properties, a knowledge of the 

detailed temperature profiles (chapter 6) allows the shape 

factors of the integral analysis (chapter 7) to be calculated. 

(iv) The Electrical Conductance Shape Factor 

In chapter 7 of this thesis the concept of boundary 

layer integrals associated with different annular arc regions 

were introduced. These integrals have units of area and 

were thus called characteristic areas. One of these integrals 

is the conductance area, ec. According to the integral 

analysis of Cowley (1974) the conductance area is represented 

by: 

6c = 2ir Q(r) rdr 8.3 
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where a(r) = the local radial electrical conductivity (s/m) 

r= radial position (m) 

v* = the characteristic electrical conductivity (s/m) 

In this thesis the characteristic value of electrical 

conductivity was chosen to be that value corresponding to 

a temperature of 7,000K in SF6 which is equal to 650s/m at 

4atm pressure. This value was chosen on the basis of a 

comparison with other authors who used a similar character- 

istic value in nitrogen. Walmsley et al (1978(11)) gave a 

value of a*= 366s/m for nitrogen. For their working 

pressure this corresponds to a temperature of about 5,500K 

(Shayler and Fang, 1976). The conducting radius for nitrogen 

is defined according to many authors working on both 

theoretical and empirical arc models (e. g. Topham, 1971) as 

being at a radius defined by an isotherm whose value usually 

lies between 4,000K and 5,000K. The value of 5,500K deduced 

from Walmsley et al's (1978(11)) work therefore lies above 

the normal temperature of the conducting boundary. Therefore 

if a similar hypothesis is applied to the present investi- 

gation then a temperature value of 7,000K (the 6,000K isotherm 

represents the conducting radius) seems reasonable. Shimmin 

(private comm. ) has also confirmed the present value of 

to be a reasonable one for SF6. 

All the transport properties of SF6 used in this chapter 

are summarised in table 8.1. 

The conductance area Oc may be evaluated Using the 
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measured temperature profiles (fig. 6.25) and equation 8.3. 

These calculations have been made for di/dt 
values of 

14.2A/us and 21A/us at instants of lops and 7.9ps before 

current zero in the case of full power arcing. For the 

purpose of these calculations the core boundary (Rc) was 

defined as the 6,000K isotherm. Using the above data the 

following values of 8c were obtained 

(i) for di/dt 
= 14.2A/us and at 1OUs before 

current zero 
9c = 26.3mm2 

(ii) for di/dt 
= 21A/us and at 7.6us before 

current zero 
6c = 5.85mm2 

The two values carry only limited significance unless 

referred to another integral to form a shape factor. The 

area chosen for such normalising purposes is usually the 

thermal area which then yields the primary shape factor Sc 

of Chan et al (1974), where: 

s_ 
ec 
ea 8.4 

and ©a =i- r) 2nrdr, 8.5 
pco 

0 

p(r) = local gas density 

p. = cold flow density 

66 = thermal area 

To a first approximation the thermal area may be equated 
to the area which would be obtained fram a shadowgraph 

aenrement es. Unfortunately littl.. = exparimental data for 

this area exists for. Sr ne during, the` current zero period. 
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Some limited theoretical data for temperature profiles 

of arcs down to under 1,000K is given by Mitchell et al, 

1985. However, the operating conditions are somewhat 

different to the ones used in the present investigation. 

Owing to this lack of available data it is only 

possible to make an approximate estimate of the overall 

conductance shape factor. An approximate estimate of the 

lower limit to the shadow area may be made from the 

observation (fig. 6.15(b)) that the luminous column had 

wings at each extremity which extended to radii of about 

6 or 7 mm. This was attributed to weakly emitting hot gas 

or scattering of the arc light into the optical path by 

particles present in these regions. In the analysis of 

the arc photographs to determine the conducting area this 

annular region was discarded. 

However, its presence alone suggests that the local 

gas temperature is sufficient for it to form at least a 

part of the thermal area. The temperature in such a region 

would be typically less than 5,000K causing a very weak 

emission over the whole spectrum. Thus the radius of such 

a region forms the lower limit for a thermal area. 

Work published by Graf et, al (1984) concerning inter- 

ferometric methods to determine the temperature profiles at 

the extremities of SF6 puffer arcs for different arcing 

currents indicates that the radial temperature profile is 

steep sided from ambient up to at least 1,500x, it is 

possible that because of this steep gradient the weakly 

i 
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luminous region may also correspond approximately to the 

shadow area for the present investigations. 

Thus the thermal area may be estimated as 

Os = Tr (6.5) 2= 133mm2 8.6 

giving with equation 8.4: 

_ 
26.3 0.198 8.7 be - 133 

for di/dt 
= 14.2A/us, and 

_ 
5.85 

_ 
0.04 8.8 SC 133 

for di/dt 
= 21A/us 

These values of Sc may be correlated to the results 

of other authors with different operating conditions through 

a universal correlation parameter. Such a parameter is 

the Nusselt number which represents the non-dimensional 

heat loss by conduction across the are core boundary. 

Calculation of this parameter requires a knowledge of the 

temperature gradient at the core boundary which the temp- 

erature profiles of fig. 6.25 provide. The Nusselt number 

is defined as (Walmsley, 1978 (11) ) 

Nu _ 
92 Ke Re dh 

8.9 
K*h Cpc car 

r=Rc 

whore 
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Cp = specific heat capacity (characteristic value) 

K* = thermal conductivity (characteristic value) 

h= specific enthalpy (characteristic value) 

Kc = thermal conductivity (at core edge) 

Cpc = specific heat capacity (at core edge) 

Rc = radius of core edge 

All the above values are given in table 8.1. The 

Nusselt number was then computed using the values of table 

8.1 and 
dh/dr 

r=Rc obtained from the temperature profiles 

of fig. 6.25 for di/dt 
values of 14.2A/us and 21A/us. The 

values obtained were: 

Nu/ät = 14.2A/us = 0.55 

Nu/dt = 21A/us = 1.72 

The values of Sc corresponding to these values of Nu 

are shown in fig. 8.6 and compared with results for other 

operating conditions. 

The low di/dt 
result clearly correlates well with 

previously reported results but not so the higher di/dt 

results. In the case of the high di/dt 
the radial temperature 

profile and thus the electrical conductivity profile was 

narrower with a higher axial value than the. low di/dt 
case. 

To examine the credibility of this difference between 

low and high di/dt 
results further a comparison may be made 

for the core (Ac) rather than overall (6v) shape factors. 

The core shape factors are determined as ratios involving 

S 
a 
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integration not to infinity but rather to the core 

boundary (Chan et al, 1976). 

Thus the core thermal area is defined as 

Rc 
if 

s= 
1- p 27rrdr 8.11 

Pc 
0 

which is analogous to equation 8.5. 

Walmsley et al (1978(1 1)) also defined the equivalent 

shadow area referred to the core as 

Rc 2 os = 27rrdr = iTRc 8.12 

0 

Thus by restricting the integration to the core both 

Oc (equivalent to ec) and 0s may be determined more 

accurately from the present results. Also by making the 

Cowley (1974) approximation that ifs and 08 are equivalent 

the conductance shape factor referred to the core boundary 

is then: 

Ac 2 8.13 Igs 
1Rc 

Equation 8.13 may be evaluated for both low and high 
di/dt 

conditions giving for the low di/dt 
ease (14.2A/us) 

2 6.3 2-1.77p Nut - 4.55 Tr (4.35/2) 

and for the high di/dt 
case (21A/us) 

A= DitT5*85 I(1: 'S/2 )2=2.30j, NU' = 1.72 
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Fig. 8.7 shows these values of Ac plotted against 

the Nusselt number along with other values of Ac obtain.. 

from different arcing conditions (Walmsley and Jones, 

1978(11)). Again a good correlation exists in the low 

di/dt 
case but not so in the high di/dt 

case. However the 

agreement is within the uncertainty of the previously 

determined values. 

(v) The Current Zero Energy Balance 

The dynamic core energy balance of an axially blown 

arc during the current zero period may be written: 

Electrical Power = Losses Due 
- 

Losses Due to + Losses Due 
Input to Thermal Radial Heat to Radiation 

Convection Conduction From Core 
From Core From Core 

+ Power Dissipated by 
Thermally Stored 
Energy Changes in 
the Arc Core 8.14 

In equation 8.14 it is assumed that the following 

energy transfer terms are negligible and can therefore be 

ignored: 

(a) turbulence (b) axial heat conduction 

Both of these energy transport terms are eliminated 

by the Boundary layer approximation (chapter 7) of the 

integral analysis formulations, 

In this section the terms in equation 8.14 are 

individually for the current zero period using the experimental 
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data of chapter 6 and their relative significance 

determined. Each term will be evaluated for the instants 

of lops and 7.9ps before current zero for the di/dt 
values 

of 14.2A/us and 21A/us respectively. In these two cases 

detailed temperature profiles (Fig. 6.25) have already 

been measured. 

The Electrical Power Input 

QE =Ei. = 
Vaarc 

z 

where 

8.15 

i= instantaneous current (A) 

E= overall arc electric field strength (V/m) 

Varc = instantaneous arc voltage (volts) 

az = overall gap length = 100mm 

In this case the value of E is taken as the arc 

voltage divided by the overall gap length. This is 

representative of an average value of E for the whole arc 

column. 

For (di/dt) 

800 
QE 0.1 

For (di/dt) 

7 80 
4E 0.1 

14.2A/us and t= -10us 

(142) = 1.14, x106 W/m 

21A/us and t= -7.9us 

(165.9) = 1.29x10 W/m 6 
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The Change in Thermal E e1-, «-a A- . 1- n v- r1-1 

The rate of dissipation of stored energy in the core 

is defined as 
r 
arc 

fP(r) 
h (r) . 21rrdr QS d 

"at 

0 

where 

p(r) = local radial value of gas density 

h(r) = local radial value of enthalpy 

r= radial position 

8.16 

With a knowledge of the radial temperature profile 

(chapter 6) the integral in equation 8.16 can be evaluated 

for both di/dt 
values in question, for the respective 

times before current zero. 

To evaluate the time derivative term in equation 8.16 

a further assumption must be made. This is that the shape 

of the temperature profile of the luminous arc does not 

change drastically about the instant in question and that 

only the peak temperature and core radius may change. 

This assumption is justified to a large extent by the fact 

that the core shape factors discussed in the previous 

section only changed from 1.77 to 2.30 with a 
di/dt 

variation 
between 14.2k/us and 21A/us. Thus a knowledge of a single 
temperature profile coupled with a timewise variation of 
'Are, temperature and radius would enable the time derivative 

-to-be evaluated. The latter two quantities can be evaluated 
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from the temperature and area variations of fig. 8.1. 

For 
di/dt 

= 14.2A/us and t= -lops. 

The values of P and h for different temperatures at 

a pressure of 4atm were obtained from Frost and Liebermann 

(19-71) and the product p(r) xh (r) xr was computed for 

the radial temperature profile corresponding to this case 

(fig. 6.25(1)). 

Fig. 8.1 shows that up to aus before current zero 

little or no temperature change occurs. Thus the arc area 

is the only remaining variable which can effect the integral 

in equation 8.16 up to 3us before current zero. Therefore 

with a constant radially averaged temperature the P(r) h(r) 

radial profile has at least a nearly constant maximum value 

and a radius which changes with time. The mathematical 

meaning of this is that the radius of integration is altered 

by the change in arc radius up to the 3us instant. In 

this way the energy storage term was evaluated by performing 

two integrals at times of lOUs and 3us before current zero 

and thus obtaining the time derivative. Hence 

Qs = 7r (12.875-7.8) 
6 

2.28 x 106 W/m 
(10-3) x 10! 

For 
di/dt. 

= 21A/Us and t 

it was observed in chapter 6 (section 6.2.3 (iii)) that 

due to an increase in continuum emission at the periphery 

of the arc spectral radial profile with increasing di/dt 

it was difficult to compare the photographic and spectroscopic 
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areas at the high 
di/dt 

value. For this reason it would 

not be reasonable to compare the luminous areas of 

fig. 8.1(1 1) with the radial extent of the temperature 

profile of fig. 6.25(iii). However, in the same way as 

described in the low di/dt 
case trends may be observed 

which give an indication of the temperature profile 

behaviour about the instant in question. It is clear from 

fig. 8.1 that temperature decay rate about the 7.9ps 

instant is low so that the assumption made for the low 

di/dt 
case applies up to 3us before current zero. However 

it would not be reasonable to compare absolute magnitudes 

of diameter in this case for the reasons stated above. 

Therefore it would be more meaningful if changes in the 

luminous arc area on fig. 8.1 can be related to the changes 

in profile extent and expressed as a percentage change 

thereof during this time period. 

The percentage change in the luminous diameter of the 

arc viewed at slot 2 on fig. 8.1 is 2.2% in the time interval 

8 to 3.5ps before current zero (the instant before which 

the area decay rate changes dramatically). This percentage 

diameter change can thus be translated into an equivalent 

diameter change of the 6,000K isotherm of fig. 6.25(i11). 

Since the temperature profile of fig. 6.25(iii) is steer-sided 

then the change of 2.2% in diameter. corresponds to 4.4% 

change in area if no significant changes-in Peak temperature 

occur. This latter condition has already been satisfied 

for times greater than 3.5us before current zero in the 

radially averaged temperature results of fig. 8.1. Thus it 
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is also to be expected that this 2.2% change in the 

temperature profile extent will be reflected by a 4.4% 

change in the integral of equation 8.16. 

Thus the energy storage term of the arc core may be 

evaluated for a 
di/dt 

of 21A/us at an instant 7.9ps before 

current zero as 

Qs = (1.55 x 0.04) = 1.77 x 104 W/m 
3.5 x 10- 

rc 
where 1.55 is the value 2nphrdr at t= -7.9us 

The power dissipated due to the change of thermal 

stored energy (this is effectively a power input since 

the arc is contracting) has been calculated for two cases 

of current decay rate and found to remain constant up to 

a time before current zero after which the temperature 

decay rate accelerates (fig. 8.1). 

s due to Radial Thermal Heat the 

The power loss by radial thermal conduction is defined 

as 
r arc 

Qco - 1' 8 xr aT 21rdr 8.17 

Jr 5- TY 
0 

With a knowledge of the temperature profiles (fig. 6.25) 

the above integral may be solved for both di/dt 
cases of 

interest. 

di For /dt = 14.2A/u s'°tt -IOUs 
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The temperature profile of fig. 6.25(a) with the 

transport properties data of Frost and Liebermann (1971) 

were used to evaluate the integral of equation 8.17 over 

the arc diameter. Care was taken to measure the 
dT/dr 

value at the core boundary since this formed the most 

significant contribution to the integral value. 

