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ABSTRACT

The performance of a gas blast circuit breaker is governed by the 

extinction of the arc discharge which is formed between the contacts 

of the interrupter. The arc exists within the confines of a nozzle used 

to tailor a flow of gas for achieving the control and eventual extinction 

of the discharge. It has been long appreciated that measurements of 

the arc properties during its extinction in such a circuit breaker are 

important for understanding the role of various fundamental processes 

in causing arc extinction. However the inaccessible nature of the 

circuit breaker nozzle throat and complexity of the operating condi

tions have limited the use of sophisticated diagnostics in realistic 

interrupter test heads.

Spectroscopic measurements have been made during the few 

microseconds of the arc extinction period at the nozzle throat location 

where it is believed that the plasma recovery is most critical. This 

has been achieved through the use of an Optical Spectrum Analyser 

( OSA 500 ) capable of detecting low level light emission with micro

second exposure and with five simultaneously recorded line of sight 

measurements. Optical access into the confines of the interrupter 

nozzle without affecting the circuit breaker performance was achieved 

via a slot in the nozzle wall made gas tight by a window and gasket 

on the side remote from the arc.

Experimental investigations have thus been performed during the 

critical current zero period of a full power circuit breaker arc. The
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significance of these results has been realised in evaluating the cur

rent zero temperature profiles and subsequently the energy conser

vation equation terms for severe circuit breaking conditions.

These investigations seek to exploit the results of these measure

ments to gain an improved understanding of the role of various 

physical processes during the arc extinction phase in the model 

interrupter.
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CHAPTER 1

INTRODUCTION

In any electrical system there is always, at one time or another, 

the need to isolate a certain portion of the system from the rest. 

For example, one may need to deenergize a load or to isolate a faulted 

portion of the system so that the equipment or the line can be re

paired. A switching device is needed to perform such a function. In 

some special applications this function can be served by semiconductor 

devices or by vacuum tubes. However, in the case of high power 

transmission and distribution systems, this function is served by an 

electromechanical device more commonly known as a switch or a circuit 

breaker. Because of the low impedance of such networks very high 

short-circuit currents can be produced which would damage the in

stallation in a short time . It is the task of a circuit breaker to switch 

off quickly and with high reliability the faulted part of such a net

work.

The operation of such a device is well known. Fundamentally, there 

is a pair of electrical contacts, one movable and the other usually 

stationary. The movable contact is actuated by a mechanism. So that 

when the contacts are closed, the electric circuit is completed by 

metallic conduction. In order to interrupt the circuit, the movable 

contact is drawn away from the stationary one. During this process 

an electrical arc is formed between the contacts. Being a high tem

1



perature ionized gas (plasma), the arc continues to carry the current. 

Until the arc is extinguished in one way or another, the electric 

circuit is not interrupted because of the finite electrical conduction 

of the plasma. Thus, the physical process of circuit interruption is 

one of changing a highly conducting plasma into an insulating gas in 

a controlled manner.

An important criterion when comparing different circuit breakers 

is the way in which the arc is treated. In the case of high voltage 

circuit breakers the arc is made to burn in a strong gas flow along 

the arc axis. This is achieved by igniting the arc in a nozzle with 

supersonic flow conditions. This serves the dual purpose of control

ling the arc during the peak current phase and causing arc extinction 

at the current zero at the end of alternating current cycle, when the 

voltage inducing capacity of the inductive system is at its lowest. 

In the case of low voltage circuit breakers the arc is moved transverse 

to its axis by a transverse magnetic field driving the arc into a grid 

of metal plates where a relatively high voltage required to sustain the 

arc. This serves to limit the current flow and leads to subsequent 

arc extinction.

To achieve such a successful interruption, sufficient energy must 

be removed in order to keep the electrical conductance of the recov

ering arc in the contact gap as low as possible so that reignition due 

to joule heating caused by residual current flow is avoided. In addi

tion a subsequent recovery of the insulation properties is required
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to prevent dielectric breakdown by the voltage across the arcing gap 

produced by the network reaction to the 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. Sulphur hexafluoride ( SFg ) and air ( or Nj ) are 

the two most common working gases for gas blast arcs used in high 

voltage circuit breakers. Of the two, SFg has proven to be superior 

in its interrupting abilities against both thermal and dielectric reig

nitions ( Ragaller (1978)). SFg has a much greater dielectric strength 

than air at the same pressure. These improvements are due mainly 

to the large electron attachment coefficient of the SFg molecule : thus 

the probability of an electron accelerated in an electric field causing 

ionisation and breakdown by fast collision is much reduced ( Airey 

(1977)). 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 in

creased, the ability of a circuit breaker to interrupt increasing short 

circuit fault currents and withstand greater voltage has necessitated 

improving and changing circuit breaker designs.

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

by SFg gas as an arcing medium for the above reasons, the first 

SFg production breakers being developed by Westinghouse ( Friedrich 

et al, 1957) and ( Leeds et al, 1957 ). SFg also has a low ionisation 

energy and a high affinity , for electrons during deionisation which
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makes it an ideal arc quenching medium. These properties enable a

lower pressure or a higher rating per break unit to be used compared

to the equivalent air circuit breaker. SF- has therefore been usedb
for all the experiments carried out in the present investigations.

The model circuit breaker, the power supply circuit and the

measuring system employed are described in detail in Chapter (4).

The power supply circuit provided peak sinusoidal currents in the

range 34-64 KA at a frequency of 78 Hz. The model circuit breaker

was of the two pressure monoflow SF~ type using an upstream pres-b
sure of both 7.8 bar and 4.25 bar, and downstream pressure of 1 

bar. The contacts of the circuit breaker were made from copper- 

tungsten/ and the nozzle was made from PTFE. A 3 mm high slot 

situated at the nozzle throat permitted the arc radiation to be studied. 

This was achieved by focusing the radiation at the entrance slit of a 

monochromator to provide spectral resolution of the radiation. This 

monochromator had a i m  focal length and a 0.82 nm/mm reciprocal 

dispersion. The width of the entrance slit of the monochromator was 

28.5 ym. The spectrum on the exit plane of the monochromator was 

detected and recorded by an Optical Spectrum Analyser with Vidicon 

Camera SIT 500.

The aim of the present work has been to obtain the arc dimensions, 

to measure the radial temperature profile and electron density vari

ations during the current zero period using the spectrally resolved 

radiation from the arc. From the radial temperature profile derived 

from these diagnostic techniques the transient variation of arc prop
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erties could be derived. The purpose of the electron density meas

urements has been mainly to establish whether local thermodynamic 

equilibrium (LTE) conditions exist in the arc plasma during the cur

rent zero period. Since the energy loss terms can, in principle, be 

related, through equilibrium calculations, to the temperature profile, 

the acquisition of this parameter is a major aid to the quantitative 

solution of the energy balance equation ( Chapter G ). Additionally 

a quantitative evaluation of parameters used in theoretical arc models 

such as those based upon boundary layer integral analyses ( Walmsly 

et al 1978(11)) can be made.

This thesis contains 7 chapters. The literature on theoretical 

models describing current zero arc behaviour, the LTE model, and 

the description of the circuit breaker by empirical derived laws are 

reviewed in chapter (2). The development of arc spectroscopic tech

niques, and radiation power loss measurements are reviewed in 

chapter (3).

The spectroscopic investigation enabled direct localised arc column 

intensity measurements to be made with radial ( and spectral ) re

solution and a time exposure of 1.6 ys such that radial temperature 

profiles during the current zero period could be derived. The 

instrumentation pertaining to this investigation is described in chapter 

(4) and the results obtained are presented in chapter (5). The 

analysis and discussion of experimental results are presented in 

chapter (6). This thesis is concluded by chapter (7) which outlines 

the more important aspects of this research.
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CHAPTER 2

REVIEW OF HIGH CURRENT ARC THEORY

2.1 Introduction

This chapter presents a review of published work concerned with 

arcs burning in an accelerating flow of gas and particularly the cur

rent zero behaviour of the gas blast circuit breaker arc. It is divided 

into three main sections. The first is concerned with Local Thermal 

Equilibrium (LTE) model. The second is devoted to the evaluation of 

theoretical models describing the current zero arc behaviour. In the 

last section a review of interrupter design and development by means 

of empirical laws which were derived directly from experimentally 

observed phenomena are reported. The latter involves principally the 

measurement of overall arc parameters such as current and arc volt

age. In particular, the development of optical measurements as a 

useful diagnostic technique and their significance with respect to 

interruptor development is considered.

2.2 The LTE model

The concept of local thermodynamic equilibrium (LTE) plays a vital 

role in plasma physics and particularly plasma spectroscopy. With 

the assumption of local thermodynamic (or thermal) equilibrium all 

particle densities - neutral particles as well as ions - can be calculated
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from total densities and temperature. LTE is a special case of a more 

general problem related to the concept of (complete) thermodynamic 

equilibrium (CTE). If all the physical processes occurring inside an 

arc are reversible, the arc is said to be in CTE, which is 

characterised by :

(i) The velocity distribution of all particles is according to Maxwell-

Boltzmann and the distribution of internal energy obeys 

Boltzmann's distribution.

(ii) The distribution of the atoms and their ionization products ( ions

and electrons ) obeys the Saha-Eggert equation, which is a 

special case of the mass action law.

(iii) A unique temperature for all species inside the arc.

(iv) Radiation field within the arc follows Planck’s law for black body

For an arc in LTE, all thermodynamic quantities are unique func

tions of two thermodynamic variables. Thus, an arc can be treated 

as an electrically conducting fluid. This forms the basis upon which 

the models described in section 2-4 are based and its consideration 

is important for the spectroscopic measurements presented later in this 

thesis. The LTE assumption is usually not valid for the region close 

to electrodes, where the electrical field strength is much higher than 

that of arc column ( Zhang 1986 ).

2.2.1 Deviation from the CTE

However, the arc in CTE does not exist in practice although it can 

be a good approximation for certain arcs. Many factors make an arc
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deviate from that in CTE : firstly an arc occupies a finite space. 

Thus, the radiation field is diluted at certain frequences at which the 

arc is optically thin. Secondly, there usually exists a net transport 

of mass, momentum and energy within the arc and with its sur

roundings. For example, the arc may be sustained by Ohmic heating 

in practice and the non-uniformity within the arc and the imposed 

gas motion leads to energy transfer. Thirdly, in many practical cases 

arc discharge conditions vary rapidly and the arc is in a transient 

state. Thus, some physical processes may not attain equilibrium. 

Fortunately, for high pressure (> 1 bar) arc columns, which are often 

encountered in industrial situations, the departure from CTE is not 

severe.

2.3 LTE relations

The purpose of this section is to detail working relationships for 

equilibrium between the electron energy distribution and the individ

ual kinetic and internal energy distributions of the gas atoms and 

ions. For brevity we shall include calculations using the derived 

equations and the arc parameters given in chapters 5 and 6.

2.3.1 The relationship between the electron temperature and kinetic 

gas temperature
s

When the plasma is heated by electrons, the latter continuously 

gain surplus energy from the field and a total transfer of this energy 

to the gas atoms and ions ( equilibrium ) is never completely realised.
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The electron temperature will always be greater than the gas 

temperature T . A stationary state is reached when the temperatureO
difference, Tg - T , is equal to the energy gain , XeE, from the field9
E where X is the mean free path and e the electron charge. Lochte- 

Holtgreven ( 1968, p 147 ) has derived the following expression for 

the average elastic collision

(Te - Tg)/T G = [(XeE)/(3KTe/2) ] 2(m/4me) (2 .1 )'

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

is given by

X = 1 /  Q N (2.2)
6

Where Q is the electron/atom or electron/ion collision cross-section 

and can be obtained from the following equation ( Airey 1977 ).

Qie = e4/(KTe)2Ln[(4KTe) /  (e2Ne) 1/3] (2.3)

Where
_3

Ng is the particle number density ( m ).

2.3.2 The conditions for equilibrium between the electron and 

excitation temperature

The formulae for calculating the plasma temperature presented in 

this thesis are based upon the assumption of the existence of LTE in
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the region o£ interest in the plasma. LTE may not exist in an optically 

thin plasma because the energetic emission of photons is not balanced 

by its inverse process ( absorption ). It is therefore desirable to be 

able to test for the existence of LTE in this case. This is possible 

through the application of certain LTE criteria to the arc plasma. Two 

criteria are discussed here, namely McWhirter's criterion and Griem's 

criterion.

In the case of the circuit breaker arc plasma of this investigation 

it is the electrons which are the major collision - causing particles. 

Thus it is the electron density and plasma temperature which form 

the two primary variables in the consideration of LTE criteria. The 

first of the two criteria which needs to be considered is McWhirter's 

criterion ( Leonard (1965)). By considering the energy threshold for 

excitation of ions and the spontaneous transition probability of a 

photon with energy, A E ^ ,  McWhirter has derived the expression

N £ 1.6 x 1012 T 1/2( AE )3 (2.4)e e mn' v '

-3Where the units of N and AE_ are cm and eV respectively.e mn

The second criteria is provided by the Griem formulation ( Lochte 

- Holtgreven, 1968 ) . 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 transition 

rate, one of which contains Ng, the electron density. An inequality 

is formed on the basis of the above hypothesis and the Boltzmann
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equation is invoked to close the set of equation. The final formulation 

becomes :

Ne £ 9 x 1017[E2Z_1' a /  Eh ]3[KT /  Eh ] 1/2 (2.5)

Where
_3

Ng is the electron density (cm  ).
Z -l aE2 ’ is the first excited level (upper resonance level eV)

Ejj is the ionization energy ( eV )

It is clearly that Griem’s criterion (1964) represents the most se

vere test. The two criteria will be applied carefully and discussed 

in chapter (6).

2.4 Theoretical models describing current zero arc behaviour

In the early 1900’s it was impossible to explain why, under similar 

conditions of KVA and system voltage, duplicate circuit breakers gave 

a wide variation in performance when installed in different circuits, 

even though they behaved relatively consistently when tested re

peatedly on the same plant. It was not until 1927, when the cathode 

ray oscilloscope was first used in testing that these inconsistencies 

were attributed to high frequency voltage oscillations (" the transient 

restrike voltage"), following a current zero ( Rieder 1972 ). Such 

tests showed that the frequency of this transient was determined by 

the shunt capacitance and the series inductance of the external circuit 

to. which the breaker was coupled so that not surprisingly the re
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striking behaviour would vary with system design. In 1927 the rela

tively fast recording capability of the C.U.O. enabled these transients 

to be observed and the apparent anomaly explained in terms of post 

current zero severity..

The existence of such phenomena has been recognised for some 

years and various authors ( reviewed by Flurscheim, 1935 ) have 

advanced theories that these transients could affect circuit breaker 

operation. The most notable of these was due to Slepian whose paper 

in 1928 marked the start of theoretical work on the description of arc 

interruption processes in a.c. circuit breakers.

Slepian's explanation, which became known as the " race theory "

( Slepian, 1928 and 1930 ), suggested that the success of current 

interruption depended upon the result of a race between two inde

pendent voltages; the restriking voltage ( dielectric strength ) of the 

arc path after current zero, governed by the circuit breaker only, 

and the recovery voltage across the breaker, governed by the circuit 

only. The conditions of the arc gap at current zero were assumed to 

be solely dependent upon the circuit breaker and the inherent di/dt 

of the sinusoidal current. Although the " race " concept remains 

valid, Slepian's theory was disproved through the observation that 

circuit breakers could withstand a faster rate of rise of recovery 

voltage ( large dielectric strength ) than predicted by Slepian's the

ory. Slepian ( 1941 ) responded to this by accounting for the in

creased rrrv withstand by the molecular diffusion of cool material 

through turbulent mixing of the plasma.
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In 1931 Prince and Skeats who, working independently of Slepian, 

advanced a theory which became known as the " displacement " or " 

wedge ” theory. This theory stated that the criterion for successful 

current interruption was the occurrence of a finite break in the 

conducting plasma at some critical position in the arc column at cur

rent zero. The two resulting arc sections, each terminated on an 

electrode and each electrically conducting, were then assumed to be 

separated by a growing wedge of un-ionized dielectric. The maximum 

rrrv in volts per second, which could appear across the contact gap 

without causing reignition was therefore predicted as being equal to 

the impulse strength of the inserting dielectric, in volts per mm, 

multiplied by the relative velocity of the separating arc sections, in 

mm per sec. 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 ( post arc current ) which could not flow 

according to the displacement theory.

Cassie ( 1953 ) presented experimental evidence which invalidated 

Slepian's ( 1941 ) claims that turbulence played a major role in en

hancing arc column recovery. Firstly, high speed photographs of the 

arc column around current zero showed that the arc maintained a 

narrow, continuous form, whereas at higher values of instantaneous 

arc current, the arc column sometimes appeared to break up. This 

suggested that if turbulence was important it appeared at larger arc 

diameters than those observed at current zero. Secondly, no corre
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sponding increase was observed in arc voltage in the period when 

turbulence had been observed.

The two theories described above could not accommodate the pos

sibility of a continuous conducting channel giving rise to post current 

zero conductance. In (1939) Cassie proposed the first form of dynamic 

arc model to be followed by Mayr’s (1943) alternative model, developed 

from a separate set of energy assumptions. These latter theories de

veloped dynamic equilibrium energy equations describing arc gap 

conditions during the current zero period and hence allowing the form 

of the arc conductance decay to be predicted. Both models were based 

on the assumption that the arc conductance was a function of arc 

power input, arc power loss and time. Thus the general equation 

characterising both arc models can be written as:

1/R = f ( W, N, t ) (2.G)

Where

R is the arc resistance per unit length 

W is the arc power input per unit length 

N is the arc power loss per unit length 

t is the time

Browne ( 1948 ) proceeded to show that both authors, in arriving 

at their respective final models, further assumed

1/R = F ( Q ) = F (Q/  ( W - N ) dt ) (2.7)
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Where

Q is the energy content per unit length

Q Sq/ 1 ( W - N ) dt (2.8)

Equation (2.7) can be differentiated to establish a more general 

form for use in arc modelling

R (d/dt) [1/R] = (F'(Q)/F(Q))x(dQ/dt)

= (F’ (Q)/F(Q))x(W - N) (2.9)

The specific form of this differential equation will now depend upon 

the particular forms selected for F(Q) and N, since W, will be spec

ified by the product of instantaneous electric field and instantaneous 

arc current.

Cassie ( 1939 ) formulated his model with the following set of as

sumptions :

(1) The arc column is surrounded by an axial flow without any mutual 

interaction occurring.

(2) There is a heat flux from the arc to the surrounding gas flow in 

the radial direction only.

(3) The arc cylindrical column is regarded to have uniform temper

ature with constant electrical resistivity ( 5 ) and energy content 

(q) per unit volume.
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(4) The arc column is enclosed by a well defined boundary outside 

which the conductivity is zero.

(5) The arc cross-sectional area undergoes change to accommodate 

changes in current but the arc temperature remains constant.

(6) The power loss is proportional to the column cross-section thus

N = X A

Where

X is the power loss per unit volume 

A is the column cross-sectional area 

Therefore

W-N = (E2/R) - XA = (E2 - pX )/R  (2.10)

Also

Q = qA = ( qp ) /  R 

Therefore

1/R = Q/qp = F(Q) (2.11)

which upon substitution into equation (2.9) gave Cassie’s dynamic 

arc equation

R(d/dt) [ 1/R) = (X/q)[(E2/XP) - 1]

= (l /9 c)[(E 2/Xp) - 1] (2.12)

Where

0 has units of time and is called the Cassie time constant, c
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Mayr (1943) based his model upon an alternative set of assumptions

which were:

(1) There is no gas flowing around the arc.

(2) The arc column is cylindrically symmetrical with a constant area 

A in space and time.

(3) Thermal losses occur in a radial direction only and obey the 

Fourier Law of heat conduction.

(4) To accommodate changes in current the conductivity is allowed 

to vary with temperature according to a much simplified Saha 

equation, namely

and a are constants.

Introducing these assumptions into equation (2.9) gives Mayr's 

dynamic arc equation

1/R = Kj exp(-a/T) (2.13)

Where

R (d /d t) [1/R] = (No/Q o)[(W /N o) - 1] 

= d / e M)[(W /N o) - 1]

Therefore

R (d/dt) [1/R] = (1/0m)[(E 2/RNq) - 1] (2.14)

Where
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E is the instantaneous electric field.

Nq is the power dissipated by thermal heat conduction and is 

constant.

8., = Q /N is the Mayr time constant.M o o
Qq is constant.

Both Cassie and Mayr claimed good qualitative agreement between 

the form of the decaying arc conductance predicted by the energy 

balance equations and their respective experimental observations.

A composite arc model encompassing both the Cassie and Mayr 

equations was proposed by Browne (1948). This author indicated, by 

comparison with experiment, that Cassie's equation was superior in 

describing arc behaviour during the pre-current zero period whereas 

Mayr’s equation became superior following current zero.

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

ways. Initially, if the steady state condition is applied to the Cassie 

model before current zero (eq. 2.12) then the relationship E = V'(pX) 

emerges with p and X constant and independent of instantaneous 

current. Consequently 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 instan

taneous 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.
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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. An original criticism of Browne’s work came 

from Skeats (1948) who objected to the concept of describing arc 

behaviour before and after current zero by separate arc models de

rived from completely incompatible assumptions. It will be shown in 

chapter (5) that in practice both arc column area and arc tem

perature may collapse simultaneously during the final few microseconds 

before current zero.

In response to these criticisms Cassie and Mason (1956) proposed 

a new model which was based upon Cassie’s original model with the 

inclusion of a constant power loss from the arc column by thermal 

conduction ( Mayr's assumption ). Although Cassie and Mason (1956) 

claimed to have obtained good agreement with experiment using this 

model, Browne (1959) however claimed it was too complex to be used 

as an efficient arc model. This author then continued to apply Mayr's 

arc equation in the post current zero period and, again using 

Slepian’s definitions to characterise reignition, he obtained simple 

equations giving the critical reignition voltage in terms of the arc 

voltage, the Mayr time constant and the circuit time constant, for 

various types of recovery voltage waveform.

Browne's model, including Slepian's definition of critical electric 

field strength, was disproved when measurements showed that arcs 

could still be quenched despite the post zero conductance initially 

increasing during the imposition of the TRV. Thus the importance of
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incorporating the electrical interaction processes between the arc and 

the external circuit was realised and dynamic arc models were aug

mented 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 de

fined a boundary on the plot which he claimed discriminated between 

thermal reignition and extinction. The agreement with experimental 

results was however limited.

Cassia's (1939) and Mayr’s (1943) original equations have been 

used by other researchers in attempts to achieve closer agreement 

with the experimentally observed phenomena during the current zero 

period. However these have proved unsuccessful owing to over sim

plification leading to poor accuracy (when compared with experimental 

measurements) or the increment of prohibitive mathematical complexity 

(preventing the model from being capable of predicting interruptor 

behaviour during the current zero period). Clearly only limited suc

cess could be obtained by the use of these early models for 

interruptor behaviour predictions and superior methods of approach 

would be required if closer agreement with test results was to be 

obtained.
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A good understanding of gas blast arc behaviour, both during the 

high current and current zero periods, have resulted from the ap

plication of boundary layer approximations to the conservation 

equations governing arc behaviour in an axial gas flow. A boundary 

layer formulation of the pertinent equations is considered acceptable 

only when the gradients of properties in the radial direction are much 

larger than those in the axial direction; a situation which exists in 

the gas blast arc.

The first authors to apply a boundary layer analysis to the energy 

equation of an arc in a circuit breaker nozzle were Swanson and Roidt. 

These authors develop in a series of papers ( Swanson et al 1970, 

1971, 1971a, 1972 ) and ( Swanson and Roidt 1971, 1972 ) two

equations which they claim define the maximum RRRV that can be 

applied across the arc gap of a gas blast circuit breaker, after cur

rent zero, without reignition taking place. The two equations are 

derived from separate assumptions regarding the functional relation

ship between electrical conductivity and heat flux potential within the 

arc core.

Swanson and Roidt (1971) started their analysis by assuming that 

the energy transfer processes cooling the arc column at each axial 

station between the nozzle throat and upstream electrode are :

(a) radial convection ( pv3h/3r ).

(b) axial convection ( pu3h/3x ).

(c) expansion cooling ( assumed proportional to the material 

derivative of pressure ) [l-p(3h/3P)^.]u(dP/dx).
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(d) radial diffusion (1/r) (3/3r) [r((y /pr) + (Pt&m/Prt)) (3h/3r)]

(e) radiation ( W(P,T) ).

So that the energy equation takes the form

p( 3h/3t) + pv(3h/3r) + pu(3h/3x) = [l-p(3h/3P)T]u(dP/dx) -

W(P,T) ♦ (l /r )(3 /3 r )[r ((v /p r) + (Pt5m/  Prt))(3h/3r)] + oE2 (2.15)

Where

the first term in equation (2.15) is the storage and the last 

term is the Joule heating.

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.

P . is the turbulent Prandtl number, rt
a is the electrical conductivity.

E is the voltage gradient.

Using boundary layer techniques ( i.e. radial integration across 

the conducting arc core ) their assumed energy equation is then 

transformed ‘ into a partial differential equation describing the axial 

distribution of dynamic arc radius within the upstream section of a
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circuit breaker nozzle. Appearing within this equation are two coef

ficients which represent the ratio of

a) excess energy density stored in the arc column

b) magnitude of radial energy losses

to the energy loss due to axial convection. Each energy term is ex

pressed as an integral evaluated across the conducting arc radius. 

To obtain a solution of the equation for arc radius Swanson and Roidt 

make two assumptions :
t

(1) The radial integrals which are contained in the coefficient 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. ■

Incorporating the above assumptions and starting from a quasi

steady (d/dt=0) solution for the arc radius at peak current, the dy

namic arc equation is solved for a linear current ramp to obtain the 

arc radius, within the nozzle throat , at current zero. Two separate 

solutions to this equation are obtained by firstly allowing only axial 

convection to be the dominant energy loss process and then secondly 

allowing axial convection to be augmented by radial losses. For both 

of these conditions the current zero arc radius is determined as equal 

to the peak current arc radius attenuated by certain heat transfer 

parameters. By substituting each of the solutions for the current zero 

arc radius at the nozzle throat, into the equation for the thermal time 

constant of an arc controlled by turbulent diffusion, ( Frind 1960 ),
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Swanson and Roidt (1971) propose two expressions claimed to repre

sent the thermal time constant of the arc in the nozzle throat at 

current zero for

(a) the arc controlled by axial convection.

(b) the arc controlled by diffusion losses.

The proceeding 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 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 tur

bulent and molecular diffusion and that axial convection may be neg

lected. They also state that energy growth in the arc column is by
2Joule heating ( oE ) which is proportional to the column conductivity

(o). Above 8000 °K the variation of electrical conductivity a is taken 

as linear whereas the variation below 8000 °K is taken as exponential. 

Thus Swanson et al (1971) state that above 8000 °K the arc energy 

can be transformed into a " Cassie " type integral equation for post 

arc current whereas below 8000 °K the same equation can be trans

formed into a " Mayr " type equation for post arc resistance. The 

criterion for interruption to occur is that the time derivative of 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 a diffusion controlled arc time constant
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obtained by Swanson and Roidt (1971) to determine the value of 

maximum 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 :

(1) approximately proportional to gas pressure.

(2) proportional to the effective nozzle arc length at current zero and 

to the number of nozzle arc gaps connected in series.

(3) proportional to the coefficients which are functions of the gas 

properties.

(4) inversely proportional to (di/dt)m where m = 3/2 for the Cassie 

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

A further publication ( Swanson et al 1972 ) incorporates the basic 

concepts presented above with improved arc models. However, basic 

inconsistencies are still inherent in the overall approach. These in

clude :

(1) The criterion involving a zero rate of change of post arc current 

is not ; in itself a necessary and sufficient condition for inter

ruption. The criterion regarding the zero rate of change of post 

arc resistance is also erroneous.
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(2) Chapman (1977) in his measurement of localised arc behaviour has 

shown that the definition of an effective nozzle length to be un

representative in the case of real circuit breaker arcs.

(3) The time constants used to define the maximum RRRV were derived 

by the use of different energy transport assumptions and origi

nate from different time periods with respect to current zero.

(4) Unrealistic assumptions regarding radial distributions ( Bessel 

functions ) of arc properties are made which are mutually incon

sistent and not representative of the true physical situation.

(5) 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 temperature from this pair of equations ( Swanson, 1977) 

which is rigorously invalid.

(6) 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 of the case of a real circuit breaker arc ( 

chapter 5). 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 constant.

A further attempt to describe the transient behaviour of the low 

current arc burning in an accelerating gas flow has been made by 

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

1973 ). Topham (1971) formulated a theory on the basis of the fol

lowing assumptions for a steady state, laminar flow arc in a constant 

pressure axial flow :
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(1) Arcs at atmospheric pressure and above can be described by 

equilibrium thermodynamics and the continuum equations of fluid 

dynamics.

(2) Radiation power loss can be neglected.

(3) Self - magnetic pinch pressure is neglected.

(4) Electrode effects can be neglected. In practice these can never 

be eliminated and, although the regions directly affected by the 

anode and cathode may be small, the upstream electrode produces 

an aerodynamic wake which can significantly affect the arc voltage 

distribution. This is most noticeable when the arc diameter is 

smaller than the wake diameter. In addition, vaporised electrode 

material is also present which lowers the ionization potential of 

the gas. In practice, melting of the electrode sets a lower limit 

to the electrode diameter.

(5) The main flow is unchanged by the presence of the arc, which 

is axisymmetric and in a steady state with laminar flow through

out .

(6) The boundary - layer approximations are valid. These can be 

applied to situations in which the radial derivatives are large 

compared with the axial ones.

This author uses the dynamic arc energy equation standard inte

gral from ( Schlichting, 1958 ) and simplifies his analysis by assuming 

a linear - pressure - gradient distribution along the arc gap. Topham 

states that this simulates the pressure condition near the throat of a 

practical circuit breaker nozzle. The energy conservation equation 

was non-dimensionalized by dividing every parameter within each term
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of the equation by its value at the 4000 °K boundary of the arc in 

pure nitrogen.

The solution of the final arc equation required on exact knowledge 

of the transient forms of the two non-dimensional integrals which in 

turn required a knowledge of the transient variations of the radial 

temperature and velocity profiles of the flow. Due to a lack of ex

perimental 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 100 A. The solution shows that the variation of arc voltage 

gradient with current is uniquely related to its variation with the flow 

conditions and arc length, the arc being represented by a single 

non-dimensional characteristic.

The analysis has been extended to the effect of pressure gradients 

on the arc characteristics by Topham (1972a). The flows discussed 

have a stagnation point at the origin, and the solutions are expressed 

in terms of the same non-dimensional parameters as for the constant 

pressure flow arc. In this analysis some additional assumptions are 

made :

(7) The calculations are performed for laminar flow, although the 

method can in principle be applied to turbulent flow .

(8) Viscous forces are small compared with the pressure and inertia 

forces.
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(9) The kinetic energy of the flow is small compared to the thermal 

energy allowing the pressure work and viscous heating terms to 

be neglected in the energy equation.

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

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

publication he further reduced the energy equation for the case of a 

linear pressure gradient and represented it in non-dimensional. To 

obtain simple solutions of the energy balance a number of drastic 

simplifications were made. The steady-state velocity and temperature 

profiles were used as approximations for the calculation of the non- 

dimensional integrals, which were further assumed to be a unique 

function of G , the non-dimensional electrical conductance.

With these assumptions the dynamic arc‘equation takes the form :

For certain analytical forms of the functions g  ̂ and g2  equation

(2.16) was reduced to the Bernoulli type equation. If the functions 
& #

g  ̂ and g2  are the linearly related power laws.

(2.16)

Where

I is the non-dimensional current 
*t is the non-dimensional time 

*
g non-dimensional integrals representing heat 

g loss and heat storage function respectively.

G is the non-dimensional conductance.
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The arc energy equation becomes :

>i< >jt >¡«0 jjcIT) >jc
dG /dt = (l /a 2m)(I Z/G ) - (a ^ m J G  (2,17)

Where

a^, a2 and m are constants.