The loss due to radial thermal conduction was evaluated 

in this manner as 

Qe, = 4.6 x 104 W/m 

For 
di/dt 

= 21A/14s, t= -7.9us 

The value of radial thermal conduction for the core 

in this case was determined in a similar manner to the 

above using the temperature profile of fig. 6.25(iii). 

The value of the term in this case is 

QCO = 2.97 x 104 W/m 

The Power Loss due to Axial Heat Convection 

This power loss term is defined by the equation: 
RC 

QoA' 
17X 

(A. r) h (r) C (r)) 2nrdr 8.18 

0 

where p(r), h(r) and r have their usual meanings 

and C(r)-local axial gas velocity 

Since the DPIS nozzle is designed to give sonic floow 

velocity (under non-arcing conditions) at the throat 



- 233 - 

(Taylor 1983), the gas velocities were also assumed to 

be sonic for a given local radial temperature value even 

during the current zero period. 

The integral in equation 8.18 was evaluated for the 

axial viewing stations of both slots 2 and 3. This was 

a simple task in the case of slot 2 since the radial 

temperature profiles have been measured for this axial 

locality (fig. 6.25). However to evaluate the integral 

for the case of slot 3 the following assumptions were made: 

(a) In the case of the low di/dt, 
according to the results 

of fig. 8.1 a transition from slot 2 to 3 at an instant of 

lOUs before current zero results in a reduction of luminous 

area to 12mm2 (from the value of 19mm2 in the slot 2 case) 

and an order of magnitude reduction in light intensity on 

the axis. The change in area (for the low di/dt 
case only) 

was interpreted as a direct change in radius of the 6,000K 

isotherm. The change in light intensity was interpreted 

as a drop in axis temperature of about 1,000K. 

(b) In the case of the high di/dt, 
again according to the 

results of fig. 8.1 a transition from slot 2 to 3 represents 

an area change of 10% which as discussed in the section 

above on thermal heat storage can be translated to a 

proportional change in the 6,000K isotherm. However it 

bhould be noted from fig. 8.1 that the temperature change 

cannot be substantial. since little difference. exists in 

the peak axis intensity between slots 2 , and 3. 



- 234 - 

The measurements of local axial gas pressure of 

Taylor (1983) have provided the knowledge of the axial 

pressure distribution which is necessary to evaluate the 

local values of the transport properties for a given 

arc temperature profile for both di/dt 
values. In this 

case it is necessary that radial pressure balance exists 

at the axial location of interest. This was verified earlier 

in this chapter for slot 2. Departure from pressure balance 

at slot 3 is also unlikely. 

The axial separation of slots 2 and 3 is 10mm. The 

axial pressure profile in this region is close to linear 

(Taylor, 1983). Thus the axial derivative in equation 8.18 

is calculated as the difference between two integrals (one 

for each slot) divided by the intersiot separation (lOnut). 

Thus the axial convection term was calculated for 

each /dt case to give 
di 

for di/dt 
= 14.2A/us, t= -1OUs 

QCA = 3.36 x 106 W/m 

di 
for /dt = 21A/us, t'= -7.9us 

cA = 6.32 x 105. W/m 

Power Loss due to Radiation 

The radiative loss at the arc core boundary is difficult 

. to calculate in detail since the radiative emission and 
absorption characteristics of the arc plasma and surrounding 
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heated gas are complicated functions of wavelength and 

temperature. However it is possible to establish a lower 

limit to the radiative transfer by measuring the total 

radiation remote from the arc. (The radiative loss at 

the arc core boundary is of course given by the sum of 

this radiation remote from the arc and that absorbed by 

the surrounding heated gas). 

The decay of the visible total radiation power loss 

(400nm to 900nm) was measured simultaneously (Shammas, 

unpublished) with the photographic records presented in 

this thesis. Thus instantaneous radiation power loss was 

measured throughout the current zero period for a number 

of 
dijdt levels corresponding exactly to the operating 

conditions of the investigation of this thesis. The results 

of Shammas (unpublished) have been used to evaluate the net 

radiation loss from the arc for the two cases in question. 

The lower limit for power lose by visible radiation 

was thus calculated as follows 

For-di/dt = 14.2A/us, t= -1OUs 

QRJslot 3 0.9 x 99 = 89,1 W/mm 

where the figure 99 represents the calibration factor of 

Shammas and Jones (1982). The figure QR in this case 

represents the radiation power loss per mit length of arc 

in the axial region corresponding to slot 3. However, from 

the results of fig. 81 it is clear that the radiation 

emitted from the slot 3 region is . Less 
. 
trau. that from the 

r 
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slot 2 region for the case of the low di/dt. 
The 

difference between these two quantities could be as high 

as an order of magnitude. If this is so then 

QR/slot 2=8.91 x 102 W/mm 

Thus in this axial position 

QR = 8.91 x 105 W/m 

For di/dt 
= 21A/us, t= -7.9us 

The radiation power loss from the data of Shanmias 

is: 

QR/slot 3=0.75 x 10 x 99 

= 7.43 x 102 W/mm 

For these operating conditions the results of fig. 8.1 

are indicative of an arc which has a similar photographic 

luminous intensity as well as luminous area at both the 

axial stations of slots 2 and 3. in this case it can be 

assumed that 

0R/slot 3= QR/slot 2 

" QR 7... 4 3x 
. 
105. W/m 

The radiation power loss measurements of Shammas which 
are referred to in this section are shown in Appendix 4. 

The Core Power Balance 

The major terms in the arc core energy conservation 
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equation (8.14) have thus been evaluated at two instants 

during the current zero period for two different current 

decay rates. The energy conservation (power) terms are 

summarised on table 8.2. 

For both di/dt 
cases the input and output power terms 

are equal to within 10%. This agreement is well within 

the experimental scatter and measurement accuracy which 

is at least 20%. 

The power dissipated due to stored energy release is 

greater in the lower di/dt 
case since the rate of change 

of arc area is greater than that in the high di/dt 
case. 

The implication of this result is that the change in area 

in the low di/dt 
case has a greater influence on this 

energy transport term than the change in temperature in 

the high di/dt 
case. 

The radial heat conduction term is small compared with 

the axial convection term in both di, dt cases. However 

the ratio Qco : QcA is higher in the high di/dt 
case. This 

is indicative of a narrower arc with a higher axis 

temperature and thus a more steep sided temperature profile 

at the 6,000K isotherm. However as current zero is 

approached and the arc contracts more rapidly whilst the 

axis temperature remains above 8,000K (as in the high di/dt 

case) the above ratio should increase further. 

The axial heat convection term forms a significant 

power loss term in both cases, the greatest contribution 

occurring in the case of the low di/dt. 
This result is to 
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be expected since the arc in this case is wider thus 

providing extra cross-section for energy removal. The 

arc in the low di/dt 
case had a greater proportional 

axial change in radius as well as temperature than the one 

" in the high 
di/dt 

case. Therefore both these effects 

contribute to a greater convection power loss in the low 

di/dt 
case but the change in core area remains the pre- 

dominant contributor to this. 

The most interesting change in power loss terms between 

the two 
di/dt 

cases occurs in the power loss due to 

radiation. For the low di/dt 
case the power loss by 

radiation at the axial region corresponding to slot 2 forms 

a reasonably small percentage of the total power input 

terms (20%), the dominant energy removal mechanism being 

axial heat convection. However in the case of the high 
di/dt the radiation power loss in this axial region 

corresponds to the greatest energy removal mechanism. The 

percentage of total power input in this case is greater 

than 50% for the case of slot 2. A similar power lose by 

radiation also occurs at slot 3. Thus the arc in the high 
di/dt 

case relies increasingly on radiation as a means of 

energy removal. 

In the case of the low ai/dt the tota], electrical 

power input for an arc length of 100mm is 114Rw. In this 

. aae the corresponding radiation: loss i8 0.89KW/M (Table 8.2), 

With the radiation power loss at slot 3 being an order of 
scni. tude less. Thus the greatest contribut on of radiated 
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power comes from the upstream region. The length of 

the arc up to slot 2 is 25mm (the distance from the 

electrode tip to slot 2). Thus since the bulk of the 

radiation loss occurs in this region it may be reasonable 

to deduce that the total arc radiation power loss in the 

low di/dt 
case corresponds to (25 x 0.891 =) 22.3KW. 

Thus the total radiation power loss as a percentage of 

electrical power input is 19,5%. This closely corresponds 

to the figure of total radiation power loss as the 

percentage of electrical power input presented by Shammas 

et al (1982) for reduced power arcing. 

In the case of the high di/dt 
the radiation levels 

extend to slot 3 (fig. 8.1). Thus if a similar effective 

length hypothesis is to be applied in this case then the 

effective arc length must be increased to at least 35mm 

(the distance of slot 3 above the upstream electrode tip) 

A similar calculation results in a total radiation power 

loss : electrical power input percentage of 20.2%. A 

similar result was obtained by Shammas et al (1982) for 

similar instants prior to current zero. 

The work of Shammas and Jones (1982) showed also that 

as current zero is approached the value of the ratio of 

powerloss by radiation to the electrical power input rose 

sharply, particularly within the final three microseconds. 
+his was attributed to an increase in power input due to 

the energy storage changes in the arc. Clearly, from the 
results of fig. 8.1 the thermal storage power term does 
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increase as current zero is approached since the rate 

of change of temperature and luminous area in the high 

di/dt 
case increase significantly during this time. It 

would therefore be of interest to make a similar evaluation 

of the arc energy balance in this highly transient period. 

(vi) Arc Core Energy Conservation within the Final 3us 
before Current Zero 

A study is presented of the energy conservation 

equation (involving the five principal energy removal 

mechanisms discussed in the previous section (v)) during 

the final 3us of current decay when conditions are highly 

transient in nature. 

The case considered is for a full power arc in which 

a peak current of approximately 4OKA flowed resulting in 

a current zero 
di/dt 

of 18.5A/us. The radially resolved 

arc spectra for this condition were captured 2.3ps before 

current zero and the corresponding temperature profile 

was presented on fig. 6.25(ii) in chapter 6. 

The individual terms of the energy conservation of the 

arc core for this condition are considered in the same 

manner as the cases discussed above. 

Electrical Power Input 

According to equation 8.15 above the electrical power 
input is 

OE _ (8x103) x (18.5) x 2.2 

= 3.26 x 105 W/m 
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Change in Thermal Stored Energy 

Equation 8.16 was again evaluated using the radial 

temperature profile of fig. 6.25(b) and making a similar 

assumption to evaluate the time derivative as was made 

in section (v) above. 

The temperature profile shape does not alter drastically 

for the time interval considered, i. e. the 2.2ps immediately 

prior to current zero. 

The radially averaged temperature at the current zero 
di 

instant for a /dt of 18.5A/us is just below 7,000K (fig. 8.3). 

Thus it is reasonable to assume the axis temperature to be 

7,000K. 

The diameter of the 6,000K isotherm in this case was 

obtained by examining the spectrum of an are captured close 

to current zero. Such a spectrum is given on fig. 8.8 which 

shows the Cu I line emission at the 521.8nm wavelength, 

and a time 1.2us before current zero for the same 
di/dt. 

In this case two low intensity (51 counts) spectral peaks 

were detected. This is indicative, of an arc with a 6,000K 

Isotherm at a maximum diameter of 1,5mmn. By the instant 

of current zero this diameter will reduce further, probably 

to be lmm. 

The energy storage of equation 8.16 was evaluated at 

each instant and the time derivative calculated to give: 

Q$ 6.57 x. 105. W/m 
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Power Loss due to Radial Thermal Conduction 

Equation 8.17 was evaluated for the temperature 

profile of fig. 6.25 (b) . The value of the power loss 

due to radial thermal conduction was calculated as 

Qco = 4.02 x 104 W/m 

Power Loss due to Axial Heat Convection 

The axial gas velocity in the throat region was again 

assumed to be sonic. 

The results of*fig. 8.1 show the decaying arc areas 

for slots 3 and 2 about the instant 2.2us before current 
di 

zero for the case of /dt = 15A/us. 

Since the thermal structure of the arc column at the 

current zero instant for a 
di/dt 

of 18.5A/us resembles the 

lower di/dt 
more than the higher di/dt 

case (fig. 8.3), 

the following may be assumed: 

(a) The arc core area at slot 3 2.2us before current zero 

is approximately half the value of the slot 2 area as in 

the 15A/us case in fig. 8.1. Therefore the 6,0008 isotherm 

radius of the arc column at slot 3 is 1088 than at slot 2 

by a factor of 4-2 

(b) As in the previous section concerning thermal convection 

loss calculation the axis temperature may be assumed to be 

as much as 1,000K less at slot 3 than slot 2. 

The same axial pressure variation exists between slot 2 
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and 3 as stated in the previous section about the axial 

convection power loss. That is the pressure in the 

slot 2 region is 4 bar and that in the slot 3 region is 

3 bar. 

With the above information the integral of equation 

8.18 was evaluated for the slot 2 temperature profile and 

subsequently for slot 3. The axial derivative was then 

evaluated as in the previous section concerning the axial 

convection power loss. Thus, 

QcA 7.80 x 105 Willi 

Power Loss due to Radiation 

The results of Shammas (appendix 4) were used to 

evaluate the radiation power loss at slot 2 in a Similar 

manner as in the previous section on radiation power loss. 