Topham (1972b) was able to determine approximate values for a ,̂ 

a2 and m which provided characteristics near those of the real gas. 

Topham also showed that the simple power law model embodied both 

Cassie's and Mayr*s arc equation. These could be obtained simply 

by assigning specific values to the constants a ,̂ a2 and m.

Using the power low model, and extending the non-dimensional 

scheme to include test circuit parameters, Topham (1972b) was able 

to solve for the transient variation of arc current and voltage during 

the current zero period in a simple busbar circuit. The results of 

these calculations showed good qualitative agreement with the known 

current zero behaviour of gas blast arcs, ( Chapman et al 1975 ) and 

allowed a unique set of clearance /  failure boundaries to be con

structed. These curves represented all combinations of gas-flow var

iables and circuit values.



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 

here (chapter 5) provides such much required data for SFg arcs and 

in particular establishes the shape of the temperature profile above 

the 5,500 °K Isotherm of an SFg gasblast arc during the current zero 

period. -

Topham (1973) has also presented a similar dynamic analysis for 

the case of a constant pressure flow arc. The dynamic equation ob

viously becomes simpler in this case since the axial flow velocity is

constant everywhere and therefore g  ̂ = . However, the results
' ^

obtained from these calculations cannot be used to describe gas blast 

circuit breaker operation since processes enhanced by gas acceleration 

are obviously not included in the analysis.

A numerical model to describe the pre current zero decay of the 

arc in a gas blast interrupter has been constructed by Kinsinger 

(1974). In this model consideration is given to the various processes 

Kinsinger regards as dominant during the interruption process. 

These processes are ohmic heating, radial thermal conduction, radial 

thermal convection, radiation transport and viscous heating.

In formulating his model Kinsinger (1974) obviously regards the 

radial loss processes to occur on a much smaller time scale than those 

processes associated with the axial flow gradients. Kinsinger com

mences his calculation at a current level of 200 A, decaying at a rate
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of 20 A/ys implying that the radial loss processes dominate at 10 ys 

before current zero. Consequently Kinsinger's inclusion of turbulence 

to bring his theoretical predictions in line with experiment may not 

be totally justified.

Because of the arbitrary inclusion of turbulence it is difficult to 

accept Kinsinger's model as accurately describing arc behaviour dur

ing the pre current zero period. It is also difficult to draw any 

general conclusions regarding Kinsinger's predictions since only one 

value of di/dt has been examined

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 1974a, b ) and developing a theoretical model in con

junction with experimentally observed phenomena ( Hermann et al, 

1976 and Hermann and Ragaller, 1977 ). These authors have shown 

experimentally that the arc column sections upstream and downstream 

of the nozzle throat behave differently during the current zero period 

and therefore play different roles during the interruption process. 

The upstream high pressure section appears uniform and stationary 

with respect to the axis and the diameter decays continuously with 

decaying current. The downstream ( low pressure ) region appears 

irregular and erratic in cross-section with respect to the axis and the 

cross-section oscillates with decaying current.
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The upstream and downstream regions are each characterised re

spectively by :

(1) Laminar flow conditions, with its properties determined mainly by 

the equilibrium between Ohmic heating and convective cooling.

(2) Turbulent flow conditions due to the formation of a shear layer 

between the low density arc column and the high density sur

rounding hot gas whereby energy loss is principally by radial 

transport ( mainly turbulent mixing ).

The following set of simplifications was used for the turbulent arc 

section ( Hermann et al 1974b ) :

(i) Axial heat conduction was neglected compared with convection.

(ii) Only the dominant term of the viscous stresses was included in

the momentum equation.

(iii) The radial pressure variation across the boundary region of the 

arc is neglected compared with that in the axial direction.

In their model Hermann et al (1976) describe the total arc by a 

single cylindrical element with a length corresponding to that arc 

section which has been observed to determine the pertaining arc 

behaviour. It is assumed that in this model section all processes are 

effective although, in reality, they occur separately in the upstream 

and downstream arc regions. These processes are ohmic heating, en

ergy transport by radiation, turbulent mixing, conduction, momentum 

transport by turbulent mixing, convection and friction. The pressure 

and mean axial velocity in the different transport terms is chosen 

according to the section in which the respective process is effective.
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In the convective term the velocity is assumed to increase linearly ( 

defined by a parabolic pressure drop, Hermann et al 1974b ). In the 

radial direction the model arc section is subdivided into three zones

(1) The electrically conductive arc column that determines the elec

trical parameters.

(2) An outer region of cold gas flow ( T<1000 °K ) that determines 

the pressure variation along the element.

(3) An intermediate zone ( 1000 < T < 4000 °K ) which is important 

for describing the radial processes, principally turbulence I.e to 

act as an energy buffer.

The energy 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 SR, for variousb
upstream stagnation processes, and the variation of post arc current 

with time and different RRRV for SFg at 21 bar and a single peak 

current.

The above model ( Hermann et al, 1976 ) is claimed to be capable 

of predicting, through the solution of equations of conservation of 

energy, axial momentum and mass, the time variation of localised arc 

parameters such as axial electric field and radial temperature profile 

during the current zero period. It has also been used to compute the
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interrupting capability of an arc burning in a supersonic nozzle flow 

as a function of arc current and RRRV, upstream stagnation pressure 

and the nature of the quenching gas. Good agreement between these 

computed results and experimental results of Frind and Rich (1974) 

is claimed although only one set of results is presented ( Hermann 

et al, 1976 ).

Chapmann (1977) made the criticism that an increase in electric 

field strength 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 en

hances interruption capability. The latter claim is difficult . to 

comprehenced 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 

by Lewis (1987) 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 pubUcation ( 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 a 1 ys ( or greater ) scan 

which exceeds the time constants which characterise their claimed 

turbulent energy removal mechanism. Indeed the computed temper

ature variation for an SFg arc during the current zero period is of
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the order of 18,000 to 20,000 °K 3 ys 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 results presented in this thesis chapter (5).

An analytical approach to the problems 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 this method of arc anal

ysis, ( Cowley 1974, part I ), the overall conservation equations re

lating to the electrical arc in a longitudinal gas flow arc expressed 

in terms of radial integrals. The equations are formulated such that 

integral quantities can be characterised by areas relating to specific 

electrical or thermodynamic properties which are physically meaning

ful. 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. To close the 

system of integral equations it was shown that the relations between 

the shape factors, especially the conductance shape factor ( Ac ) and 

some known arc characteristic is needed. Cowley (1974) relates the 

shape factors calculated from the full differential solution of the model 

gas equations to the non-dimensional form of the electrical power input 

( El ) for a fully developed arc and thus the set of integral equations 

could be closed.
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An attempt to predict shape factor variation has been made with 

some success by ( Cowley and Chan 1974 and Chan et al 1976 ). These 

authors regard the arc environment as consisting of an electrically 

conducting arc core surrounded by a cooler annular thermal region. 

This necessarily involves consideration of energy and momentum 

transport by diffusive processes at the core boundary and they cor

relate the variation in shape factors to the variation in radial heat 

transfer at the edge of the arc core. The value of this heat transfer 

is derived from the conservation equation for core energy.

The above method of shape factor prediction has proved remarkably 

successful for a range of model-gas arc situations ( Chan et al 1976 

), but the authors state that it may well be restricted to cases where 

Fourier heat conduction is the dominant mechanism for thermal dif

fusion. The success of this method, however, implies that the overall 

conservation equations, the core energy equation and a knowledge of 

how shape factors are related to heat transfer at the core edge are 

adequate to predict arc behaviour.

In (1978ii) Walmsley and Jones realised the significance of corre

lating the shape factors with a parameter representing power loss. 

Characteristic area " and " shape factor " values are presented for 

arcs and methods of correlating these parameters for different arcing 

conditions are examined. 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
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of operating conditions covered by previous authors. Significantly, a 

unique set of curves are obtained for 6c versus Nu and x.

In (1979) Fang and Brannen attempted the first current zero arc 

model based on the boundary layer integral method. This model is 

capable of predicting physical quantities of interest to circuit breaker 

engineers and deals with an arc in an orifice flow of air. Arc char

acteristic times are introduced to define quantitatively the current 

zero period and to describe the relative importance of the physical 

processes involved. As there were only a few experimental velocity 

profiles available for the calculation of shape factors, the following 

assumptions were made :

(1) The velocity profile is directly related to the enthalpy profile
2 2through the relationship pw = where the subscript •• relates

to the values of quantities in the external flow. Thus the axial 

momentum conservation equation is discarded and the displacement 

area 0  ̂ is equal to the momentum area 0 . This is equivalent 

to asstiming constant Mach number across the cross-section.

(2) The net radiation from the arc is neglected in comparison with 

the kinetic energy and enthalpy transport.

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

enthalpy flux area is equivalent to the kinetic energy area.

When the above assumptions are incorporated the arc energy in

tegral equation is reduced to r

(3 / 3 t)[P<ho e5] + (3/3z)[pwwho 6h8g] = i2/ ( c /Y e 6) (2.18)
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where

P is the density of the external flow 
00

hQ is the characteristic value of enthalpy 

8g is the thermal area

is the velocity of the external flow 

5  ̂ is the enthalpy flux shape factor 

i is the instantaneous current

a is the characteristic value of electrical conductivity 

6c is the conductance shape factor

This equation is then solved for a known 6  ̂ and $c which are 

unique functions of dynamic power loss. The model is capable of 

predicting the axial electric field strength, the arc size, the axial 

temperature and the critical rate of rise of recovery voltage 

(rrrv)c . The performance curves interms of (rrrv)c and the rate of 

change of current at current zero di/dt are presented and the effects 

of stagnation pressure on (rrrv)c are discussed. The model accom

modates the imposition of arc circuit interaction through the distortion 

of the current waveform.

All the theoretical models described in this section have involved 

the use of empiricisms to various extents. Empirical formulae are de

rived from direct arc property measurement or circuit breaker testing. 

It is ultimate aim of theoretical arc modelling to minimise expensive 

full scale testing so that at least initial feasibility studies of a reliable
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nature may be made without resorting to the use of industrial test 

facilities.

2.5 The description of the circuit breaker by empirically derived lews

This section reviews briefly the empirical results which have 

served to enhance the understanding and identification of the physical 

phenomena which govern arc extinction in the gas blast interrupter.

In (1946) it was realised that interruptor performance could be 

optimised by altering such design parameters as the ratio of the nozzle 

diameter to the arc length and the pressure differential across the 

nozzle throat.

In (1955) Hudson investigated the effect of nozzle geometry and 

circuit influence on arc performance. Hudson (1955) used a mass flow 

ratio, ( the mass flow during arcing to the mass flow without an arc 

) ,  and showed that this ratio could be expressed empirically as a 

function of arc current (I), nozzle diameter (d), and arc chamber 

pressure (Pq) . By considering a critical value of this ratio, defined 

as the mid-point of the region where tests resulted in mixed clearances 

and failures of the circuit breaker, further switch and circuit vari

ables were examined.

In (1964) Hudson extended his work to examine the relationship 

between the critical ratio and variables connected with the circuit 

breaker nozzle geometry, namely nozzle entry, length and exit. For
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this investigation he developed a pressure coefficient, C ^ , defined 

as

Cpc = pc /  < l0' 5 d° ' 6 > (2.19)

Where P is the mean critical value of P c

From the latter investigations Hudson concluded :

(i) The breaker performance using a radiused entry nozzle was better

than when using a sharp-edged entry nozzle.

(ii) The optimum nozzle length is between 1/2 and 1 inch.

(iii) The circuit breaker performance was not enhanced when using 

a divergent nozzle section. ( this conclusion is misleading since 

other researchers have determined the nozzle divergence semi

angle optimum range to be less than 15° ( the minimum value 

used by Hudson ) ) .  This also is governed by the nature of the 

gas i.e. SFg, air.

(iv) The smallest possible upstream arc gap should be used ( the 

limit being determined by the voltage insulation between nozzle 

and electrode ).

In (1967) similar work by Zuckler, who measured gas throughput 

of a nozzle, as a function of the current pulse peak value and fre

quency. The dynamic back pressure is defined as the pressure re

quired to reduce the mass-flow rate to that observed during arcing. 

Using high speed photographs Zuckler (1967) showed that improve

ments in interrupting capability could be achieved by increasing the
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pressure with a good nozzle design. Zuckler (1969) extended his work 

to the problem of nozzle clogging where it was found that the mass- 

flow rate at current zero could be substantially reduced if the flow 

through the nozzle was choked at peak current.

Kopplin et al (1971) measured the performance of their experimental 

duo flow interruptor, using peak arc current as a variable and a fixed 

rrrv. These authors were able to show that the performance was in

creased when SFg rather than air was used as the arcing medium, 

and that an optimum inter-nozzle distance existed for both quenching 

gases.

Frind and Rich (1974) attempted an extensive investigation into 

the effect of the current decay rate ( di/dt ) and pressure upon the 

critical ( rrrv ). Tests were performed for air and SFg using upstream 

pressure of 100 to 600 p .s .i.a  and di/dt in the range of 5 to 30 

A/ys ( peak current of 10 to 60 KA ) for a 60 Hz current pulse. The 

throat diameter of the Laval nozzle was 1/2 inch with a 15° semi di

vergent angle whilst the ratio of upstream length to throat diameter 

approached one. These authors have shown that using a di/dt of 27 

A/ys the critical rrrv varies with the upstream pressure as the first 

power for air and as the 1.4 power for SFg. They have also shown 

that the (rrrv)c varies inversely as the square of ( di/dt ) for both 

air and SFg for a fixed upstream pressure of 550 p .s .i.a . The absolute 

of these characteristics confirm the superiority of SFft.
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A possible criticism of the experiments of Frind and Rich ( 1974 

) is that they arranged their tests to avoid the phenomenon of nozzle 

clogging by using a high frequency ( 1200 Hz ) current pulse. The 

effect of peak arc current, and hence nozzle clogging, upon the type 

of results presented by these authors is unfortunately difficult to 

determine quantitatively without further experiments.

In (1980) Frind et al investigated the thermal reignition and the 

post arc current for a gas blast interruptor using air and SFg as 

arcing media. The interruptor used in their experiments was an orifice 

type with a throat diameter ( 0.5 in ), thickness ( 0.125 in ), and 

an electrode diameter ( 0.5 in ). These authors used high speed 

photography to identify which arc section had the fastest transient 

response and to study the arc structure and its axial developments. 

The electrical power input during the thermal recovery period and 

the variation of arc resistance were determined using the voltage and 

the post arc current. The critical post-zero current depends very 

strongly on the rate of decay of current di/dt

I . .. a ( di/dt Vpost,crit

Frind et al (1980) concluded that :

(1) Thermal recovery speed was comparable to other nozzle config

urations .

(2) The dominant arc section during the thermal reignition period was 

close to the throat. It's length was about 10 mm and this section 

showed a smooth decay but constricted sharply at current zero.
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(3) Two modes of arc broadening were observed in the downstream 

flow. One was caused by arc instability and turbulence, the other 

by the interaction of the arc with a shock wave.

(4) The post zero current in the case of air and SFg was smaller than 

the values suggested by theory.

(5) In both gases, power loss during the thermal recovery period 

was much smaller than predicted theoretically.

An empirical equation of the thermal performance prediction cal

culation of SFg circuit breakers has been derived by the G.E.C. 

group ( Ancilewiski et al 1984 ). The equation was obtained by ex

amining test results for 2-pressure systems. This was for both air 

and SFg as a media. This equation gives the RRRV as a function of 

a number of parameters as follows :

RRRV = (axPnxLxDtxMq)/((d i/dt)xA ) (2.20)

Where

RRRV rate of rise of recovery voltage 

P upstream pressure

L ratio between throat and gap

throat diameter 

M Mach number

di/dt rate of decay of current

A cross sectional area of the arc at current zero 

a,n ,q constants
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These authors have derived another equation for the upstream arc 

diameter variation

Dc = ( bxI°-63xL 0,25 v u
v . . tjO.25 X/f0.25v ) /  ( P xM )

Where

D core diameter in cm c
I instantaneous current in amps 

L>u upstream arc length in cm 

P upstream pressure in bar 

M Mach number 

b constant

( 2 . 21)

Equation (2.21) can only be approximate since it implies zero arc 

diameter at current zero. These authors claim that the equation gives 

good agreement with test measurements above a current of 1 KA, but 

below this value increasingly deviate from a monotonic decay. The 

authors measured the cold flow velocity distribution through the 

nozzle using a particle tracing technique which the authors claim en

ables the radial pinch component of the flow to be evaluated. They 

also produced a series of performance curves for various values and 

conclude that a value of 25 % for the radial pinch component shows 

the best agreement between the calculated and measured performance.

Many difficulties exist in the utilisation of the empirical analysis 

of Ancilewski et al (1984) :
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(1) Equation (2.20) has been derived from measurements made on a 

monoflow interruptor. It is not clear how the analysis should be 

applied to calculate the performance of a duoflow interruptor.

(2) The constants in equation (2.20) ( a, n, q ) have not been de

fined nor values given.

(3) No mention or description of the measurement technique employed 

to determine the arc diameter has been made so making a com

parison with other authors difficult.

(4) Although measurements of the cold flow distribution have been 

made and unexpected flow properties demonstrated no measure

ments have been made under arcing conditions to confirm the ef

fect, if any, upon the arc column.

An extensive investigation into the current zero electrical arc and 

the thermal performance of a model gas blast circuit breaker has re

cently been conducted at Liverpool as reported by Taylor et al (1982). 

Tests were performed under full and reduced power conditions. Full 

power conditions were produced with a ringing L-C circuit operating 

at voltage up to 6.3 KV ( 34 to 64 KA peak sinusoidal waveform ), 

( di/dt in the range 14 to 26 A/ys ).

Reduced power conditions were obtained using a D.C. holding 

current not exceeding 2 KA, ramped to zero at different decay rates 

in the range 14-60 A/ys. For the case of full power conditions the 

nozzle was a converging - diverging ( 12° semi - divergent angle ) 

geometry coupled with an upstream tank pressure of 7.8 bar ensured 

sonic flow condition at the nozzle throat ( diameter = 35 mm ). The
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nozzle materials were copper and PTFE and the upstream electrode 

materials were Cu/W and Carbon. In both cases approximately linear 

voltage restrikes could be sustained for a few microseconds after 

current zero so enabling the thermal limitation to the performance of 

the circuit breaker to be determined.

The circuit interruption performance of the test head was consid

ered in terms of dv/dt : di/dt characteristics in both cases. The 

authors derived the following empirical relationships for the stated 

operating conditions :

Reduced power :

(dv/dt)c = 3.3 x 103(di/dt) 2,8 (2.22)

Tull power :

(dv/dt)c = 4.6 x 109(di/dt)"7,5 (2.23)

The last two equations show that the test head performance meas

ured under these two test conditions were different. At higher di/dt 

( high peak current in the full power tests ), the power circuit 

performance was inferior to the ramp performance whereas at low di/dt 

the power circuit performance was at least as good as that of the ramp 

circuit if not marginally better.

Taylor et al (1982) calculated the arc conductance and instanta-
*

neous power input from which the authors calculated the Mayr arc time
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constant as a function of time and di/dt and the critical peak post 

arc current and power loss for different operating conditions.

The authors concluded that :

(1) 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) At higher values of di/dt ( higher peak currents ), which under 

full power conditions, an additional deterioration in performance 

was apparent. This was associated with severe nozzle ablation 

which was produced by radiant power transfer from the arc and 

the consequent generation of a substantial backflow of ablated 

mass into the upstream plenum. Consequently the performance at 

full power becomes additionally a function of nozzle material.

(3) The current zero arc conductance was found to be directly pro

portional to the current decay rate whilst the arc time constant 

was insensitive to di/dt.

(4) Small changes in the current zero arc conductance can produce 

relatively large changes in test head performance.

(5) Post arc currents and critical powers measured under these ex

perimental conditions were in satisfactory agreement with those 

measured by Frind et al (1980).

In the above section it is clear that empirical Investigations provide 

useful and directly applicable criteria whereby circuit breakers may 

be designed. These design parameters may be utilised in order to
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produce an interruptor design to work at a lower or higher power 

rating provided the laws governing the scaling of the parameters are 

known.
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CHAPTER 3

SPECTROSCOPIC DIAGNOSTIC TECHNIQUES

3.1 Introduction

To quantify the fundamental thermal properties and structure of 

the arc column, measurements 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 ex

tinction criteria through both qualitative and quantitative analysis of 

their experimental measurements.

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. With a 

knowledge of the physical principles governing atomic spectra, the 

theory may be applied to the plasma to derive the localised arc 

properties of temperature and species density. However, this analysis 

may be greatly simplified if certain assumptions regarding the 

thermodynamic state ( Local Thermodynamic equilibrium ) and optical 

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

detail in chapters ( 2 and 6 ). Plasma,. and in particular arc, 

spectroscopy in idealised situations has been used to confirm existing
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theories and derive fundamental 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 measurements in such situations. As a result it is 

profitable to review the previously published work on arc 

spectroscopy.

3.2 Local plasma temperature

The intensity Im of an emitted spectral line from an optically thin 

plasma due to the relaxation of a bound electron from level m to level 

n is related to the population density Nm of the energy level m by

I__= (A /X ) (hc/4ir)N (3.1)mn ' mn rrurv '  m v

Where

A is the transition probability from level m to level mn
n transition

X is the wavelength of the emitted radiation mn
h is Planck’s constant

c is the velocity of light

If the plasma is in LTE then is related to the plasma temper

ature T and to the number density of the particular plasma species 

Nz by the Boltzmann equation
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(3.2)N /N = gm exp-(E /KT) m z m m

Where

gm is the statistical weight of the upper energy level 

Em is the energy bound level m ( upper level )

K is Boltzmann's constant

Combining equations (3.1) and (3.2) yields

I _ = N (A__g_/X ) (hc/4ir)exp-(E /KT) (3.3)mn z mnm mn m

Thus for a particular emission line, since the first two bracketed 

terms are constant,

I__a N exp- (E /KT) •mn z * v m

Where N may be calculated from Saha’s equation. For particular z
species it can be a strong function of temperature. Thus the tem

perature may be determined by measuring the absolute intensity of a 

particular spectral line.

3.2.1 The evaluation of suitable spectral lines

The choice of which spectral lines to use is determined by :

(1) 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.
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(2) The line in question satisfies the optical density criteria ( chapter 

2 ) and shows no signs of self reversal.

(3) The line profile is not impeded by satellite emissions in the close 

neighbourhood spectral range to the extent that the line profile 

is distorted to give a false line width.

(4) The availability of reliable data for the constants required for 

equation (3.3).

If a line satisfies these requirements then it is possible to make 

spectroscopic measurements of temperature and electron density and 

thus compare the latter with a theoretical value of a given plasma 

pressure.

The lines selected for the present investigation were the Cul 510.5 

nm line, the Cul 515.3 nm line and the Cul 521.8 nm line; the spectral 

constants are given in table (3.1).

3.2.2 Estimation of the approximate plasma temperature during the 

current zero period

Since the factors Nz and exp-(Em/KT) in equation (3.3) are strong 

positive functions of temperature for particular lines over a limited 

temperature range then the presence of these spectral lines in survey 

spectra implies that the temperature conditions within the plasma are 

correct for their creation. Similarly the absence of particular lines 

implies that the plasma temperature is either too high or too low for 

the creation of these species and energy states. The strongest lines
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will be those with the highest values of A and G and the lowesttnn m
values of E .m

The data in table (3.1) present the most reliable values of tran

sition probabilities found throughout the course of this work. By 

substituting these data into equation (3.3) the relative intensity of 

the two strongest lines representative of each species is obtained as 

a function of the plasma temperature. Although tungsten lines are 

present in the arc spectrum they have been used only for cross 

checking the temperature calculated from the copper lines.

3.2.3 Plasma temperature measurements from the intensity ratio of 

Cul lines

One advantage of using lines of the same species is that by

measuring the ratio of the intensities of two or more lines, the factor

N In equation (3.3) is cancelled. The ratio of two line intensities is z
given by

*mnl^mn2 ~ ^^mnl^ml^^mn2^m2^ ^mn2^\nnl^ ’

exP « Enm2-Emnl)/KT> <3-4>

Where suffices 1 and 2 refer to the two lines under consideration 

(515.3 and 510.5) respectively. A knowledge of the atomic parameters 

Amn, Gm, Emr) and the ratio of an appropriate pair of spectral lines 

allows the electron temperature T to be calculated. Inserting the
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constants of the 515.3 nm and the 510.5 nm Cul lines from table (3.1) 

In equation (3.4) and rearranging yields

T = - 2.75xl04[Ln(0.033)(I515/I510) ] _1 (3.5)

A program was developed to . calculate the plasma temperature from

the measured intensity ratio and atomic data for a pair of spectral

lines ( details in appendix 1). The relevant atomic data for Cul (

A , E , g ) was obtained from' Kock and Richter (1968). The mn m m
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. i

3.2.4 Electron number density

The electron density of the arc was determined from the broadening 

of the spectral lines. 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 mech

anism is Stark broadening. Another broadening mechanism which 

needs to be considered is that associated with the measuring instru

ment ( instrument broadening ). The slit width of the monochromator 

was maintained at 28.5 jun for the entire investigation of the present 

work which resulted in an instrument broadening of 0.03 nm.
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The broadening of the spectral lines due to the Stark effect is

given by Griem (1964) as

Wtotal = * 1 + 1-75.C1 '  0.75r)]w (3.6)

Where

Wtotai *s th® total half width due to Stark broadening 

w is the electron impact width in angular frequencies 

r is a correlation parameter defined by

r = (mean distance between ions) /  (Debye radius)

= 61/V ' 6(e2/4 „to KX)1/2N1/G

N is the number density of perturbing ions (Ng)

o = ( C F 2/u )3/4 v o o '

Fq is the normal field strength 

= (2.61/4irco) Ne2/3

Cq is the quadratic Stark coefficient

Jenkins ( private communication ) has solved equation (3.6) using 

values of o,r and u calculated by himself for different spectral lines 

of Cul and a range of Ng and temperature values. The results of these
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calculations of selected spectral lines of interest are shown in table 

(3.2).

3.3 Development of arc spectroscopic techniques

The main parameter of interest in the present work is the radial 

temperature profile and this can be determined by measuring the in

tensity of one or more spectral lines. However, the information 

available from arc spectra is not limited to the temperature profile 

alone. Measurement of the line shapes can be interpreted to yield the 

electron number density ( chapter 5 ) and survey spectra plates can 

be used to detect and evaluate the concentration of impurity species. 

Thus, in principle, a single spectroscopic measurement can yield a 

vast amount of information about local plasma conditions. This section 

reviews briefly the development of the arc spectroscopic techniques.

In (1971) Ito et al attempted a spectroscopic study of a high cur

rent arc which was developed between carbon electrodes. The authors 

used the gases H2 , SFg, He, Ar and air as arcing media at an initial 

pressure higher than 2 atm. The current peak was above 5 KA and 

the duration of the current was 250 ys. The temporal and spatial 

changes of plasma parameters were measured by a time-resolved 

spectrograph and a high-speed framing camera. These authors esti

mated the electron density of the plasma from the Stark broadening 

of different lines.

Their observations show the following :
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(1) The arc space was divided into two regions, the bright narrow 

core and the broad outer flame.

(2) The electron density of the core was estimated to be of the order
18 *3 4of 10 cm and an electron temperature of the order of 10̂  °K

was obtained at current peak.

(3) The electron density after current zero was of the order of
17 -310 cm regardless of the kind of gas.

In (1972) Roberts and Prasad attempted one of the earliest 

spectroscopic investigations on the 10 KA free burning arc in air 

using copper electrodes. Spectra were taken with a Hilger medium 

spectrograph type E528 which could be used with glass or quartz 

optics. Ilford HP3 plates were used for the region 200.0 nm to 640.Onm 

and Long Range Spectrum plates to cover wavelengths up to 950.0 

nm. Relative intensity calibration was performed with a step wedge 

and either the arc itself or a flashlamp at 1500 °K as the light source.

Spectra were taken in both streak and shuttered "snapshot" modes. 

An A.W.R.E streak camera system was used to enable streak records 

of up to 2 ms duration to be obtained. The shutter was a slotted 

aluminium disc rotated at 1400 r.p .m ., giving an exposure time of 19 

ysec. Measurements were also made using an EMI type 9529/B 

photomultiplier.

■ The authors used quite a large number of different methods for 

obtaining temperatures for the whole arc, the most accurate of which 

were :
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(1) Relative intensity of the Cul lines (sensitive for Tg < 14,000 °K ).

(2) Relative intensity of the Cull lines (sensitive for T 5 20,000©
°K).

(3) Relative intensity of the Cull to the Cul lines ( sensitive for Tg 

< 17,000 °K ).

(4) Line intensity variation of NI ( sensitive for Tg £ 16,000 °K ).

(5) Relative intensity of the Nil lines (sensitive for T £ 30,000 °K ).
©

A similar analytical approach to that of case (1) is used in this

thesis and is discussed in chapter (6). The electron density, N was
©

calculated from the Stark broadening of particular lines, a method 

which will be further described in chapter (5). Electron temperature 

and particle density distributions have been determined at various 

heights above the cathode. From these data, the conductivity, electric 

field and current density distributions in the arc have been evaluated.

The authors identified that the cathode root of the arc was ob

served to rotate continuously around the truncated surface of the 

electrode although the arc itself was stable. They also observed the 

presence of a copper vapour rich core at 10 KA which had a lower 

temperature than the rotating host plasma column owing to increased 

radiation losses around which the hotter host plasma column' rotated. 

Approximately 63% of the power input to the arc column appeared to 

be lost by convection and about 36% lost by the radiation, 90% of the 

latter being by copper emission.
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A spectroscopic study has been made of the effect of an efflux air 

flow on a 100 mm long, 10 KA arc between copper electrodes by 

Roberts and Cowley (1973). The spectroscopic equipment and tech

niques were exactly as described by Roberts and Prasad (1972). The 

authors considered first the no flow M = 0 ( Mach number ), case and 

compared their results with the above results. The authors found that 

the intensity of the copper lines was greater than reported above but 

the intensities of the nitrogen and oxygen lines were much less. Many 

of the strongest copper lines showed signs of re-absorption and self 

reversal.

When a flow with Mach number M = 0.7 was imposed, the main 

visible effect was in the anode region. The copper jet was also better 

defined. The main region of the arc was seen to have a rather wide 

flat temperature profile with steep temperature gradients of the edges, 

particularly nearer the cathode. Rotation of the arc was still apparent 

but again it was not a very prominent feature.

In (1978) Housby-Smith and Jenkins extended spectroscopic in

vestigations to an arc in an orifice air flow. The air flow was gener

ated by upstream pressures of 3.5, 6.9, 10.9 and 13.3 bars. Results 

have been obtained with four different upstream cathode materials - 

carbon, copper, mild steel and elkonite ( copper-tungsten mixture ) 

- both upstream and downstream of the orifice throat. The arc column 

was sustained by a triangular current pulse having a rise time of 1.3 

ms and decay times > 5 ms with peak arc currents of 3 and 8 KA.
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The authors used a Hilger medium spectrograph type E528 fitted 

with quartz optics to obtain the arc spectra. Short - time exposure 

34 ys records could be obtained by means of a rotating shutter 

mounted in front of the vertical entrance slit of the spectrograph. A 

90° image rotator was incorporated into the optical arrangement so that 

a radial segment of the arc was rotated and imaged along the 

spectrograph entrance slit. Spectra were recorded at three axial 

stations one upstream, G.5 mm from the upstream edge of the orifice 

and two downstream, being located 2 mm and 9 mm from the down

stream edge of the orifice.

The lines chosen were Cul 330.7 nm, 282.4 nm, Cull 276.9 nm 

downstream; Cul 249.2 nm, Cull 248.9 nm upstream and Nil 399.4 

nm, 444.7 nm, 453.0 nm and 463.0 nm at the downstream station.