The radiation power loss at slot 3 according to the results 

of Shammas (appendix 4) is 

OR/slot 3=0.26 x 99 = 25.74 W/mm 

Again since the arc in this case resembles the low 
di/dt. 

arc more than at high di/dt, 
the equivalent radiation 

loss at slot 2 could be as much as an order of magnitude 

higher than the above figure for slot 3. Thus, 

4R/slot 2= 257.4 W/mm 

= 2.57 x 105 W/m 
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Summary 

The power terms corresponding to the energy transport 

mechanism of the dynamic energy balance for the arc core 

are presented on table 8.3. 

The power input term due to the thermally stored 

energy term forms 2/3 
of the total power input i. e. it is 

twice as high as the electrical power input term. 

The radial heat conduction term (Qco) still only forms 

quite a small contribution to the energy balance. However 

it does form a higher proportion of the total power loss 

than either of the two cases in the previous section (table 

8.2). 

The power loss due to axial convection remains the 

dominant power loss term in the di/dt 
case in question 

(18.5A/us), but does form a slightly lower proportion of 

the total power loss than the previously discussed low di/dt 

case (table 8.2). 

The proportion of radiation power loss in the total 

power loss in this case is also slightly higher than in the 

low. di/dt 
case shown on table 8.2. The total electrical 

power input for a 100mm arc length is 32.6Kw. Also, if the 

effective length hypothesis of the previous section is 

applied in this case the effective total. radiation power 

loss of the arc column is 6.43M. Thus the proportion of 

radiative power loss in this case is 1.9.7%.. This again 

corresponds to the radiation Power by. proportion calculations 
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of Sharmnas et al (1982) for an intermediate di/dt 2.2ps 

before current zero. 

In this section it has been shown that dynamic energy 

balance for the core of the circuit breaker arc in an 

axial flow has been satisfied (to within 10%) for an inter- 

mediate 
di/dt 

value (18.5A/µs) at an instant 2.2us before 

current zero. 

(vii) Time for Complete Recovery (mag) 

The terms in the current zero energy balance of the 

arc core can be used to define an alternative thermal time 

constant to the Mayr time constant which has already been 

discussed in section (iii) above. 

If there was no electrical power input then the 

instantaneous rate of change of the thermally stored energy musi 

be dissipated by the total power loss at that instant. if 

it is assumed that this value of power loss stays constant 

(which is unlikely but is sufficient to provide an order 

of magnitude comparison with the Mayr time constant) then 

the time for complete recovery is 

s= Energy Stored 
Total Power Dissipated 

This ratio was evaluated for the three-di /dt cases (at 

the respective instants before current zero) considered in 

the energy balance calculations of sections (v) and (vi) 
...,, >_ 

above. These results are shown on fig. 8.5(c) for direct 

comparison with the Mayr time constants. 



- 246 - 

These results show a reasonable correlation with 

the previously calculated Mayr time constants (fig. 8.5(c)) 

throughout the current zero period. 

8.3 The Arc during the Post Current Zero Period 

8.3.1 Introduction 

The performance of the circuit breaker investigated in 

this thesis is represented by a band region on the di/dt 
: 

dv/dt 
characteristic which segregates the positive clearance 

and failure regimes (Taylor et al, 1982). In this band the 

circuit breaker may clear or fail in successive tests under 

identical operating conditions. When a circuit breaker fails 

under such conditions the type of reignition is referred 

to as a critical arc reignition. The high speed photography 

of this investigation has enabled arc growth phenomena to 

be investigated in such cases of critical reignition for 

both full and reduced power arcing. 

It is the aim of this section therefore to ascertain 

the nature of the post zero arc growth phenomena under 

realistic circuit breaking conditions from the photographic 

results presented in chapter 6. 

8.3.2 Growth Phenomena of, the Circuit Breaker Arc under Critical 
egnition Con ions 

In the case of the reduced power arcs photographs were 

analysed in such a critical reignitionAcase and the results 

of this analysis are presented on fig. 6.4(a) to (c) . Fig. 6.4(c) 

which represents the dynamic variation of the arc luminous 
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diameter and intensity for times from lus prior to until 

several microseconds after current zero shows some important 

critical reignition features of the circuit breaker arc. 

The arc intensity and diameter decay up to 3us after 

current zero whereupon arc growth occurs after a further 

pause of about 6us. As initially observed in chapter 6, 

two important trends are of particular interest: 

(a) The arc intensity profile lus after current zero is 

steeper sided and narrower than at the corresponding time 

before current zero. 

(b) When the arc begins to reform at the +lips instant 

(fig. 6.4(b)) it is the axis intensity which increases 

rapidly whilst the arc diameter increases more slowly. 

The implication of (a) is that the arc column immediately 

following current zero has a different thermal structure 

to the arc immediately before current zero. This means 

that the arc column which has undergone the transition 

through current zero has contracted but its axis intensity 

(and temperature) is sustained. The criterion, which determines 

whether reignition is sustained relates to whether sufficient 

power transport is produced by the axial temperature 

increase, to overcome the column cross-section decrease. 

This type of reignition is dependent upon the thermal state 

of the arc channel (thermal reignition) and for sp6 usually 

occurs within 3 or 41js of the current zero. This in not 

the case in fig. 6.4(c) where Aä aus " pause has 'O'ccurred 41js 

after current zero. The reason for this pause is not totally 
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clear but is likely to be due to a partial obliteration 

of the arc column. 

The more pronounced increase in intensity during 

reignition, compared with arc diameter, is consistent 

with the experimental results of Jones et al (1973). This 

. 
latter investigation was for a lower (holding) current wall 

stabilised arc where the arcing current was reduced to 

zero in a similar manner to the reduced power method used 

in the present work. The results of Jones et al (1973) show 

that on application of a step voltage to a decaying arc 

column, the axial temperature responds first by showing a 

pronounced increase, whilst the electrical cross-section 

of the arc column may continue to decrease. Thus the 

criterion governing reignition described above needs to be 

satisfied during this critical period. The results of the 

present work indicate that a similar process governs 

reignition occurrance in the case of a real circuit breaker 

in the case of reduced power arcing. 

The photographic results of the present work enable 

the reignition growth of an arc to be determined following 

full power arcing. The results of fig. 6.15 show the 

measured intensity profiles of the arc column at the axial 

locations corresponding to slots 2 and 3 for time insnediately 

before and after current zero. Although the reignition is 

not as critical as the one shown for the reduced power con- 

ditions, the trends of post zero arc column growth are still 
in evidence. 
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In the case of slot 2 the arc column immediately 

after current zero is narrower than the one captured 1.6us 

before current zero with the axis intensity being similar 

in both cases. This was a trend also in evidence in the 

reduced power case. The arc column intensity and diameter 

then both decay in the case of both slots 2 and 3. On the 

onset of strong reignition it is again the axis intensity 

which grows more rapidly than the arc diameter. The latter 

trend is more pronounced in the case of slot 3 and occurs 

at an instant closer to current zero than the slot 2 case. 

it is clear from these results that the region in the 

immediate vicinity of the nozzle throat has an important 

role to play in arc reignition. 

8.3.3 Summary 

The growth pattern of the arc column for the case of 

a critical reignition has been established under real circuit 

breaking conditions for both the reduced and full power 

arcing cases. 

The results of chapter 6 have shown, that it is the 

intensity of the arc column axis which responds most rapidly 

to the increase in the reigniting arc current followed later 

by an increase in luminous diameter. T his was the case for 

both full and reduced power arcing, The good correlation 

of the present results with those of Jones et at (1973) shows 

that the same criterion for reignition isFobie yed for the 

real circuit breaking conditions as was the aase with the 
wall stabilised arcs investigated by these authors. 
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The observation of the reignition trends at the 

axial station, slots 2 and 3 shows that the arc in the 

nozzle throat plays an important part in reignition. 

8.4 Formulation of an Empirical Relationship for the Thermal 
Performance 

8.4.1 Introduction 

Arc photographs and spectra coupled with the total 

radiation loss results of Shaimnas et al (1982) and private 

comm. (appendix 4) for a wide range of operating conditions 

have enabled an empirical relationship predicting the 

thermal performance of the test circuit breaker to be 

formulated. 

Many attempts have been made in the past to formulate 

such empirical relationships some of which were reviewed 

in chapter 2 of this thesis. However, many, if not all, 

of these attempts have proved inadequate for application 

to real circuit breaking conditions since either experi- 

mental conditions in such cases differed significantly 

from the real ones or inadequate experimental data was 

available and such values would have to be assumed. 

It is the aim of the work presented in this section 

not only to develop the empirical performance relationship 

for the particular model interruptor of this investigation 

but to form a basis from which the results may be applied 
to commercial interrupter design. 



- 251 - 

8.4.2 Thermal Performance and Arcing Parameters 

The temporal decay of the arc areas represented on 

fig. 8.1 are characteristic of similar trends reported 

previously for identical arcing conditions (Lewis et al, 

1985). Other measurements have been reported by Ancilewski 

et al (1984) which are claimed to include a temporal luminous 

diameter variation during the current zero period. The 

absolute magnitude of the diameters presented by Ancilewski 

et al (1984) differ somewhat from the diameters of the present 

work. The former are about factor of 3 less than the latter 

over the 
di/dt 

range 15 to 24 A/us. The reasons for this 

apparent discrepancy are not known since Ancilewski et al 

(1984) have not indicated their experimental technique nor 

details of their operating conditions. The most likely reason 

for the discrepancy is a different measurement technique 

involving a different photographic sensitivity. Also the 

authors in this case have employed different pressures and 

nozzle/contact geometries, which may well result in entirely 

different flow conditions. 

Despite the differences in operating conditions and 

absolute magnitudes of luminous diameter consistencies are 

present in trends of diameter decay. For instance the 

diameter collapses in sympathy with the arcing current over 

the final 10us for current decay rates of 15A/us or less. 

Also Ancilewski et al (1984) reported a pre-current zero 

plateau in their diameter: time characteristic which occurred 

within the final 10v s iry: the case of higher ` /dt+s. However, 
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the present results (fig. 8.1 and Lewis et al (1985)) 

show the luminous areas (and diameters) to decay more 

rapidly for times less than 4us before current zero. 

Unfortunately the results of Ancilewski et al (1984) do 

not include luminous diameter measurements during this 

critical time domain. 

The photographic results of this investigation have 

enabled the luminous diameter at (or within lus framing 

accuracy) the current zero instant to be captured on a 

200ns exposure. The variation of the luminous diameter for 

slots 2 and 3 at the current zero instant over the full 

range of 
di/dt for both full and reduced power is shown in 

fig. 8.3. These results show that the arc luminous area 

(and diameter) increases with 
di/dt, 

the increase being 

sharper in the case of the full power than in the reduced 

power case. For the low values of 
di/dt 

the areas (and 

diameters) overlap for both arcing power levels within the 

experimental scatter. The trends of arc diameter, photo- 

graphic axis intensity and total radiation power loss at the 
crent 

zero instant with 
di/dt have been discussed in 

section 8.2.3 of this chapter. Collectively they indicate 

that the difference in total radiation power loss between 

full and reduced power arcing conditions is due mainly to 

differences in the emission intensity which is in turn due 

to a raised axis temperature rather than differences in the 
luminous diameter. 

The thermal reignition performance under both full and 
x., reduced power arcing conditions for the circuit breaker used 
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in the present work has been measured by Taylor et al 

(1982) and is represented on fig. 8.9 (labelled power and 

ramp). 

Ancilewski et al (1984) produced an empirical relation- 

ship which related the (rrrV)c to many variables e. g. 

upstream pressure, throat diameter. In the present work 

only 
di/dt 

was varied as an operating condition. This being 

so, it is possible to write 

(rrrV)c = aAo 
m (di/dt)-1 8.19 

where (rrrV) 
c= critical rate of rise of recovery 

voltage 

Ao = luminous area at the current zero 

instant 

(di/dt) = current decay rate 

a, m= constants 

The geometrical variables and pressure in the formula 

of Ancilewski et al are of course constant for the present 

investigation and thus were absorbed into the constant of 

proportionality a. 

When a rigorous empirical analysis is made of the 

experimental results for the reduced power current zero are 

diameter at slot 3 as a function of 
ai/dt 

(fig. 6.6(a)) the 

following relationship may be derived: 

di 1.6 
AO HE 8.20 
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It is also possible to derive similar relationships 

between A. and 
dl/dt for the case of the full power arcs. 

In this case the empirical relationship needs to be divided 

into two domains since, as already identified, the full 

power arc behaviour and thermal structure differ significantly 

for different di/dt 
ranges. Thus 

for I peak < 4OKA (di/dt < 20A/us) 

1.6 
Ao d 8.21 

and for I peak > 4OKA (di/dt > 20A/us) 

2.5 
8.22 Ao a dt 

These results may be compared with the implications 

of the performance results of Taylor et al (1982) which were 
also expressed in an empirical manner. These expressions 

were 

(a) for the reduced power 

-2.1 
dt = (rrrV) 

c =' ad 
crit 8.23 

(b) for the full power 

-2.1 
(rrrV) a 

di 
c dt 8.24 

for I peak < 4OKA (di/dt < 2QA/tp s) 

-6.75 
(rrrV) 

c. 
a at 

8.25 

for I peak > 4OKA (di/dt > 20A/Us) 
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Note that equations 8.23,8.24 and 8.25 are all 

approximate equalities since the performance trends of 

Taylor et al (1982) could only be represented by regions 

of finite bandwidth on the dv/dt: di/dt 
characteristic 

(fig. 8.9) . 

These results may be compared with values computed 

from the following empirical relationships which were 

derived solely from the photographic results of chapter 6 

and fig. 8.1 (and which are 

Taylor et al (1982)) 

(rrrV)c = 4.34 x 102 

to the case of reduced pow 

(rrrV)c = 1.27 x 107 

independent of the results of 

di -1.47 -1.25 
dt Ao 8.26 

er arcing, and 

di -4.66 -1.25 
dt AO 8.27 

in the case of full power arcing 

The agreement between the points computed from equation 

8.26 with the reduced power and low di/dt full power 

characteristic of Taylor et al (1982) is good (fig. 8 9). 

The broken line on fig. 8.9j corresponding to equation 8.27 

also shows good agreement with the interruptor performance 

in the case of higher di/dt values for the full power arcs. 