Electron temperatures were determined from measurements of rela

tive intensity of two copper lines. The more accurate method involving 

the relative intensity of Cull to Cul lines was employed using Ng, the 

oscillator strengths from Kock and Richter (1968) for Cull lines and 

Corliss (1970) for Cul lines. Electron temperature in the region where 

Nil emission occurs were determined from the intensity ratio of the 

Nil lines. These calculations assumed LTE and were based upon Abel 

inverted spectral emissions for the cases when cylindrical asymmetry 

was apparent. Electron densities were determined from measurements 

of the half-widths of spectral lines having known Stark broadening 

parameters.
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Housby-Smith and Jenkins concluded 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 number and intensity of 

the copper lines was found to be higher in the orifice arc implying a 

higher radiation loss from the copper core, and lower in the free 

burning arc. Their results also indicated that the optical diameter and 

the half width of the electron density profile were smaller than for 

the other arcing conditions, but the electron density was higher.

Airey (1977) presented a spectroscopic investigations of a pulsed 

high current, high pressure, SFg arcs, 100 mm long burning between 

Cu/W electrodes. The current range examined was 1 KA to 45 KA, 

the pulses were half sine waves with durations of 6 ms to 12 ms and 

the gas pressures were 6.5 bar upstream. ( anode ) and 3.1 bar 

downstream ( cathode ).

The author used a Rank Hilger Monospek 600 combination grating 

spectrograph and Czerny-Turner monochromator model D460 for most 

of the spetroscopic investigations. The internal optical arrangement 

of the spectrometer consisted of the collimating and focusing mirrors 

and the plane grating. In the monochromator mode the output was 

dispersed across the focal plane of the exist slit, which selected the 

emergent wavelength and bandwidth according to the settings of the 

direct reading head and the width of the exit slit. The focal length 

and effective aperture of the instrument were 0.6 m and f/6 respec
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tively. Using a grating of 1200 lines/mm a linear dispersion of 1.36 

nm/mm was obtained which was adequate for their investigations.

Airey's (1977) measurements were initially made radially integrated 

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

of the nozzle exit. Photoelectric snapshots of 100 ys exposure were 

used to measure the line intensity and width of Cul 510.5 nm, 529.3 

nm and 515.3 nm lines from which the average electron temperature 

and density were calculated. Further measurement of radially resolved 

spectra were performed on a section 25 mm downstream of the anode 

which were viewed through a cutaway section of the nozzle. The 

copper vapour concentration was low in this region for the currents 

below 200 A so it was necessary for the author to estimate the radial 

temperature distribution from the intensity ratio of the FI 624.0 nm 

and SII 545.4 nm lines. An Abel inversion procedure was incorporated 

in this calculation.

For arc currents below the metal vapour core formation level, ( 

around 20 KA ), the temperature profile exhibits a parabolic shape 

with an axis temperature of 20,000 °K down to about 11,000 °K. At 

the peak of a 24.5 KA current pulse the mean temperature, as meas

ured using Cul lines, oscillated between 17,000 °K and a maximum 

value of 31,000 °K. The SFg plasma surrounding the core shows no 

spectroscopic change either in line widths or intensity and it was, 

therefore, concluded that the outer plasma temperature was the same 

as before core formation.
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The author further concluded that conditions of LTE were satisfied 

for instantaneous current values below 20 KA but could break at 

higher values. The radially-averaged electron number density deter-
9 0

mined from FI and SII and Cui lines exhibited a value of 3.2x10^
-3

m at G KA. The latter value, together with the measured arc tem

perature of 17,000 °K, predicted a total equilibrium plasma pressure 

of 2.25 bar which was in good agreement with that value of 2.0 bar 

predicted from gas flow calculations. The copper vapour density in 

the arc was found to rise slowly with current and exhibited values 

of 1 % and 5 % at 7 KA and 13 KA respectively. However, at 19 KA 

peak the impurity concentration was 20 % and increased with time and 

with falling current to about 35 % at 10 KA.

Using high speed photographs the author identified globular 

motions of the copper plasma which appeared to merge into a contin

uous motion. This observation was similar to the phenomenon de

scribed 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 tem

perature fluctuations. Also the author did not indicate to what extent 

the cutaway section of the nozzle effected flow patterns downstream 

which could seriously affect local and overall parameters.

In (1980) Okuda et al presented a spectroscopic approach to the 

analysis of high current arcs in SFg. Spectroscopic observations were 

carried out on transient free-burning arcs drawn by separating Cu/W
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electrodes and the peak current was varied up to GO KA. The arc 

was observed with a high speed framing camera running at 5000 

frames/s. The camera also had a maximum transmission at the wave

length of 648.5 nm with a half-width of 2.5 nm. In order to obtain 

the radial distribution of the composition of the arc, snapshot spectra 

were taken by means of an Ebert-type spectrograph with the entrance 

slit at right angle to the arc axis. A slit connected to the moving 

electrode was used as a blind shutter and the spectrum was detected 

by Kodak 103a-f plates in the range of wavelength from 350.0 nm to 

700.0 nm.

A series of snapshot spectra were taken at various axial positions 

and at various current levels by Okuda et al (1980). The spectra were 

classified into three types :

(1) This type was observed at the instantaneous current higher than 

10 KA. Continuum dominated the spectrum and no emission lines 

of sulfur and fluorine were observed. Copper and tungsten lines 

were strongly self-absorbed and some of them were self-reversed.

(2) This type was observed when the current was falling from 10 KA 

to zero. Continuum was weak and emission line spectra of copper 

and tungsten were observed. No emission lines of sulfur nor 

fluorine were observed.

(3) This type was observed when the current was rising from zero 

to 10 KA. The emission lines of FI and SII were observed and they 

were not coaxial with the continuum and the metal lines.
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Okuda et al (1980) proposed a new method using the continuum 

for measuring the parameters of high current arcs. The method was 

based upon the following assumptions :

(1) The plasma was cylindrically symmetric.

(2) The plasma was in local thermodynamic equilibrium.

(3) The temperature decreased monotonically in the radial direction.

(4) The radial component of the pressure gradient was balanced with 

the radial component of the magnetic pinch force.

(5) The plasma was optically thin at the continuum dominated wave

length used.

The authors summarised their results as follows :

(i) The composition of the arc changed significantly at the critical 

instantaneous current of 10 KA independent of the peak value 

of the arc current and the opening phase of the electrodes.

(ii) Electrode vapour was the principal ingredient of the arc in the 

range of current above 10 KA. The spectral lines were self- 

absorbed and merged in the strong continuum.

(iii) A new method was developed to estimate the temperature and 

pressure profile of the arc by making use of the continuum.

(iv) The arc contained the conductive SF,, gas at the current belowb
10 KA.

Further spectroscopic results of gas flow arcs under similar, but 

not identical, conditions to those investigated by Airey (1977) were 

presented by Ikeda et al (1982). Peak arc currents of 30 KA and 

above were investigated so extending the range above the threshold
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for the formation of the arc plasma core. The arc was confined to burn 

along the nozzle axis by a flow of gas discharged from a high pressure 

reservoir of about 7 bar to a low pressure reservoir at 1 bar. The 

nozzle possessed a throat diameter of 50 mm and a length of 30 mm. 

The host gas used in the tests was SFg, the upstream electrode was 

made from carbon or copper-tungsten and the nozzle material was ei

ther copper or PTFE.

The authors recorded the spectra with a Hilger-Watt 1000 prism 

spectrometer. A mechanical shutter was used to limit the exposure time 

to 0.5 ms at peak arc current when the arc was in a quasi steady 

condition. The arc spectra were recorded photographically and the 

optical density variations across the spectral lines measured using a 

Hilger-Watt microphotometer. The spectral lines selected for analysis 

were FI 623.9 nm, SII 545.39 nm , SII 532.07 nm, Cul 578.31 nm, 

Cul 529.26 nm, and Cul 510.55 nm.

The authors confirmed the evaluation of a copper core above an 

instantaneous current value of 18 KA which was in agreement with 

Airey (1977). Their results indicated a somewhat lower copper tem

perature in arc core ( 15,000 °K ) compared with the surrounding 

host plasma ( 20,000 °K ) . The electron density values were calcu

lated from line broadening and yielded an average value of 

1.8x10 m upstream compared with 1.5x10 m downstream. The 

copper vapour concentration 1 mm downstream of the orifice exit was 

about 70 % and was considerably greater than that deduced by Airey 

(1977) (20%).
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It is unfortunate that the upstream temperature, electron density 

etc. could not be calculated owing to reabsorption etc. which could 

have also enabled axial gradients of parameters to be determined. It 

is also 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.

In (1978) Smith et al reported the first spectroscopic investigation 

which included the current zero period of arcs in an orifice flow. The 

arc was sustained by a sinusoidal current pulse, ( frequency 85 Hz 

) with peak current values of 3 and 8 KA. The arcs burned between 

copper electrodes and the host arcing medium was air or SFg with an 

upstream reservoir pressure of 7.8 bar. All upstream measurements 

were taken at a site 2 mm upstream of the orifice entrance plane, 

whereas downstream measurements were taken 1 mm from the orifice 

exit plane.

A Hilger Watts spectrograph type E528 fitted with quartz optics 

was used to obtain all the spectral records. Most of the upstream 

measurements were recorded on HP3 photographic plates, whereas the 

downstream measurements were recorded with the single channel 

scanning attachment E720, having variable exit slits, fitted with an 

IP22 photomultiplier. The photographic plates were exposed for 6 us 

snapshots during the current zero period whereas the photoelectric 

detection system enabled a continuous timewise record of a given 

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

An electro mechanical shutter was used to prevent the relatively in
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tense light levels which pre-dominated during the high current phase 

from affecting the current zero recording instrumentation.

The authors determined the electron temperatures both upstream 

and downstream of the orifice from measurements of the relative in

tensity of two copper lines as outlined in Griem (1964), The lines used 

for the upstream measurements were 319.4 nm, 309.9 nm and 330.7 

nm whereas the lines used for the downstream measurements were

510.5 nm 515.3 nm, 578.2 nm, 521.8 nm and 570.0 nm. The electron 

density 2 mm upstream from the orifice inlet was determined from the 

Stark broadening of the Cul 330.7 nm line at 70 and 50 ys before 

current zero. The authors used the values of electron density and 

temperature to confirm the existence of LTE up to 50 ys before current 

zero.

For SFg no upstream temperature results were presented, although 

the temperatures in this region are similar to those at downstream 

stations during the current zero period. It is unfortunate also that 

the authors used different electrode geometries for different meas

urement locations since this makes comparison of their own results 

from different axial regions difficult let alone comparison with differ

ent authors. Furthermore no radial energy distribution detail could 

be deduced so that no evaluation of the current zero energy conser

vation equation could be obtained.
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3.4 Continuum radiation

3.4.1 Introduction

Spectroscopic measurements have been reviewed previously and it 

has been shown how they can provide valuable information regarding 

overall arc as well as detailed local arc column structure. This in

formation is useful for calculating important energy transport terms 

in the energy balance and it will be explained in detail in chapter (6). 

A brief review of some radiation power loss techniques is included 

since, they can provide additional valuable information to that already 

obtained with spectroscopic methods.

3.4.2 Development of radiation power loss measurements

An extensive investigation into the total radiation being transmitted 

remotely from an arc column has been made by Strachan (1973 a,b), 

(1974), (1975 a,b) and Strachan et al (1977 a). This radiation is the 

difference between the emitted radiation and the absorbed in the arc 

environs. In (1973 a,b) Strachan measured the radiation for free 

burning arcs burning between copper electrodes which were fixed at 

a 100 mm separation and with a peak current in the range 10 KA to 

23 KA. The arc was viewed at several axial locations using a 3 mm 

width collimating slot laterally situated along the arc diameter. 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). The author showed how the presence of electrode vapour
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can greatly enhance the radiation power loss in the free burning arc. 

In (1974, 1975 a) Strachan showed that radiation loss provided a major 

contribution to the total energy loss from the free burning arc column.

Strachan (1975 b) and strachan et al (1977 a) extended the work 

on the free burning and efflux flow arcs to the more realistic circuit 

breaking conditions of the orifice flow geometry. The authors inves

tigated 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 ( 3, 8 and 13 KA ) upon the ra

diation power loss. The authors concluded that the radiation loss with 

various electrode materials increased in the order carbon, copper, 

mild steel, elkonite.

Strachan et al (1977 a) derived the following empirical law :

Q = ar .I.E ./p  (3.7)

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.

or is a constant depending upon the host arcing medium 

and the upstream electrode material.
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The authors have shown the significance of the radiation loss in 

terms of the energy balance ( up to 30 % of the power dissipated is 

lost radiatively ). 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.

In (1982) Leclerc and Jones extended the above work about radi

ation power loss measurements for arcs in the peak current range 20 

to 100 KA burning in a 50 mm diameter radiussed orifice. The authors 

used elkonite and carbon as electrode materials, copper and PTFE as 

nozzle materials and air and SFg as a host arcing medium. The flow 

through the nozzle was sustained by an upstream pressure of about 

7 bar and a downstream pressure of 1 bar. The total radiation losses 

were measured at two axial locations, one 1 mm upstream of the nozzle 

inlet and the other 1 mm downstream of the nozzle outlet. The total 

radiation was measured using an RCA 4328 photomultiplier.

Leclerc and Jones (1982) identified the dominant influence on ra

diation loss as the arc current followed by the local static pressure. 

However under some operating conditions the general trends may be 

severely affected by areodynamically induced pressure transients, the 

formation of an electrode vapour core and the ablation of the nozzle 

wall resulting from excessive radiative loading. The authors estimated 

the total radiated power from the entire arc length at a peak current 

of 90 KA to be of the order of 10 MW. However the authors did not 

extend their investigation to include the current zero period, there
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fore a quantitative statement of the significance of radiation power loss 

during this period was not possible.

In (1982) Shammas and Jones attempted the first measurements of 

the arc energy loss component due to optical radiation close to current 

zero under conditions relevant to circuit interruption. Reduced power 

arcing conditions were investigated and the arc current was ramped 

from a holding ( 0.35 - 2.5 KA ) level to zero with a current decay 

rate in the range 12 to 46 A/ys. The authors used different nozzle 

materials ( copper and PTFE ) and upstream electrode materials ( 

copper-tungsten and carbon ). The host arcing medium was SFg with 

an upstream tank pressure of 8.5 bar. Radiation measurements were 

made through a slot in the circuit breaker nozzle which was at the 

downstream end of the parallel throat section ( a detailed description 

of this experimental test facility is included in chapter (4) of this 

thesis ). The detector was an RCA photomultiplier type 60 ER ( 4832 

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

square law which was necessary to determine the total radiated power.

Shammas and Jones (1982) derived the following empirical re

lationships between the radiative losses and the electrical parameters

(1) Under the quasi-steady state the empirical law governing radiation 

loss ( corresponding to equation ( 3.7 )) with constant pressure 

is proportional to instantaneous current as

L = 0.0143 ( i - 300 ) for i > 300 A (3.8)
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Where

L is the equivalent radiative loss in volts ( L = Qr /  99 ).

0 is the radiative power loss, r
1 is the instantaneous current in amperes.

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

lationship between the radiative loss at the nozzle throat and the 

instantaneous current ( i ), the holding current ( i 

becomes

L = A i1*05 ♦ B C y 1,1 (di/dt)2*37
Where

A = 4.9xl0’ 3 B = 2*61x10

di/dt is the current decay rate during the final 2 ys before 

current zero.

(3) The decay of radiation after current zero is given approximately

by

t = 0.174 ( di/dt - 17 ) 

for di/dt > 24 A/ys and iQ = 1.55 KA 

Where t is the time for the radiation to decay to a negligibly small 

value ( ys ).

3.5 Concluding statement

In this chapter it has been shown that extensive spectroscopic

* calculate local arc parameters which are investigations can be used to calculate luc

„ j -vtvttr the arc column condition and structure,fundamental for describing the arc cui

), di/dt

(3.9)
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A detailed knowledge of such parameters further enables the energy 

transport terms to be calculated. It is the objective of the present 

experimental investigation to improve the technique of Smith et al 

(1978) in order to obtain a detailed spectroscopic investigation of an 

SFg nozzle flow circuit breaker arc during the current zero period.

Also in this chapter it has been shown that the total radiation 

power loss measurements at peak current or during the quasi-steady 

arcing phase plays an important part in the energy balance during 

this period. However a lack of reported experimental data makes such 

an estimation during the current zero period impossible although some 

unpublished data by Shammas and Jones does exist and will be used 

later in this thesis ( chapter 6 ) in the quantitative solution of the 

current zero energy balance.
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^mn E_„ m n
nm S’ 1 eV eV

510.5 0 .2xl07 4 3.82 2.43

515.3 6.04xl07 4 6.19 2.4

521.8 7.5xl07 6 6.19 2.37

Table (3 .1) Atomic data for the spectral lines o f Cul .

( Source : Kock and Richter (1968) ) .

Xc : Centre wavelength (nm)

Amn s Transition probability (S-1 )

Gm : S ta tis tica l weight o f upper energy level

Em s Energy value o f upper energy leve l (eV)

E s Energy difference between levels m and n (eV) mn



Half width at half height (nm)

Centre
Wavelength

nm
Temp. \ Ne 

°K \  cm'3
1016 io17 1018

5 1 5 .3

5 ,0 0 0 1 .1 8 9 x l0 * 2 1 . 1 8 9 x 1 0‘ 1 8 . 8 5 5 x l 0 '1

1 0 ,0 0 0 1 .2 9 7 X 1 0 '2 1 .3 2 6 X 1 0 '1 1 .1 6

2 0 ,0 0 0 1 . 3 5 5 x l 0 ' 2 l . 4 0 4 x l 0 _1 1 .3 4

Half width at half height (nm)

Centre
Wavelength

nm
Temp. \ Ne 

°K \ cm'3
1 0 16 1017 1018

5 1 0 .5

5 ,0 0 0 3 . 5 5 x l0 * 4 3 . 5 7 x l 0 ’ 3 3 . 4 3 x l 0 * 2

1 0 ,0 0 0 4 . 5 2 x l 0 ' 4 4 . 5 9 x l 0 * 3 4 .5 9 X 1 0 '2

2 0 ,0 0 0 6 . 1 5 x l 0 " 4 6 . 2 5 x l 0 ‘ 3 6 . 3 7 x l 0 ‘ 2

Half width at ha lf height (nm)

Centre
Wavelength

nm
Temp. \ 

°K \
Ne
cm'3

1016 1017 1018

5 ,0 0 0 1 . 2 2 x l 0 * 2 1 .2 2 X 1 0 -1 9 . 0 8 x 1 0"1

5 2 1 .8 1 0 ,0 0 0 1 . 3 3 x l 0 ' 2 l . 3 6 x l 0 ‘ 1 1 .1 9

2 0 ,0 0 0 1 . 3 9 x l 0 " 2 1 .4 4 X 1 0 -1 1 .3 7

Table (3 .2 ) Stark broadening o f Cul lines



CHAPTER 4

EXPERIMENTAL APPARATUS AND DIAGNOSTIC 

INSTRUMENTATION

4.1 Introduction

Fundamental arc measurements are usually made in small scale 

discharge tubes under relatively easily controlled steady state condi

tions. To obtain the same degree of control in a full scale circuit 

interrupter geometry operating at high currents and gas pressures, 

and under pulsed current and flow conditions, makes severe demands 

upon the electrical and mechanical design of the test facility. More

over, existing diagnostic instrumentation, which is suitable for steady 

state measurements, can no longer be used in a time dependent situ

ation without major modifications.

This chapter is divided into three main sections, the first of which 

describes the test facility, SFg gas properties, the gas handling 

system, the arc initiation technique, the test head geometry and the 

power supplies. The second section is principally concerned with the 

development of the diagnostic instrumentation used to measure both 

the electrical and spectroscopic arc parameters. Finally the third 

section is concerned with the system control and timing sequences.
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4.2 High power SFq interrupter test facility

Details of the experimental test facility have been previously re

ported by Strachan et al (1977 b ). Only a brief description, is 

therefore presented here.

The interrupter test facility was constructed to enable experiments 

to be carried out at realistic electric power levels, with full scale 

interrupter geometries, under controlled gas flow and arcing condi

tions. This facility is basically of the " two-pressure 11 type in which 

gas is allowed to expand from a high pressure upstream reservoir tank 

into a region of lower pressure. The upstream pressure vessel which 

is situated at the base of the test rig has a maximum working pressure 

of 500 psig at temperatures below 150 °F, has a capacity of 5 cubic 

feet and is made of carbon steel. A photograph of the test rig is given 

in figure(4.1). The downstream pressure vessel, situated at the top 

of the rig, has a maximum working pressure of 200 psig at a tem

perature of 150 °F, with a capacity of 10 cubic feet and is made of 

carbon steel.

The high pressure upstream reservoir tank was connected via a 

blast valve, a honeycomb, flow straightener, the test head and a 

cylindrical outlet pipe to the downstream pressure reservoir. The 

blast valve is a modified Reyrolle 275kv O.B. circuit breaker valve, 

having a 3.75 inch diameter outlet. The maximum working pressure 

of the blast valve is 450 psig. The flow straightener was made of 

PTFE. The upstream pressure was initially set to 110 and 60 psig and
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the downstream pressure to just below atmospheric for the whole se

ries of investigations. ‘

A schematic of the overall test rig layout is shown on Figs. (4.2) 

& (4.3). Fig. (4.2) shows the test head which was isolated elec

trically from the remainder to the test rig and which 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 arc chamber is designed 

to have a considerable degree of flexibility in operation. It can easily 

be removed from the rig and the removable flanges greatly facilitate 

modifications, the changing of electrodes, cleaning and general ser

vicing. Removal of the test head, or any other part of the test section 

is facilitated by the use of hydraulic jacks under the upstream pres

sure vessel.

4.2.1 Significant properties of SFq

Sulphur hexafluoride is a colourless, odourless, tasteless gas. It 

Is non-flammable and non-toxic. At atmospheric pressure the boiling 

point is -60 °C and the mass density at 20 °C is 6.1 Kg/m^. The 

critical point is 45.6 °C at 38 atm and the gas may therefore be stored 

in liquid form at room temperature. The gas may be liquefied by 

compression, which simplifies production, but the case of liquefication 

causes problems in outdoor circuit breakers using high pressure 

particularly under arctic conditions.
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SFg is chemically inert up to 150 °C, decomposing at higher tem

peratures into numerous fragments (Liebermann and Chen (1977)). 

Some of the fragments are chemically active, attacking metal, glass 

and some plastics.

The metal fluorides produced during arcing between metal 

electrodes can cause severe irritation to the skin, eyes and throat 

of maintenance personnel. SFg is rigorously dried to avoid the pres

ence of moisture and the possible formation of HF at high temper

atures. For similar reasons hydrocarbons in general are excluded from 

the internal parts of SFg circuit breakers. Recombination of the

fragments occurs as the temperature falls, the time scale being of the 
-5 -7order 10 to 10 second.

SFg has a much greater dielectric strength than air at the same 

pressure and temperature. The exact improvement factor, depends both 

upon the thermodynamic state of the gas and the electrical test 

waveform, but is about 3 for 50 Hz power withstand tests. However 

the arc quenching capability of SFg is exceptional and derives from 

a combination of factors. - .

Under high power conditions the arc temperature is at least 

10,000° K leading to an electrical conductivity of above 2000 V ' ,  

comparable with copper vapour. This leads to lower power dissipation 

within the circuit breaker than for air, and consequently reduced 

heating of the bulk gas and less damage to parts of the interrupter 

( Jones ( private communication ) ) .  Furthermore the nett radiation
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emission from an SFg arc at a given current is lower than from an 

air arc, again reducing the damage to the nozzle and temperature rise 

of the surrounding gas.

The dissociation and recombination of SFg noted earlier has con

siderable significance for current zero arc recovery. The molecular 

bond energy is such that the recombined molecules at about 2000 °k 

have much less energy than the dissociated fragments at only slightly 

higher temperatures ( Shimmin 1986 ). There is therefore a peak in 

the specific heat capacity Cp at 2000 °K, and also in the thermal 

conductivity K. During thermal recovery after a high current arc it 

is possible for radial thermal diffusion to dissipate much of the stored 

energy of the arc across the 2000 °K isotherm ( Jones ( private 

communication ) ) .  Since this temperature is below the electrical con

duction minimum in SFg the presence of a recombination sink at 2000 

°K does not degrade the thermal recovery performance, although the 

dielectric recovery performance may be impaired ( Mahajan et al 

(1984)).

The major energy removal process for high power axial flow arcs 

is by convection along the axis. The power loss by this method de

pends upon the quantity (pwh), i.e the product of mass density, 

velocity and enthalpy ( Frost and Liebermann (1971)). In spite of the 

reduction in mass density at high temperatures the increase in sonic 

velocity and enthalpy leads to an increase in enthalpy flow as the 

temperature rises. Once again the recombination effect, causing a high 

thermal capacity Cp at 2000 °K, leads to a significant value for
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enthalpy in the temperature range 2000-3500 °K. There is therefore 

a substantial enthalpy flux in this temperature range, which is below 

the minimum for electrical conduction. The combination of good thermal 

conductivity and enthalpy flux over this temperature range, combined 

with efficient radiation transport within the higher temperature con

ducting arc core, leads to a steep-edged temperature profile for the 

Sfg arc at high currents (Airey (1977)).

4.2.2 Gas handling system

For all the reasons mentioned above SFg was used as the arcing 

medium for all the investigations of the present work. The principal 

components of the gas handling system are a vacuum pump, 

compressor and refrigerator together with their associated valves, 

filters, gauges, reservoirs, bursting discs etc. A schematic diagram 

of the system is given on Fig. (4.4).

As indicated by Fig. (4.4) a compressor is employed to pump gas 

from the low pressure to the high pressure reservoirs in the test 

section following an operation of the main blast valve BV. In addition, 

the compressor is used to pump the SFg gas back, via the refriger

ation and cooling systems, into storage cylinders. It is a KH25 type 

air cooled, three stage high pressure pump manufactured by 

Worthington-Simpson Ltd. Driven by a 15 H.P. three phase S.C. 

motor, the compressor delivers gas at 600 psig maximum pressure at 

up to 20 cubic feet per minute running at 800 R.P.M.
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Also shown on Fig. (4.4) is a rotary vacuum pump used to evacuate 

the system, ’ prior to the admission of SFg gas, to a base pressure of 

typically 2x10  ̂ torr in 10 minutes. The pump is an Edwards type 

CNS-02556-ES2000 modified by the supplier for the recirculation of

SFg gas. More details may be found in Strachan et al (1977b).
» ; - ' ' ,

4.2.3 Pneumatic initiation facility

x

Studies of pulsed high current arcs in a flowing gas require a 

rapid and reliable method of arc initiation. Arc initiation was achieved 

by striking a low current ( 300 - 800 A ) d .c arc between the two 

arcing electrodes. This was achieved by keeping the main arcing 

electrodes fixed and pneumatically driving an auxiliary electrode ( a 

0.187 inch diameter silver steel rod ) through the hollow downstream 

electrode from it's 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 

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. More details may be found in Strachan 

et al (1977(b)).

4.2.4 Test Head geometry

The geometry of the circuit breaking test head is shown on 

figure(4.5). The nozzle consisted of an upstream convergent section
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45° connected to a 12° diverging section via a 1.0 cm long parallel 

sided throat section of 35 mm diameter. The material of the nozzle 

was PTFE, representing an electrically insulating nozzle. A specially 

designed nozzle with the same flow profile was used for viewing the 

arc. This nozzle carried a ( 3 mm ) slot which was located at the 

nozzle throat. The slot was sealed by a slotted rubber gasket com

pressed against a 15 mm thick glass viewing window so preventing 

the leakage of gas from the nozzle through the slot. This was an 

important measure both diagnostically and with regard to electrical 

performance since leakage of gas could cause image distortion and 

perturbation or shock waves in the gas flow.

The upstream contact of the model circuit breaker consisted of a 

32.0 mm diameter, hemispherically tipped electrode with it's tip 17.0 

mm upstream of the upstream edge of the nozzle throat section. The 

upstream electrode material was 10-W3 elkonite ( a sintered copper 

tungsten mixture ). The downstream electrode was of similar shape 

to the upstream electrode and carried a hollow bore which housed the 

auxiliary initiation electrode. The downstream electrode tip was fixed 

at distances of 78, 68, 58 and 48 mm downstream of the downstream 

edge of the nozzle throat resulting in overall gap lengths of 105, 95, 

85, 75 and 65 mm respectively. The downstream electrode material 

was identical to that of the upstream electrode.
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4.2.5 Power supply circuit

The arc current pulses were obtained from a tuned, series con

nected inductance /  capacitance ( LC ) discharge circuit. The full 

power circuit ( figure (4.6)) consisted of a capacitor bank ( 35.5 mF, 

at 6.3 Kv ) tuned to a frequency 78 Hz with 90 yH inductors. The 

capacitor source was switched using two ignitron valves & Ig con

nected back to back to provide smooth current commutation at current 

zero. Control of the peak current was via the magnitude of the 

capacitor bank charging voltage, which resulted in varying current 

decay rates before current zero. A low current ( 300 - 800 A ) in

itiating arc was used to enable the electrodes to be fully parted before 

the main power half cycle was triggered. This low current arc was 

switched with the initiation ignitron 1̂  in series with a current limiting 

resistor R ^ ( 4 - 6 - 8 f l ) .

The voltage restrike ( rrrv ) immediately after current zero was 

provided by the natural circuit response. The rate of rise of recovery 

voltage was governed by the charging voltage of the capacitor bank 

which was determined by the peak current required. An additional 

branch in parallel with the main capacitor bank 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 ( 1̂  ).

With this arrangement the current peak value was varied in the 

range 34 to 64 KA, resulting in a current zero decay rate ( di/dt )
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range of 14 to 27 A/ys. Further details of the full power circuit are 

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

4.3 Instrumentation

4.3.1 Electrical measurements

The parameters measured during the present tests were the peak 

current, the current zero and the overall gap voltage of the test 

head. The current shunt used for the measurement of the arc current 

was a co-axial type with a resistance of 1 mfl and a (1 vs) risetime. 

This enabled accurate measurements to be made of the arc current 

during the current zero period. The lower value of shunt resistance 

was used to avoid excessive power dissipation and to prevent satu

ration of the oscilloscope preamplifiers by the excessive voltage de

veloped across the shunt. This was preferred to a fuse protection 

technique ( Taylor et.al. (1982)) in order to reduce electromagnetic 

noise problems when undertaking delicate spectroscopic measurements 

( section 4.3.2 )

The overall voltage across the test gap was measured with two 

Tektronix P6015 high voltage probes ( bandwidth of 50 MHz ) oper

ating differentially between the upstream and downstream electrodes 

( Figure 4.7 ). The voltage and current were recorded both during 

the peak current phase and during the current zero period using two 

Tektronix 468 digital storage oscilloscopes and a Tektronix 556 

oscilloscope ( registered photographically respectively ).
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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. (4.7). This was to avoid the occurrence of 

current loops through the earth connections which could have pro

found effects on both instrumentation and data for the magnitude of 

arcing currents in question. Overall calibration of this particular 

measurement system was performed by Taylor et al ( 1982 ).

4.3.2 Optical and spectroscopic measurement system

The optical system ( shown photographically on figure ( 4.8a(i)) 

and schematically on figure ( 4.8a(ii))) was used to view full power 

arcs. This system consisted of a focusing arrangement, a capping 

shutter ( figure (4.8b)), a spectral resolving instrument ( 

monochromator ) and a detector /  analyser system.

Collimated light emerging from the slot situated on the nozzle throat 

was focused by an f/2 , f=20 mm biconvex lens onto a first reflecting 

surface of the 90° image rotator. The image rotator consisted of a 

mirror /  prism arrangement which performed a 90° rotation of an image 

in the plane normal to the optical axis through it. After the subse

quent 90° image rotation the light was focused onto the entrance slit 

of the monochromator such that the whole of the internal collimating 

mirror of this instrument was illuminated.