By combining equations, 8.21 and 8.22 with 8.24 8.23) 

and 8.25 respectively, it i$ possible to arrive at equations 

describing the 
di/dt 

and A0*variation with trrrV) from the 
performance curves of Taylor et al (19,82),. These take the 
following form 
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(a) (rrrV) 
c 

"' aAo-1.3 8.28 

for the reduced power case 

(b) (rrrv) 
cW aAo 

1.3 8.29 

in the case of full power arcs for which 
di, dt < 20A/us 

(c) (rrrV)c = a1 Ao-1.5 (di/dt)-3 8.30 

in the case of full power arcs for which 
di/dt 

> 2OA/us 

In these equations. it is assumed that the dependence 

upon Ao should be identical regardless of operating con- 

ditions. Thus equations 8.28 and 8.29 are identical and 

reflect the similar performance between the reduced and full 

power results at lower peak currents (<40KA). However, the 

high current part -(>40KA) of equation 8.30 depends upon 
di/dt in addition to its dependence upon Ao. This implies 

that the differences in the performance trends between low 

and high di/dt 
under full power conditions are due, not only 

to arc cross-section differences, but more dominantly due to 

"changes in the arc column thermal structure as reflected in 

the substantial increase in the radiative loss during the 

current zero period (fig. 8.2) and particularly at the current 

zero instant (fig. 8.3). This means that the changes in 

thermal structure of the arc column close to current zero 

are reflected in a stronger dependence upon 
di/dt 

than could 
be expected solely due to the area influences in equations 

8.21 and 8.22. The exaggerated 
d/dt 

dependence is also 

reflected in the empirical equations derived from luminous area 
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considerations (equations 8.26 and 8.27) although the 

indeces in these cases are not identical to the former 

case. 

Since the exaggerated 
di/dt 

effects only occur in the 

case of full power arcing and in the case of high di/dt 

only then equation 8.19 must be modified accordingly. Thus 

in the case of full power arcing, equation 8,19 needs to 

be rewritten as 

-1 
(rrrV) 

c= aAn- 
1' 3 [1+1.2xio_143] 

8.31 

Factor Factor 
12 

where, 

Factor 1 is the term which describes the normal interruptor 

rformance under reduced arcing conditions and full power 

Conditions for the case of low di/dt (< 20A/Us) only. 

Factor 2 is the term included to define the interruptor 

performance for the case of high di/dt 
values (> 20A/us). 

Zn this the di/dt has been replaced by the peak current value 

xp where 

di w-1 xp = Ft 8.32 

where w= 2n x current waveform frequency. 

Consequently the threshold for the onset of peak current 
effects may be identified from equation 8.31 according to 

the equality 

1_1.2x10-14 Ip3 8.33 
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as 

Ipcrit =4x 104A = 40KA 8.34 

This threshold value may of course depend upon other 

parameters such as contact geometry and upstream tank 

pressure. This originates from the influence of these 

parameters as indicated in Ancilewski et al's (1984) original 

equation. 

The peak current factor (equation 8.31) is incorporated 

to take account of effects which are peculiar to arcs subject 

to a high di/dt 
under full power conditions. Such effects 

may include the entrainment of material from the nozzle 

wall or contact into the arc column which the relationship 

of Ancilewski et al does not cater for. The performance 

measurements of Taylor et al (1982) also suggest that 

effects may occur due to increased nozzle wall ablation 

processes. 

$"4,3 Conclusions 

The photographic luminous area results of Chapter 6 

coupled with the detailed performance measurements of Taylor 

. st al (1982) have been used to derive an empirical relation- 

sh*p predicting the performance of a test circuit breaker. 

., het, resulting equation requires a knowledge of the circuit 

Sb 'esker geometry, the current zero , area.. area, and the range 
Current zero 

di/dt. 'he equation indicates that changes , of 

in arc structure leads to changes in circuit breaker performance 
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which occur for high di/dt 
values (> 20A/us) under full 

power arcing conditions. These performance changes have 

been related to structure which have been confirmed from 

the measurements of chanter 6 where changes in the axis 

temperature of the arc column were observed with changing 
di/dt. 

8.5 Conclusions 

The results of chapter 6 have been used to make a 

quantitative evaluation of many important aspects of the 

current zero arc column. 

The results have shown that the time constants of the 

decaying arc column are submicrosecond in the case of current 

decay rates of 15A/us close to current zero. However the 

time constant values at corresponding times were somewhat 

higher for di/dt 
values in excess of 20A/us, 

The shape factors (overall and core) of the integral 

analysis have been evaluated for the current zero period in 

two cases of current decay rate (15A/us and 21.3A/us). They 

have been correlated to the work of others which have used 

widely different operating conditions through a universal 

correlation parameter, the Nusselt number. The correlation 

with the work of Walmsley et al (1978(ii)) is in good agreement 

at lower di/dt values. Some departure for universal agreement 

is apparent at higher values of di/dt but the trends still 

remain within the uncertainty boundaries of previous estimates. 

,,. An evaluation of each term appearing trl the core energy 
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conservation equation has been made using experimentally 

measured core temperature profiles. The results of table 

8.2 and 8.3 are plotted on figs. 8.10 and 8.11 respectively. 

These results show a number of important trends: 

(i) The total power loss decreases with increasing di/dt 

(fig. 8.10). This is due to the fact that the arc 

column in the higher di/dt 
case is thinner and this 

reduction in area has a profound effect on the axial 

convection loss term. 

(ii) The axial convection power loss from the arc core 

is the dominant power loss mechanism in the case of 

the low di/dt. 

The axial convection power loss (arc core) decreases 

more rapidly with 
di/dt 

than radiation so that in 

the higher di/dt 
case radiation loss dominates. The 

decrease in the convection is due to the reduction 

in arc area as stated in (i} above. The increase in 

radiation power loss is, associated with the higher 

core temperature in the case ofýthe higher di, /dt. it 

is also of significance that the increase in the core 

temperature was not sufficient to offaat the decrease 

in convection power lose caused by the decrease in 

core area. Thus the change in area is the dominant 

effect upon the axial convection power loss for the 

arc core. 

tf vý The results of fig: $ 2l sh w that älthouj . he 
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contribution to the energy loss by radial heat conduction 

remains small as a proportion of the total loss, this 

proportion does grow significantly as current zero is 

approached. In the limit, with a narrow arc core as is 

the case at the current zero instant with a low di/dt 

it is likely that radial heat conduction and radiation 

from the core could form the dominant energy transport 

mechanisms. However the verification of this requires 

further investigation. 

The arc reignition has been considered with particular 

emphasis on the case of critical reignition. Here the 

photographic evidence of post current zero arc growth has 

confirmed trends which were also identified by Jones et al 

(1973). The initial increase in axis intensity at the 

onset of severe reignition observed in the present work is 

consistent with the energy from the restrike voltage 

primarily influencing the column axis temperature rather 

than the arc column diameter. In the case of critical re- 

ignition, Jones et al (1973) defined the growth of this axis 

temperature to be just sufficient to cause the arc to reignite. 

In addition to the critical reignition case the work presented 

in this chapter and chapter 6 have shown that this trend is 

also. in evidence f or cases of less critical reignition. 

Finally, an empirical relationship has been derived 

which relates the thermal performance of the test breaker 

to the arc area at current zero. There is also a factor 

in the relationship which takes account of the effects present 
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due to the arc current passing through an excessively 

high value (> 46KA) prior to current zero. It was necessary 

to incorporate such a factor into the relationship since 

it has been shown earlier that the thermal structures of 

full power arcs at current zero following such a major 

current peak and lower values are different. 
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CONCLUDING DISCUSSION 

The work presented is based primarily upon two 

fundamental optical diagnostic techniques but relies also 

upon simultaneous current, voltage and radiation power 

loss measurements. The two main diagnostic techniques, 

namely arc photography and spectroscopy have formed the 

basis of an investigation in which not only the thermal 

structure of the arc was observed, but also the establishment 

of criteria from which the thermal performance of a test 

circuit breaker could be predicted for a wide range of 

operating conditions. 

The calculation of radial temperature profiles from 

the radially resolved spectra has allowed many quantitative 

aspects of the properties of the arc core during the current 

zero period of a full power arc to be investigated. These 

include an accurate evaluation of the Mayr arc time constants 

even within the highly transient one or two microseconds 

prior to current zero. These time constants have been 

compared with the results of other authors as well as thermal 

time constant values derived from the dynamic core power 

balance. The accurate evaluation of the latter power balance 

has also been facilitated by the use of the experimentally 

derived radial temperature profiles of the arc core. In 

chapter 8 it was concluded that power loss by radiation 

becomes increasingly significant with increasing di/dt 
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(fig. 8.10). This is consistent with an arc column whose 

thermal structure is different in the case of the higher 

current zero current decay rates. Also it has been shown 

that as current zero is approached, the power loss by 

conduction forms a proportionally more significant part 

of the total power loss than the other energy removal 

processes (convection, radiation) (fig. 8.11). This is 

indicative of an arc column which becomes progressively 

thinner as current zero is approached, the reduction in 

area having a profound effect on the convection power loss. 

The experimental radial temperature profiles have also 

led to an accurate evaluation of the core conductance shape 

factors and an estimate of the overall conductance shape 

factors of the integral analysis. The above mentioned shape 

factors have also been correlated with the work of others 

and good agreement was observed, particularly in the case 

of the low di/dt 
arcs. 

A knowledge of the photographically measured arc column 

cross-sectional area during the current zero period has led 

to an empirical formula describing the thermal performance 

of the test circuit breaker, which distinguishes between the 

influence of various other factors. The results of the 

present investigation showed that in the case of the higher 

di/dt, 
under full power arcing conditions only, the thermal 

performance was characterised by an enhanced dependence upon 

influences other than the current zero instant cross--sectional 

area which was represented as an enhanced dependence upon 
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di/dt. 

Thus the physical properties of a circuit breaker 

arc column during the crucial final few microseconds of 

current decay have been experimentally measured. Their 

influences upon the thermal structure, the dynamic power 

balance and interruptor performance have been accurately 

identified for a wide range of operating conditions. 

The utilisation of the measurement techniques for 

investigating the post zero thermal and dielectric recovery 

regimes could further elucidate the performance limitations 

of power circuit breakers. 



APPENDIX Al 

THE TEMPERATURE LIMITS FOR 
LOW INTENSITY SPECTRA 

In chapter 8 the temporal variation of the radially 

averaged arc temperatures during the current zero period 

was discussed. Conventional spectroscopic formulae could 

be applied to the cases where two spectral lines were 

simultaneously visible on the same record in order to determine 

the temperature. However in the cases where one or both 

spectral lines disappeared, which was evident for the records 

close to the current zero instant, particularly for low di/dt 

values, these formulae were not applicable. In such cases the 

temperature was insufficiently high to record a spectral line. 

However special cases exist for which only one spectral line 

(namely the 510.5nm emission) remains visible whilst the 

515.3nm is not. In such cases it is also not possible to apply 

the conventional spectroscopic formulations described in 

chapter 7. However it is possible to apply certain criteria 

which enable upper and lower limits of the radially averaged 

temperature; to be determined. 

When the 510.5nm emission is visible and 515.3nm is not, 

then the upper limit of the radially averaged arc temperature 

is determined by the ratio of the 510.5nm intensity to the 

value of noise on the record. This ratio, when substituted 

into equation 7.2, yields a maximum value of the radially 

averaged temperature. However a more accurate value of the 

maximum value of. the average temperature would be obtained 

if a record was available on which both the 515.3nm and the 

510.5nm were visible, and the 510.5nm intensity was reasonably 

high but the 515.3nm emission was just visible above the noise. 



This was so in the case of fig. A. l. l (iii). The two line 

intensities were measured and processed using the software 

of appendix 2. The temperature in this case was found to 

be about 6,000K. This therefore corresponds to a maximum 

temperature below which at least one spectral line would 

disappear from view. 

A minimum value of temperature can be determined from 

the observation of the particular record in question. if the 

510.5nm line only is visible in such a case, then the 

temperature must be lower than 6,000K. If the intensity of 

the 510.5nm line forms some fraction of the intensity of the 

case of the corresponding 510.5nm line on fig. A. 1.1 (iii), 

then one of the following extreme cases has occurred: 

(i) The temperature on that record is the same as that of 

fig. A. 1.1 (iii) and that the spectral light intensity 

is generally lower for some reason 

or 

(ii) The change in intensity of the 510.5nm spectral line 

is entirely due to a temperature change and the 515.3nm 

emission has consequently disappeared (fig. 7.4). 

The temperature obtained from the latter case corresponds 

to the minimum. 
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APPENDIX A. 2 

COMPUTER PROGRAMS 

In this section it is intended to present some of 

the software which has been developed and used to interpret 

the spectral test data. The programs uses have been divided 

into two categories. Firstly, the software designed to 

convert the spectral data into radially averaged temperature 

and half-line widths (for electron density measurement) is 

presented. Also additional software is presented which 

deals with the calculation of theoretical spectral line 

intensities. A second category includes the software which 

was used to interpret the radially resolved data and convert 

it to a deconvoluted radial intensity profile which can be 

used to calculate the radial temperature profiles (chapter 7). 

Fig. A. 2. ] shows the overall program structure for the 

interpretation of data into radially averaged temperatures 

and further calculation of the theoretical line intensity 

and optical depth. The following programs were developed to 

implement the above task. 

(1) OSPL 3 

The spectral data was input from the OSA 500 in the form 

of data files, one per arc test. The software in this program 

is designed to , log the above data onto disc and display it 

on the VDU for dumping onto a printer etc. 

(2) OSADAT 2 

This program was developed, so that the above files may 



be interrogated. The program calculates the spectral line 

intensity above the continuum level between two specified 

wavelength limits. The width of the spectral line at half 

intensity is also calculated. This task can be performed 

a number of times per file to facilitate the possibility of 

a record containing more than one spectral line. 

(3) TEMPEST 

This program was used to calculate the radially averaged 

arc temperature using the data from DATA INT and the formula 

of equation 7. 

(4) DEPTH 2 

This program uses the data from DATA INT as well as 

theoretical data from another program (LOADER) to calculate 

the theoretical spectral line intensity and the critical 

optical depth (equation 7.12) for a range of temperatures 

between 6,000K and 12,000K. This data is shown in figures 

7.4 and 7.2 respectively. 