A double action capping shutter ( close - open - close ) ( figure 

4.8b ) was incorporated in the light path, situated close to the

86



monochromator entrance slit. This prevented light from being incident 

on the entrance slit for up to 100 ys before and after current zero. 

The latter precaution was taken in the case of arc reignition which 

could cause overloading of the optical detection equipment.

The monochromator was a Hilger Watts monospek 1000 grating ( 

1200 line /  mm ) spectrometer type D400 - 352 fitted with an F1497 

slit on the entrance plane. The slit width was set to 28.5 ym resulting 

in a dispersion of about 0.7 nm/mm at about 500 nm.

The detector camera was a vidicon SIT 500 which enabled a spatial 

resolution to be achieved in two dimensions by virtue of it's multi- 

element diode array photo detector surface or target ( figure (4.8c)). 

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 corre

sponded to the diameter of the arc. The camera operation was such 

that the diode array could be split into 5 lateral segments. These 

segments therefore corresponded to 5 segments along the arc diameter 

( figure (4.8d)). After intensification and resolution the information 

stored on the diode surface ( target ) was synchronously scanned 

off the target by an electron beam which took 32 ms to scan the whole 

target and 1.2 ms to flyback and restart.

The information collected off the target in this manner was in

stantaneously converted into an analogue signal and transferred to 

the parent OSA 500 system to be digitally processed. For the entire
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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 (1.6 

Vis). The operational limitations of the camera were such that this 

exposure time had to coincide with the scan flyback period. The gate 

pulse ( -1 KV ) 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 OS A 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 controls ( or call programs ( Appendix 2 ) ) .  In addition the OSA 

500 ( consists of 30 memories ) controlling the scanning sequence and 

other operational parameters of the camera. A summary of these is 

given in appendix (2).

This system enabled 1.6 ys snapshots of arc spectra at selected 

wavelengths to be taken with radial averaging and radial resolution 

at different instants during the decay of the arc current to zero and 

also after current zero in the case of the arc reigniting.

4.4 System control and timing sequences

During the operation of the model circuit breaker many events were 

required to occur-in a precise sequence. Thus the timing of such 

events was important to ensure reliable and reproducible arcing con
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ditions. It is convenient to divide the timing sequences into two cat

egories.

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

current pulse.

(ii) The precision ( microsecond or submicrosecond ) timing during 

the current zero period ( before and after current zero ) of all 

the associated diagnostic instrumentation.

4.4.1 Overall timing of the circuit breaker mechanism and arc cur

rent pulse

There are essentially three main mechanical events, namely, the 

operation of each of the magnetic valves M .V.l, M.V.2 and M.V.3. 

These valves operate, respectively, the main blast valve B.V which 

provides the required gas flow through the arcing arrangement, the 

high pressure supply to the actuator piston, and the vacuum supply

to the actuator piston. 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 be 

sustained for hundreds of milliseconds in this manner which provided 

sufficient time for the arcing events to occur.

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
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was pneumatically lifted off the upstream electrode and electrical 

contact lost. The initiation ignitron ( figure (4.6)) was fired by an 

auxiliary pulse unit which was triggered initially from the 200 V 

output of a Culham delay unit at the instant t̂  (figure (4.9a)). 

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. The 1st main ignitron 

was triggered at the instant t  ̂ ( figure (4.9b)) via an auxiliary pulse 

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

and the main arcing sequence initiated. The main current pulse had 

a half period of 6.45 ms ( figure (4.9a)). About 250 ys 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. The dump ignitrons were triggered at some 

preset time after current zero to remove the remnant charge remaining 

on the capacitor bank. Using this configuration all the arcing events 

could be timed to an accuracy of about 1 % or better.

4.4.2 Timing of the diagnostic instrumentation particularly near 

current zero

Microsecond or sub-microsecond time resolution was required for 

an accurate investigation of the current zero period plasma processes. 

For this reason the timing of the diagnostic instrumentation and re

cording sequences needed to be of microsecond accuracy or better. 

A more sophisticated method of timing was required in the full power 

case. The reason for this was that once the first ignitron valve was
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triggered the resulting half cycle of arcing had a duration of 6.45 

ms + 0.05 ms regardless of the instant at which the second ignitron 

was triggered. This +. 50 vs fluctuation in the half period clearly 

did not meet the required current zero timing specification. Thus it 

was more convenient to trigger the diagnostic instrumentation off the 

falling current waveform as it approached zero ( figure (4.10a)).

The timing requirements for the spectroscopic diagnostic system 

were similar to those described by Lewis (1987) for the photographic 

investigation of the full power arcing case. Similar principles were 

employed in the electronic technique for the measurement system and 

shutter. However owing to differences in the mode of operation of 

the OS A 500 system the techniques were applied in a different manner.

The continuous scanning operation of the SIT 500 meant that the 

timing sequence of the rest of the experiment would have to be 

synchronised to the scanning period of the camera rather than con

versely. The time taken for the camera to complete one scan of the 

diode matrix ( scanning period ) was 33 ms which was followed by a

1.2 ms flyback interval. It was necessary to record the required in

formation on the camera target during the 1.2 ms flyback period so 

that the current zero period needed to coincide with this flyback 

period. The camera could then be gated during this time. An elec

tronic coincidence was used to achieve this timewise coincidence ( 

figure (4.10a)). Pulses of 1.2 ms duration ( corresponding to the 

flyback period ) with a period of 33 ms were provided by an electronic 

pulse shaping unit. The pulses were input to the coincidence unit
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which was externally triggered from a Culham delay unit ( figure ( 

4.9b)) so enabling the unit for a duration of 33 ms ( figure (4.10a)). 

A pulse appeared on the output immediately after receiving the first 

pulse at the camera input when the unit was enabled. 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 ( figure (4.9b)).

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

to the cathode of the tube whose duration corresponded to the expo

sure time and which was supplied by an external vidicon gate pulse 

generator ( figure (4.10a)). The gate pulse was generated at different 

instances during the arc current decay by using the gate output of 

the current measuring oscilloscope. The gate out pulse was further 

shaped and delayed by variable amounts ( 0 to 10 ys ) by an auxiliary 

delay unit which ultimately triggered the vidicon gate pulse generator 

( figure (4.10a)).

The shutter, whose physical characteristics were discussed in 

section 4.3.2 above ( figure (4.8b)) was triggered following the 

output pulse from the coincidence unit. The delays were set so that 

the shutter would expose the camera fully at about 20 or 30 ys before 

current zero ( figure (4.10b)).
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With this experimental configuration, consistent simultaneous re

cords of arc voltage, current and spectra during the current zero 

period could be obtained.

The descriptions given in this chapter show the complexity of the 

experimentation and instrumentation. Considerable effort was required 

to ensure reliable and reproducible operation to permit the substantial 

number of experimental records described in chapter (5) to be ob

tained .
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Fig. (4.1) A photographic view of the SF(, test rig
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Fig (4.4) Schematic diagram of the SFg gas handling system
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Rj = 4 to 8 O
R2 = 0.36 a

C 1 = 35.5 mF, 6.3 KV
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Fig. (4.6) The electrical test circuit
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CHAPTER 5

SPECTROSCOPIC MEASUREMENTS OF THE ARC TEMPERATURE

AND ELECTRON DENSITY

5.1 Introduction and survey spectra

A knowledge of temperature within the electrical core of a gas blast 

arc near current zero is an important parameter for determining the 

dominant loss mechanisms which govern arc extinction and reignition. 

In this chapter time and space resolved spectra of the decaying arc 

column during the current zero period are presented. The spatial 

resolution of the arc spectra corresponds to the arc diameter at the 

single axial location near the nozzle throat and was limited only by 

the resolution of the optical system and the vidicon camera scan ca

pability as explained in chapter (4). The temporal resolution for all 

the results is 1.6 ys (exposure time) which was governed by the 

camera gate time (chapter 4) and limited by the amount of light inci

dent upon the camera aperture. Snapshot spectra ( 1.6 ys exposure 

) are presented at different instants during the final 20 ys before 

and after current zero for two different pressures and a given set 

of operating conditions.

To obtain meaningful temperature results during the transient arc 

column decay during the current zero period, two fundamental con

ditions need to be satisfied :
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(1) The spectral lines under observation must satisfy many conditions 

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 has been discussed in chapter (3) 

and the second is wholly a function of the overall system sensitivity. 

So it is important that adequate light intensity exists during the 

current zero period to enable short duration exposures. The intensity 

requirement is made more severe by the requirement for radial re

solution .'

Figures (5.1) and (5.2) show typical spectra of high current cir

cuit breaker arcs during the current zero period with the operating 

conditions as indicated on the diagrams. The axes correspond to in

tensity ( vertical ) and wavelength ( horizontal ). The spectral peaks 

are associated with emission from various elements. Analysis of these 

spectra involves an identification of the more intense lines i.e. to 

establish the dominant wavelength and from tables the elements 

producing the line.

In Figs. (5.1 a,b and c) there are only two lines apparent and 

these have been identified by Lewis et al (1985 a) to be two copper 

lines, Cul 510.5 and Cul 515.3 nm. This group of copper lines Cul 

510.5, 515.3 and 521.8 nm is particularly conspicuous in this region 

and have been used by many authors, (e .g . Smith et al (1978)), since

95



the identification being certain. Thus, the position of the Cul 510.5 

and 515.3 nra lines were used to calibrate the wavelength scale.

In Fig. (5.2) many smaller peaks appear between the two copper 

lines. Although relatively accurate estimates of the wavelengths of 

these smaller peaks have been obtained by using the two known 

copper lines to calibrate the wavelength scale, nevertheless an error 

of ± 0.05 nm still existed and this uncertainty can lead to some 

identification problems. Although several possible spectral lines could 

exist in the range 512.8 to 513.15 nm ( e .g . Harrison et al (1952)), 

the most likely elements to be present in the arc plasma are those 

deriving from the arced gas or component materials. These include 

W, Cu, S, F, C and H. W and Cu may be produced from the arc 

electrodes, S, F from the dissociated SFg gas and C, H, F from the 

PTFE nozzle. Spectral lines not associated with these elements can 

therefore be excluded. Also within the wavelength range considered 

there are no significant transition associated with the elements S, F 

and H. The temperature of the arc has been estimated as lying be

tween (7,000 - 10,000 °K) so that, almost all molecules have been 

dissociated, impling that no significant vibration and rotation transi

tion will exist. Therefore the spectral band heads can also be ex

cluded.

The degree of atomic ionization is also low at these temperatures 

so there will not be any significant ionization lines. As a result we 

conclude that the smaller peaks belong to tungsten. The spectral 

constants of these tungsten atomic spectral lines - which were taken
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from Corliss and Bozman (1982) - are given in table (5.1). With these 

data the relative intensity of these tungsten lines may be estimated. 

Fig. (5.3) shows the intensity ratio of these lines, which should assist 

in estimating the species temperature.

5.2 Temperature measurements

5.2.1 Radially averaged spectra captured during the current zero 

period

The radially averaged, time resolved spectra of the decaying arc 

column are shown on Figs. (5.4 a,b and c) for different peak current 

values 34, 46 and 53 KA ( corresponding to current decay rates di/dt 

of 15 A/ys, 18 A/ys and 22 A/ys). Spectral records for the two lines

510.5 and 515.3 nm show that these particular lines are free from any 

of the deleterious effects outlined in chapter (3) section (3.3.1).

Figure (5.5 a) represents the intensity decay of the two principal 

diagnostic lines used in this investigation ( 515.3 nm and 510.5 nm ) 

during the current zero period. These values were derived from the 

results of Fig. (5.4 a) by a computational analysis of the respective 

spectrograms. Two distinct regions may be identified corresponding 

to two different decay rates.

Figure (5.5 b) represents the radially averaged intensity decay 

of the arc column during the current zero period of a medium di/dt 

= 18 A/ys ( corresponding to 46 KA peak current). Sufficient in

formation is available from the two lines investigated to allow extensive
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temperature and electron density information to be extracted. Also 

this figure shows two distinct time intervals but with a slightly higher 

intensity decay rate during period I which is not the case for the same 

two spectral lines on Fig. (5.5 a). Also period I extends closer to 

current zero before the rapid intensity decay occurs.

The corresponding intensity variation with a peak current of 53 

KA ( di/dt = 22 A/ys ) is plotted on Fig. (5.5 c ) . Also in this case 

the threshold between the two periods is even closer to current zero 

than the 34 and 46 KA cases. By comparing Figs. (5.5 a,b and c) it 

is clear that the intensity of the 515.3 nm line is generally higher in 

the 53 KA case throughout the current zero period.

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 (6). A more 

meaningful physical representation of the arc column would be a 

timewise variation of temperature rather than intensity.

5.2.2 Time variations of radially averaged arc temperature

Radially averaged arc temperatures have been calculated from the 

data presented in the above section. The method of calculation is 

described in full in chapter (3) section (3.3.3). The temperature was
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deduced from the ratio of two Cul ( 510.5, 515.3 nm ) line intensities 

using the spectral constants of table (3.1) and equation (3.5).

Figure (5.6) shows the temporal variation of the radially averaged 

arc temperature at the nozzle throat during the current zero period 

for three cases of peak arcing current ( 34, 53 and 60 KA ). There 

are two sources of uncertainty involved in these temperature meas

urements. The first is the scatter produced by experimental test to 

test variation, the second, is the uncertainty in atomic data values 

e .g . transition probabilities which can be as high as 20 % in some 

cases. These uncertainties represent a total uncertainty of about i  

500 °K which is shown In Fig. (5.6) as an error bar. A second out

standing feature of these results is the slow temperature decay until 

the last 3 vs after which the temperature falls sharply as current zero 

itself is approached. Also it can be seen from this figure that the 

temperature is proportional to the peak current.

5.2.3 Radially averaged temperature variation with current decay 

rates

Figure (5.7) shows the variation of radially averaged temperature 

during the current zero period with current decay rate for the two 

pressures 60 and 110 psig. Because of the lack of intensity of the 

spectral lines at the current zero instant for the lower peak current 

case a plot of radially averaged arc temperature at the current zero 

instant would be of limited value. The most striking feature of these
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results is the sharp rise in current zero period temperature above a

di/dt value of about 20 A/ys and also the temperature is higher for

the case of higher pressure. For example, at the lower di/dt ( 15
3

A/ys ), the radially averaged temperatures lie in the range G. 75X10 

°K to 7.75x10“* °K; in the medium di/dt case ( 20 A/ys ) the range 

of temperature values is 7.0x10 °K to 8.0x10 °K whereas at higher 

di/dt ( 24 A/ys ) the range of temperature values is 7.8x10 °K to 

above 9.0x10“* °K. It is notable that the value of di/dt at which the 

radially averaged temperature rises more sharply is 20 A/ys which 

corresponds to the di/dt values at which the arc column axis intensity 

( measured photographically ( Lewis 1987 )) 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 changes. More 

detailed and reliable information can be derived from radially resolved 

measurements.

5.2.4 Radially resolved arc spectra captured during the current 

zero period

Two types of spectroscopic results were obtained during the cur

rent zero period. The first type was a radially integrated result 

whereby light was gathered from the whole extent of the arc diameter 

and has been discussed in section 5.2.1 Figs. (5.4 a,b and c). The 

second type was a radially resolved result whereby light from 5 seg-
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ments situated diametrically through the recorded as shown on Figs. 

(5.8 a,b and c) and Figs. (5.9 a -e ). In the latter case the 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 1 mm 

of the arc column diameter. '

Figures (5.8 a,b and c) represent the radially resolved arc spectra 

of 3 cases of peak current 34 KA, 46 KA and 53 KA at the viewing 

position near the nozzle throat and upstream pressure of 110 psig. 

In every record two Cul spectral lines are presented ( 510.5 nm and

515.3 nm Cul emission), centred on about 513.0 nm. These spectra 

were recorded at different instants during the current zero period 

and were representative of similar records taken at different times 

before and after current zero for each case of peak current.

The radially resolved spectra presented in Fig. (5.8) provide

useful information regarding the arc radial intensity variation even

before temperatures are calculated. A comparison of Figs. (5.8 a and

b) reveals that the luminous diameter of the arc has increased from

4 mm to 5 mm with an increase in peak current from 34 KA to 46 KA.

Also a comparison of Figs. (5.8 a and b) shows that the spectral line

intensity is higher in the case of higher di/dt which means that the

latter has a higher temperature value at its periphery. It is worth

noting in this case that the emission in the centre viewing portion of

(5.8 b) (I = 46 KA) is also higher than (5.8 a) (I -  34 KA) which P P
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is indicative of a higher temperature existing in the centre portion 

of the latter arc column.

Figures (5.9 a-e) show the radially resolved arc spectra of 5 cases 

of peak current in the range of 34 to 60 KA captured before and after 

current zero and for an upstream pressure of 60 psig. A comparison 

of Figs. (5.9 b and c) reveals that the luminous diameter of the arc 

has increased from 5 mm to 6 mm with an increase in peak current 

from 46 KA to 53 KA. Also a comparison of Fig. (5.8 b) (p=110 psig.) 

and Fig. (5.9 b) (p=60 psig .), shows that the light intensity in the 

higher pressure case is greater especially in the middle track. This 

is indicative that the axis temperature ( centre portion of the arc 

column ) is higher in the case of higher pressure (p=110 psig.), Fig. 

(5.7). A comparison of Fig. (5.8 c) (p=110 psig.) with Fig. (5.9 c) 

(p=60 psig.) at the same di/dt shows that the arc diameter is wider 

in the case of the lower pressure.

Figures (5.9 d and e) represent the spectrograms centred at a 

wavelength of 513.0 nm captured 6.6 and 7.3 )is after current zero 

in the case of reignition. A comparison of Figs. (5.9 d and e) (after 

current zero) with Figs. (5.9 a,b and c) (before current zero) show 

that the light intensities are higher before current zero than after 

current zero. Also the spectrograms of Figs. (5.9 a,b and c) show 

that differences in the intensities (above the continuum) exist over 

the whole extent of the arc diameter for different di/dt. These results 

are in good agreement with the radially averaged results obtained at 

corresponding peak current values and instants before current zero.
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At low di/dt values (15 A/ys) the contribution of the continuum, 

particularly near the periphery was low. However as the di/dt value 

increases a significant amount of continuum was detected near the 

periphery where spectral line emission may be present. The increase 

in continuum may give rise to a luminous region near the periphery 

of an arc photograph.

Radially resolved arc spectra have been presented which have 

enabled a comparison to be made with the radially averaged spectra. 

Also certain qualitative features regarding the radial profiles of 

spectral light intensity have been identified. However the radial dis

tribution of the spectral intensity of the arc enables the calculation 

of the arc temperature profile to be made. The calculation of this 

profile further enables the physical properties of the arc column to 

be determined in a quantitative manner.

5.2.5 Arc temperature profiles calculated from the radially resolved 

spectra

Whilst the radially integrated temperature measurements are ex

tremely valuable for the derivations of gross arc properties, accurate 

predictions of transport properties can be obtained only from a de

tailed knowledge of the radial temperature profile. During exper

imentation it become clear that the arc column could suffer both lateral 

shifts off the axis of symmetry and also suffer asymmetric radial 

distortions. An analytical scheme for interpreting the experimental
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results of the form shown on figures (5.8) and (5.9) therefore needs 

to take account of such disturbances. For this reason a computer 

programme was developed for calculating the intensity of the 515.3 

nm and 510.5 nm lines from various radial profiles of emissivity and 

also for different radial displacements of the arc column.

Form the experimental data the intensities of the 515.3 nm and

510.5 nm lines were determined using the computer programme shown 

in appendix (1). On the other hand the calculated intensity from a 

known radial emissivity profile for different arc radius (R) was de

termined and given by appendix (1). The experimental and the the

oretical results were compared to check if there was a shift or an 

asymmetry of the arc column or both. After obtaining the correct 

shift, the shape of the 515.3 nm and 510.5 nm lines could be drawn. 

A simplified flowchart of the computer programme is shown on figure 

(5.10).

The arc temperature profiles calculated from the radially resolved 

spectra are presented on Figs. (5.11), (5.12) and (5.13). A tem

perature profile is presented for different peak currents in the range 

(34 KA - 60 KA) (di/dt 14 -25 A/ys) at various times before and after 

current zero and also for two cases of pressure (p=60 and p=110 

psig.).

The temperature profiles of Fig. (5.11 a) show the arc to have a 

central axis temperature in the range of 8,000 °K to 8,500 °K and to 

have a 5,500 °K isotherm at a radius (1.7 to 2.25 mm) for the case
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of low dl/dt (14 - 17 A/ys). The operating condition for these curves 

are shown on Fig. (5.11 a) for the case of p=110 psig. The profiles 

show that there is a shift of the central viewing axis in the range 

of 0.05 mm to 0.2 mm as shown on Fig. (5.11 a) but there is no 

asymmetric radial distortion. The radially averaged temperature re

sults of Fig. (5.6) show reasonable correlation with the temperature 

profile at the corresponding current level. The radial positions of the 

5,500 °K isotherm also show reasonable correlation with the photo

graphic luminous area measurements by Lewis (1987), which indicates 

a luminous radius of about 2.5 mm at the same axial viewing station.

Figure (5.11 b) represents the temperature profiles captured at 

3.6, 5.3, 10 and 7.6 ys for the current decay rates of 20, 20, 18.5 

and 20 A/ys respectively. The profiles in this case indicate an arc 

with a slightly higher axis temperature in the range of (8,250 to 9,000 

°K). These profiles also show a 5,500 °K isotherm at a radius (2 -

2.4 mm).

The temperature profiles at 6, 2.8, 4.2 and 14.6 ys before current 

zero for the current decay rates of 22.2, 24, 25 and 24 A/ys re

spectively are shown on Fig. (5.11 c ) . The axis temperature for this 

case is higher ( in the range of 8,750 to 10,250 °K ) with a 5,500 

°K isotherm radius in the range of (2 - 2.5 mm). These temperature 

profiles are again consistent with the radially averaged measurements 

of Fig. (5.6) for equivalent arcing conditions. The temperature 

profiles presented on Fig. (5.11 c) have a steep temperature gradient 

at the 5,500 °K isothermal boundary which plays an important role in
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the justification of the boundary layer approximation of the integral« ■

analysis, chapter (6).

The temperature profiles at 1.2, 3.2 and 11.5 ys after current zero 

at very high current ( di/dt = 25 A/ys ) ( peak current about 60 

KA ) are shown on Fig. (5.11 d). The profiles in this case indicate 

an arc with a central axis temperature in the range of 8,500 to 9,500 

°K and with a 5,500 °K isotherm at a radius ( 1.4 - 2.2 mm ).

Figures (5.12 a ,b ,c and d) show the temperature profiles in the 

case of low pressure ( p=60 psig.) for four cases of peak current and 

for different operating conditions. Fig. (5.12 a) shows the case of 

low current ( di/dt 14-17 A/ys), curve 1 corresponds to operating 

conditions, di/dt=16 A/ys and to a time 12.8 ys before current zero 

and pressure of 60 psig. The axis temperature is 8,500 °K and the 

profile has a smooth parabolic shape down to a temperature of about 

5,500 °K at a radius of 2.5 mm. Curve 2 corresponds to the same 

operating conditions for curve 1 but for the case of high pressure 

p=110 psig. By comparing curve 1 and curve 2, the first one shows 

a wide flat temperature but the second one shows a steeper temper

ature profile. The temperature profile has a higher axis temperature 

in the case of high pressure, by about 250 °K for the above two 

cases. Similar temperature profiles were obtained for the case of low 

pressure (p=60 psig .), medium and high current before and after 

current zero as shown on figures (5.12 b ,c  and d).
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Figure (5.13) shows a comparison between the temperature profiles 

for the two cases ( high and low pressures p=60 & p=110 psig.). 

Curve 1 corresponds to operating conditions, di/dt = 15.5 A/ys and 

to a time 5.6 ys before current zero and pressure of 60 psig. The 

axis temperature for this case is about 8,000 °K with a 5,500 °K 

isotherm radius of about 2 mm. By comparing the profile ( curve 1 ) 

and the profile ( curve 2 ) - which has the same operating conditions 

but for p=110 psig. - one can conclude that the axis temperature is 

higher in the case of high pressure and the radius of the arc is wider 

in the case of low pressure.

A final observation on the radially resolved arc spectra of Figs. 

(5.8) and (5.9) 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 shot to shot 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.

The time variations of the axis temperature profiles under different 

operating conditions are shown on Fig. (5.14). This figure shows that 

the axis temperature is higher in the case of high pressure. Also the 

axis temperature relating to the 34 KA ( di/dt = 15 A/ys ) case occupy 

a range generally lower than the corresponding 53 KA ( di/dt = 22 

A/ys ) values throughout the current zero period. Also from tem

perature profiles the time variations of the arc diameter under dif

ferent operating conditions were determined as shown on Fig. (5.15).
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These variations of the arc diameter show reasonable correlation with 

the photographic luminous area measurements by Lewis (1987) for the 

same operating conditions.

5.3 Occurrence of tungsten lines

Analysis of several recorded spectra showed that tungsten lines 

did not always occur in the spectrum despite the appearance of strong 

copper lines. For instance, Lewis (1987) did not find tungsten lines 

in his experiments although the arc temperatures were certainly high 

enough for these to be apparent. Conversely the arc temperature was 

estimated to be lower, but nonetheless strong tungsten lines occurred. 

Also rather strong tungsten lines may be recorded in one experiment, 

but not in successive experiments under identical conditions. It 

therefore seems that the occurrence and intensity of the tungsten 

lines has no regular pattern. However, after statistical analysis of 

all experimental records, it has been found that there are two main 

factors which affect the occurrence of the tungsten lines. One of 

these factors is the value of the current decay rate (di/dt) at current 

zero, and the other is the time before current zero ( or after current 

zero if arc reignition occurs ) at which the spectrum was recorded.

Figure (5.16) summarises the occurrence or absence of tungsten 

lines from a series of 95 experiments at a pressure of 110 psig. (7.8 

bar). The horizontal axis in this figure represents the instant of time 

at which the spectrum was recorded ( t=0 indicates current zero )
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whilst the vertical axis represents the current decay rate ( di/dt ). 

In this figure the plus sign represents cases in which tungsten lines 

appeared whilst the minus sign represents cases in which tungsten 

lines are absent. Results for conditions when the arc was extinguished 

at current zero are of course confined to the sector before current 

zero ( to the left of the vertical axis corresponding to t=0 ).

The results shown on Fig. (5.16) may be divided into three zones 

as indicated by the two dashed lines. In the zone above the two 

dashed lines tungsten lines are always identifiable in the spectrum. 

In the zone below the two dashed lines, no tungsten lines have been 

identified in the spectrum. In the zone between the two dashed lines, 

the occurrence or absence of tungsten lines varies from one exper

iment to another. The existence of this zone of uncertainty may be 

due to the following reasons : Firstly, there is no absolute standard 

for judging the appearance of any tungsten line, but simply to decide 

approximately by comparing the relative intensities of the tungsten 

and copper lines El-Kholy et al (1987) (app. 5). Thus it is not clear 

whether on some records, the noisy nature of the spectrum between 

the two copper lines ( e .g . Fig. (5.1 b )) is due to instrument noise 

or due to low intensity tungsten lines. Secondly there are error lim

itations in the measurement of di/dt and t. The error of di/dt is about 

0.4 A/ys whilst the error of t is about 0.2 ys. Thirdly, perhaps the 

most important reason is that, some random factors may occur during 

testing which strongly affect the appearance of tungsten lines. For 

instance, tungsten lines are not usually apparent even at high cur

rents when the circuit breaker contacts are new. This is because the
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vaporisation of copper from the copper-tungsten sintered contact 

material occurs preferentially and as a result the temperature of 

contacts is prevented from rising sufficiently to promote tungsten 

evaporation El-Kholy et al (1987 ) (app. 5). For contacts which have 

suffered arcing several times, the tungsten content in the surface 

layer may be greatly increased, so that tungsten evaporation is en

hanced. This behaviour is consistent with the observation from the 

present experimentation that the tungsten lines appear in the ap

proximate order 514.5, 513.8, 512.95, 512.4, 512.0, 511.75 and 510.95 

nm as shown on figure (5.17).

The dashed lines on Fig. (5.16) show that the tungsten lines ap

pear only at high values of di/dt except for longer times before 

current zero. In other words the larger the di/dt and t, the higher 

the probability of appearance of tungsten lines. This implies that the 

appearance of tungsten lines is related to energy, because higher 

di/dt imply higher peak currents and more energy dissipation in the 

system. Longer times imply a higher instantaneous current and more 

power input into the system at the moment of recording the spectrum.

Figure (5.18) shows the experimental results for an upstream 

pressure of 60 psig. (4.25 bar). This shows a similar trend for the 

boundaries between the appearance and non appearance of the 

tungsten lines. However in the lower pressure case the occurrence 

boundaries are shifted to lower value of di/dt implying that the 

tungsten entrainment persists more extensively in the latter case. 

Temperature estimates for the arcs at both these pressures indicate
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that the higher pressure arc possesses a higher plasma temperature.

A simple correlation between the occurrence o£ tungsten in the arc 

with a higher plasma temperature therefore does not exist. Arc cross 

section estimates indicate the lower pressure arcs to have a greater 

diameter than the higher pressure arcs so suggesting less severe axial 

convection effects. This suggests that the occurrence or otherwise 

of the tungsten in the arc plasma is more strongly dependent upon 

axial convection rather than temperature in the arc.

5.4 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 3, section 3.4 ). Use was made of Stark broadening 

coefficients ( Jenkins, private communication ) for the diagnostic 

spectral lines in this formula. Errors due to effects such as lower 

energy state broadening contribution may be avoided through a 

careful choice of spectral lines.

From the analysis of the line half width at half height due to Stark

broadening for the 515.3 nm line yields electron densities in the range 
17 -33-8x10 cm during the current zero period as shown on figure

17 -3(5.19). These electron densities are consistent with 5-8x10 cm 

measured by Smith et al (1978) for an orifice flow arc in SFg during 

the current zero period following an 8 KA peak current. Fig. (5.19) 

shows the variation of the radially averaged electron density during
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the current zero period following the three different peak arc currents 

investigated. These electron density values were derived from the 

same spectra as the temperature results of figure (5.6).

5.5 Chapter summary and concluding statement

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 ). Furthermore these spectra have 

enabled both the radially averaged arc temperature and electron 

density to be calculated. The spatially resolved spectra have also al

lowed detailed arc temperature profiles to be measured during the 

current zero period.

The conclusions drawn from these results may be summarised as :

(1) The temperature profile of the arc used in this chapter has been 

determined from the ratio of intensities of two copper lines ( Cul

515.3 nm and 510.5 nm ) and is independent upon line profile and 

whether or not tungsten lines are present.

(2) Axis temperature estimates for the arc at different pressures in

dicate that the higher pressure arc possesses a higher plasma 

temperature.

(3) A simple correlation between the occurrence of tungsten in the 

arc with a higher plasma temperature therefore does not exist

(4) Arc cross section estimates indicate the lower pressure arcs to 

have a greater diameter than the higher pressure arcs.
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(5) This suggests that the occurrence or otherwise of the tungsten 

in the arc plasma is more strongly dependent upon reduced con

vection being incapable of removing the persisting tungsten 

flowing entrainment during the peak current phase.
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Wavelength
nm

Spectrum Energy levels
K ......

gA
108 /sec

511.036 WI 15070-34633 0.057

512.424 WI 14976-34486 0.055

513.011 WI 23965-43452 0.59

513.840 WI 28233-47689 2.2

514.577 WI . .20983-40411 0.33 .

Table (5 .1) Wavelength, Energy levels and gA values o f tungsten 
atomic lines, appear in the spectra
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Fig. (5.3) Relative intensities of tungsten lines
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Fig. (5.10) Flow diagram for the analysis of laterally shiffted
spectral line distributions.



d j * 0 .5  mm Tftxisl = 8000 °K

¿2  = 0.05mm ”̂ axjs 2 = 8250 °K Central Viewing

Radial Position (mm)

(a) Low di/dt (14-17 A/ys)

conditions Time before C.Z.
VS

di/dt
A/ys

Exposure 
time (ys)

pressure
psig

Curve 1 -  6 15 l . G 110

Curve 2 - 8 16 ; 1 . 6 110

Curve 3 -10.5 14.5 1 . 6 n o

Curve 4 -13.4 14.8 1 . 6 n o

Fig. (5.11) Arc temperature profiles during the current zero period 

( p = 110 psig )



Fig. (5.11) (b) Medium di/dt (18-21 A/ys)

conditions Time before C.Z. 
ys

di/dt
A/ys

Exposure 
time (ys)

pressure
psig

Curve 1 - 3.6 20 1.6 110

Curve 2 - 5.3 20 1.6 110

Curve 3 - 10 18.5 1.6 n o
Curve 4 - 7.6 20 1.6 110



dj = 0 .5  mm Tgxisl = 8750 °K Central Viewing

Radial Position (mm)

Fig. (5.11) (c) High di/dt (22-25 A/ys)

conditions Time before C.Z.
PS

di/dt
A/ys

Exposure 
time (ys)

pressure
psig

Curve 1 - 6 22.2 1.6 110
Curve 2 - 2.8 24 1.6 110
Curve 3 - 4.2 25 1.6 110
Curve 4 -14.6 24 1.6 110



= 0.0 mm T axls, = 9°00 °K Central Viewing
* x = 0.3 mm Tax.sl = 8500 "K

Fig. (5.11) (d) High di/dt (22-25 A/ps) & After current zero

conditions Time after C.Z. 
ps

di/dt
A/ps

Exposure 
time (ps)

pressure, 
psig

Curve 1 ♦ 1.2 25 1.6 110
Curve 2 ♦ 3.2 25 1.6 110
Curve 3 + 11.5 25 1.6 110



dj * 0.05mm T axjs 2 = 8750 °K CPTdrnl Viewing
d j = 0.3 mm Taxlsl = 8500 »K

Radial Position (mm)

(a) Low di/dt (14*17 A/ys)

Operating conditions Time before C .Z. di/dt Exposure pressure

ys A/ys time (ys) psig

Curve 1 *12.8 16 1.6 60

Curve 2 -12.4 16 1.6 110

Curve 3 -18.5 15 1.6 60

Fig. (5.12) Arc temperature profiles during the current zero period

( p = 60 psig )
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Fig. (5.12) (b) Medium di/dt (18-21 A/ys)

Operating conditions Time before C. Z.

VS

di/dt

A/ys

Exposure 

time (ys)

pressure

psig

Curve 1 - 3 18 1.6 60

Curve 2 - 4 20 1.6 60

Curve 3 - 8.8 19.5 1-6 60

Curve 4 - 9.S 20 1.6 60



d. = 0.3 mm T . , = 8000 °K 
1  axisl

d2 = 0.25mm T a x , g 2  = 8250 °K Central Viewing

Radial Position (mm)

Fig. (5.12) (c) Medium di/dt (18-21 A/ys) & After current zero

Operating conditions Time after C.Z.
VS

di/dt
A/ys

Exposure 
time (ys)

pressure
psig

Curve 1 ♦ 4. S 20 1.6 60
Curve 2 ♦ 15 18 1.6 60
Curve 3 + 22 21 1.6 60
Curye 4 ♦ 30 21.5 1.6 60



dx - o.l mm Taxigl = 9000 °K
&2 s  0.05mm Taxlaj = 9750 °K Central Viewing

Fig. (5.12) (d) Medium di/dt (22_25 A/ys) & After current zero

conditions Time after C.Z. 

ys

di/dt

A/ys

Exposure 

time (ys)

pressure

psig
Curve 1 ♦ 7.3 23 1.6 60
Curve 2 + 19 25 1.6 60
Curve 3 4 47 23 1.6 60



di 3 ° - 05mm Taxisl = 8000 °K Temp.

Radial Position (mm)

Operating onditions Time before C.Z. 
Vs

di/dt
A/ys

Exposure 
time (ys)

pressure
psig

Curve 1 - 5.6 15.5 1.6 60
Curve 2 - 4.4 16.5 1.6 110
Curve 3 - 9.6 15 1.6 60
Curve 4 - 9.6 15.8 1.6 110

pig. (5.13) Comparison between the temperature profiles for the two 

cases high and low pressures ( p=60 & p=110 psig )
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Fig. (5.14) Time variation of the axis temperature profile under 

different operating conditions
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Fig. (5.15) Time variation of the arc diameter under different 

operating conditions
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Fig. (5.19) The radially averaged electron density versus time, for 

different peak currents, during the current zero period.



CHAPTER 6

ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

6.1 Introduction

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 (5) in 

conjunction with theoretical arc considerations.

The first section of this chapter deals with the evaluation of radial 

temperature profiles from line of sight considerations. A method has 

been developed whereby the raw spectral data captured by the optical 

spectrum analyser ( OSA 500 ) can be subjected to computational 

analysis and converted to a continuous radial temperature profile.

The second section of this chapter is concerned with the arc 

behaviour before and after current zero. Particular attention is paid 

to the appearance of the arc column, the shape factors of the integral 

analysis, and the optical depth of the plasma. Two criteria have been 

discussed from which the existence of LTE in the plasma may be as

sessed.
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The third section of this chapter is concerned with the definition 

of the terms in the dynamic arc energy conservation equations and 

the current zero energy balance calculations.

6.2 The evaluation of radial temperature profiles from line of sight 

considerations

Since the arc plasma column is essentially a distributed cylindrical 

source the recorded spectrum needs to be corrected for its line of 

sight nature. A standard technique for making such a correction is 

the Abel inversion ( Lochte Holtgreven, pp. 184, 1968 ). Fig. (6.1 

a) represents the cross-section of a cylindrical arc source. The re

ceived intensity profile at a given displacement on the Y axis from 

the centre will be due to emission from a number of microscopic 

sources along the line of sight such as AA' in figure (6.1 a). In order 

to derive a radial intensity profile ( along the Y axis of Fig. (6.1 

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 ( Lewis 1987 ). Fig. 

(6.1 b) represents such a measured profile when an interference filter 

centred on a wavelength of 521.8 nm was used ( this was of wide 

enough bandwidth to include the whole Cul line emission centred on 

\=521.8 nm ).

The received intensity profile was subjected to the above mentioned 

Abel inversion for which it was assumed that the cylinder ( or its 

cross-section ) could be subdivided into 5 concentric shells ( or rings
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). Lines of sight were drawn ( such as AA' in Fig. (6.1 a)) at five 

equi-spaced radial positions for the received intensity profile of Fig. 

(6.1 b) which corresponded to the radius of the innermost shell with 

the innermost line of sight being at a "Y" displacement of r^/2 (Fig. 

(6.1 a )). Also shown on Fig. (6.1 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 

calculating of the inverted profile ( ’’ABEL") is described in appendix 

(1). The Abel inverted profile of Fig. (6.1 b) 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 resolved arc spectra ( from which the radial temperature 

profiles are determined ).

In chapter (4) the mode of operation of the OSA which yielded 

radially resolved arc spectra was discussed. This radial resolution 

corresponds to a splitting of the arc diameter into 5 viewing strips 

of equal width ( i.e. radial dimension ). Five strips across the di

ameter 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 further complicate such a direct inter

pretation, 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
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predict the received line intensity. This method would be particularly 

attractive in the case where two spectral lines are captured simul

taneously which is the case in the spectra of figures (5.8) & (5.9) 

in chapter (5). The emissivity profile obtained by the Abel inversion 

of the photographic intensity profile shown on Fig. (6.1 b) was 

centred on X = 521.8 nm for the Cul line. The two lines on Figs. (5.8)

& (5.9) are centred on 510.5 nm and 515.3 nm. The theoretical line 

intensity variation with temperature for each of the above mentioned 

spectral lines calculated from equation (3.3) chapter (3) is shown on 

Fig. (6.2). It is clear from Fig. (6.2) that throughout the temperature 

range 6,000 to 12,000 °K the intensity values of the 521.8 nm and

515.3 nm emission differ only by a constant factor. Consequently the 

ratio of intensities of the two lines will remain constant within this 

region and be independent of temperature. In other words these two 

lines cannot be used to derive a radial temperature profile on account 

of their identical temperature dependence.

With the known parabolic emissivity profile of the 515.3 nm line 

the arc was divided into three concentric rings with the outermost 

ring forming the 6,000 °K boundary as shown on Fig. (6.3). Also 

shown on Fig. (6.3) are the 5 lines of view along which the arc di

ameter is observed by the optical spectrum analyser. The situation 

for an arc diameter of 6 mm 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 Fig. (6.3) areas are produced by the intersection of 

the rings with the lines of view. The area enclosed by two rings re
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presents an area of homogeneous emissivity. This is representative 

of an average value of emissivity over the radius Interval in question. 

Also shown on Fig. (6.3) is a typical arc emissivity profile ( shown 

in arbitrary 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. In this program the areas 

described above are calculated according to a given arc radius and 

displacement from the central viewing axis. The recorded intensities 

are calculated according to a similar fixed emissivity profile of the 

arc column to that described above. Thus a number of predicted re

corded intensities are generated for a single arc emissivity profile (

515.3 nm line ) which correspond to different arc radii and displace

ment from the central axis. These recorded intensities are in the form 

of radially resolved histograms and the program which calculates these 

is called " I515N " and is described in detail in appendix (1).

The radially resolved arc spectra centred at the 515.3 nm wave

length captured by the OSA are normalised to the highest line in

tensity value and an experimentally measured radial histogram is 

obtained. This histogram is then compared with the family of 

histograms calculated by the above method. A best fit of the exper

imental data is then obtained which enables the radial shift of the arc
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axis and the arc radius to be determined. The method also enables 

asymmetry about the central axis to be incorporated in the calcu

lations. For instance parabolas of different radii on opposite sides of 

a common central axis may occur in some cases.

The experimental data of chapter (5) often included not only the 

line emission at 515.3 nm but also the 510.5 nm spectral peak on the 

same record. The temperature variations of the intensity of these lines 

calculated from equation (3.3) is shown in Fig. (6.2). It is clear from 

this figure that the temperature variation for the 510.5 nm spectral 

line intensity is different from that of the 515.3 nm line. Thus for 

a given temperature profile a unique emissivity profile will exist for 

the 510.5 nm line. The same procedures which followed for the case 

of the 515.3 nm line to obtain the histograms are applied for the 510.5 

nm line. Also the recorded intensities are in the form of radially re

solved histograms and the program which calculates these is called " 

I510N " and is described in detail in appendix (1).

Thus a method has been developed whereby the raw spectral data 

captured by the OSA 500 can be subjected to computational analysis 

and converted to a continuous radial temperature profile.

6.3 The arc behaviour before and after current zero

6.3.1 Introduction

The performance of the circuit breaker investigated in this thesis 

is represented by a band region on a di/dt : dv/dt characteristic
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■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 reignition is referred to as a 

critical arc reignition. This failure occurs shortly after current zero 

during the period when the rate of rise of the recovery voltage can 

be sustained. This implies that failure occurs during the thermal re

covery period i.e. due to Joule heating of the remnant arc column, 

i.e the reignition is dependent upon the thermal state of the arc 

channel ( thermal reignition ) and for SFg usually occurs within 3 

or 4 vs after the current zero.

6.3.2 The appearance of the arc column

The physical appearance 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 by Lewis (1987) that in the case of 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 substantial turbulent flow conditions. The 

arc photographs by Lewis (1987) 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. It is 

therefore likely that upstream of and in the nozzle throat vicinity the
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arc appears to be surrounded by laminar flow conditions whereas 

further downstream turbulent conditions may exist in some cases.

It is of importance that no arc 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 in compliance with the 

boundary layer approximations. Also the continuous nature of the 

radial arc intensity profile allows the above mentioned boundary layer 

formulations to be applied to the dynamic arc equations.

6.3.3 Approximate performance trends with different pressure and 

different arc length

The variation of the peak current under 100% clearance with dif

ferent pressures and different arc lengths for a 35 mm throat nozzle 

( PTFE ), with SFg as the arcing medium and a waveform frequency 

of 78 Hz is shown on Fig. (6.4). This figure shows that the gap 

length between the two electrodes has a pronounced effect upon the 

performance of the circuit breaker. For example, the test head failed 

to interrupt the peak currents above 55 KA in the case of a 105 mm 

( gap between two electrodes ), but this value reduced to 41 KA in 

the case of a 65 mm gap for the same pressure ( p = 110 psig ).

Results also given on Fig. (6.4) show a similar influence of the 

upstream pressure on the performance of the circuit breaker. The low 

pressure produces a poorer performance than the case of high pres
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sure. In this case the difference between the high pressure per

formance and that of the low pressure is less pronounced than with 

different arc lengths ( 55 KA with high pressure compared with about 

51 KA with low pressure for the same arc length ).

Some typical records of the time variation of current and voltage 

under full power conditions are shown on Figs. (6.5 a-d). The voltage 

and current were recorded both during the peak current phase and 

during the current zero period using two Tektronix 468 digital storage 

oscilloscope and a Tektronix 556 oscilloscope ( registered photo

graphically respectively ) as described in chapter (4). Fig. (6.5 a) 

corresponds to a peak current of about 53 KA with an upstream 

pressure of 110 psig and arc length of 105 mm. This figure shows that 

the test head succeeded in interrupting the current whilst Fig. (6.5 

b) shows that the test head failed to interrupt a 51 KA for the same 

arc length but for different pressure ( p = 60 psig ). For the con

ditions shown on Figs. (6.5 c and d), which correspond to peak 

currents of 47 KA and 36 KA respectively, the test head failed to 

interrupt the current, for the same arc length ( 65 mm ) and different 

pressures.

A similar study was conducted by Taylor et al (1982) to study the

effect of the nozzle material and the gas upon the circuit breaker

performance. The results of their investigations are summarised on

Fig. (6.6) for both air and SF¿, as the arcing media and with PTFE,b
copper, steel and carbon as the nozzle materials for the same pressure 

and the same arc length. Their results for SFg as the arcing medium
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suggested that the performance with copper, steel and carbon nozzles 

were all similar with the clear/fail transition occurring at a peak 

current of approximately 60 KA at 78 Hz. However a PTFE nozzle 

produced a deterioration in test head performance indicated by the 

clear/fail transition occurring at the lower peak current of 53 KA, 

which is approximately the same value found from the present inves

tigations (55 KA). Results also given on Fig. (6.6) show a similar 

influence of nozzle material on performance with air as the arcing 

medium, whereby PTFE produces a poorer performance than the other 

materials. . .

6.3.4 Quantitative implications of results 

i) The electrical conductance and core shape factors

The boundary layer integral approach ( e .g . Cowley and Chan 

(1974), Chan et al (1974), Topham (1971, 1972 a, b )) provides a 

powerful analytical ' technique for correlating and predicting the 

behaviour of gas blast arcs under different conditions. These inte

grals have units of area and were thus called characteristic areas. 

One of these integrals is the conductance area, 8c . According to the 

integral analysis of Cowley (1974) the conductance area is represented 

by :

0c = ( / "  (o (r )/o*)2nrdr (6.1)

where

- the local radial electrical conductivity (v /m  ) 

r = the radial position ( m )
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= the characteristic electrical conductivity (xr/m )
* a

In this thesis the characteristic values of electrical conductivity 

were chosen to be those values corresponding to a temperature of

6.000 °K in SFg which are equal to 236.3 xr/m and 304.6v/m at 4 atm

and 2 atm pressure respectively ( Frost & Liebermann 1971 ). These

values were chosen on the basis of a comparison with other authors

who used similar characteristic values in nitrogen. Walmsley and
*Jones (1978 ii) gave a value of a = 366 xx/m for nitrogen. For their 

working pressure this corresponds to a temperature of about 5,500 

°K ( 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 de

fined by an isotherm whose value usually lies between 4,000 °K and

5.000 °K. The value of 5,500 °K deduced from Walmsley et al’s (1978

ii) work therefore lies above the temperature at which the electrical

conductivity becomes significant. All the transport properties of

SF  ̂ used in this chapter are summarised in table (6.1). b

The conductance area 0c may be evaluated using the measured 

temperature profiles Figs. (5.11), (5.12) and (5.13) and equation

(6.1). These calculations have been made for different di/dt and 

different time before and after current zero for the upstream pressure 

of 60 psig. For the purpose of these calculations the core boundary 

(Rc) was defined as the 5,500 °K isotherm. The results of these 

calculations are summarised in table (6.2).
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The area chosen for such normalising purposes is usually the 

thermal area which then yields the primary shape factor Ac of Chan 

et al (1974), where

ec I  «« (6.2)

( / "  l  1 - ( P ( r )  /  P.)l 2 l,r d r  ( 6 . 3 )

Where

: local gas density

: cold flow density

0, : thermal areao

To a first approximation the thermal area may be equated to the 

area which would be obtained from a shadowgraph measurements 0g. 

According to Lewis (1987) this area can be calculated as

0g = 0s -  tt(6 .5 )2 mm2 (6.4)

Using the above equation and the data from table ( 6 . 2 ) ,  the overall 

conductance shape factor Ac was calculated and summarised in table 

(6 . 2).

These values of Aq may be correlated to the results of other au

thors with different operating conditions through a universal corre

lation parameter. Such a parameter is the Nusselt number which 

represents the non-dimensional heat loss conduction across the arc

and

A = c

86 =
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core boundary. Calculation o£ this parameter requires a knowledge 

of the temperature gradient at the core boundary which the temper - 

ature profiles of Figs. (5.11), (5.12) and (5.13) provide. The

Nusselt number is defined as ( Walmsley and Jones (1978 ii)).

Nu = (CP* /kV )  (Kc/Cpc) Rc (dh/dr)r=R (6.5)
~ c

Where

Cp = specific heat capacity ( characteristic value )
jjc

K = thermal conductivity ( characteristic value )
>jc

h = specific enthalpy ( characteristic value )

Kc = thermal conductivity ( at core edge )

Cpc = specific heat capacity ( at core edge )

R = radius of core edge c &

All the above values are given in table (6.1). The Nusselt number

was then computed using the values of table (6.1) and (dh/dr) „r=KC
obtained from the temperature profiles of Figs. (5.11), (5.12) and 

(5.13) for different di/dt and different times before and after current 

zero at a pressure of 60 psig. The results of these calculations are 

summarised in table (6.2). The values of Ac corresponding to these 

values of Nu are shown on Fig. (6.7) and compared with results for 

other operating conditions. These results correlate well with previ

ously reported results.

Another comparison with the previously results may be made for 

the core shape factor ( )• The core shape factors are determined
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as ratios involving integration not to infinity but rather to the core 

boundary ( Chan et al, .1976 ).

Thus the core thermal area is defined as :

R
*6 = 01 ° I 1 " (P/PC)1 2lTrdr (6.6)

Where

R is the radius of the electrical core and c
Pc is the gas density at Rc<

Walmsley and Jones (1978 ii) also defined the equivalent shadow 

area referred to the core as

* c 2<ts = Q/  2irrdr = irRc (6.7)

Thus by restricting the integration to the core both $c ( equivalent

to 0c ) and may be determined more accurately from the present

results. Also by making the Cowley (1974) approximation that $ ands
are equivalent, the conductance shape factor referred to the core 

boundary is then :

Xc = *c / *S = 6c / ♦ , '  Sc / ’ Rc2 <6-8)

The results of the above equation are summarised in table (6.2). 

Fig. (6.8) shows the values of Xc plotted against the Nusselt number 

along with other values of Xc obtained from different arcing conditions
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( Walmsley and Jones 1978 ii). These results show a good correlation 

within experimental scatter with the previously reported results.

ii) LTE in the current zero arc column

Two criteria were established in chapter (2) which allowed the 

existence of LTE to be confirmed in the current zero arc column. The 

results of chapter (5) were used to evaluate both of these criteria in 

turn and the implications of these are discussed in this section.

The first of the two criteria which needs to be considered is 

McWhirter’s criterion :

Ne £ 1.6xl012 T 1/2 (AE )3 (6.9)e mn v 7

Where all the symbols were defined in chapter (2) equation (2.16) and

AE = 2.73 eV for a Cul line, mn

The temperature value (Tg) required for the right hand side of 

equation (6.9) was taken as the experimentally measured radially av

eraged arc temperature. Fig. (6.9) shows the variation of the product 

on the right hand side of equation (6.9) for the different arcing 

conditions investigated in this thesis. Also shown in this figure the 

values of electron densities obtained experimentally from the Stark 

broadening calculations based upon the spectroscopic data of chapter

(5). It is clear from this data that the Me Whir ter criterion for the 

existence of LTE is satisfied by more than an order of magnitude.
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Fig. (6.9) shows also the values based on similar calculation but with 

T = 5,500 °K to test the existence of LTE at the 5,500 °K radial 

isotherm.

The second of these two criteria was Griem's criterion which was 

discussed in chapter (2) and was stated as follows :

Ne * 9xl017 (E2z' 1<a/EH)3 (KT/EH) 1/2 (6.10)

Where all the symbols were defined in chapter (2), equation (2.17) 

and Ejj and E2Z ’̂ a take the values 7.724 eV and 3.82 eV respectively 

for a Cul line. Fig. (6.9) also shows that this criterion is comfortably 

satisfied (in the worst case by a factor 7 ) ,  these results show that 

the Griem criterion is a more severe test of LTE existence.

Thus the two criteria for testing LTE existence derived in chapter

(2) have been evaluated using the experimental data of chapter (5). 

Comparison with measured values of electron density Ne from chapter 

(5) shows that LTE exists in the circuit breaker arc throughout the 

current zero period. Furthermore a comparison of the same formulae 

using a value of 5,500 °K with the measured electron densities shows 

that LTE exists within the confines of the 5,500 °K isotherm i.e. the 

conducting radius.
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6.3.5 Optical depth of a plasma

In order to ensure accurate interpretation of spectral results it is 

essential to ascertain the transparency of the plasma to the various 

emission lines. The test adopted for plasma transparency Is that 

postulated by Airey (1977). This involves comparing the intensity of 

a diagnostic line with the " black body " intensity at the same 

wavelength and temperature. If the line intensity exceeds the black 

body limit in any region of the line profile, then the line shape will 

saturate by redistributing its energy within a larger bandwidth. This 

in turn enhances the probability of self absorption by particles of the 

same type as the emitter and in the limit leads to the total loss of 

emission at the line centre. Such lines cannot then be used for di

agnostic purposes. The test gives the conditions under which ab

sorption might first be observed and therefore constitutes a severe 

transparency test.

The optical depth for no self absorption , 2r, is given by ( ap

pendix (3)).

2r = [24TrZ(T)A\mn((C 1/X5)(exp( C2/X T ) - l ) '1)]/[N z(T )A mngm 

AEmne ' (Em/KT)] (cm) (6.11)

The optical depth variation with temperature (T) according to equation 

(6.11) is shown on Fig. (6.10) for some of the Cul diagnostic lines 

used in this investigation. The program for this calculation is listed 

in appendix (1).
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Another method for determining whether the current zero arc 

plasma is optically thin involves an inspection of the shape of par- 

ticular 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 in

creasingly flattened appearance and, in the extreme, self reversal 

occurs whereby the line profile shows a dip at the centre wavelength. 

It was beyond the capability of the present optical system to detect 

the Cul 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. The profile of the spectral lines centred

515.3 and 510.5 nm lines ( results of chapter (5)) show no indication 

of flattening at the centre wavelengths. Consequently the arc plasma 

may be considered to be optically thin.

6.4 Definition of the energy conservation terms

Energy conservation for the core of axisymmetric electric arcs has 

been considered interms of radial integrals by Chan et al (1976). 

These authors applied the boundary layer assumptions to the core 

energy equation, which included radial diffusive transport terms ( 

l.e. 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 core energy equation and then 

introducing the energy equation for the external flow, the authors 

were able to write the complete energy equation for the arc core. For 

the boundary layer analysis applied in this case, we may set Pj = P^
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( where PT is the pressure at the core boundary, P the cold flow
X  90

pressure ) l.e. pressure balance Is assumed.

The core energy equation of Chan et al (1976) can be written in 

the following form :

Electrical Rate of decay

power input + of the stored 

to the core energy in the

core

Radial heat Axial heat

♦ conduction + convection 

from the from the

core core

Net power loss Radial heat

+ due to radiation -  convection (6.12)

from the core from the core

Equation (6.12) corresponds to

E.i ♦ (d /d t)[0/ arCP(r)h (r) 2-rrrdr] = ♦ Q/ arc (l/r)(3 /3r)
r

[Kr(3T/3r) 2irrdr] ♦ (3 /3x)[Q/  arc (P(r)h(p)C(r)) 2irrdr] + 

Q » m h (6.13)I* 6 ^

For which the following assumptions have been made :

(1) The enthalpy at the core edge is much greater than the square

of the local axial flow velocity. Thus

h »  W 2 r arc r arc
(2) Radial pressure balance exists.

(3) Radial heat conduction occurs according to the Furrier Law.
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(4) The work done against shear stress is discarded.

Thus with a knowledge of the temperature profile the terms of 

equation (6.12) can be individually evaluated ( except for ).

6.5 The current zero energy balance

The dynamic core energy balance of an axially blown arc during 

the current zero period may be written :

Electrical Losses due to Loss due to Loss due to

power input = thermal convection * radial heat + radiation

from core conduction from core

from core

Power dissipated by 

+ thermally stored

energy changes in (6.14)

the arc core

In equation (6.14) it is assumed that the following energy transfer 

terms are negligible and can therefore be ignored :

(a) turbulence (b) axial heat conduction

In this section the terms in equation (6.14) are evaluated indi

vidually for the current zero period, using the experimental data of 

chapter (5), and their relative significance determined. Each term
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will be evaluated for different times before and after current zero and 

for different di/dt and also for different upstream pressures.

6.5.1 The electrical power input

The Joule heating input power,

«E = i = ( V. /  L v arc g

Qg, is obtained from

) • i (6.15)

Where

i

E

V.arc

g

instantaneous current ( A ) 

overall arc electric field strength ( V/m ) 

instantaneous arc voltage ( volts ) 

overall gap length = 105 mm

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. Arc voltage and current values have been 

determined from the oscillograms ( Fig. (6 .5 )). The results of these 

calculations are plotted on figure (6.11) as a function of time before 

and after current zero for different di/dt. These results show that 

during the pre current zero period the energy input decreases 

monotoincally, is approximately independent of current decay rate. 

There is however a significant pressure dependence whereby the input 

power increases with pressure and the decrease with time before 

current zero is more severe.
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6.5 .2  The change in thermal energy stored in the arc column

The rate of change of stored energy in the arc core is defined as: 

Qs = (d /d t)[Q;  arc p(r)h (r) 2urdr] (6.16)

Where

P(r )  :

h
( r )  :

r

Local radial value of gas density 

Local radial value of enthalpy 

radial position

With a knowledge of the radial temperature profile (chapter (5) 

Figs. (5.11), (5.12) and (5.13)) the integral in equation (G.1G) can 

be evaluated for different times before and after current zero and 

also for different di/dt. The results of these calculations are shown 

on Fig. (G.12). The values of p and h for different temperatures at 

the two pressures p = 4 atm and p = 2 atm were obtained from Frost 

and Liebermann (1971) ( table (6.3)) and the products x h ^  

x r were computed for the radial temperature profiles corresponding 

to these cases of Figs. (5.11), (5.12) and (5.13). Fig. (6.12) shows 

that the pressure has a pronounced effect upon the rate of change 

of the thermal energy stored, the gradient being much greater for 

the higher pressure.

To evaluate the time derivative term in equation (6.1G) two tem

perature profiles at different times before and after current zero for 

every di/dt must be used. The results of these calculations are given
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stored ( Q ) increases with pressure and di/dt. For example, Q is ® s
equal to 2.4 Mw/m in the case of higher pressure and di/dt = 20 

A/ys but Q decreases to 1.1 Mw/m in the case of lower pressure at 

the same of operating conditions.

6.5.3 Power loss due to radial thermal heat conduction across the 

core boundary

The power loss by radial thermal conduction is defined as 

r
Qco = 0J SrC( l / r) ( 3/3r) [Kr(3T/3r) 2vrdr] (6.17)

Where

k : the thermal conductivity

The temperature profile of Figs. (5.11), (5.12) and (5.13) with 

the transport properties data of Frost and Liebermann (1971), ( table 

(6 .3)), were used to evaluate the integral of equation (6.17) 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 results of these calculations are shown on Fig. 

(6.13). These results suggest that the boundary thermal conduction 

loss decreases more rapidly with time for the higher pressure case 

suggesting that the current zero losses are less for the higher 

pressure case than for the lower pressure.

in table (G.4). These results show that the change in thermal energy
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6.5 .4  Power loss due to radiation

The radiation 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 heated gas are complicated func

tions of wavelength and temperature. However it is possible to es

tablish a lower limit for 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 total visible radiation power loss ( 400 to 900 

nm ) wavelength range was measured simultaneously ( Shammas, pri

vate communication ) with the photographic records presented by 

Lewis (1987). Thus instantaneous radiation power loss was measured 

throughout the current zero period for a number of di/dt levels cor

responding exactly to the operating conditions of the investigation of 

this thesis. The results of Shammas ( private comm. ) are shown on 

Figs. (6.14) & (6.15) for the total radiation loss in ( volts ) as a 

function of the instantaneous current for different di/dt at the two 

locations, slot 2 and slot 3. To convert the total radiation values from 

( volt ) to ( w/mm ) a clibration factor ( 99 ) ( Shammas and Jones 

(1982) ) was used. This method was explained in detail in chapter 

(3).

These results have been used to evaluate the net radiation loss 

from the arc for two pressures p=60 & p=110 psig and for different
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di/dt during the current zero period. The results of these calculations 

are shown on Fig. (6.16). These results show that the radiation losses 

increase with pressure. The results may also be compared with esti

mates from the modelling by Airey (1977) using the equation

Qr  = 20.1 n p rc1,684 (w/mm) (6.18)

Where p is the pressure in bar and rc the radius in mm. The 

agreement between the present results and the above equation is 

reasonable.

6.5.5 The power loss due to axial heat convection

The power loss by axial heat convection is defined as :

E
QCA = (8/3x) W  C p(r) h (r) C(r) 2irrdrl (6.19)

Where

C
( r )

the axial component of the flow velocity.

Since under normal operating conditions sonic flow was arranged 

downstream of the nozzle throat ( e .g . Taylor (1983)), the gas ve

locity was assumed sonic across the section of the arc at the nozzle 

throat during the current zero period under investigation. Using the 

temperature profiles represented in chapter (5) ( Figs. (5.11), (5.12) 

and (5.13)) and the values of p, h and C (the sonic velocity) from 

Frost and Libermann (1971), the integral in equation (6.19) can be
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calculated. In order to estimate the axial gradient, use was made of 

results obtained through two adjacent viewing slots ( slot 2 and slot 

3 ). Fig. (6.17) shows a summary of temporal arc area and intensity 

decay during the current zero period. These results were used to 

estimate changes in both the luminous crossection of the arc ( yielding 

the diameter of the 5,500 °K isotherm ) and the peak ( axial ) in

tensity of the optical emission ( indicating approximately changes in 

the axis temperature through approximate calibration ).

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. 

It is necessary that radial pressure balance exists at the axial location 

of interst. Departure from pressure balance at slot 3 is unlikely 

(Taylor (1983)). The axial separation of slots 2 and 3 is 10 mm. The 

axial pressure profile in this region is close to linear ( Taylor, 1983 

). Thus the axial derivative in equation (6.19) is calculated as the 

difference between two integrals ( one for each slot ) divided by the 

interslot separation ( 10 mm ). The results of these calculations are 

shown on Fig. (6.18). These results show that the axial heat con

vection contributes a significant amount of power loss term especially 

in the case of the higher pressure. Also the axial heat convection loss 

is higher in the case of a higher di/dt. Fig. (6.18) also shows that 

the axial heat convection loss decreases more rapidly with time before 

current zero for the higher pressure case.
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6.5.6 The radial convection losses

The power loss by radial convection is defined as :

QCR ° me h-  • t6-20)

where

m - the radial mass flow rate, e
h  ̂ - the enthalpy at 5,500 °K isotherm.