InterQretation of the Radially Resolved Spectrum 

The listing of the program to calculate the Abel inverted 

intensity profile from the continuous (photographic) image 

is shown at the end of this appendix and is labelled 'ABEL'. 

A program has been developed which generates a set of 

predicted radial intensity histograms for a known (parabolic) 

radial emissivity profile. These intensity histograms are 

designed to coincide with those measured on the OSA 500 system. 

The program which performs this task is called 'XDISP 21 whose 

flow diagram is shown on fig A. 2.2. 



In 'IDISP 2' two arrays are formed initially, namely 

ly and AM; a further array A is also formed. The array Iy 

corresponds to a number of individual integrated emissivity 

values along a given line of sight at a radial displacement y 

from the arc centre (fig. 7.3(a)). Thus each y displacement 

has its corresponding value of Iy. The values of Iy are 

calculated in 'Proc icalc' in the program at an interval of 

dY per batch of 10 x dY. The latter batch of lOdY are then 

radially integrated in 'Proc situp' (Simpson's rule) and a 

value A(M) is assigned to the corresponding integral. The 

program can generate up to 25 such values of A(M), therefore 

the step length dy can form 1/250 
of R, the radius. 

Having obtained a number of radial values of the 

integrated intensity (A(M)) the arc diameter is divided into 

five strips corresponding to the viewing tracks (chapter 4). 

Thus the integrated intensity values (A(M)) are allocated 

to the corresponding strip and superimposed within that strip 

to give rise to an integrated value of intensity for the 

strip (AM(N)). 'IDISP 2' also has the facility of calculating 

such radial histograms for a number of different arc displace- 

ments with respect to the central viewing axis through the 

procedure 'proc disp'. 
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Dimension Arrays 
Iy and AM 

Call 
Proc input 

Dimension Array A 

For Y=O to R Step lOdY 

For S=Y to Y+O. 1 Stend 

Call Proc icalc 

Next S 

Call Proc simp 

A(M) = Area 
1ý 

Set Area Values in 
Proc Simp to 0 

Next Y 

For Arc Displacement 
d=O to 1' Step 0.1 

Call Proc disp 

Next d 

Print Values 

Next d 

Fig. A. 2.2 The Flow Dia ram of the Pr ram 'IDISP 2' 



10 REM PLOT ROUTINE FOR OSA Data 23-Feb-84 
20 
30 MODEO 
40 PROC1ine(0.0,1023,0) : REM draw X axis 
50 PROCline(25,0,25,825) : REM draw Y axis 
70 
90 
91 label$ = "counts" 
92 PROCvertlabel(78,15. label#) 

100 label$ ="wavelength (nm)" 
101 PROChorizlabel(25,4, Iabel$) 
110 VDU30 : REM cursor home 
120 PROCerase line 
125 PROCplot 
130 PROCinput 
135 PROCgrid 
140 
150 PROCprint 
180 END 
190 
200 DEF PROCp1ot 
210 LOCAL I, X%, Y% 
220 INPUT "Filename ?" file$ 
230 F% = OPENIN (file$) 
240 FROCerase_line 
250 REPEAT 
260 PTR# FY. =0 
270 VDU 31,22,0 zREM move text cursor. 
280 INPUT "Scale Factor S 
290 FOR 1=1 TO 499 
300 INPUT* FX, YX 
310 Y%=Y%*S 
320 X7: =I*2+25 
330 PLOT 69, XX, Y7. 
340 NEXT I 
350 PROCerase line 
355 CLOSE#F% 
370 
380 ENDPROC 
400 DEF PROCline(Sx, Sy, Fx, Fy) 
410 MOVE Sx, Sy 
420 DRAW Fx, Fy 
430 ENDPROC 
440 
450 DEF PROCgrid 
460 LOCAL I 
470 FOR I= 25 TO 1050 STEP 100 
480 PROCline(I, 0, I, B50) 
485 PROChorizcal(I, L) 
487 L-L+. 7 s REM INCREMENT L FOR PROC horizcal 
490 NEXT I" 
500 
510 FOR I=0 TO 825 STEP 100 
520 PROCline(25, I, 1023, I) 
525 PROCcal (I) 
530 NEXT I 
540 ENDPROC 
550 
560 DEF PROCvertlabel(xiL, y7., labelf) 



570 LOCAL. i %, 1 i ne% 
580 1i ne:: =42 
590 FOR i% =1 HI LEN (label $) 
600 IF i%+y% <= line% THEN PRINT TAPtx%, i%+y%-1); MID3tlabelf, i%', 1) 
610 NEXT i% 
620 ENDPROC 
630 
640 DEF PROChor izI abel (x Y., Y%, I abel $) 
650 PRINT TAB(x%, y%); label$ 
660 ENDPROC 
670 
680 DEF PROCerase line 
690 VDU 31,60,0 
700 FOR 1=60 TO 1 STEP -1: VDU 127: NEXT I 
710 ENDPROC 
720 
730 DEF PROCprint 
731 VDU30 
7401F ANS*="Y" THEN CHAIN"DUMPO" 
750 ENDPROC 
770 DEF PROCcal (I Y,, 
790 X=I/S 
800 MOVE 1100,1+25 
805 VDU 5 
810 PRINT: X 
830 ENDPROC 
850 DEF PROChorizcal(I, L) 
860 MOVE I-25,850 
870 VDUS 
880 PRINT; L-3.5 
890ENDPROC 
950 DEF PROCinput 
960 VDU= 31,22,0 
970 INPUT "Centre Wavelenth "L 
980 PROCerase line 
990 INPUT "Do you want a printout at the and of this program ANS$ 

1000 PROCerase_line 
1010 VDU 30 
1110 INPUT "Io - "t0 
1120 PROCerase line 
1130 INPUT " dI/dt = "D 
1140 PROCerase line 
1150 INPUT" Tgate ="Tg 
1155 PROCerase line 
1160 PRINT TAB(2,2); "Io - "; t0; " micS", " dl%dt Igats 

eicS" 
1165 PRINT TAB(2,1); "filename$ "; files 
1170 VDU30 
1180 ENDPROC 



OSw9AT 'cam 
50 MODE7 

100 DIM IX(500) DIM AX(500) 
110 CLS 
150 PRINT"FIRST CHOOSE VALUES OF INTENSITY BELOW AND ABOVE WHICH ANY OTHER REC 

ORDED VALUES WILL BE IGNORED" 
200 INPUT"THE CHOSEN UFF'ER THRESHOLD VALUE IS "0.17. 
250 INPUT"THE CHOSEN LOWER THRESHOLD VALUE IS "QTÖ% 

00 PRINT"NOW CHOOSE THE INITIAL CHANNEL (WAVELENTH) LIMITS FUR THE INITIAL RE 
GIUN OF INTEREST . NOTE OTHER REGIONS MAY BE SELECTED LATER " 

x"50 INPU1"THE CHOSEN LOWER WAVELENTH LIMIT "L07. 
400 INPUT-THE CHOSEN UPPER WAVELENTH LIMIT "L17. 
420 INPUT"T'HE CHOSEN LOWER CHANNEL LIMIT FOR CONTINUUM LEVEL ESTIMATION "X0/ 
440 INPUT"1HE CHOSEN UPPER CHANNEL LIMIT FOR CONTINUUM LEVEL ESTIMATION "XI' 
445 INPUT"THE CENTRE WAVELENGTH "LAMBDA 
450 INPUT"TIME BEFORE CURRENT ZERO "10 
460 INPUT"dI/dT"UI 
470 INPUT"Tgate"Tgate 
480 INPUT"filename "file$ 
490 PRINT .... " 
500 MODE7: VDU 14 
520 PROCdatain 
850 C1%=1 : REM SET INITIAL VALUE OF Q 
855 J=0: J1 =0: REM J AND J1 ARE ARBITRARY COUNTERS 
860 IL =0 : IR =0 
870 PROCcontinuum 
900 FOR I= LOY. TO L1X 
950 PROCpeakdetect 

1000 NEXT I 
1010 FOR I= LOX TO L1Y. 
1020 PROClinewidth 
1030 NEXT I 
1050 PROCprint 
1060 W= (INT(LAVR)-INT(LAVL))*4.8/310 
1100 END 
1150 DEFPROCpeakdetect 
1200 C%=A%(I) 
1300 IF C%<007 OR CY. >Q1X THEN BOT01450 s REM SPECIFY RANGE 
1350 IF C% > CIX THEN CMAX% CX s LCX-IX(I) 
1400 C1% = CMAX7. 
1450 ENDPROC 
2000 DEFPROCdatain 
2010 F%=OPENIN (file$) 
2020 FOR I=1 TO 499 
2030 INPUT# FX, AX 
2040 I%(I) =II AX(I) - A% 
2050 NEXT I 
2060 CLOSE# F% 
2070 ENDPROC 
3000 DEFPROCcontinuum 
3005 SUM =0 
3010 FOR I= X0X TO Xi) 
3020 SUM% - SUMP. + A%(I) 
3030 NEXT I 
3040 CONTY - SUMX/(X1X-X@%) 
3050 ENDPROC 
3500 DEFPROClinewidth 
3510 Y- AV(I) - CONT% 
3520 IF(Y-(CMAXX-CONT%)/2) > 20 OR (Y-(CMAXX-CONTX)/2) < -20 1HEIr 0010 3600 3540 PROClhs 



3550 PROCr-hs 
3600 ENDF'ROC 
4000 DEFPROCIhs 
4005 IF I> LC% THEN 6010 4040 
4020 J=J+1 IL = IL +I 
4030 LAVL = IL/J 
4040 ENDPROC 
4500 DEFPROCrhs 
4505 IF I< LC% THEN BOrO 4540 
4520 J1 = J1 +1s IR - IR +I 
4530 LAVR = IR/J1 
4540 ENDPROC 
5000 DEFPROCprint 
5005 VDU2 
5010 PRINT"filename = "; file$ 
5015PRINT 
5020 PRINT"TIME BEFORE CURRENT ZERO = "; IM; " micS" 
5025 PRINT 
5030 PRINT"dI/dt ="; DI; " Amps/micS" 
5035 PRINT 
5040 PRINT"Tgate =1'1; Tgate; " micS" 
5045 PRINT 
5060 PRINT"CENTRE WAVELENGTH = "; LAMBDA; " nm" 
5065 PRINT- 
5070 W= (INT(LAVR)-INT(LAVL))*4.8/310 
5080 @% _ &00310 
5090 PRINT"PEAK LINE INTENSITY = "; (CMAXY. -CONT%); " COUNTS" 
5095 PRINT 
5100 PRINT"LINE WIDTH = "; W; " nm" 
5150 PRINT """" 
5170 VDU3 
5200 ENDPROC 

> 

IVA 

h 



10 INPUT"UPPER ENERGY LEVEL FOR I1 IN eV " El 
20 INPUT"UPPER ENERGY LEVEL FOR 12 IN eV " E2 
30 INPUT"LINE INTENSITY 1 "II 
40 INPUT"LINE INTENSITY 2 "I2 
50 INPUT"LINE CENTRE WAVELENGTH 1 "L1 
60 INPUT"LINE CENTRE WAVELENGTH 2 "L2 
70 INPUT°sTArISlICAL WEIGHT OF UPPER ENERGY LEVEL OF LINE I "GM! 
00 INPU1"STATISTICAL WEIGHT OF UPPER ENERGY LEVEL OF LINE 2 "GM2 
90 INPUT"TRANSITION PROBABILITY FOR LINE 1 "AMNI 

100 INPUT"TRANSITION PROBABILITY FOR LINE 2 "AMN2 
110 K=1.38E-23 
200 REM NOW CALCULATE THE ARC TEMPERATURE USING THE FOLLOWING EQUATION 
210 T= ((E2-E1)/K)*1.6E-19/LN((I1/I2)e(L1/L2)*(GM2*AMN2)/(GM1, AMN1)) 
220 PRINT T 

ýýt 

04 

h 



'D ce -Irw- Z 
L. 

5 MODE: cd;; - Pä. 0410 
10 RE Fl F"ROC; RAM 70 CAL.. (a"ILATE THE THEORETICAL. LINE INTENSITY AND ( ITIt AL 

OPTIC-61- DEPTH FOR A KNOWN 'TEMPERATURE AND PARTICLE DENSITY 
20 REN F1R; S1' INPUT NECASSARY SPECTRAL DATA 
: 30 F: ROCinpi. tt 
40 PROCca1c 
50 PROCOUtptAt 

1000 END 
20021 DEF'PROCinput 
2010 DIM A(7) : DIM G(7) : DIM EM(7) : DIM EMN(7) DIM L(7) DIM UL. (7) 
26115 DIM 1"(128) : DIM Imn(128) DIM D(128) 
2020 FOR N=0 TO 6 
2030 READ A(N) 
2080 NEXT N 
2100 FOR N=0 TO 6 
2110 READ G(N) 
2120 NEXT N 
21530 FOR N= Q), TO 6 
2160 READ EM(N) 
2170 NEXT N 
2200 FOR N=0 TO 6 
2210 READ EMN(N) 
2220 NEXTN 
2250 FOR N=0 TO 6 
2260 READ L (N) 
2270 NEXT N 
2280 FOR N=0 TO 6 
2290 READ DL(N) 
2295 NEXT N 
2.300 REM INPUT THE RELEVANT CONSTANTS 
2310 Cl = 1.1909E-12 : C2 1.4380 sC=2.998E10 
2320 Ne = 6E17 : REM THE AVERAGE ELEL 1 RUN 11F NS IIt 
2-330 h=4.136E-15 * 1.602E-19 K 8.617E-5 
2340 CLS 
2350 INPUT" INPUT THE ARRAY INDEX NUMBER "X 
2500 i)A 1'A 7.5E 7.6. O'1E7.0.20E7.0.165E7.0.024E7.1.0'9E7.3.8E7 
2510 DATA 6.4.4,2,4. ß. E3 
2520 DATA 6.19,6.19.3.82.3.79.3.82.7.74.7.74 
2530 DATA 2.37.2.40.2.43.2.15.2.18.2.35.2.67 
2 540 DATA 521.8.515.3.510.5.578.2.570.0,529.2,46°5.1 
2550 DATA 0.415.0.45F3.0.166.0.217.0.217.0.759.0.217 
2600 ENDPROC 
3000 DE. FPROCca1 c 
311110 LOCAL I 
3020 CL. S 
3030 INPUT"THE FILENAME FOR THE PARTITION FUNCTION DATA"files 
3040 F "= OPENIN(file$6) 
3050 FOR I=0 TU 128 
3060 INPUT# F. T, ZT. ST. NZ 
3067) PRINT' T) ZTi STI NZ 
3070 PROCformulae 
3075 T(I)=T : Imn(I)=Iron a D(I)=D 
3200 NEXT I 
3210 CLOSE# F 
3250 ENDPROC 
4000 DEFFROCformulae 
4050 IC = ((i/(4*PI))*NZ*G(X)*A(X)*(1/ZT)*h*C*(1/(L(X)*IE-7))) 
4060 Imn ri (IC)*(EXP(-EM(X)/(K*T))) 
4100 B= (Ci/(L(X)*1E-7)^"5)/(EXP(C2/(L(X)*i*1E-7))-1) 



4200 A- A(X)*f (X)*(EMI(X)*1.6E-19)*E: XP(--(EM(X)>/(K*T)) 
4300 D= 24*PI*71*(DL(X)*IE-7)*B/(NZ*A) 
4400 ENDPR1JC 
5000 DEFPROCout put 
5100 LOCAL I 
5200 INPUT"THE OUTPUT FILENAME "fllel$ 
5300 A= OFENOUT (f ile l$) 
`ß3y50 VDU2 
54170 FOR I=0 TU 128 
5500 PRINT# A. T(T). Imn(I) , D(I) 
5600 PRINT; T(1); Imn(I); D(I) 
5700 NEXT I 
5720 PRINT# A. L(X) 
5725 PRINT' 
5730 PRINT"LAMBDA = "; L(X) 
5800 CL. OSE# A 
5850 VDU: _3 5900 ENDPROC 

0 

/i 



iIZi"11w0 
100 I IODEE:. 
200 DIM I1(...:: ) 
300 DIM 1(15) 
400 DIM Z(1. ". ) 
500 FI -- 7.7Y1 : F: - EJ, f_, i7F. °. 
600 INPUT "EXI, THE REDUCTION IN IONIZATION POTENTIAL "EXI 
700 EX --Ei-EXI 
800 ta'l. = &: 10410 
900 A-C! F'E. NOU1 (" ZSNI: )A"T A" ) 

10041 FOR J=0T0 15 
1 100 READ T(J) 
1'290 NE-XT J 
1 ti P)0 .. J =0 
1400 FOR ;t- 4J 10 1C'ä 
1500 READ Z (J) 
1600 NEXfJ 
1700 J=0 
1800 F OR J=0 10 IS 
1900 NEXT J 
200'l J '= 0 
2010 FUR J -- 0 T0 3" 
2020 REA1) N (J) 
20: ': 0 NEE. X "I J 
2040 F'ROCnc. Lc 
2100 N=15 1-0 
2200 DIM N(N) DIM C(N) 
2300 FOR J= 0 TO 14 
2400 M(J) =( Z(J41) -" 7(J) ) /( T(3+1) T(J) 
2`900 C(J) = 0.: i*(Z(J) + Z(J+1) -- M(J)*(T(J) + T(J+1))) 
2600 PROCzcalc 
2.700 NEXT J 
2800 CLOSE# A 
2900 END, 
3000 DEFPROCzcalc 
3100 TI = (INT(T(J)150))*S0 + 50 
3200 FOR 'Ci = 11 TO ('T (J+i)) S TEP 50 
3300 ZT = M(J)**T1 + C(J) 
334(0 Si :=2.4125E15 * T1'''"1.5 * (EXP(-EX/ (I: ß"1.1)) ) 
3500 PROCdataout 
3550 X= X+1 
3600 NEXT T1 
. 3700 F_NDF'POC 
: 3800 DEFPROCdataout. 
3900 F'RINT# A, T1, ZT, ST. N'T(X) 
4000 PRINF T1. ZT. ST. NT(X) 
4100 ENDF'ROC 
4200 DEFPROCdatain 
4300 INPUT# A. T1. ZT 
4400 PRINT TI. ZT 
4500 E: NDF"ROC 
5000 DEFPROCnr_a1c 
5010 LOCAL T. J 
5011 RESTORE 9000 
5012 FOR J=0 TO 33 
5014 READ NJ) 
5015 NEXT J 
5020 DIM MN(33) i DIM CN(33) t DIM NT(128) sT= 6000 
5030 FOR J=0 TO 32 

s. " 



5040 M14 (J) (N(J+1) - N(J))/(200) 
50567 C. I'J(J) 0. S*(N(J) + N(J+1) "- MN(J)*(2*T +200) ) 
5060 T=1+ 200 
5071 NEXT J 
5080 T= 6000 X=0 
5090 FOR J=0 TO :'1 
5100 F=17k w. =1 TU 4 
5110 NT(X) :_ (MNtj)ý"T + CN(J))*1E18 
512t T=r+ 50 X= X+1 
5130 NEXT C. ) 
5140 NEXT J 
5141 NTT(X) == (MN(J)*T + CN(J) )*1E18 
51! 0 ENDPRO(; 
8000 DATA `'-986 , 6:: '85.6599 , 6929 , 7276 , 7640 , 8022 , 842,3+, 8844.9286.9750.1 Q 2'-, 8.10 750 . 1.1287.1 1852.12444 
8500 L)A TA2. `. i 79.2`. 665..:. /61 . 2.866.2.981.3.108.3.: x_48.3.401. +. 570.3.757.3.96'3. 

4.193.4.449,4.733.5.051.5.406 
9000 DATA 1.6.1.55.1.48,1.4,1.3,1.25.1.2, t. 13.1.08.1.0.0.96.0.90.0. ß 0.8. PI. 75 

0.7.0.6,5.0. `38.0.54.0.50.0.45.0.41.0.38.0.:. 34.0.30.0.27.0.24.0.22.0.19.0.17.0.15.0 

. 13.0.115.0.10 

" 

I. ', 



z %sp a 
L. 

10 REM FROG(' lH 1 LI C(1t. _CULATE: THE OE+SE: RVED INTENSITY FROM AF NOWN RADIAL EM I SS I VI TY PROFILE 
30 MO1'E 1 
40 DIH 

. Tv(10) DIM AM(4) 
110 PRUCi nput. 
120 DIM A(25) 
210 III =- 0 
/110 FOR Y-0 TO (R - 0.0001) STEP 10*dY 
420 M= ((Y+0.00701)*1. T) DIV 1 
425, U=V 
4-0 FOR S ': 1.1 1U 11/10 + 0.1001 STET' dY 
440 PROCicalc(Y, Y+10*dY. S) 
450 NEXT S 
'162) rRoc; si (, p (Y . Y+10*dY ) 
470 A(PI) AREA 
478 ARE. Al =0 AF- EA2 =0 AREAS -0 
480 NE. XTY 
482 FOR d0 T'O 1.0 STEP 0.1 
485 F'ROCd i sp 
490 NEXT d 
905 VUI. 17 
910 VDU3 VDU: 0 

1010 EN)) 
1110 LIEF PROCinput 
1210 I NI'I_fT " THE LIN' SEPARATION IN min dY = "dY 
1: 10 INPUT" THE ARC RADIUS R= "R 
1610 INPUT" THE MAXIMUM EMISSIVITY eO = "e0 
1710 PRINT''''' 
1750 AREA1 =0 AREA2 =0 AREAS =0 
1810 ENOPROC 
1910 DEF PlWCicalc(Y1, Y2, Y) 
19200 L= (100)* (S--U+0.001)) DIV1 
1940 IF 'Y -0 THEN 0OT0 2650 
1950 IF Y=R OR Y>R THEN GOTO 2650 
2010 It -= FNRY 
2110 13 = (R"2xFNRY/2 + (R*Y-2)*FNCOSH/2) 
2210 14 (Y 2*R *F'NC OSH "-" Y"2*FNRY) /2 
2310 15 (FNRY) -3/3 
2320 Iy=2 *"eO** I1 -- (eO*2/R"2) * (I3 - (14 - I5)) 
2330 Iy(L) = ly 
2510 DER FNRY = (R"? - Y-'2)-"F/1.5 
2610 DE-'F' FNCOSH - (LN((R/Y) + ((R/Y), '"2 - 1)-. 5)) 
2650 ENDPROC 
2700 DEFPROCsiinp(Vi. Y2) 
2705 N= (Y -Y1)/dY 
2710 IF Y (a THEN Iy(0) - Iy(l) 
2720 AREAl ((Y2 -Y1)/(3*N))*(IY(M) + Iy(10)) 
2730 AREA,. ' (CV?.. -Y1)/(3*N))*2*(Iy(2) + Iy(4) + iy(6) + ly(t))) 
2740 AREAS = ((1': .... Y1)/(3*N))*4*(Iy(1) + Iy(3) + Iy(S) + 1y(/) + 1y('I)) 
2850 AREA AREA1 + AREA2 + AREAS 
2860 ENDPROC " 
3000 DEE PROCdi sp 
3010 ON. (d* 10 + 1) COT O. '3050.: 1: 30,3250.33514,3450.3S ry0.36äQ1,37: i0. ýH50.3950 4050 3050 AM(0> = 2*(A(O)+A(1)+A(2)+A( )+-A(4)) 
3060 AMti) _ (A(E3)+A(6)+A(7')+A(E3)+A(9)"aA(10)+A(11)f"A(12)+A(1: 5)+FI(14)) 
3070 AM(2) = (A(15)+f4(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24)) 
3080 AM(3) = AMt1) 
3090 AM(4) = AM(2) 
310M GOTO 5000 



3150 All(ol "_ý F-1(5) + 2*(A(_T)+4(2)+A(1. )+A(0)) + A(4) 
75160 AM(1) - (i1(`, )+-A(7) +"(-a((a)+il(i') 4_A(1.0)+"il(II)+A(12) A(1zT. )+A(1! 1)4-i\(1I. 'i)) 
7,170 6M(: ') _ (il(16)+A(1'7)+A(18>+ßl(19)+A(? 0)+i1( : '. i)+A(2'. )+i1('K: '3)+Fl( '. 4) T 
3180 411(3) "- (4(4'1+A(5)+A(6)+6(7)44(13)44(' )44<10)44 11) 6(12)+A(1.. '". )l 
3190 011(4) -- (4(14)+4(15)+4(16)+A(17)+A(18)'+A(19)+A(20)+4(21)+14. (22)+A(ß''_3)) 
320121 60 ro s ioo 
3250 611(01) = Fl(<<.: 1+A(` l+A(4)+i'1("3) "t" 2r"(il(2) ß°A(1)+A(0) ) 
3260 AM(l) - (r1(7)rA(8)+A(9)+A(10)+A(11)+A(12)ýA(13)+A(14)FF1(15)+A(ib>) 

270 AM(2) ' (6(17)+A(18)+A(19)+A(20)"-6(.. 1)+A(2 )+A(23)+4(24) 
311: '80 (. )m C-, ) = (0(3)1A(4)+A(5)+A(6)+A(7)+A(8)--A(9)+A(10) , A(1t)+A(12) 
: 329(1 4M(4) - (A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A19)+A(20)+A(21+A(22) 
3: "; 00 131) 10 5000 
131 -Al ON (0) A(7) 4 AGA+A(5)+(1(4)+A(:: >+A(: ) `+ß(A(1)'0(0)) 

(x111(. 1) = (A(8)+-ii(9)-1 A(147)fA(11)+A(12)+A(13)+E'i(14)+A(1. `: i)+A(16)+l'ß(17) 
? "'7Q) (1M('ß') (4(1I) º11(19)+4(20i)+A(21)+A(22)+A(23)+ta (24) ) 
353E30 AM(:; ) (A(2)+A(: "?: )+A(4)+A( 5) ) 
? `"90 411(4) (A(1`)+A(13)+A(14)FA(15)tA(16)4.0(17)"1A(18)4A(19)+A(20)+A(21)) 
3400 (. 3010 5000 
3450 Am (0) = A(F3)-(0(7)+A(6)+il(5) IA(4)+A(3)+A(2)+A(1) + ... 1 w(A(0)) 
'4ý'., 0 411(1) '_ (A(9)iA(10)+A(11)+-A(12)+A(1'3)1A(14)+"A(15)+A(1'6) I-A(17) 111(18) ) 
_. -3,111 fahl (2) - (4(19)+4(20)+4(: 21)+"A( 2)+A( 3) 4-A(: 24)) 
3400 0111(+) = (; 1(1)+A(. ')+++A(: ': )+A(4)+A(5)+A(6)+A('7)+4(13)44('9)4.4(10)) 
: T191r AM(4) . - (4(11)+01112)IA(1: 3)+nc14>+A(15ý+F1(16)"6(17)+4(18)+4(19)+6(2V))) 
3500 GO10 5000 

`, tA OM(0) = 4(9)+4(8) -A(7)+A(6)+A(5>+A(4)+A(3)4A(2>+/. a(1)+{1(t<1) 
:5 )G) (11(1) - (4(10)+4(11)+i1(. 1:? )+A(13)+-A(14)+A(15)+"A(16)+A(17)+6(18)'A(J'7)) 
357(4 All (2) (1) (<3.0)+A(1)+A(2 )+A(23)+A(24)) 
35R F611(. _') 