The radial mass flow rate ( mg ) may be determined from the mass 

conservation equation ( e.g . Fang and Brannen (1979)).

(3/3t)[0/ RP(r)2irrdrl [Q/ Rp(r)C(r )2itrdr] - mg = 0 (6.21)

The above equation (6.21) involves both a time derivative term and 

an axial derivative term. These terms were evaluated in a similar 

manner to that described above for the axial convection term ( 

equation (6.19)) and the change in stored thermal energy ( equation 

(6.16)). The results of these calculations are shown on Fig. (6.19) 

for different pressures and different di/dt. Fig. (6,19) shows that 

the radial convection losses are greater at the higher pressure and 

increase in the case as current zero is approached. However at the 

lower pressure this latter trend is not apparent.
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6.5 .7 The core power balance

The terms in the core energy conservation equation (6.14) have 

thus been evaluated for different pressures and different current 

decay rates during the current zero period. These results are 

summarised on table (6.4) and shown on figures (6.20 a, b, c and 

d).

Figure (6.20 a) shows the values calculated at two instants ( 10 

Vis and 3 us ) before current zero following a peak arc current of 34 

KA ( di/dt = 15 A/ys )for the high pressure case ( p = 110 psig ). 

These results show that the dominant power loss mechanisms during 

this period are the axial and radial convection ( Qq^  ), ( ) with

the radiation loss ( ) also contributing significantly. On the other

hand the thermal conduction term ( Qcq ) is insignificant contributing 

only about 1 % of the total power loss. Furthermore the axial con

vection and radiation losses decrease significantly within the time 

period studied but the radial convection losses increase with time.

Figure (6.20 a) also shows the power input terms Q., and (3 .Hi S
The change in stored thermal energy Q is greater than the electricals
power input Qg close to current zero although both are of the same 

order of magnitude at 10 ys before current zero. Of course at current 

zero itself the electrical power input must decrease significantly to 

zero. Fig. (6.20 a) also shows the total power input and the total 

power losses are equal to within 10 % at 3 ys and 2.5 % at 10 ys before 

current zero.
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In the case of low di/dt ( 15 A/ys ) and at 3 ys before current 

zero the total electrical power input as calculated from the overall arc 

voltage and current is 42 KW. This corresponds to an arc length of 

105 mm. The corresponding total radiation loss is 0.35 KW/mm. The 

length of the arc from the upstream electrode to slot 2 is 25 mm. Thus 

since the bulk of the radiation loss occurs in this region it may be 

reasonable to deduce that a lower limit for the arc radiation power loss 

is given by the local loss per unit length at slot 2 multiplied by the 

upstream arc length i.e. 25x0.35 = 8.75 KW. Thus the total radiation 

power loss as a percentage of electrical power input is 20.8 %. This 

closely cortesponds to the figure of total radiation power loss as the 

percentage of electrical power input presented by Shammas and Jones 

(1982) for reduced power arcing i.e. for a low level (600 A) steady 

current ramped to zero at the appropriate rate. This value also agrees 

with the results of Lewis (1987) for full power arcing conditions.

Figure (6.20 b) shows the power terms values calculated at two

instants ( 10 ys and 3 ys ) before current zero following a peak arc

current of 53 KA ( di/dt = 20 A/ys ) at p = 110 psig. A comparison

of Figs. (6.20 a and b) shows that each of the power loss terms is

greater in the case of higher current decay rate ( di/dt = 20 A/ys

). Fig. (6.20 b) also shows that the power loss mechanisms at 3 ys

before current zero may be ordered in terms of magnitude as follows,

radial convection, axial convection and radiation. Thermal conduction

is again insignificant contributing only about 1 % of the total power

loss. This figure shows further that the total power input ( Qj. +

Q ) and the total power loss are equal to within 15 % at 3 ys and s

142



3.5 % at 10 ys before current zero. The agreement between the total 

power input ( QP + Qe ) with the total losses ( Q + . + Q ,~ +

Q-ĵ  ) at both values of di/dt is therefore good so confirming the self 

consistency of the calculations.

Similar results are shown on Figs. (G.20 c and d) but for the case 

of the lower pressure ( p = GO psig ). A comparison of Figs. (6.20 

a, b, c and d) shows that the power loss terms are greater in the 

case of the higher pressure. The exception is the radial heat con

duction term which contributes about 2 % of the total power loss in 

the case of lower pressure. These results show that the radial heat 

conduction is greater in the lower pressure case since the rate of 

change of arc area is greater than that in the high pressure case very 

close to current zero. These results also show that the radial heat 

conduction ( Qcq ) is higher in the case of higher di/dt since the 

arc has a higher axis temperature and thus steep sided temperature 

profile at the 5,500 °K isotherm. In the case of the lower pressure 

the balance between the total power input and the total power loss 

are in the range of 3.6 % to 28 % for the different operating condi

tions .

It is interesting to observe radial convection results more closely 

since they do show different trends to the other losses. Thus at the 

higher pressure level ( 110 psig ) for both di/dt investigated this loss 

increases as current zero is approached. All the other losses decrease 

so suggesting that radial convection becomes increasingly dominant. 

At the lower pressure of ( 60 psig ) the trend for the radial con
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vection to increase is quite severely moderated consistent with the 

poorer interruption performance at this pressure.

The variation of the power loss terms in the core power balance 

with di/dt and different pressures at the same time before current 

zero ( 3 & 10 ys ) are shown on Figs. (6.21 a and b ). The solid lines 

show the case of higher pressure and dashed lines show the case of 

lower pressure. These results show that the total power loss is 

greater in the case of the higher pressure and also in the case of 

higher di/dt. These figures show that the radiation loss is greater 

in the higher pressure case than the lower pressure case. However 

in the lower pressure case and higher di/dt ( at 10 ys before current 

zero ) the radiation power loss in this region corresponds to the 

greatest energy removal mechanism, and the percentage of the total 

power input in this case is 38 %.

6.6 Chapter summary and concluding statement

The results of chapter (5) have been used to make a quantitative 

evaluation of many important aspects of the current zero arc column.

A method has been developed whereby the raw spectral data cap

tured by the optical spectrum analyser (OSA 500) can be subjected 

to computational analysis and converted to a continuous radial tem

perature profile.
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It is of importance that no arc 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 approximations.

The shape factors ( overall and core ) of the integral analysis have 

been evaluated for the current zero period for different di/dt and, P 

= 60 psig. They have been compared with the work of others which 

have used widely different operating conditions through a universal 

correlation parameter, the Nusselt number. The good agreement 

found between these results and the shape factors of other workers 

is an important result since it shows for the first time that the current 

zero arc column conditions fit the general description established with 

the boundary layer integral analysis.

Two criteria have been discussed from which the existence of LTE 

conditions in the plasma can be investigated using the values of 

electron density and temperature presented in chapter (5).

A further investigation has also been conducted into the optical 

thickness of the arc plasma. Two methods for testing and determining 

the optical depth have been discussed. These have been used in 

conjunction with the results of chapter (5) to confirm that the arc 

plasma near current zero is generally optically thin. This implies that 

no self absorption of the visible spectral lines occurs which would 

invalidate to the calculations of electron temperature and density.
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An evaluation of each term appearing in the core energy conser- 

vation equation has been made using the experimentally measured core 

temperature profiles. The agreement between the total power input

( Qe + Qs  ̂ with the total losses ( Qco + QCA + QCR + QR ) at
different di/dt and different pressures is good so confirming the self 

consistency of the calculations. These calculations have shown that 

the combination of axial and radial convection losses dominate the 

recovery of the arc plasma column even close to the instant when the 

fault current passes through zero. The results also show a number 

of important trends :

(1) The power input term due to thermally stored energy is about 

70 % of the total power input in the case of the higher pressure 

arc and about 50 % in the case of the lower pressure arc.

(2) The power dissipated due to the release of stored energy is 

greater in the higher pressure case than the lower pressure case. 

It is also greater than the radiation loss term during the current 

zero period.

(3) The dominant power loss mechanisms during the current zero

period are the axial and radial convection ( QqA ) & ( QqR ) 

with the radiation loss ( ) also contributing significantly.

(4) The radial heat conduction term ( Qcq ) is insignificant contrib

uting only about 1 % of the total power loss in the case of higher 

pressure and about 2 % in the case of lower pressure even close 

to current zero.

(5) The total radiation power loss as a percentage of electrical power 

input is 20.8 % in the case of low di/dt and very close to current 

zero ( 3 ys before current zero ).
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(6) The total power input and the total power loss are equal to within 

10 % at 3 ys and 2.5 % at 10 ys before current zero in the case 

of higher pressure.

(7) In the case of lower pressure the balance between the total power 

input and the total power loss are in the range from 3.6 % to 28 

% for different operating conditions.
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Quantity Symbol
Characteristic value at

P=4 atm P=2 atm

E lectrical Conductivity o* 236 u/m 304 XT/m

Enthalpy h* 20.31x10® J/Kg 20.34x10® J/Kg

Thermal Conductivity K* 0.48 W/m°K 0.502 W/m°K

Specific  Heat Capicity - *Cp 1080 J/Kg°K 1100 J/Kg°K

( i )  Characteristic values

Quantity Symbol
Value at conducting core edge

P=4 atm P=2 atm

Thermal Conductivity Kc 0.346 W/m°K 0.35 W/m°K

Specific  Heat Capicity Cpc 1060 J/Kg°K 1050 J/Kg°K

( i i )  Value at core edge

Table (6.1) Summary o f the thermal transport properties used in this chapte



di/dt A/yS 15 16 18 19 20

Time +C. Z ys -9.6 -8.8 -3.0 -6.3 -9.6

9c mm2 43.6 43.6 45.0 66.28 71.76

- mm2 14.5 14.5 17.35 20.43 21.06

O 11 ec /tfs 3.0 3.0 2.59 3.24 3.4

Nu 0.57 0.59 0.51 0.67 0.75

>- o II 9C /  9 6 0.32 0.32 0.34 0.49 0.54

di/dt A/yS 15 16 19 20 21 23 24 25

Time ±C.Z ys GO•CMH1 -18.5 -8.8 -4.0 +22 +7.3 +6.6 +19

9c mm2 61.3 63.0 67.35 52.7 87.0 63.19 69.3 103.6

0s mm2 18.09 17.0 20.0 18.09 18.09 15.9 18.0 20.4

11O*< CD O & 3.38 3.7 3.36 2.9 4.8 3.97 3.85 5.07

Nu 0.66 0.69 0.74 0.68 1.03 0.63 0.66 1.02
no ec /e s 0.46 0.46 0.50 0.39 0.65 0.47 0.52 0.77

Table (6.2) Summary o f  the overall conductance shape factor and the

core shape factor during the current zero period (p=60 psig)



T P h K ph a c

103 °K 10’1 Kg/m 106J/Kg lO"1w/m°K 105 J/m 102xr/m 102m/s

4 2.593 16.81 2.977 43.58 0.007 14.69

5 2.039 18.17 2.785 37.04 0.355 17.85

6 1.696 19.23 3.462 32.6 2.36 19.71

7 1.451 20.31 4.8 29.35 6.5 20.97

8 1.266 21.52 6.72 27.24 12.32 21.84

9 1.117. 22.99 9.51 25.67 19.2 22.56

10 0.991 24.88 13.21 24.65 26.56 23.40

11 0.883 27.27 16.31 24.08 33.97 24.49

P = atm

T P h. K ph a c
103oK 10*1 Kg/m 10® J/Kg l0'1w/m°K 105J/m 102v/m 102m/s

4 1.286 16.98 2.654 21.84 0.016 15.02
5 1.018 18.19 2.74 18.5 0.569 17.97
6 0.847 19.24 3.523 16.3 3.046 19.69
7 0.725 20.34 5.02 14.75 7.59 20.81
8 0.632 21.62 7.2 13.66 13.65 21.58
9 0.556 23.26 10.62 12.93 20.58 22.3
10 0.491 25.44 13.95 12.49 27.58 23.25
11 0.435 28.17 16.58 12.25 34.48 24.49

P = 2 atm

table (6.3) The thermal transport properties

( Reference Frost & Liebermann (1971) ) .



Power input terms Power loss terms

Qe « 4.0xl05 w/m Qr » 3.5 x 105 w/m

Qs = l.lxlO6 w/m Qco = 1.0 x 104 w/m

Qca = 6.0 x 10s w/m

Qcr » 7.0 x 105 w/m

(1) di/dt = 15 A/ys t * - 3 ys before C.Z.

Power input terms Power loss terms

Qe = 4.6x10s w/m Qr = 5.0 x 10s w/m

Qs = 1.4xl06 w/m Qco = 1.75x 104 w/m

Qca * 8.0 x 10s w/m

Qcr = 9.3 x 10s w/m

(2) di/dt » 20 A/ys t = - 3 ys before C.Z.

Power input terms Power loss terms

Qe = 1.2xl06 w/m Qr = 6.8 X 105 w/m

Qs'= 1.6xl08 w/m Qco = 2.3 x 104 w/m

Qca = 1.4 x 106 w/m

Qcr = 5.9 x 105 w/m

(3) di/dt = 15 A/ys t = - 10 ys before C.Z.

Power input terms Power loss terms

Qe = 1.4xl06 w/m Qr = 1.2 x 106 w/m

Qs = 2.4xl06 w/m Qco = 4.6 x 104 w/m

Qca = 1.8 x 106 w/m

Qcr = 6.2 x 10S w/m

(4) di/dt = 20 A/ys t = - 10 ys before C.Z.

Table (6.4) Summary of the power terms in the current zero energy 

balance for different operating conditions 

(a) p = 110 psig.

Qe 1 Electrical power Input
Qs = Change in thermally stored energy
Qr = Radiation power loss
Qco = Radial conduction loss

Qca = Axial heat convection 

Qcr = Radial heat convection
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Fig. (6.2) The theoretical intensity variation of the principal 

diagnostic spectral lines with temperature
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intensity histograms
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l* - - H  Y—
t = 2 ms/div. t - 5 ys/div.

Operating conditions

Exposure time = 1.6 ys Pressure = 110 psig

di/dt = 22 A/ys I = 53 KA

(a) P = 110 psig & Lgap = 105 mm

Fig. (6.5) Typical records of the time variation of current and voltage 

with different pressures and different arc lengths



Operating conditions

Exposure time = 1.6 „s Pressure = 60 psig
di/dt = 21 A/ys I = 51 KAp

Fig- (G.S) (b) P = 60 psig & L =105 mmgap



t = 2 ys/div.

Operating conditions

Exposure time = 1.6 ys Pressure = 110 psig

di/dt =19,5 A/ys I =47 KA

Fig. (6.5) (c) P = HO psig & Lgap = 65 mm



t = 2 ys/div.

Exposure time 

di/dt

Operating conditions

1 . 6  ys Pressure = 60 psig

15 A/ys I = 36 KA 
P

Fig. (6.5) (d) P = 60 psig & Lgap 65 mm
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Fig. (6.6) Approximate performance trends, 35 mm throat nozzle, 

various nozzle materials, SFg and air, f = 78 Hz.



Model gas-uniform flow

Nozzle arc (current ramp waveform) ) Cowley
High current efflux (current ramp waveform)] & Grycz 
Low current efflux (Naidu and Jones 1974)
Orifice 2 mm d/s (Sinusoidal waveform)
Orifice 6 mm u/s (Current ramp waveform)

(Blackburn and Jones 1977)
Wall stabilised D.C. ( Riemann 1984 )
Wall stabilised D.C. ( Freeman 19G8 )
100 A wall stabilised free recovery (Freeman 1968)
30 A wall stabilised free recovery (Freeman 1968)
Free burning ( Moecker 1953 )
Free burning ( Bowman 1953 )
High current free burning (Roberts 1972, Rodrigue 1974) 
Present work p =60 psig, SFg
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FiS. (6:7) Overall conductance shape factor (Ac) as a function of Nusselt

number (N ) for different arc types



^ig. (6.8) Core conductance shape factor (X ) as a function of Nusselt 

number (Nu) for different arc types



Fig. (G.9) Justification of existance of L.T.E.
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x d i/d t = 15 A/ys------ p  -  110 psig.

time before and after current zero (ys)

Fig. (6.11) Electrical power input v time before and after current zero



time before and after current zero (ys)

Fig. (6 .12) Thermal energy stored v the time before & after current zero



time before and after current zero (ys)

Fig. (6.13) Thermal heat conduction loss v  time before and after

current zero
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P=110 psig, Slot 2 & slot 3
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Fig. (6.15) Total radiation v instantaneous current 
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time before and after current zero (ys)

Fig. (6.16) The total radiation loss v time before and after

current zero'



(1) Low di/dt (2) High di/dt

l'ig. ((>.17) Summitry of temporal arc area and intensity dot-ay during 

the current zero period ( source Ix>wis (1987) ).
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Fig, (6.18) The axial heat convection loss vs. time before current 
tero at different pressures and different di/dt.

A  di/dt = 15 A/vs 

O dl/dt * 20 A/vs
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zero at different pressures and different di/dt.

A  di/dt = ]f> A us 

O di/dt = 20 A us



Po
w

er
 i

np
ut

 &
 p

ow
er

 l
os

s 
te

rm
s

Power input

power loss

Fig. (6.20) Comparison of the various power loss terms during the 
current lero period.
(a) p = 110 pslg & di/dt = 15 A/ys

A

□
A
Ù

0

* Electrical power input
* Change In thermally stored energy
* Radiation power loss
= Radial conduction loss
* Axial heat convection
* Radial heat convection

▼ Total power input Ç  Total power loss



Po
we

r 
in

pu
t 

& 
po

we
r 

lo
ss

 t
er

m
s

Key as for Fig. (S.20 a)

Fig. (S.20) (b) P * HO pslg & dl/dt = 20 A/jis



fe
 p

°

y.eV ftSíot t\í-
20 ai



Po
we

r 
in

pu
t 

& 
po

w
er

 l
os

s 
te

rm
s

Key as for Fig. (G.20 a)

Fig. (6.20) (d) P * 60 psig & di/dt * 20 A/ys
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Fig. (6.21) Variation of the power loss terms In the core power 

balance with dl/dt and different pressures at the 

same time before current zero.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Experiments have been performed to investigate the behaviour of 

an SFg circuit breaker under very high power conditions. These 

investigations have involved time and space resolved spectroscopic 

measurements to quantify the processes governing arc thermal reig

nition phenomena. Such investigations of current zero SFg arc 

spectral characteristics in a circuit breaker environment are partic

ularly difficult but provide important information about arc properties. 

Important parameters such as temperature, electron density, electrical 

conductivity as well as plasma composition can be obtained from such 

investigations. All these measurements were taken during the final 

10 ys as the fault current flowing through the interrupter decayed 

naturally to zero. The spectra were obtained with a Monospek 1000 

grating spectrometer having a reciprocal dispersion of 0.82 nm/mm 

and with an entrance slit width of 28.5 ym. The measurement tech

niques all had fine time resolution ( 1.6 ys ) to allow the transient 

changes in the optical signals to be faithfully followed. A method 

was developed whereby the raw spectral data captured by the optical 

spectrum analyser (OSA 500) could be subjected to computational 

analysis and converted to a continuous radial temperature profile. 

Account has been taken of the assymetric nature of the arc plasma 

column and its random lateral displacement from test to test.
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The spectral region studied was between 510 - 517 nm. Besides 

copper emission lines, randomly occurring tungsten lines from en

trained cathode material have also been identified under certain op

erating conditions. In chapter (5) it was concluded that the tungsten 

lines appear only at high values of di/dt except for longer time before 

current zero. In other words the larger the di/dt and t, the higher 

the probability of appearance of tungsten lines and this implies that 

this appearance is related to input energy. The ratio of the number 

density of tungsten to copper atoms in the arc plasma has been de

termined from the intensities of these lines.

Despite overcoming the practical difficulties and obtaining radially 

resolved spectral records the analysis of these results still presents 

problems because of the unstable and irregular nature of the arc 

column in such environment along with its small lateral dimensions. 

These investigations are concerned with the evaluation of such ex

perimental results and the derivation from them of an estimate of the 

plasma conditions within the decaying arc.

The spectra enabled both the radially averaged arc temperature 

and electron density to be calculated. The spatially resolved spectra 

also allowed detailed arc temperature profiles to be measured during 

the current zero period. These temperature profiles have been de

termined from the ratio of intensities of two copper lines ( Cul 515.3 

nm and 510.5 nm ) and is independent of line profile and whether or 

not tungsten lines are present. It is of importance that no radial 

splitting of the arc column effects are in evidence at the localities at
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which the arc temperature profile is measured so that energy flow 

calculations may be applied radially and axially without complication.

Axis temperature estimates for the arc at different pressures in

dicate that higher pressure arcs possess higher plasma temperatures. 

It was observed (chapter (5)) that the arc cross-section in the lower 

pressure arcs has a greater diameter than in the higher pressure 

arcs.

These temperature estimates and arc diameter • measurements have 

important implications with regard to the presence of tungsten. Firstly 

no correlation was observed between the tungsten occurrence and axis 

temperature. Furthermore the more persistent occurrence of tungsten 

during the current zero period in the larger diameter lower pressure 

arcs implies that the weaker convection in these arcs plays a dominant 

role in governing the persistence of tungsten.

The experimental radial temperature profiles also led to an accurate 

evaluation of the core conductance shape factor and an estimate of 

the overall conductance shape factors of the integral analysis (e.g  

Chan et al (1974)). These results have been compared with the work 

of others which have used widely different operating conditions, 

through a universal correlation parameter, the Nusselt number. The 

good agreement found between these results and the shape factors 

of other workers is an important result since it shows for the first 

time that the current zero arc column conditions fit the general de

scription established with the boundary layer integral analysis.
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A further investigation has also been conducted into the optical 

thickness of the arc plasma. Two methods for testing and determining 

the optical depth have been discussed. These have been used in 

conjunction with the results of chapter (5) to confirm that the arc 

plasma near current zero is generally optically thin. Also two criteria 

have been discussed from which the existence of LTE conditions in 

the plasma can be investigated using the values of electron density 

and temperature presented in chapter (5).

The temperature profiles measured in this investigation allowed the 

power balance for the circuit breaker arc plasma column to be deter

mined experimentally for the first time. These results show that 

(Chapter (6)) the power input term due to the thermally stored en

ergy is about 70 % of the total power input in the case of the higher 

pressure arc and about 50 % in the case of the lower pressure arc. 

The rate of release of stored energy is greater in the higher pressure 

case than the lower pressure case. It was also concluded that the 

dominant power loss mechanisms during the current zero period are 

the axial and radial convection (Qq^) & (^CB.) radiatlon loss

(Q^) also contributing significantly. It has been shown that the radial 

heat conduction term (Qco) is insignificant, contributing only about 

1 % of the total power loss in the higher pressure case and about 2 

% in the lower pressure case, even close to current zero (figures (6.20 

a, b, c and d )). This is an important result which is contrary to 

conventionally held views. There is some evidence that the most
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dominant loss mechanism close to current zero is likely be the radial

convection power which has been largely neglected by many re
searchers .
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APPENDIX (A . l )

COMPUTER PROGRAMS

It is the aim of this section 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 cate

gory includes the software which was used to interpret the radially 

resolved data and convert it to deconvoluted radial intensity profile 

which can be used to calculate the radial temperature profiles ( 

chapter 5 ).

Fig. (A. 1.1) shows the overall program structure for the inter

pretation 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) " OSA1 "

The spectral data was input from the Optical Spectrum Analyser 

OS A 500 in the form of data files, one per arc test. The software in 

this program is designed to transfer the data from the OS A 500 to 

• the B.B.C. computer using another program "OSA.".
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(2) "0SPLT3 "

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.

(3) " OSAD "

This program was developed so that the above files may be Inter

rogated. 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.

(4) " TEMP ”

This program was used to calculate the radially averaged arc 

temperature using the data from ” OSAD " and the formula of equation 

(3.3).

(5) " OPDEP "

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 6.11 

) for a range of temperatures between 6,000 and 12,000 °K. This data 

is shown on figures (6.2) and (6.10) respectively.
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(6) " IDISP "

This program has been developed to generate 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 OS A 500 system. "IDISP" also has the facility 

of calculating such radial histograms for a number of different arc 

displacements with respect to the central viewing axis through the 

procedure " proc disp ". A similar program "I515N" used to calculate 

the radial intensity histograms for the 515.3 nm line and also nI510Nu 

program used for the same purpose for the 510.5 nm line. An output 

of these two programs are presented at the end of this appendix.
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Input data from

O p t ic a l D e p th

I'ig. (A. 1.1) Program structure for interpretation of data into 

radially averaged temperature and evaluation of 

theoretical line intensity and optical depth.



" OSAI "

IO REM OSA d a t a  t r a n a f a r  
20
30 *KEY10 OLDJM MODE31M 
40 »KEY9 RUNiM 
50 *KEY0 SAVE"OSAlH 
60 *KEY1 LOAD"OSAl"
70 CSTAT-aFEOfii 10-EFE09 
SO TV»aPFEElOSB«aFFP4 
90 t*pX-a0073:t»pY-a0074 

100 p t r - 4 0 0 7 6 ! o f f « « t -4 0 0 7 8
1 1 0  c o u n t _ lo > a 0 0 7 9 :c o u n t _ h l » & 0 0 7 A  
12 0  b u f f « r - a o o 8 o  
130
140 MOOE3
150 PRINT "  aaaa aa aaa a  OSA DATA TRANSFER
160 INPUT "  f l la n & m e  7 "  f i l a *
170
180 •RUM OSA.
190
200 FX-OPENOUT ( f i l a « )
210  FOR IX -  0 TO 1995 STEP 4 
220  A X -a6 00 0*IX
230 PRINT« FX.tAX 
240 NEXT IX 
250 CLOSE« FX 
260
270 MODE3IVDU 14 
280 FX-OPENIN ( f i l a * )
290 IX  -  O 
300 REPEAT 
310 IX -  IX*1 
320 INPUT« FX* AX 
330 PRINT IX .AX 
340 UNTIL EOF« FX 
350 END 
360

<xxxxxxxxxxx>



" 0SPLT3 "

10 REM PLOT ROUTINE POR OSA 20
30 MODEO
*0  P R O C l in a i0 , 0 . 1 0 2 3 . 0 )
50 PROCIIn*( 2 5 . 0 , 2 5 . 8 2 5 )

Data

j REM draw X axis 
:REM draw Y axis70

90
91 l a b a l t  -  " c o u n t s ”
92 P R O C v a r t l a b a l ( 7 8 ,1 5 . l a b e l * )

100 l a b a l t  » " w a v a l a n s t h  ( iu i ) "
101 PROChor1 z 1a b a 1 ( 2 5 . 4 . 1 a b a 1 t )
110 VDU30 I REM c u r s o r  horns
120 P R O C a raae_ lina
125 PROCplot
130 PROCinput
135 PROCxrid
140
150 PROCprlnt 
180  END

210 LOCAL I .X X .Y X
220 INPUT " F l l a n a n s  7 "  f l l a t
230 FX -  OPENIN ( f l l s t )
240  P R O C a ra aa _ l in e
250 REPEAT
260 PTRC FX -  0
270 VOU 3 1 , 2 2 . 0  I REM n o va  t e x t  c u r s o r
280 INPUT " S e a l s  F a c t o r  -  "  S
290 FOR I - 1  TO 499
300 INPUTC FX,YX
310 YX-YX*S
320 X X » I * 2 » 2 5
330 _ PLOT 6 9 . XX,YX
340 NEXT I
350 P R O C sra sa _ l1 na
355 CLOSEEFX
370
380 ENDPROC
400 DEF P R O C l in a < S x .S y .F x .F y >
410 MOVE S x .S y
420 DRAW F x .F y
430 ENDPROC 
440
450 DEF PROCsrld 
460 LOCAL I
470 FOR I  -  25 TO 1050 STEP 100 
480 P R O C l l n a d .  0 . 1 . 8 5 0 )
485 PROChorizcal<X, L)
487 L-L*.7 > REM INCREMENT L FOR PROC horlical
490 NEXT 1
500
510 FOR I  -  0 TO 825 STEP 100 
520 P R O C l i n a ( 2 5 . I . 1 0 2 3 . I )
525 PROCcal (I)
530 NEXT I 
540 ENDPROC 
550
560 DEF P R O C v a r t la b a l ( x X .y X ,  l a b e l t )
570 LOCAL l x . l l n a x  
580 l i n a X « 4 2

190
200 DEF PROCplot



590 FOR IX -  1 TO LENI l a b e l » )
600  IF  iX *yX  < -  l i n e *  THEN PRINT TAB( xX . l X * y X - 1 ) : MID*( l a b e l » .  I X . 1 )
610 NEXT IX 
620  ENDPROC 
630
6 »0  DEF P R O C h o r lx la b e l<x X . y X . l a b e l * )
650 PRINT T A B (xX .yX )I  l a b e l *
660 ENDPROC 
670
660 DEF P R O C e ra se _ l1ne 
690  VDU 3 1 , 6 0 , 0
700  FOR 1 - 6 0  TO 1-STEP -HVDU 127 ¡NEXT I
710 ENDPROC
720
73 0  DEF PROCprlnt
731  VDU30
7 * 0 I F  A N S*-"Y "  THEN CHAIN” DUMPO”
750 ENDPROC
770 DEF PROCcal( I )
790  X - I / S
800 MOVE 1 1 0 0 ,1 * 2 5
805 VOU 5
810 PRINTlX
830 ENDPROC
850 DEF P R O C h or izca l  ( I . L )
860  MOVE 1 - 2 5 . 8 5 0
870 VDU5
880 PRINTi L - 3 . 5
690ENDPROC
950 DEF PROClnput
960 VDU 3 1 . 2 2 , 0
970 INPUT " C e n t r a  W a ve le n th  » "  L 
980  P R O C e r a a e . l ln e
990 INPUT "Do y ou  want a p r i n t o u t  a t  t h e  end  o f  t h i s  p ro gra m  ? "  ANSt 

1000 P R O C e r a s e _ l ln s  
1010 VDU 30 
1110 INPUT " I o  -  " t o  
1120 P R O C e r a s e . i lns 
1130  INPUT "  d l / d t  « "D 
11*0  P R O C e r a s e _ l ln e  
1150  INPUT" T g a t e  « " T *
1155 P R O C e r a s e . l ln e
1156 INPUT" P reaa  - " P t
1157 P R O C e ra a e _ l ln e
1160 PRINT T A 8 (2 , 2 ) I " I o  -  " s t O i "  m i c S " . "  d l / d t  -  " sD : " A / m l c S " . "  T z a t e  

• l c S " , "  P r e s s  -  " j P t | " p s l g "
1165 PRINT TAB(2 , 1 ) * " f i l e n a m e *  " « f i l e *
1170 VDU30 
1180 ENDPROC

ìxxxxxxxxxxx:



" DUMPO "

10REM MODE 0 S c r e e n  Dump t o  P r i n t e r
30
»OVDU30.2
50VDU1.2 7 . 1 . 6 5 . 1 .  8
6OMO-&8O0O-633
70
e o ro R  1-0  TO 79
90VDU1. 2 7 . 1 . 8 2 . 1 . 5 . 1 . 0 . 1 . 2  

100M »M 0»(I*8 )
110FOR J - 0  TO 31
120FOR K -0  TO 7
130VD01.7M. 1.7M
iaOM-M-UREXT K
150M-M-632»!*EXT 3
160V 0U 1,1 3 * HEXT I
170VDU1. 1 2 . 1 . 2 7 . 1 . 2 . 1 . 1 8 . 3 . 7
180END
190

CXXXXXXXXXXXJ



" OSAD "

50 MODE7
100 DIM I X Í 5 0 0 )  i DIM A X (500)
110 CLS
150 PRINT"FIRST CHOOSE VALUES OF INTENSITY BELOW AND ABOVE WHICH ANY OTHER REC 