(()()) *-A(1)+"A('')+A(3)+A(4)+A(5)i"A(6)+A(7)+A(8)+A(9) 
3590 AM (4) == (A(10)+A(11)"tA(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)) 
36010 1': no'r'0 5000 
36`50 All(O) = A(10)+"A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(1) 
3660 (x10(1) -= A(11)+A(12)+A(133)+A(14)+A(1ä)+A(16)+A(17)+F1(18)+"A(19)+F1(20) 
3670 411(2) - 6(21)+A(22)+A(23)+A(24) 
: =680 AI1(: 3) .: = A(0)+A(0)+A(1)+A(2)+A(3)+A(4)i"A(5)+A(6)+A(7)+A(8) 
: 3690 (1M(4) A(9)+A(10)+A(11)+A(12)+A(13)+A(14)+A(1, )+A(16)+4(17)"+A(18) 
3700 6010 5000 
3750 AM(0) = 6(11)+A(10)+A(9)+A(8)+A(7)+++A(6)+A(5)+A(4)+A(3)+A(2) 
3760 AM(1) = A(1'2-)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)a+A(;? l) 
3770 AM( 2) = 4(22)+4(23)+4(24) 
571: 30 AM(3) = A(1)+-A(Q))+-A(0)+A(1)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7) 
3790 AM(4) = A(O)+A(9)+A(10)+A(11)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17) 
"900 6010 5000 
'395v) (1M(0) = A(12)+A(ll)+{ (10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3) 
3£1:, 0 AM(1) = A(13)+A(14)+A(15)+A(16)+A(1'7)+A(18)+A(19)+A(20)+A(21)+f(2, ) 
3270 AI(2) = 4('23)+A(24) 
3880 ('11( ) _= A(2)+A(1)+A(0)+A(0)+A(1)+A(2)+A(3)+A(4)+A(b)+A(6) 
3890 Ar1(4) = A(7)+A(8)+A(9)+A(10)+A(11)+A(12)+A(13)+A(14)+A(1t3)+4(16) 
3900 00'10 5000 
3950 AM(0) = A(13)+A(12)+A(11)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+4(4) 
3960 AM(1) = A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+4(2'2)+A('? 3) 
3970 AM(2) = 

" 
A(24) 

+ 0 
3980 AM( 3) = 4((7 A(3)+A(2)+A(1)+4(0) +4(1)+A(2)+A(3) t"Il(4)+A(5) 
3990 AM(4) = A(b)+A(7)+A(8)+A(9)+A(10)+A(11)+A(12)+A(13)+A(14)+A(153) 
4000 SOTO 5000 
4050 AM(0) = A(14)+A(13)+A(12)+A(11)+A(10)+A(9)+A(8)+A(7)+A(6)4A(S5) 
4060 AM(1) = A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+F1(24) 
4070 AM(2) = 0 
4080 AM(3) = A(4)+A(3)+A(2)+A(1)+A(O)+A(0)+A(1)+A(2)+A(3)+A(4) 
4090 AM(4) AM(0) 
4100 60T0 5000 



5000 FRIN1 "ARC DISPLACEMENT d= "d 
5100 F'RINl ' 
5200 FOR W=O 1C) 4 
5300 PRINT" "THE TOTAL INTENSITY AT TRACK "; W; " (AM(W)/(M(0)) 
5400 NEXT W 
55I2K PRINT" 
5600 ENI)F'ROC 

I. 



APPENDIX A. 3 

RADIAL PROFILES OF THE THERMODYNAMIC 
PROPERTIES USED IN THE ARC CORE ENERGY 

CONSERVATION 

Included in this section are the radial profiles of 

thermodynamic quantities used in the evaluation of the arc 

core energy equation of chapter 8. Also included are profiles 

of the electrical conductivity which were used in the 

evaluation of the shape factors of the integral analysis 

formulations (chapter 8). 

(i) The Quantity afar LrK3T/8r] 
Used in the Evaluation of 

the Thermal Conduction Logo 

The radial profiles of this quantity corresponding to 

the radial temperature profiles of fig. 6.25 (i) and (iii) 

are shown in fig. A. 3.1. The value of K for corresponding T 

was obtained from Frost and Liebermann (1971). 

(ii) The 
Stor 

in t 

The radial profiles of the quantity (phr) was calculated 

for radial temperature profiles at different instants during 

the current decay as described in chapter 8, Fig. A. 3.2 (i) 

shows the (phr) profiles at instants of lOus and 3us before 

current zero for the low di/dt 
case. Fig. A. 3.2 (ti) shows 

the (phr) profile for the heat storage term calculation as 

outlined in chapter 8 for an instant 7,9us before current zero 

and a 
di/dt 

value of 21A/us, 

(iii) The Quantity hr)Us in the Eva3uat an of the 

The variation of sonic velocity, c for S6 and a pressure 



of 4 bar with temperature (Frost and Liebermann, 1971) 

is shown on Fig. A. 5 (appendix 5). These values coupled 

with the values of p, h, r (Frost and Liebermann, 1971) 

were used to calculate the quantity (phcr) for various 

radial temperature values. The radial profiles of ( hcr) 

at slots 2 and 3 (as discussed in chapter 8) for the cases 

of low and high di/dt 
are shown in fig. A. 3.3 (i) and (ii) 

respectively. 

(iv) The Radial Profiles of the Three 
Very Close to Current Zero 

tie 

Included on fig. A. 3.4 are the radial profiles of the 

quantities (phr), (phcr) and 
a/at (rK aT/ar) for the radial 

temperature profile of fig. 6.25 (ii) which corresponds to 

a 
di/dt 

of 15A/Us and an instant 2.2ps before current zero. 

The temperature profiles corresponding to instants of 2.2Us 

and 1.2us (at slot 2) before current zero and slot 3 at 2.2us 

before current zero are also shown on fig. A. 3.4. 

(v) The Radial Electrical Conductivity Profiles 

The radial electrical conductivity (a) profiles were 

calculated from the temperature profiles of fig. 6.25 (i) 

and (iii) and the data of Frost and Liebermana (1971). The 

radial profiles of a and the product Qxr for values of 
di/dt 

of 14 2A/us and 21A/us are presented in figs. A. 3.5 (i) 

and (ii) respectively. 
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APPENDIX A. 4 

THE TOTAL RADIATION POWER LOSS DATA 

The total radiation results during the current zero 

period of the full power arcs (Shammas, unpublished) are 

presented in this section. These results include two cases 

of 
di/dt (fig. A. 4.1 and A. 4.2). A number of tests were 

carried out in both di/dt 
cases which give rise to an 

experimental spread which is represented by the bands on 

figs. A. 4.1 and A. 4.2. 

These are the results from which the total radiation 

power loss data for the current zero energy balance 

(chapter 8) was obtained. 
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APPENDIX 5 

TRANSPORT PROPERTIES OF SF6 

The transport properties of SF6 used in the evaluation 

of the arc energy conservation were obtained from Frost 

and Liebermann (1971). The variation of the electrical 

conductivity, thermal conductivity enthalpy and density 

with temperature in the range 6,000K to 12,000K for a pressure 

of 4 ATM are shown on fig. A. 5.1. The variation of sonic 

velocity with temperature in the range 6,000 to 10,000K for 

a pressure of 4 ATM is shown on fig. A. 5.2. 

Fig. A. 5.3 shows the variation of Cu I species and 

electron density for various SF6 and Cu plasma compositions 

(Kinsinger, unpublished). The data of fig. A. 5.3 was used 

in the calculation of the optical depth in chapter 7. 
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APPENDIX A. 6 

ELECTRONIC CIRCUITS 

This section is concerned with the description of 

some electronic circuits used in the present investigations. 

The circuit diagram of fig. A. 6.1 shows the opto-sensor 

used in the detection of laser pulses for speed sensing of 

the rotating shutter (chapter 4). The output pulses from 

this circuit were input to another circuit (fig. A. 6.2) 

which detected the coincidence with a monostable pulse 

(coincident with the 1st ignitron trigger pulse) for homing 

in on current zero (chapter 4). The unit which houses this 

circuit was referred to as the coincidence unit in chapter 4 

which also includes a description of its function within 

the system. 

Fig. A. 6.3 shows the circuit diagram of the high voltage 

trigger unit for triggering the vidicon camera. The video 

output of the camera which corresponds to the scanning sequence 

of the vidicon (33ms active scanning period, 1.2ms blanking) 

was used as an input to the circuit of fig. A. 6.4. This 

circuit converted the video signal to a pulse train of 33ms 

period and a 1.2ms pulse duration. These pulses were used in 

conjunction with the coincidence unit of fig. A. 6.2 for the 

current zero triggering of the vidicon camera as described 

in chapter 4. 
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APPENDIX A. 7 

DIAGNOSTIC INSTRUMENTATION 

In this section some of the operating parameters not 

described in detail in chapter 4 are included. 

Primarily it is intended that the operating sequence and 

a general description of the 'call', '2D' and 'DEFINE' routines 

are presented. The full menu of the call, 2D and DEFINE 

routines including a brief description of each according to 

the manufacturer is given at the end of this appendix. 

The sequence of operation of the OSA in order to obtain 

a radially averaged arc spectrum is as follows: 

(i) Before the Test 

(a) Choose an available memory M (e. g. 5) 

(b) Preset the number of scans N (usually N= 3) 

(c) CALL 0 ENTER M ENTER - initialise OSA for recording 

(ii) During the Test 

The OSA is triggered externally 

(iii) After the Test 

(a) Make a dark scan in an available memory 

CALL 0 ENTER X ENTER - START 

The dark current of the vidicon is scanned by the 

preset (i (b)) amount 



(b) Subtract the dark current from the signal 

CALL 1 ENTER M ENTER X ENTER 

The result is in memory M and displayed 

(c) The information can be transferred to the external 

computer using the following instructions 

DEFINE 3 ENTER 9600 ENTER 

CALL 6 ENTER M ENTER 

In this case the external computer is the BBC which 

has to be initialised before this transmission 

using a separate program (OSA 1) 

The sequence of operation of the OSA in order to obtain 

a radially resolved arc spectrum is as follows: 

(i) Before the Test 

(a) The 2D initialisation must be executed if not 

already done so. Usually the parameters for the 

2DO routine are as follows 

2DO ENTER 15 ENTER 5 ENTER 6 ENTER 10 ENTER 1 

(b) A dark scan must be made. This is achieved by 

invoking the 2D2 routine as follows 

2D2 ENTER START 

The dark current ie stored in memories 1 to S. 

This must be shifted out to other available memories 
by using the 2D8 routine as follows 

2D8 ENTER l ENTER 5 ENTER X ENTER 

The dark scan is now stored in memories X to (X + 4) 

(c) The first 5 memories must be cleared for storage of 
arc spectra as follows 



2D6 ENTER 

(d) The accumulation program is invoked again, thus 

2D2 ENTER 

The OSA is ready for triggering externally to receive 

the DATA. 

(ii) During the Test 

The OSA is triggered externally. 

(iii) After the Test 

(a) The dark current is subtracted from each of memories 

1 to 5 to obtain the true spectrum. The dark 

current records are stored in memories X to (X + 4), 

(i(b)) and can be subtracted from the corresponding 

data in 1 to 5 by repeated use of the CALL 1 routine. 

(b) The spectra with dark current subtracted are shifted 

out to other memories using the 2D8 routine. 

(c) These spectra can be transmitted to the external 

computer using CALL 6 with DEFINE 3 again set to 

9600. 

Another important parameter to be considered in the 

acquisition of the arc spectra is the reciprocal dispersion 

of the monochromator for various slit widths. This has been 

measured by Ihuki (1979) and is shown in fig. A. 7,1. 



OPERATING INSTRUCTIONS FOR CALL, 2D AND DEFINE PROGRAMS 

(i) CALL PROGRAMMES 

Call 0: Accumulation Program 

Entry: 

CALL 0 ENTER X ENTER START possibly STOP. 

Result: In memory X, after pressing the start key the pre- 

selected number of scans shown on the display screen will be 

accumulated. Whilst the accumulation proceeds, the red LED 

over the START key will light. Memory X will be automatically 

displayed on the XY display during and after the accumulation. 

After initialisation with CALL 0 the accumulation can be 

effected as often as desired by pressing the START key, until 

a new instruction is entered. 

The X-Y display control keys are blocked until the entry 

of a new instruction. 

Call 1: Subtraction Program 

Entry: CALL 1 ENTER X ENTER Y ENTER 

Result: Memory Y is subtracted from memory X and the result 

is stored in memory X and automatically shown on the display. 

Call 2: Accumulations and Subtractions Programs 

Entry: CALL 2 ENTER X ENTER START 

Result: After pretsing e START key the preselected number 

of presets will be accttaulated in memory X (e. g. a signal 

spectrrun) . 
If the STA'RT' key is again pressed, then the same 

number of presets will be subtracted from the contents of 

memory X with the scanned spectrum (e, g. dark spectrum). 
Memory X will noxcontain the signal spectrum corrected by the 



Ti_ ... 

dark spectrum. If on the display values around 0 and also 

around 65525 are held, then the Y offset must be shifted by 

the key until all points of the results spectrum are over 0 

(the correction is necessary since the computer calculates 

without using sign so as not to lose dynamics i. e. for example, 

2-3= 65535). 

Call 3: Alternative Presentation 

Entry: CALL 3 ENTER X ENTER 

Result: Alternative presentation of real time and memory X 

on the display, i. e. both spectra are shown in succession and 

therefore appear at the same time on the display. The 

intensities of the cursor channels are given alternatively 

for both spectra on the screen display. 

Call 4: Standardisation 

Entry: CALL 4 ENTER X ENTER 

Result: Memory X is' standardised at 12 bits, i. e. maxima of 

the spectra are set to 4095 and all other values to corresponding 

values, so that the values are multiplied by the same factor 

as the maximum value, or divided by the same factor as the 

maximum value. 

Call 5: Addition Program 

Entry: CALL 5 ENTER, X. EW ER Y ENTER 

Result: Memory Y and�memory; X are added and the result stored 
in memory X and automatically shown on display XY. 



Result: Memory X between UG and OG (See define 0/I) is 

output through the serial interface. Here in one line first 

the channel number, then the intensity, and finally Carriage 

Return are output. In addition, in the first "Memory X" as 

well as at the end the current integral and mean values are 

output. The coding of the individual symbols is in the ASCII 

code. 

Call 7: Integral 

Entry: CALL 7 ENTER 

Result: Between UG and OG the integral of the spectrum shown 

on the display is calculated and given on the screen after 

Integral. The integral is calculated by adding the intensity 

values from UG to OG. The figure after the E gives the power 

of 10; e. g. 35,000 E2= 35,000.102. 