ORDED VALUES WILL BE IGNORED"
20 0  INPUT"THE CHOSEN UPPER THRESHOLD VALUE IS "Q1X
250 IBPUT"THE CHOSEN LOWER THRESHOLD VALUE IS "QOX
300 PR2NT"NOW CHOOSE THE INITIAL CHANNEL (WAVELENTH) LIMITS FOR THE INITIAL RE 

SION OF INTEREST . NOTE OTHER REGIONS MAY BE SELECTED LATER "
350 INPUT"THE CHOSEN LOWER WAVELENTH LIMIT "LOX
*00  INPUT"THE CHOSEN UPPER WAVELENTH LIMIT "L1X
*20 INPUT"THE CHOSEN LOWER CHANNEL LIMIT FOR CONTINUUM LEVEL ESTIMATION "XOX
* * 0  INPUT"THE CHOSEN UPPER CHANNEL LIMIT FOR CONTINUUM LEVEL ESTIMATION "X IX
* * 5  XNPUT"THE CENTRE WAVELENGTH "LAMBDA
* 5 0  INPUT"TIMH BEFORE CURRENT ZERO "1 0
» 6 0  INPUT"dL/dT"DI
*70  I N P U T "T s * ta "T s » t «
•80 X NPUT"fil«n»aM  " i l l « *
* 9 0  PRINT' "  "  '
500 MODE71 VDU 1*
520 PRO Cd«t«ln
850 C1X«1 I REM SET INITIAL VALUE OF Q
855 J -  O 1 J1  • O I REM J AND J1 ARE ARBITRARY COUNTERS
860 IL  • O i I R  • O 
6 70  PROCcontinuua 
900  FOR I  -  LOX TO L1X 
95 0  P R O C p «*k d «tect  

IOOO NEXT I
1010 FOR I  -  LOX TO L1X 
1020 P RO Cllnaw ldth  
1030 NEXT I 
1050  PROCprlnt
1060 W -  ( IN T (L A V R )-IN T (L A V L )) * * . 8 / 3 1 0  
1100 END
1150 DEFPROCp««Kd«taet 
1200  C X *A X (I )
1300 IF  CX<QOX OR CX>Q1X THEN GOTO1450 > REM SPECIFY RANGE 
1350 IF  CX > C1X THEN CMAXX -  CX I L C X -I X ( I )
1*00  C1X -  CMAXX 
1*50  ENDPROC 
2000 DEPPROCdataln 
2010  PX-OPENIN ( f l l « * )
2020  FOR I  • 1 TO »9 9
2030 INPUTS FX.AX
20 *0  1 X (X )  -  I  t A X (1> • AX
2050 NEXT I
2060 CLOSES FX
2070 ENOPROC
3000 DEFPROCcontlnuua
3005 SUM «  0
3010 FOR 1 -  XOX TO XIX
3020 SUM* -  SUMX ♦ AX( I )
3030 NEXT I
30*0  CONTX -  SUMX/(X1X-X0X)
3050 ENDPROC
3500 DEFPROCllnewldth
3510 Y -  A X ( I ) -  CONTX



3520 IF<Y-(CMAXX-CONTX)/2) > 20 OR ( Y - ( CMAXX-CONTX)/2) < -20 THEN GOTO 3600
35*0  PROClha
3550 PROCrha
3600 KNDPROC
*000 OEPPROClha
*005  IP  I  > LCX THEN GOTO *0*0  
*020  J -  J •» 1 : IL  -  IL  ♦ I
*03 0  LAVL »  I L /J  
* 0 * 0  ENDPROC 
*500  DEPPROCrha
*505 IF  I  < LCX THEN GOTO * 5*0
*520  J1 -  J1 ♦ 1 I IR -  IR ♦ I
*530  LAVR -  I R /J 1
* 5 * 0  ENDPROC
5000 DEFPROCprlnt
5005 VDU2
5010 P R I N T " f l la n a a a  -  " j f l l a *
5015PRINT
5020 PRINT"TIME BEFORE CURRENT ZERO -  " : I O i "  m ic S "
5025 PRINT
5030 PRINT"dI/<lt - " | D I j "  A a ip a /« l c S "
5035 PRINT
50*0 PRINT"TK*ta - " » T a a t a j "  m icS "
50*5 PRINT
5060 PRINTMCENTRE WAVELENGTH -  "jLAMBDAl" nm"
5065 P R IN T '••
5070 W -  (IN T (L A V R )-IN T (L A V L )) * « . 6 / 3 1 0  
5060 «X  -  *00 31 0
5090 PRINT"PEAK LINE INTENSITY -  " I ( CMAXX-CONTX) » "  COUNTS"
5095 PRINT
5100 PRINTLINE WIDTH -  " jWi "  nm"
5150 PRINT '  '  "  '  '  ' '
5170 VDU3 
5200 ENDPROC

/

fXXXXXXXXXXX)



ft TEMP ti

JO I If PUT*'UPPER ENERGY LEVEL FOR IJ  IN eV "  El
20 INPUT” UPPER ENERGY LEVEL FOR 12 IN *V "  E2
30 INPUT"LINE INTENSITY 1 " I I  
40 INPUT"LINE INTENSITY 2 "12
50 INPUT"LINE CENTRE WAVELENGTH 1 "L I  
60 INPUT"LINE CENTRE WAVELENGTH 2 *'L2
70 INPUT"STATISTICAL WEIGHT OF UPPER ENERGY LEVEL OF LINE 1 "GM1
80 INPUT"STATISTICAL WEIGHT OF UPPER ENERGY LEVEL OF LINE 2 "GM2
90 INPUT"TRANSITION PROBABILITY FOR LINE 1 "AMN1 

100 INPUT"TRANSITION PROBABILITY FOR LINE 2 . "AMN2 
110 K -  1 .3 8 E - 2 3
200 REM NOW CALCULATE THE ARC TEMPERATURE USING THE FOLLOWING EQUATION 
210 T -  ( ( E 2 - E 1 ) / K ) * 1 . 6 B - 1 9 / L N ( ( I 1 / 1 2 ) • ( L 1 /L 2 ) * ( GM2*AMN2) / ( GM1*AMN1) )  
220 PRINT T

axxxxxxxxxx?
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TO CALCULATE THE OBSERVED INTENSITY FROM A KNOWN RADIAL EMISSI



3090 AM U) -  AM( 2 )
3100 GOTO 3700
3150 AM(0) -  A ( 5 )  ♦ 2 * < A » „ ,~ A < 2 ) * A ( 1 ) - ‘ A ( 0 ) )  * A U )
3160 AM(1 )  -  ( A ( 6 ) » A ( 7 ) » A ( 8 ) « A ( 9 ) » A ( 1 0 ) « A ( l l ) * A ( 1 2 ) 4 ' A ( 1 3 ) * A ( l b ) » A ( 1 5 ) )
3170  AMC 2 )  -  ( A ( l 6 ) - * A ( 1 7 ) * A ( l 8 ) * A ( 1 9 ) *A < 20 )♦ A( 2 1 ) - » A (2 2 )* A < 2 3 )* A (2 « ) )
3180  AM(3) -  ( A ( 4 ) * A < 5 ) * A < 6 ) « A ( 7 ) * A ( 8 ) * A ( 9 ) * A ( 1 0 ) * A ( 1 1 ) » A ( 1 2 ) * A ( 1 3 ) )
3190  AMU ) -  ( A ( 1 4 ) * A ( 1 5 ) * A ( 1 6 ) * A ( 1 7 ) - A ( 1 8 ) - A ( 1 9 ) * A ( 2 0 ) * A ( 2 1 ) - * A ( 2 2 ) - A ( 2 3 )  )
3200  GOTO 3700
3250 AM(0) • A ( 6 ) * A ( 5 ) * A ( 4 ) » A ( 3 )  * 2 » ( A < 2 ) « A ( 1 ) * A ( 0 ) )
3260  AM(1 )  -  ( A ( 7 ) * A ( 8 ) » A ( 9 ) * A ( 1 0 ) « A ( 1 1 ) * A ( 1 2 ) « A ( 1 3 ) * A ( 1 4 ) - A ( 1 5 ) * A ( 1 6 ) )
3270 AM( 2 ) -  ( A ( 1 7 ) - > A ( l8 ) * A ( 1 9 ) + A ( 2 0 ) * A ( 2 1 > - » A ( 2 2 ) * A ( 2 3 ) * A ( 2 4 ) )
3280  AM(3 )  -  ( A ( 3 ) * A ( 4 ) * A ( 5 ) » A ( 6 ) * A ( 7 ) « A ( 8 ) * A ( 9 ) * A ( 1 0 ) * A ( 1 1 ) * A ( 1 2 ) )
3290 A M U ) •• ( A ( 1 3 ) » A ( 1 4 ) * A ( 1 5 ) * A ( 1 6 ) * A ( 1 7 ) * A ( 1 8 ) * A ( 1 9 ) * A ( 2 0 ) * A ( 2 1 ) « A ( 2 2 ) )
3300  GOTO 3700
3350 AM(0 )  -  A ( 7 ) - A ( 6 ) - A ( 5 ) - A ( 4 ) - A ( 3 ) - A ( 2 )  * 2 * ( A ( 1 ) ♦ A( 0 ) )
3360  AM(1 )  -  ( A ( 8 ) * A ( 9 ) * A ( 1 0 ) * A ( U ) * A ( 1 2 ) * A ( 1 3 ) » A ( 1 4 ) « A ( 1 5 ) * A ( 1 6 ) « A ( 1 7 )  )
3370 AM(2 )  -  ( A ( l 8 ) * A ( 1 9 ) * A ( 2 0 ) * A ( 2 1 ) - > A ( 2 2 ) * A ( 2 3 ) « A ( 2 4 ) )
3380  AM(3 )  -  < A ( 2 ) * A ( 3 ) * A ( 4 ) * A ( 5 ) » A ( 6 ) » A ( 7 > » A ( 8 ) * A ( 9 ) - A ( 1 0 > . A ( 1 1 ) )
3390 AM(4) -  ( A ( 1 2 ) + A ( 1 3 ) + A ( 1 4 ) « A ( 1 5 ) * A ( 1 6 ) * A ( 1 7 ) * A ( 1 8 ) « A ( 1 9 ) * A ( 2 0 ) * A ( 2 1 ) )
3400  GOTO 3700
3450 AM(0) -  A ( 8 ) «-A( 7 ) * A ( 6 ) ♦ A( 5 ) ♦ A ( 4 ) * A ( 3 ) * A ( 2 ) » A ( 1 )  ♦ 2 * ( A ( 0 ) )
3460  AM(1 )  »  ( A ( 9 ) * A ( 1 0 ) « A ( 1 1 ) + A ( 1 2 ) * A ( 1 3 ) * A ( 1 4 ) « A < 1 5 > * A ( 1 6 ) » A ( 1 7 ) + A ( 1 8 ) )
3470  AM(2) -  ( A ( 1 9 ) - » A ( 2 0 ) « A ( 2 1 ) * A ( 2 2 ) * A ( 2 3 ) * A ( 2 4 ) )
3480  AM(3 )  -  ( A ( 1 ) * A ( 2 ) * A ( 3 ) * A ( 4 ) * A ( 5 ) * A ( 6 ) » A ( 7 ) * A ( 8 ) » A ( 9 ) * A ( 1 0 ) )
3490 AM< 4 ) -  < A ( l l ) * A ( 1 2 ) - » A ( 1 3 ) - » A ( 1 4 )* A ( 1 5 > - » A < 1 6 ) * A ( 1 7 ) * A ( lB ) - » A ( 1 9 ) * A ( 2 0 )  )
3500  GOTO 3700
3550 AM< 0 ) -  A ( 9 ) + A ( 8 ) * A ( 7 ) * A ( 6 ) « A ( 5 ) + A U ) * A ( 3 ) * A ( 2 ) * A ( 1 ) * A ( 0 )
3560 AM(1 )  -  ( A ( 1 0 ) * A ( 1 1 ) * A ( 1 2 ) * A U 3 ) - A ( 1 4 ) * A ( 1 5 ) » A ( 1 6 ) * A ( 1 7 ) * A ( 1 8 ) - A ( 1 9 ) )
3570  AM<2) -  ( A ( 2 0 ) * A ( 2 1 ) - A ( 2 2 ) - A ( 2 3 ) * A ( 2 4 ) )
3 5 8 0  AM(3) -  ( A ( 0 ) * A ( 1 ) * A ( 2 ) * A ( 3 ) « A ( 4 ) * A ( 5 ) * A ( 6 ) * A ( 7 ) * A ( 8 ) * A ( 9 ) )
3590  AM U ) -  ( A ( 1 0 ) * A ( 1 1 ) > A ( 1 2 ) * A ( 1 3 ) * A ( 1 4 ) » A ( 1 5 ) * A ( 1 6 ) - . A ( 1 7 ) * A ( 1 8 ) » A ( 1 9 ) )
3600  GOTO 3700
3700 PRINT "ARC DISPLACEMENT d »  " d
3710  PRINT*
3800 POR W -  0 TO 4
3810 PRINT "THE TOTAL INTENSITY AT TRACK " jWj "  -  " j ( AM(W)/AM(0 ) )
3820  NEXT W
3825 PRINT* * '
3 8 30  KNDPROC

ÍXXXXXXXXXXX)



ft 1510 ti

10 REM PROGRAM TO CALCULATE THE OBSERVED INTENSITY FROM A KNOWN RADIAL EMISSlV 
XTY PROFILE 

30 MODES
EO DIM I V ( 1 0 )  I DIM AM(ft)

110  PROClnput
120 DIM A ( R / ( 1 0 * d Y )  )
210 M -  0
*10  FOR Y -  O TO (R -  0 . 0 0 0 1 )  STEP 10*dY 
*20  M -  ( < Y * 0 .0 0 0 1 ) * 1 0 )  DIV 1 
*23  U -  Y
*30  FOR S -  U TO M /10  ♦ 0 .1 0 0 1  STEP dY 
* * 0  P R O C ic a lc (Y .Y + 1 0 * d Y .S )
* 3 0  NEXT S
* 6 0  P R O C « l«p (Y .Y »1 0 * d Y )
•70 A(M) -  AREA
*78  AREA1 -  O I AREA2 -  O > AREAS -  0 
« 8 0  NEXT Y
*82 FOR d -  O TO 1 . 0  STEP 0 . 1  
*83  PROCdiap 
*90  NEXT d 
905  VDU7
910 VDU3 I VDU30

1010  END
1110  DEF PROClnput
1210 INPUT" THE LINE SEPARATION lit i n  dY • "dY 
1310 INPUT" THE ARC RADIUS R -  "R 
1610 INPUT" THE MAXIMUM EMISSIVITY *0  -  " * 0  
1710  PRINT** * * '
1750 AREA1 -  0 I AREA2 -  0 > AREA3 • 0
1810 ENDPROC
1910 DEF P R O C lc a l c ( Y l ,  Y2. Y)
1920 L -  ( 1 0 0 * < S - U » 0 . 0 0 1 ) )  DIV 1 
19*0 IF  Y -  O THEN GOTO 2650 
1950 IF  Y • R OR y  > R THEN GOTO 2650 
2010 I I  -  FNRY
21 10  12 » 0 . 5*(R*FNRY ♦ Y*2*FNCOSH)
2210 13 -  R*2*FNRY -  2 * ( ( R * 2  -  Y * 2 ) * 1 . 5 > / 3
2310 I *  -  <3*Y***FNCOSH ♦ FNRY*( 3*R*Y*2 «■ 2 * R * 3 ) > /8
2320 I y  -  2 * « 0 * ( I 1  -  0 . 1 3 5 * 1 2  ♦ 0 .2 1 0 5 * 1 3  - 0 . 1 0 9 * * I * )
2330  I y ( L )  -  l y
2310  DEF FNRY -  ( R '2  -  Y ' 2 ) * 0 . 5
2 6 10  DEF FNCOSH -  < L N ((R /Y )  ♦ ( < R / Y ) ‘ 2 -  1 ) * . 5 ) )
2650  ENDPROC
2 7 00  DEFPROCalnp(Yl. Y2)
2705 N -  < Y 2 - Y l ) /d Y
2710  IF  Y -  O THEN l y < 0 )  -  I y ( l )
2720  AREA1 -  <(Y2 - Y 1 ) / ( 3*N) ) * ( l y ( O) ♦ I y ( 1 0 ) )
2730  AREA2 -  <<Y2 - Y 1 ) / ( 3*N ) ) * 2 * ( I y ( 2 )  ♦ I y < * )  ♦ I y ( 6 )  ♦ I y ( 8 ) )
2 7 * 0  AREA3 -  <(Y2 - Y 1 ) / ( 3*N ) ) • * * ( I y < 1 )  I y ( 3 )  * I y < 5 )  ♦ I y ( 7 )  ♦ I y ( 9 ) )
2 8 50  AREA -  AREA1 «  AREA2 »  AREA3 
2 8 60  ENDPROC 
3000  DEF PROCdlap
3010 ON (d * 1 0  ♦ 1 )  GOTO 3 0 5 0 .3 1 5 0 . 3 2 5 0 . 3 3 5 0 . 3 * 5 0 . 3 5 5 0 . 3 6 5 0 . 3 7 5 0 . 3 8 5 0 . 3 9 5 0 . * 0 5 0  
3050 AM(0 )  «  2 * ( A ( 0 ) * A ( 1 ) » A ( 2 ) » A ( 3 ) * A ( * > )
3060  AM(1 )  -  ( A ( 5 ) * A ( 6 ) * A ( 7 ) » A ( 8 ) * A ( 9 ) * A ( 1 0 ) * A ( 1 1 ) » A ( 1 2 ) - A ( 1 3 ) * A ( 1 * ) )
3070  AM(2 )  -  ( A ( 1 5 ) » A ( 1 6 ) » A ( 1 7 ) * A ( 1 8 ) * A ( 1 9 > « A ( 2 0 ) - A ( 2 1 ) * A ( 2 2 ) . A ( 2 3 ) - A ( 2 4 > )
3080 AM( 3 ) • AM( 1 )
3090  AM( t  ) -  AM( 2 )
3100  GOTO 5000
3150 AM(0 )  -  A ( 5 )  ♦ 2 * ( A ( 3 ) * A ( 2 ) * A ( 1 ) * A ( 0 ) )  ♦ A<*)
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" ABEL "
5MODE 3
10 REM PROGRAM TO CALCULATE THE ABEL INVERTED PROFILES WHEN THE

MEASURED INTENSITIES ARE KNOWN FOR DIFFERENT ARC DISPLACEMENTS 
WRT RECORDING ZONES 

20 PROClnput 
30 PROCcalc 
35CLS •
«0  PROCaload 
50 PRO Clca lc  
60 END

100 DEF PROClnput
105 DIM R<3) < DIM DC( 5 )
110 Z -  1 I REM DEFINE ZONE WIDTH
111 VDU2
112 INPUT "THE OBSERVED INTENSITY AT TRACK 1 -  " I I
111 INPUT "THE OBSERVED INTENSITY AT TRACK 2 -  "1 2
116 INPUT "THE OBSERVED INTENSITY AT TRACK 3 -  "1 3
120 INPUT "RADIAL ARC DISPLACEMENT BETWEEN - 0 . 5  AND * 0 . 5  * "X
122 VDU3
125GOTO1S0
130 P RO Cavasa llne
1*0  FOR N -  1 TO 3
150 READ R (N )
160 NEXT N
170 FOR N -  0 TO 5
180 DC(N) -  ( ( X  ♦ ( 2 . 5 * Z - N ) ) * 2 ) * .5
190 NEXT N
200 DATA 3 . 2 , 1
210 ENDPROC
•00 DEF PROCcale .
*10  PR O C aca lc ( DC<O) , R ( 1 ) )
« 2 0  A10 -  A
*25  PRINT"A10 -  "|A
*30  P R O C aca lc ( DC(1 ) , R( 1 ) )
•*0 A1A2A0 «  A
*50  A1A2 »  A1A2A0 -  A10
• 60 P R O C aca lc (D C (1 ) , R ( 2 )  >
« 7 0  A12 -■ A
*80 PRINT"A12 -  " l A
«9 0  A l l  -  A1A2 -  A12
500 PRINT" A l l  • " » A l l
510 PRO C aca lc (D C (2 ) . R ( l )  )
520 AX -  A I REM AX • ( A 10*A 11*A 12) * ( A21*A22*A 23)
525 A1A2A3 -  AX -  A1A2A0 
530 P R O C a c a lc (D C (2 ) .R (2 )>
5*0  A2A2A3 ■ A 
550 A2A3 -  A2A2A3 -  A12 
560 A21 -  A1A2A3 -A2A3 
570 PRINT" A21 -  " » A21 
580 P R O C a c a l c (D C (2 ) ,R < 3 ) )
590 A23 -  A 
600 PRINT"A23 -  "|A23 
610  A22 • A2A3 -  A23 
620 PRINT"A22 -  "|A22 
630 AT3 -  ( P I > * ( R ( 3 ) ) ' 2 / *
6*0 A33 - AT3 - A23 
650 PRINT"A33 - "lA33
660 AT -  P I * ( R ( 1 ) ) * 2 / *  » REM AT IS . 2 5  OF TOTAL AREA OF CIRCLE 
670 AT2 ■ P I * ( R ( 2 ) ) *  2 / *  I REM AT2 IS  .2 5  OF AREA OF RING 2 
680 A32 -  AT2 -  A12 -  A2A3 -  A33 
690 PRINT "A32 -  " IA32
700 A31 -  AT -  A10 -  A1A2 -  A1A2A3 -  A32 -  A33
710 PRINT"A31 -  "»A 31
720 P R O C a c a lc (D C (5 ) .R < l> )
730  A50 • A
7*0 PROCacalc(DC(*).R(1))
750 A5012 ■ A I REM A5012 -  A50 ♦ A51 ♦ A52 
760 P R O C aca lc ( D C (* ) , R (2  ) )
770  A52 • A



780 PRINT "A52 -  " íA 5 2  
790 A51 -  A5012 -  A50 -A52 
800 PRINT "A51 -  "JA51 
820 PROCac a l c ( DC( 3 ) > R ( 3 ) )
830 A*3 -  A
880 PRINT "A «3  -  " »A 83
850 PROCbc B lc  < DC( 3 ) , R ( 2 ) }
860 A832A5 -  A i REM A432A5 » AÜ3 ♦ Att2 ♦ A52 
870 AÜ2 -  A832A5 -  A43 -  A52 
880 PRINT MA42 -  "  J A82 
890 PROCbc B l c ( DC( 3 ) , R ( 1 ) )
900 AÛTA5T «  A i REM A8T5T * A81*A#2*A#3 ♦ A51*A52*A50
910 A l l  -  A4TA5T -  A82 -  A«3 -  A5012
920 PRINT"A81 • " I A41
930 *33  -  AT3 -  A83
935 PRINT " a 3 3 " «  " j » 3 3
980 » 3 2  »  AT2 -  » 3 3  -  AS2 -  A83 -  A52
950 PRINT " » 3 2  -  "  I »3 2
960 »3 1  -  AT -  »3 2  -  » 3 3  -  Aft2 -  A83 -  A81 -  A5012 
970 PRINT " « 3 1  “  "»  «31  
980 ENDPROC

1600 DEF PROCb c b I c (D .R )
1620 LOCAL Q
1630 Q »  2*A SN ((1  -  ( D /R ) * 2 > “ . 5 )
1680 A -  . 2 5 * ( R ) “ 2 * (Q  -  S I N (Q ))
1660 ENDPROC
2000 DEF PROCBlOBd 
2010 LOCAL M.N 
2015 DIM A ( 5•3)
2020 A31 -  A31 ♦ »31  « A32 -  A32 ♦ « 3 2  ! A33 -  A33 ♦ «3 3
2030 FOR M »  1 TO 5 
2080 FOR N -  1 TO 3 
2050  READ A(M.N)
2055PRINT TAB(N*15.M»3)J A(M.N)
2060 NEXT N 
2070 NEXT M 
2200 DATA A l l , A 1 2 . 0  
2210 DATA A 2 1 .A 2 2 .A 2 3  
2220 DATA A 3 1 .A 3 2 .A 33  
2230 DATA A 8 1 .A 8 2 .A 8 3  
2280 DATA A 5 1 .A 5 2 .0  
2250  ENDPROC 
3000 DEF P RO Clcalo
3010 AP «  A ( 3 . 2 ) * A ( 2 , 3 )  -  A ( 2 . 2 ) * A ( 3 . 3 )
3020 AQ -  A ( 3 » 1 ) * A ( 2 , 3 )  -  A ( 2 . I ) *A<3 . 3 )
3080 REM CALCULATE INVERTED INTESITY OF EACH RING
3050 i l  -  ( I 3 * A ( 2 , 3 ) » A ( 1 , 2 )  - I 2 * A ( 3 . 3 ) * A ( 1 . 2 )  -  I 1*AP) / ( 2*< A ( 1 . 2 ) *AQ - A ( 1 , 1 ) * A P>>
3060 12 -  ( I I  -  2 * 1 1 * A ( 1 . 1 ) ) / ( 2 * A ( 1 . 2 ) )
3070  13 -  ( 1 3  -  2 * 1 1 » A ( 3 . 1 ) -  2 * 1 2 * A ( 3 . 2 ) > / ( 2 » a ( 3 , 3 > )
3072 VDU2
3075
3080

PRINT
PRINT

« « *
"THE ABEL INVERTED INTENSITY OF TRACK 1 11

3090 PRINT "THE ABEL INVERTED INTENSITY OF TRACK 2 12
3100 PRINT "THE ABEL INVERTED INTENSITY OF TRACK 3 « " » 13
3110 PRINT • 
3120 VDU3 
3200 ENDPROC

(XXXXXXXXXXX)
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PROGRAM TO CACULATE THE OBSERVED INTENSITY FROM A KNOWN RADIAL
EMISSIVITY PROFILE
REAL BY(0:10),AM(1:5),A(0:50),X(1:5)
COMMON DY,R,E0,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
DY=0.01
DO 200 R=Q.5,2.5,0.5 
WRITE(6,10)R

10 FORMAT C/,10X,' ARC RADIUS R= F5.2/,
& 10X,'.....................')
E0=1.0
DO 100 Y=0,(R-0.0001),(10*DY)
M=NINT((Y+0.0001)*10)
U=Y
DO 50 S=U,((0.i*M)+0.1001),DY 
CALL ICALC(Y)

50 CONTINUE
CALL SIMP(Y,(Y+(10*DY)))
A(M)=AREA 
AREA1=0.0 
AREA2=0.0 
AREA3=0.0 

100 CONTINUE
DO 150 0*0,1.0,0.1 
CALL DISP 

150 CONTINUE 
200 CONTINUE 

STOP 
END
SUBROUTINE ICALC (Y)
REAL BY(0:10), AM(1:5), A(0:50)
COMMON DY,R,E0,S,U,D)AREA,AREA1,AREA2,AREA3>BY,AM,A 
L=NINT(100*(S-U+0.001))

' IF (S .EQ. 0) GO TO 2650 
IF (S .GE. R) GO TO 2650 
FNRY = (R**2-Y**2)**1.5 
B1=FNRY 
B2=3.0*R**2 
BI=4.0*E0*B1/B2 
BY(L)=BI 

2650 RETURN 
END
SUBROUTINE SIMP (Y1,Y2)
REAL BY(0:10), AM(1:5), A (0:50)
COMMON DY,R,E0,S,U,D,AREA,AREA1>AREA2,AREA3,BY,AM,A 
C=(Y2-Y1)/DY
IF (Y .EQ. 0) BY(0)=BY(1)
AREA1= ((Y2-Y1)/(3.0*C))*(BY(0)+BY(10))
AREA2= ((Y2-Y1)/(3.0*C))*2*(BY(2)+BY(4)+BY(6)+BY(8))
AREA3= ((Y2-Y1)/(3.0*C))*4*(BY(1)+BY(3)+BY(5)+BY(7)+BY(9)) 
AREA = AREA1 + AREA2 + AREA3 
RETURN -
END
SUBROUTINE DISP



REAL BY(0:10), AM(1:5), A (0:50),X (1:5)
COMMON DY,R,E0,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
NI = 1 + (D*10)
GO TO (3050,3150,3250,3350,3450,3550,3650,3750,3850,3950,4050),N1 

3050 AM(3) = 2 .0*(A(0)+A(1)+A(2)+A(3)+A(4))
AM(2) = (A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)) 
AM(1) = (A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+ 

*A(24))
AM(4) =AM(2)
AM(5) = AM(1)
GO TO 5000

3150 AM(3) = A(5)+2.0*(A(0)+A(1)+A(2)+A(3))+A(4)
AM(2) = A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15) 
AM(1) = A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24) 
AM(4) = A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13) 
AM(5) = A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+ 

*A(23)
GO TO 5000

3250 AM(3) = A(6)+A(5)+A(4)+A(3)+2.0*(A(0)+A(1)+A(2))
AM(2) = A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16) 
AM(1) = A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)
AM(5) = A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+ 

*A(22)
GO TO 5000

3350 AM(3) = A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+2.0*(A(0)+A(1))
AM(2) = A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17) 
AM(1) = A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)
AM(5) = A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+ 

*A(21) ...
GO TO 5000

3450 AM(3) = A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(1)+2.0*(A(0))
AM(2) = A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+

; *A(18)
AM(1) = A(19)+A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)
AM(5) = A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+ 

*A(20)
GO TO 5000

3350 AM(3) = A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(l)+A(0)
AM(2) = A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+ 

*A(19)
AM(1) = A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)
AM(5) = A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+ 

*A(19)
GO TO 5000

36S0 AM(3) = A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(l)
AM(2) * A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+ 

*A(20)
AM(1) = A(21)+A(22)+A(23)+A(24)
AM(4) * A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)
AM(5) = A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+ 

*A(18)
GO TO 5000



3750 AM(3) = A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)
AM(2) = A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+ 

*A(21)
AM(1) = A(22)+A(23)+A(24)
AM(4) = A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)
AM(5) = A(8)+A(9)+A(10)+A(11)+A(12)+A(13)+AC14)+A(15)+AC16)+ 

*A(17)
GO TO 5000

3850 AM(3) = A(12)+A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3) 
AM(2) = A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+ 

*A(22)
AM(1) = A(23)+A(24)
AM(4) = A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)
AM(5) = A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+ 

*A(16)
GO TO 5000

3950 AM(3) = A(13)+A(12)+A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4) 
AM(2) = A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+ 

*A(23)
AM(1) = A(24)
AM(4) = A(3)+A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)
AM(5) = A(6)+A(7)+A(8)+A(9)+A(10)+A(11)+AC12)+AC13)+A(14)+ 

*A(15)
GO TO 5000

4050 AM(3) = A(14)+AC13)+AC12)+A(11)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5) 
AM(2) = A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+ 

*A(24)
AM(1) = 0.0
AM(4) = A(4)+A(3)+A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)
AM(5) = AM(3)
GO TO 5000 

5000 WRITE (6,6000)D 
WRITE (6,6001)

6000 FORMAT ( '  ARC DISPLACEMENT D= F5.2)
,6001 FORMAT ( ' ....................................... ' )

DO 5010 1=1,5,1 
IF(D-0.5) 99,99,999 

99 RATIO = AM(I)/AM(3)
GO TO 9999

" 9  RATIO = AM(I)/AM(4)
9" 9  WRITE(1,5555) RATIO

WRITE (6,6010)1,RATIO 
S°10 CONTINUE 

WRITE(6 ,* )
WRITE(6,*) .