Call 8: Number of channels 

Entry: CALL 8 ENTER X00 ENTER 

Result: By call 81 the number of channels by which the target 

is'scanned, is altered. Possible values: 100,200,300,400, 

500. After entry of one value, the X axis is shortened to the 

display of n/5 where n= number of channels/100. Exactly as 

shown on the display, the target is now scanned from channel 1 

as far as only n/5. It must be remembered here that the dwell 

time of the electron beat per diode (64us) remains the same 
{i. e. the same amount Of-Information collected as with 500 

points), but the integration time of the light between scans 
is reduced, to /5 of32us (i. e, for steady state excitation - 
the saus illumination strength) in real time the intensity of 
the s�peotxal Uns WLU be lese. 



y  

If the scanning field is reduced, it is no longer 

possible to call X expand by the key operation. It is better 

in this case to set the optimum picture size by means of the 

Expand potentiometer adjacent to the X-Y display, Against 

the disadvantage of the reduced target area, the smaller 

number of channels has two advantages: the number of memories 

is increased to 150/n memories, i. e. for 100 channels a 

maximum of 150 memories is now possible. Then also in the 

2D mode 150 tracks can be simultaneously stored in memory. 

For uncooled systems in which with 500 channels only up 

to 5 tracks can be scanned without signal overlap by dark 

currents, this number is increased to 5x (6 - n) tracks. 

Call 9: Alternative Program 

Entry: CALL 9 ENTER X ENTER Y ENTER 

Result: Alternative presentation as for program Call 3, but 

presentation of two memories X and Y. 

Call 10: Cushion correction " 

Entry: CALL 10 ENTER X ENTER 

Result: This program corrects the memories X and Y by the 

values of a correction spectrum, which is programmed in. (See 

chapter 5.1). 

Call 11: Multjglication Program 

Entry:.. ALL 31 ENTER X ENTE Y ENTER 

Result: Memory X is Multiplied by memory y, the result stored 
in memory X and automatically displayed on the XY display. 
Sire` the result can be output over the 16 bit range, in such 
a caa 'the resat is shifted by 20 many bits that the maximum 



can be covered by 16 bits. 

CAUTION 

Memory 0 is needed for the multiplication and for this 

reason neither be mulplicant nor multiplier. 

Call 12: Division Program 

Entry: CALL 12 ENTER X ENTER Y ENTER 

Result: Memory X is divided by memory Y, the result is stored 

in memory X and automatically displayed on the XY display. In 

order to attain full accuracy, the result is shifted to the 

right by so many bits that the maximum no longer contains any 

leading zero figures. 

CAUTION 

memory 0 is needed for the division, and for this reason 

should neither be dividend nor divisor. 

Call 13: Erase all memories 

Entry: CALL 13 ENTER 

Result: Memory 0 to Memory 30 are erased. 

Call 14: ASCII Output 

Entry: CALL 14 ENTER 

Result: An ASCII symbol is output an control symbol through 

the serial interface. This control symbol can be programmed 
in to customer's requirements. 

Call 15: Average-value 

Entry; CA t I5 . EN'T'ER 

Result Betwreen UG and 0G the intensity average value of the 



spectrum shown on the screen is calculated and output in 

the penultimate line of the screen. 

Call 16: Delay and accumulation Program 

Entry: CALL 16 ENTER X ENTER START 

Result: Call 16 is used after, by DELAY N ENTER the number 

of seconds was entered during which light is to be collected 

at the target. Then Call 16 can be called and by X the memory 

in which accumulation is to be effected after the delay time 

is entered. After pressing START, the target will be exposed 

for the given number of seconds and the result stored in memory. 

It is possible to use START again as often as desired without 

re-initialisation. 

Call 17: Dark keying 

Entry: CALL 17 ENTER 

This programme is at present only in software, but not 

available in hardware. 

Call 18: Real-time-Plot Program 

(Only for systems with Floppy Disc Option) 

Entry: CALL 18 ENTER S ENTER 

By this program it is possible to have a real-time spectrum 
plotted out at specific intervals of time. S is the time 

period in seconds between the plotting of two real-time spectra. 

By pressing a command key the program is stopped. 

CAUTION 

The spectrum is plotted which is at that moment on the 
X-Y display, so that the real-time spectrum must be visible 



there. 

Call 19: Arithmetic with constants 

Entry: CALL 19 ENTER Z ENTER VXXXX ENTER 

Result: Memory A, according to the sign V (+, -, *, /) is 

automatically logically associated with the constants XXXXX 

(up to 5 places) and the result is stored in Z. 

(ii) 2D Programs 

(Only possible for detectors with 2D option) 

Generally for the two-dimensional scanning of the detector: 

By the 2D initialisation the target area scanned will be 

split into the preselected number of tracks and each track 

in succession scanned by the electron beam, the scanning time 

for each track being 32ms, so that the total scanning time 

for the target is given by n- 32, where n- number of tracks. 

The difference between 1D and 2D scanning is shown below: 

yP, ,_ ,.. z ,x., 



In 2D images with several tracks on the display the 

functions X-expand and Y-offset are not capable of alteration. 

Only for 2D4 (real full track) can Y expand be selected. If 

it is desired to show a stored track with spread, the memory 

in which the track is held must be selected as a sole Image 

by DISPLAY X ENTER 

2D Initialisation 

Entry: 2D 0 ENTER U ENTER W ENTER X ENTER Y ENTER Z ENTER 

Result: A 2D image is initialised by this entry with the 

following specification: 

U-PT = Possible tracks = Number of segments, in which the 

target is split in the Y direction 

W-NT = Number of tracks = number of tracks which are really 

to be scanned by the camera and then shown on the X-Y display. 

NT must always = PT 

X-ST = Start track = Number of track (as seen from above) which 

is to be scanned first. If PT - NT, then ST must equal 1. 

Y-OT = Offset track = Distance between two tracks to be scanned. 

If FT = NT, then OT must = 1. 

Z-IT = Intensified track = That track of which the intensity 

value on the display screen is to be shown for the corresponding 

cursor value. This track is scanned more brightly on the XY 

display. 

The initialised values for PT, NT, ST, OT and IT, after 

completing the last entry, are shown on the display screen 

(lines 7 and 8). 

If a 2D target picture is to be stored in memory, then NT 

should not be greaten than 30, since only 30 memories are 



available. If, however, the number of channels is less than 

500, the possible figure for NT is increased to the maximum 

number of memories then available. 

2D 1: Realtime 

Entry: 2D 1 ENTER 

Result: A 2D real-time image with the tracks shown on the 

screen. For the intensified track the cursor and intensity 

value are displayed. The tracks are scanned in succession 

on the target, each track in 32 ms. 

2D2 2D Accumulation 

Entry: 2D 2 ENTER START 

Result: 2D accumulation in the memory predetermined by the 

tracks with the predetermined number of scans. Here every 

track initialised by 2D is accumulated in the memory having 

the same number as that representing the track i. e. Track 1 

in memory 1 etc. 

CAUTION 

After Press Start Key appears in the second line, there 

should be a wait of at least 10 seconds before pressing START, 

since the discharge of. the target to 2D scan must have decayed. 

2D3 2D Plot Program 

Entry: . 
2D 3 ENTER 

Result: 2D program for an XY recorder in which the initialised 

tracks are, plotted starting at the top and working down. The 

tracks are autcamatcally recorded over each other and the pan 

it switched at. the end of each track, so that at the start 

of the next track it can be dropped again, Starting and 



finishing channels for the recording process are determined 

by UG and OG. By pressing a command key the recording 

process can be stopped. Care must then be taken that with 

more than 16 tracks which are to be recorded on one sheet, 

the tracks overlap since the amplitude for one track on the 

display and on the plotter cannot be set smaller than for 

16 tracks. Change of recorder speed see under Define 2. 

2D4 Presentation of one track only in real time 

Entry: 2D 4 ENTER X ENTER 

Result: Only the track X is shown in real time on the display. 

Track X is now alone scanned in its correct position on the 

target. As against 2D real-time the track will now be scanned 

every 32 ms. (less dark current than with 2D real-time). 

2D 5: 2D Memory image 

Entry: 2D 5 ENTER 

Result: A 2D memory picture with the tracks of corresponding 

memories, i. e. Track 1 in memory 2, track 2 in memory 2 etc. 

2D6: 2D Clear 

Entry: 2D 6 ENTER 

Result: All the memories initialised by 2D 0 for track storage 

are erased. 

2D7 2D Delay and Accumulation 

Entry : 2D 7 ENTER START: 
_ 

Result: As, a linkage of the programnte8 2D2 (2D Accumulation) 

and Call 16 (1. p,, 1aiýy and accumulation), after a certain delay 

time the target wi1L be two. diienaiona ly scanned and manor: ised. 



Firstly, with DELAY N ENTER, the delay time should be 

entered (N = number of seconds). 

Before the start of the delay time the target is scanned 

with NT. The start of the delay time (suppression of the 

beam) is recognisable by the stationary holding of the base 

line at the lower edge of the display. 

2D8 Shift 2D images 

Entry: 2D 8 ENTER X ENTER Y ENTER Z ENTER 

With this program two 2D images which have been fed into the 

first memory, can be shifted by one command into the memory 

space behind. The parameters to be called signify: 

X- ST Start track of the 2D memory image to be shifted. 

Y- NT Number of tracks (memories) to be shifted. 

Z- DT Destination track = 1st memory of the memory range into 

which the 2D image is to be shifted. 

(iii) DEFINE PROGRAMMES 

Define 0= Lower limit (UG or LL) 

Entry: DEFINE 0 ENTER Z ENTER 

Result: The lower limit for integral, plot, average value, 

and serial output is set at Z. Z must lie between 1 and 499. 

Z is set to 1 in the initialisation program. 

Define 13 Upper limit (OG or UL) 

Entry: DEFINE 1 ENTER W ENTER 

Result: The upper limit for integral, plot, average value, 

and'seriai output is set to W. W must lie between 1 and 499, 

and in addition, W musthbe> ZW is set to 499 in the 



initialisation program. 

Define 2: Plot speed 

Entry: DEFINE 2 ENTER V ENTER 

Result: The plot speed for plot and 2D plot is set to V. 

The greater V, the slower the plot speed. V is set to 2 in 

the initialisation program. The smallest value for V is V=1. 

Define 3: Baud rate 

Entry: DEFINE 3 ENTER S ENTER 

Result: The Baud rate for the serial interface is set to S. 

S can have any value between 1 and 9600. The initialisation 

value for S is set at 300 Baud. 

Define 4: Lambda (Wavelength) 

Entry: DEFINE 4 ENTER 1 ENTER 

Result: By setting define 4 to 1, in line 3 of the screen 

display instead of the intensity the wavelength for the set 

channel (cursor position) is shown provided that the wavelength 

decoder option is incorporated in the instrument. Switching 

back to intensity Oy entering 0 (see chapter 5.2). 

Define 5: Y Offset 

Entry: DEFINE 5 ENTER Z ENTER 

Result: By entry of a value for Z between-32767 and 32767 the 

Y offset is set to this value i. e. the zero line on the XY 

a 'Splay GIs lifted by this value. 

Define 6: Heating Off, Plot Relay. Dark scan of camera . 

Entry: DEFINE 6 ENTER W ENTER 

Result: Setting of functions by ingot of the following values: 



Function Value 

Switch in recorder output X-Y 65519 

Plot relay (Pen down) on 65503 

Plot relay and recorder output on 65487 

Dark scan- Camera on 65471 

Vidicon heating (filament) off 64511 

All functions are reset by input of 65535 

Define 7: Delay scans 

Entry: DEFINE 7 ENTER N ENTER 

Result: The target is both in real time and in 2D real time 

operating dark-scanned between every N scans i. e. the light 

integration time per diode column is raised from 32 ms to (N-U) 

U= 32 ms. In the programs Call 0 and 2D2, after pressing 

the start key the target is scanned dark N. 32 ms before the 

read-out starts. The number N is seen on the display screen 

(line 12). 

Define 8: ACCU + memory erasure 

Entry: DEFINE 8 ENTER 1 ENTER 

Result: If the variable 8 is set to 1, the accumulation memory 

in which accumulation is to be effected on calling Call 0 is 

erased on each of Call 0 before pressing the START key. Reset 

of the function by entry of 0. 

Define 14: 2D variable 

Entry: DEFINE 14 ENTER R ENTER 

Result: The intensified track is changed to the value R. 



Define 20-49 Track number 
A 

Entry: DEFINE 20 ENTER P ENTER 

Result: From Define 20 to Define 49,30 tracks can be defined 

which order of their entry from define 20 on are then scanned 

on the target. In this way it is possible from 256 tracks 

to select any 30 which, also by means of 2D2, can be accumulated 

in the appropriate memory track of Define 20 in memory 1, 

track of define 21 in memory 2, etc. 
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ABSTRACT 

High speed photographic and time and space resolved 

spectroscopic investigations have been undertaken to quantify 

the processes governing arc thermal reignition phenomena. 

A fixed nozzle and electrode geometry was used with SF6 

as the host gas. A sonic flow of gas at the nozzle throat 

was sustained using an upstream vessel pressure of 7.8 psig. 

A 35.5mF capacitor bank was used to supply electrical 

energy for reduced and full power arcing tests using different 

circuit configurations. 

Sophisticated optical diagnostic instrumentation has 

enabled photographic and spectroscopic investigations with 

high time and space resolution to be made during the current 

zero period of both the full and reduced power arcing cases. 

The results of above experimental investigations are 

of value in determining the thermal structure and the 

processes governing thermal reignition of the circuit breaker 

arc of the present investigation. In particular, temperature 

profiles derived from the above investigations have been 

used to quantify the important terms of the dynamic current 

zero energy balance. 

Experimental investigations have thus been performed 

during the critical current zero period of a full power 

circuit breaker arc. The significance of these results has 

been realised in evaluating the current zero temperature 

profiles and subsequently the energy conservation equation 

terms for severe circuit breaking conditions. 



Persistent lines of the elements, C. R. C. Handbook of 
Chemistry and Physics, 48th Ed. Publ. The Chemical 
Rubber Co., 1967-1968, pp. E148-151. 
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