6°10 FORMAT ( '  THE TOTAL INTENSITY AT TRACK ',1 2 , '  = E15.5)
Ss55 F0RMAT(2F6.3)

RETURN
END

xxxxxxxxxxxxx



ARC RADIUS R= 0.50

ARC DISPLACEMENT D= 0, Oo

THE TOTAL INTENSITY AT TRACK 1
THE TOTAL INTENSITY AT TRACK 2
THE TOTAL INTENSITY AT TRACK 3
THE TOTAL INTENSITY AT TRACK 4
THE TOTAL INTENSITY AT TRACK 5

ARC DISPLACEMENT D= 0,,10

THE TOTAL INTENSITY AT TRACK 1
THE TOTAL INTENSITY AT TRACK 2
THE TOTAL INTENSITY AT TRACK 3
THE TOTAL INTENSITY AT TRACK 4
THE TOTAL INTENSITY AT TRACK 5

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1
THE TOTAL INTENSITY AT TRACK 2
the TOTAL INTENSITY AT TRACK 3
THE TOTAL INTENSITY AT TRACK 4
the TOTAL INTENSITY AT TRACK 5

ARC DISPLACEMENT D= 0.30

the total INTENSITY AT TRACK 1
The TOTAL INTENSITY AT TRACK 2
the total intensity at track 3
the total intensity at track 4
the total intensity AT TRACK 5

arc displacement d= 0.40
« M

THE TOTAL INTENSITY AT TRACK 1
the total intensity at track 2
JJIE TOTAL INTENSITY AT TRACK 3
the total intensity at track 4 
the total intensity at track 5

AHC DISPLACEMENT D= 0.50 % ̂
the total intensity at track i 
£HH total intensity at TRACK 2 
£HH TOTAL INTENSITY AT TRACK 3 
£HH TOTAL INTENSITY AT TRACK 4 
^  TOTAL INTENSITY AT TRACK 5

I515N OUT

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .OOOOOE+OO 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .32428E-01 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .11839E+00 
0. OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .27846E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0.54939E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .10000E+01 
0 .OOOOOE+OO



ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.70

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.80

the total intensity at TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.90

The TOTAL INTENSITY AT TRACK 1 =
the total intensity at track 2 = 
the total intensity at track 3 = 

.the total intensity AT TRACK 4 = 
the total intensity at track 5 =

ARC RADIUS R= 1.00

ARC DISPLACEMENT D= 0.00

the total intensity at track i  =
TttE TOTAL INTENSITY AT TRACK 2 = 
JHE TOTAL INTENSITY AT TRACK 3 = 

TOTAL INTENSITY AT TRACK 4 =
the total intensity at track 5 =

ARC DISPLACEMENT D= 0.10

JJe total intensity at TRACK 1 = 
total intensity at TRACK 2 = 
TOTAL INTENSITY AT TRACK 3 = 

^  TOTAL INTENSITY AT TRACK 4 =

0. OOOOOE+OO 
0 .OOOOOE+OO 
0.54939E+00 
0 .10000E+01 
0 .OOOOOE+OO

0. OOOOOE+OO 
0 .OOOOOE+OO 
0.27846E+00 
0 .10000E+01 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .11839E+00 
0 .10000E+01 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0.32428E-01 
0 .10000E+01 
0 .OOOOOE+OO

0. OOOOOE+OO 
0 .19990E+00 
0 .10000E+01 
0 .19990E+00 
0 .OOOOOE+OO

0. OOOOOE+OO 
0 .13046E+00 
0 .10000E+01 
0.28805E+00



THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.30

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
the total INTENSITY AT TRACK 3 = 
the TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.50

the total intensity at TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity at track 3 = 

1 the total intensity at track 4 = 
the total intensity at track 5 =

ARC DISPLACEMENT D= 0.60

the total intensity at track i = 
the total intensity at track 2 = 
the total intensity at track 3 = 
the total intensity at track 4 = 
the total intensity at track 5 =

AHC DISPLACEMENT D= 0.70

the total intensity at track i 
THE total intensity AT TRACK 2 
¿HE TOTAL INTENSITY AT TRACK 3 
¿HE total INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .00000E+00

0.00Ö00E+00 
0 .76644E-01 
0 .10000E+01 
0.40025E+00 
0.00000E+00

0.00000E+00 
0.37008E-01 
0 .10000E+Q1 
0.54532E+00 
0 .00000E+00

0 .OOOOOE+OO 
0 .11337E-01 
0 .10000E+01 
0.73756E+00 
0 .00000E+00

0 .00000E+00 
0 .00000E+00 
0 .10000E+01 
0 .10000E+01 
0 .00000E+00

0 .00000E+00 
0 .00000E+00 
0.73756E+00 
0 .10000E+01 
0 .11337E-01

0 .00000E+00 
0 .00000E+00 
0.54532E+00 
0 .10000E+01 
0.37008E-01



ARC DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2 
THE TOTAL INTENSITY AT TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0.40025E+00 
0 .10000E+01 
0 .76644E-01

ARC DISPLACEMENT D= 0.90

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2 
THE TOTAL INTENSITY AT TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .28805E+00 
0 .10000E+01 
0 .13046E+00

ARC RADIUS R= 1.50

ARC DISPLACEMENT D= 0.00

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2 
THE TOTAL INTENSITY AT TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0.47180E+00 
0 .10000E+01 
0.47180E+00 
0 .OOOOOE+OO

Arc DISPLACEMENT D= 0.10

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2

' the total intensity at track 3 
THE total intensity at TRACK 4 
the total intensity at track 5

0 .OOOOOE+OO 
0.38686E+00 
0 .10000E+01 
0.56355E+00 
0.48463E-02

ARC DISPLACEMENT D= 0.20

the total intensity at track i 
the total intensity at track 2 
the total intensity at track 3
¿HE TOTAL INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0.31180E+00 
0 .10000E+01 
0.66087E+00 
0 .18176E-01

ARC DISPLACEMENT D= 0.30

JjE TOTAL INTENSITY AT TRACK 1 
¿¡¡E TOTAL INTENSITY AT TRACK 2 
.¡HR TOTAL INTENSITY AT TRACK 3 
£HR TOTAL INTENSITY AT TRACK 4 
^  TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0.24540E+00 
0 .10000E+01 
0 .76461E+00 
0.42486E-01



ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 0 .OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 2 = 0 .18682E+00
THE TOTAL INTENSITY AT TRACK 3 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 4 = 0 .87667E+00
THE TOTAL INTENSITY AT TRACK 5 = 0 .80468E-01

ARC DISPLACEMENT D= 0.50

THE TOTAL INTENSITY AT TRACK 1 = 0 .OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 2 = 0 .13562E+00
THE TOTAL INTENSITY AT TRACK 3 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 4 = 0 .10000E+Q1
THE TOTAL INTENSITY AT TRACK 5 = 0 .13562E+00

ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 = 0. OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 2 = 0 .80468E-01
the TOTAL INTENSITY AT TRACK 3 = 0 .87667E+00
the TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
the total INTENSITY AT TRACK 5 = 0 .18682E+00

ARC DISPLACEMENT D= 0.70

THE TOTAL INTENSITY AT TRACK 1 
the total INTENSITY AT TRACK 2 
the total intensity at track 3 
THE total intensity AT TRACK 4 

'The total intensity at track 5

0 .OOOOOE+OO 
0.42486E-01 
0 .76461E+00 
0 .10000E+01 
0.24540E+00

ARC DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2
the total intensity at track 3 
the total intensity at track u 
The total intensity at TRACK 5

0 .OOOOOE+OO 
0.18176E-01 
0 .66087E+00 
0 .10000E+01 
0.31180E+00

DISPLACEMENT D= 0.90

the total intensity at track i
JHJ TOTAL INTENSITY AT TRACK 2 
THE total INTENSITY AT TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
^  TOTAL INTENSITY AT TRACK 5

0 .OOOOOE+OO 
0.48463E-02 
0.56355E+00 
0 .10000E+01 
0 .38686E+00



ARC RADIUS R= 2.00

ARC DISPLACEMENT D= 0.00

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.10

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

arc DISPLACEMENT D= 0.30

the total intensity at TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 

' THE total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

the total intensity at track i  = 
the total intensity at track 2 = 
the total intensity at track 3 = 
THE total intensity AT TRACK 4 = 
The TOTAL INTENSITY AT TRACK 5 =

ARc  DISPLACEMENT D= 0.50

JHE TOTAL INTENSITY AT TRACK 1 = 
TJE TOTAL INTENSITY AT TRACK 2 = 
£HE TOTAL INTENSITY AT TRACK 3 = 
¿HE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5

0 .78230E-01 
0.67784E+00 
0 .10000E+01 
0 .67784E+00 
0.78230E-01

0.48795E-01 
0 .61666E+00 
0 .10000E+01 
0 .73928E+00 
0 .11587E+00

0 .26898E-01 
0.55535E+00 
0 .10000E+01 
0 .80152E+00 
0 .16255E+00

0 .11945E-01 
0.49362E+00 
0 .10000E+01 
0 .86518E+00 
0.21934E+00

0 .32891E-02 
0.43147E+00 
0 .10000E+01 
0.93104E+00 
0 .28764E+00

O.OOOOOE+OO 
0.36930E+00 
0 .10000E+01 
0 .10000E+01 
0.36930E+00



ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 = 0. OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 2 = 0 .28764E+00
THE TOTAL INTENSITY AT TRACK 3 = 0 .93I04E+00
THE TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 5 = 0 .43147E+00

ARC DISPLACEMENT D= 0.70

THE TOTAL INTENSITY AT TRACK 1 = 0 .OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 2 = 0.21934E+00
THE TOTAL INTENSITY AT TRACK 3 = 0 .86518E+00
THE TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 5 = 0 .49362E+00

ARC DISPLACEMENT D= 0 ,,80

THE TOTAL INTENSITY AT TRACK 1 — 0. OOOOOE+OO
the TOTAL INTENSITY AT TRACK 2 = 0 .16255E+00
THE TOTAL INTENSITY AT TRACK 3 = 0.80152E+00
THE TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 5 = 0.55535E+00

arc DISPLACEMENT d= 0 .,90

the TOTAL INTENSITY AT TRACK 1 s 0 .OOOOOE+OO
the TOTAL INTENSITY AT TRACK 2 = 0 .11587E+00
the TOTAL INTENSITY AT TRACK 3 = 0 .73928E+00
the TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
the TOTAL INTENSITY AT TRACK 5 = 0.61666E+00

ARC RADIUS R= 2.50

ARC DISPLACEMENT D= 0.00

the total intensity at track 
the total intensity at track 
the total intensity at track 
the total intensity at track 
the total intensity at track

^Hc DISPLACEMENT.D= 0.10

The TOTAL INTENSITY AT TRACK
.¡HE TOTAL INTENSITY AT TRACK
fHE TOTAL INTENSITY AT TRACK
£HE TOTAL INTENSITY AT TRACK
^  .TOTAL INTENSITY AT TRACK

1 = 0.25705E+00
2 = 0 .78766E+00
3 = 0 .10000E+01
4 = . 0 .78766E+00
5 = 0 .25705E+00

1 = 0 .20554E+00
2 « 0.74578E+00
3 = .0 .10000E+01
4 = 0.82933E+00
5 = 0.31319E+00



ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.30

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.50

THE TOTAL INTENSITY AT TRACK 1 = 
the total INTENSITY AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 

'The total intensity at track 5 =

ARC DISPLACEMENT D= 0.60

the total intensity at track i = 
the total intensity at TRACK 2 = 
the total intensity at track 3 = 
THE total intensity at TRACK 4 = 
THE total intensity at TRACK 5 =

ARC DISPLACEMENT D= 0.70

JJJE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2 
¿HE TOTAL INTENSITY AT TRACK 3 
.¡HE TOTAL INTENSITY AT TRACK 4 
^  TOTAL INTENSITY AT TRACK 5

0 .16046E+00 
0 .70344E+00 
0 .10000E+01 
0 .87109E+00 
0 .37284E+00

0 .12143E+00 
0 .66038E+00 
0 .10000E+01 
0.91323E+00 
0.43568E+00

0 .88200E-01 
0.61636E+00 
0 .10000E+01 
0.95608E+00 
0.50171E+00

0.60555E-01 
0.57117E+00 
0 .10000E+01 
0 .10000E+01 
0.57117E+00

0 .36668E-01 
0.50171E+00 
0.95608E+00 
0 .10000E+01 
0.61636E+00

0 .19584E-01 
0.43568E+00 
0.91323E+00 
0 .10000E+01 
0.66038E+00



ARC DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

0 .84069E-02 
0 .37284E+00 
0.87109E+00 
0 .10000E+01 
0. 70344E+00

ARC DISPLACEMENT D= 0.90

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 

-THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

0.22319E-02 
0 .31319E+00 
0 .82933E+00 
0 .10000E+01 
0 .74578E+00

xxxxxxxxxxxxxx

/



a
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C FOR TEMP AXIS 8000
REAL BY(0:10),AM (1:5),A(0:50),X(1:5) ..
COMMON DY,R,E0,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
DY=0.01
DO 200 R=0. 5 ,2 .5 ,0 .5  
WRITE(6,10)R

10 FORMAT ( / , 10X,* ARC RADIUS R= F5.2 /,
&■ 10X, ’ ......................................... ' )

C E0=1.0
C E0=0.94
C E0=0.85
C E0=0.77
C E0=0.72
C E0=0.65
C E0=0.61
C E0=0.56

E0=0.52 
E0=0.49 
E0=0.45 
E0=0.43 
E0=0.40 
T=0.0001
DO 100 Y=T,(R-0.0001), (10*DY)
M=NINT((Y+0.0001)*10)
U=Y
DO 50 S=U,( ( 0 . l*M)+0.1001),DY 
CALL ICALC(Y)

50 CONTINUE .
CALL SIMP(Y,(Y+(10*DY)))
A(M)=AREA 
AREA1=0.0 
AREA2=0.0 
AREA3=0.0 

100 CONTINUE
DO 150 D=0,1 .0 ,0 .1  
CALL DISP 

150 CONTINUE 
200 CONTINUE .

STOP
END
SUBROUTINE ICALC (Y)
REAL BY(0:10 ), AM(1:5), A(0:50)
COMMON DY,R,E0,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
L=NINT(100*(S-U+0.001))
IF (S .EQ. 0) GO TO 2650 
IF (S .GE. R) GO TO 2650 
FNRY =SQRT(R**2-Y**2)
B1=FNRY
B=LOG((R/Y)+SQRT((R**2/Y**2)-l))
B2=0.5*(R*FNRY+Y**2*B)
B3=R**2*FNRY-2. 0*((R **2-Y **2)**l.5 )/3 .0 

, B4=(3.0*Y**4*B+FNRY*(3.0*R*Y**2+2.0*R**3))/8.0
‘ • BI=2.0*E0*(B1-0.071*B2+0.085*B3-0.066*B4)



C BI=2. 0*EO*(B1-0. 023*B2-0.064*B3-0. 0148*B4)
C BI=2. 0*E0*(B1- 0 .128*B2+0. 176*B3-0.095*B4)
C BI=2. 0*E0*(Bl+0. 006*B2-0.07*B3-0.017*B4)
C BI=2.0*E0*(Bl-0.135*B2+0.2105*B3-0.1094*B4)
C BI=2. 0*E0*(Bl+0. 0007*B2-0. 005*B3-0. 044*B4)
C BI=2. 0*E0*(Bl+0. 045*B2-0. 013*B3-0. 048*B4)
C BI=2.0*EO*(B1+0.0399*B2+0.0317*B3-0.065*B4)

BI=2. 0*E0*(Bl-0. 0535*B2+0. 295*B3-0. 155*B4)
C BI=2. 0*E0*(Bl-0.058*B2+0.256*B3-0. 138*B4)
C BI=2. 0*E0*(Bl-0. 149*B2+0.477*B3-0. 211*B4)
C BI=2. 0*E0*(Bl-0.055*B2+0.434*B3-0 .208*B4)
C BI=2.0*E0*(B1-0.188*B2+0.716*B3-0.298*B4)

BY(L)=BI 
2650 RETURN 

END
SUBROUTINE SIMP (Y1.Y2)
REAL BY(0:10), AM(1:5), A(0:50)
COMMON DY,R,EO,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
C=(Y2-Y1)/DY
IF (Y .EQ. 0) BY(0)=BY(1)
AREA1= ( (Y2-Y1)/(3 .0*C))*(BY(0)+BY(10))
AREA2= ( (Y2-Y1)/(3 .0*C))*2*(BY(2)+BY(4)+BY(6)+BY(8 ))
AREA3= ((Y2-Y1)/(3.0*C))*4*(BY(1)+BY(3)+BY(5)+BY(7)+BY(9))
AREA = AREA1 + AREA2 + AREA3
RETURN
END
SUBROUTINE DISP
COMMON DY,R,E0,S,U,D,AREA,AREA1,AREA2,AREA3,BY,AM,A 
REAL BY(0:10), AM(1:5), A(0:50)
N1 = 1 + (D*10)
GO TO (3050,3150,3250,3350,3450,3550,3650,3750,3850,3950,4050),N1 

3050 AM(3) = 2.0*(A(0)+A(1)+A(2)+A(3)+A(4))
AM(2) = (A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)) 
AM(1) = (A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+ 

*A(24))
AM(4) =AM(2)
AM (5) = AM(1) .
GO TO 5000

3150 AM(3) = A(5)+2.0*(A(0)+A(1)+A(2)+A(3))+A(4)
AM(2) = A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15) 
AM(1) = A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24) 
AM(4) = A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13) 
AM(5) = A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+ 

*A(23)
GO TO 5000

3*50 AM(3) = A(6)+A(5)+A(4)+A(3)+2. 0*(A(0)+A(1)+A(2))
AM(2) = A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16) 
AM(1) = A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)
AM(5) = A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+ 

*A(22)
GO TO 5000 •

3350 AM(3) = A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+2.0*(A(0)+A(1))
AM(2) = A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17) 
AM(1) «  A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+A(24)

• AM(4) = A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)



AM(5) = A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+ 
*A(21)

GO TO 5000
3450 AM(3) = A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(1)+2.0*(A(0))

AH(2) = A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+ 
*A(18)

AM(1) = A(19)+A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)+A(10) 
AH(5) = A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+ 

*A(20)
GO TO 5000

3550 AM(3) = AC9)+A(8)+AC7)+A(6)+A(5)+A(4)+AC3)+A(2)+A(1)+A(0)
AMC2) = A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+ 

*A(19)
AM(1) = A(20)+A(21)+A(22)+A(23)+A(24)
AM(4) = A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)+A(9)
AM(5) = A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+ 

*A(19)
GO TO 5000

3650 AM(3) = A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)+A(l)
AM(2) = A(11)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+ 

*A(20)
AM(1) = A(21)+A(22)+A(23)+A(24)
AM(4) = A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)+A(8)
AM(5) = A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+ 

*A(18)
GO TO 5000

3750 AM(3) = A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3)+A(2)
AM(2) = A(12)+A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+ 

*A(21)
AM(1) = A(22)+A(23)+A(24)
AM(4) = A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)+A(7)
AM(5) = A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+A(16)+ 

*A(17)
, GO TO 5000

3850 AM(3) = A(12)+A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4)+A(3) 
AM(2) = A(13)+A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+ 

*A(22)
AM(1) = A(23)+A(24)
AM(4) = A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)+A(6)
AM(5) = A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+A(15)+ 

*A(16)
GO TO 5000

3950 AM(3) = A(13)+A(12)+A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5)+A(4) 
AM(2) = A(14)+A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+ 

VrA (23)
AM(1) = A(24)
AM(4) = A(3)+A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)+A(5)
AM(5) = A(6)+A(7)+A(8)+A(9)+A(10)+A(ll)+A(12)+A(13)+A(14)+ 

*A(15)
GO TO 5000

*°50 AM(3) = A(14)+A(13)+A(12)+A(ll)+A(10)+A(9)+A(8)+A(7)+A(6)+A(5) 
AM(2) = A(15)+A(16)+A(17)+A(18)+A(19)+A(20)+A(21)+A(22)+A(23)+ 

*A(24)
AM(1) = 0.0

' AM(4) = A(4)+A(3)+A(2)+A(l)+A(0)+A(0)+A(l)+A(2)+A(3)+A(4)



AM(5) = AM(3)
GO TO 5000

5000 WRITE (6,6000)D 
WRITE (6,6001)

6000 FORMAT ( ' ARC DISPLACEMENT D= F5.2)
6001 FORMAT ( ’ ....................................... ' )

DO 5010 1=1,5,1
IF(D-0.5) 99,99,999 

99 RATIO = AM(I)/AM(3)
GO TO 9999

999 RATIO = AM(I)/AM(4)
9999 WRITE(1,5555) RATIO 

WRITE (6,6010)1,RATIO 
5010 CONTINUE 

WRITE(6,*)
WRITE(6,*)

6010 FORMAT ( '  THE"TOTAL INTENSITY AT TRACK ',1 2 , '  = ' ,  E15.5) 
5555 FORMAT(2F6.3)

RETURN
END

xxxxxxxxxxxxx

I



ft 15 ION OUT

ARC RADIUS R= 0.50

ARC DISPLACEMENT D= 0.00

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.10

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.30

> THE TOTAL INTENSITY AT TRACK 1 =
THE TOTAL INTENSITY AT TRACK 2 =
the total intensity at track 3 =
the total intensity at track 4 =
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 =
the total intensity at track 2 = 
the total intensity at track 3 = 
the total intensity at track 4 = 

• the total intensity at track 5 =

AHC DISPLACEMENT D= 0.50 % «
The total intensity at track i = 
5*E total intensity at TRACK 2 = 
?HE total intensity AT TRACK 3 = 
THE'TOTAL INTENSITY AT TRACK 4 =

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .OOOOOE+OO 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .77212E-01 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .19855E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .37527E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0.63191E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .10000E+01



THE TOTAL INTENSITY AT TRACK 5 0 .OOOOOE+OO

ARC DISPLACEMENT D= 0 . 60

THE TOTAL INTENSITY AT TRACK 1 = 0 .00000E+00
THE TOTAL INTENSITY AT TRACK 2 = 0 .00000E+00
THE TOTAL INTENSITY AT TRACK 3 = 0 .63191E+00
THE TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 5

=
0 .OOOOOE+OO

ARC DISPLACEMENT D= 0 . ,70

THE TOTAL INTENSITY AT TRACK 1 S5 0 .00000E+00
THE TOTAL INTENSITY AT TRACK 2 = 0 .OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 3 = 0 .37527E+00
THE TOTAL INTENSITY AT TRACK 4 =T 0 .10000E+01
THE TOTAL INTENSITY AT TRACK 5 = 0 .OOOOOE+OO

ARC DISPLACEMENT D= 0 , ,80

the TOTAL INTENSITY AT TRACK 1 = 0 .OOOOOE+OO
the TOTAL INTENSITY AT TRACK 2 = 0 .OOOOOE+OO
the TOTAL INTENSITY AT TRACK 3 = 0 .19855E+00
the TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
the total INTENSITY AT TRACK 5

=
0 .OOOOOE+OO

arc displacement d= 0 , ,90

the TOTAL INTENSITY AT TRACK 1 SE 0 .OOOOOE+OO
the TOTAL INTENSITY AT TRACK 2 = 0 .OOOOOE+OO
THE TOTAL INTENSITY AT TRACK 3 = 0 .77212E-01
the TOTAL INTENSITY AT TRACK 4 = 0 .10000E+01
the TOTAL INTENSITY AT. TRACK 5 0 .OOOOOE+OO

ARC RADIUS R== 1.00

arc« DISPLACEMENT D= 0 , .00

the TOTAL INTENSITY AT TRACK 1 ss 0 .OOOOOE+OO
the TOTAL INTENSITY AT TRACK 2 = 0.36377E+00
the TOTAL INTENSITY AT TRACK 3 = 0 .10000E+01
the TOTAL INTENSITY AT TRACK 4 = 0.36377E+00
the TOTAL INTENSITY AT TRACK 5 s: 0 .OOOOOE+OO

arc « ̂ DISPLACEMENT D= 0,.10

the TOTAL INTENSITY AT TRACK 1 = 0 .OOOOOE+OO
THE total INTENSITY AT TRACK 2 = 0.27406E+00
THE total INTENSITY AT TRACK 3 = 0 .10000E+01



THE TOTAL INTENSITY AT TRACK 4 =
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.30

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.50

the TOTAL INTENSITY AT TRACK 1 =
the total intensity AT TRACK 2 =
the total intensity AT TRACK 3 =
the total intensity at track 4
the total intensity at track 5

ARC DISPLACEMENT D= 0.60

the total intensity at track i 
the total intensity at track 2 
THE total intensity at TRACK 3 
the total intensity at track 4 
the total intensity at track 5

Arc displacement D= 0.70  ̂ _
The total intensity at track 1 
THE total intensity at track 2 
THE total intensity at TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
THE. TOTAL INTENSITY AT TRACK 5

0.46164E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .19179E+00 
0 .10000E+01 
0 .56945E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .11722E+00 
0 .10000E+01 
0.69061E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0.51930E-01 
0 .10000E+01 
0.83148E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .10000E+01 
0 .10000E+01 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0.83148E+00 
0 .10000E+01 
0.51930E-01

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0.69061E+00 
0 .10000E+01 
0 .11722E+00



ARC DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.90

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC RADIUS R= 1.50

ARC DISPLACEMENT D= 0.00

the total intensity AT TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.10

the total intensity at TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity at track 3 = 
the total intensity at track 4 = 
the total intensity at TRACK 5 =

ARC DISPLACEMENT D= 0.20

■THE total intensity at TRACK 1 = 
the total intensity at track 2 = 
the total intensity at track 3 = 
the total intensity at track 4 = 

. the total intensity at track 5 =

DISPLACEMENT D= 0.30' ----------------------------
the total intensity at track i  = 
THE total intensity at TRACK 2 = 
THE total intensity AT TRACK 3 = 
THE-TOTAL INTENSITY AT TRACK 4 =

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0 .56945E+00 
0 .10000E+01 
0 .19179E+00

0 .OOOOOE+OO 
0 .OOOOOE+OO 
0.46164E+00 
0 .10000E+01 
0 .27406E+00

0 .OOOOOE+OO 
0 .75780E+00 
0 .10000E+01 
0 .75780E+00 
0 .OOOOOE+OO

0 .OOOOOE+OO 
0.66196E+00 
0 .10000E+01 
0 .82018E+00 
0.37729E-01

0 .OOOOOE+OO 
0.57003E+00 
0 .10000E+01 
0.87262E+00 
0 .90345E-01

0 .OOOOOE+OO 
0.48184E+00 
0 .10000E+01 
0.91896E+00



THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.50

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.70

the TOTAL INTENSITY AT TRACK 1 =
the total intensity AT TRACK 2 =
the TOTAL INTENSITY AT TRACK 3 =
the total intensity at track 4 =
the total intensity at track 5 =

arc DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 =
the total intensity at track 2 = 
THE total intensity at TRACK 3 = 
the total intensity at track 4 = 
the total intensity at track 5 =

AHC DISPLACEMENT D= 0.90

JHE TOTAL INTENSITY AT TRACK 1 = 
£HE TOTAL INTENSITY AT TRACK 2 = 
£HE TOTAL INTENSITY AT TRACK 3 = 
JHE TOTAL INTENSITY AT TRACK 4 = 

TOTAL INTENSITY AT TRACK 5 =

0.15506E+00

O.OOOOOE+OO 
0 .39742E+00 
0 .10000E+01 
0 .96202E+00 
0 .23064E+00

O.OOOOOE+OO 
0.31628E+00 
0 .10000E+01 
0 .10000E+01 
0 .31628E+00

O.OOOOOE+OO 
0.23064E+00 
0 .96202E+00 
0 .10000E+01 
0.39742E+00

O.OOOOOE+OO 
0 .15506E+00 
0.91896E+00 
0 .10000E+01 
0.48184E+00

O.OOOOOE+OO 
0.90345E-01 
0..87262E+00 
0 .10000E+01 
0.57003E+00

O.OOOOOE+OO 
0.37729E-01 
0.82018E+00 
0 .10000E+01 
0 .66196E+00



ARC RADIUS R= 2.00

ARC DISPLACEMENT D= 0.00

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.10

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
the total INTENSITY AT TRACK 3 = 
The TOTAL INTENSITY AT TRACK 4 =
the total intensity at track s =

Arc DISPLACEMENT D= 0.30

The TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 =
the total intensity at track 5 =

ARC DISPLACEMENT D= 0.40

the total intensity at track i = 
the total intensity at track 2 = 
THE total intensity AT TRACK 3 = 
the total intensity at track 4 = 
the total intensity at track 5 =

AHC DISPLACEMENT D= 0.50

The TOTAL INTENSITY AT TRACK 1 = 
THE total intensity at TRACK 2 = 
£HE total intensity AT TRACK 3 = 
?HE total intensity AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .23755E+00 
0 .88053E+00 
0 .10000E+Q1 
0 .88053E+00 
0 .23755E+00

0 .17303E+00 
0.84736E+00 
0 .10000E+01 
0 .90982E+00 
0 .30885E+00

0 .11589E+00 
0.80949E+00 
0 .10000E+01 
0.93601E+00 
0.38649E+00

0.67007E-01 
0 .76602E+00 
0 .10000E+01 
0 .95989E+00 
0.47027E+00

0.27701E-01 
0 .71567E+00 
0 .10000E+01 
0.98233E+00 
0.56019E+00

0 .OOOOOE+OO 
0.65516E+00 
0 .10000E+01 
0 .10000E+01 
0.65516E+00



ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 =
THE TOTAL INTENSITY AT TRACK 2 =
THE TOTAL INTENSITY AT TRACK 3 =
THE TOTAL INTENSITY AT TRACK 4 =
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0 ,.70

THE TOTAL INTENSITY AT TRACK 1 =

THE TOTAL INTENSITY AT TRACK 2 =

THE TOTAL INTENSITY AT TRACK 3 =

THE TOTAL INTENSITY AT TRACK 4 =
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.,80

THE TOTAL INTENSITY AT TRACK 1
THE TOTAL INTENSITY AT TRACK 2 =
THE TOTAL INTENSITY AT TRACK 3 =
THE TOTAL INTENSITY AT TRACK 4 =
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0,.90

THE TOTAL INTENSITY AT TRACK 1 =

THE TOTAL INTENSITY AT TRACK 2 =
THE TOTAL INTENSITY AT TRACK 3 =
THE TOTAL INTENSITY AT TRACK 4 =
the TOTAL INTENSITY AT TRACK 5

ARC RADIUS R= 2.50

ARC DISPLACEMENT D= 0.00

THE TOTAL INTENSITY AT TRACK 1 s

the TOTAL INTENSITY AT TRACK 2 =

the TOTAL INTENSITY AT TRACK 3 =
the TOTAL INTENSITY AT TRACK 4 =

the TOTAL INTENSITY AT TRACK 5 55

arc 
» « DISPLACEMENT D= 0.10

the TOTAL INTENSITY AT TRACK 1 ss

the TOTAL INTENSITY AT TRACK 2 =

the TOTAL INTENSITY AT TRACK 3 =

the-TOTAL INTENSITY AT TRACK 4 =

0 .OOOOOE+OO 
0.56019E+00 
0 .98233E+00 
0 .10000E+01 
0.71567E+00

0 .00000E+00 
0.47027E+00 
0 .95989E+00 
0 .10000E+01 
0.76602E+00

0 .OOOOOE+OO 
0 .38649E+00 
0.93601E+00 
0 .10000E+01 
0 .80949E+00

0 .OOOOOE+OO 
0.30885E+00 
0.90982E+00 
0 .10000E+01 
0 .84736E+00

0.44968E+00 
0.91228E+00 
0 .10000E+01 
0.91228E+00 
0.44968E+00

0.37604E+00 
0.88761E+00 
0 .10000E+01 
0 .93418E+00



THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.20

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.30

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

ARC DISPLACEMENT D= 0.40

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

arc DISPLACEMENT D= 0.50

the TOTAL INTENSITY AT TRACK 1 = 
the total intensity AT TRACK 2 = 
the total intensity AT TRACK 3 = 
the total intensity AT TRACK 4 = 
the total intensity AT TRACK 5 =

ARC DISPLACEMENT D= 0.60

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 =
the total intensity at track 3 = 
THE total intensity AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

AHC DISPLACEMENT D= 0.70

the total intensity at track i = 
the total intensity at track 2 = 

. the total intensity at track 3 = 
the total intensity at track 4 = 
the total intensity at track 5 =

0.51680E+00

0.30787E+00 
0 .85978E+00 
0 .10000E+01 
0 .95377E+00 
0 .58100E+00

0.24551E+00 
0.82844E+00 
0 .10000E+01 
0 .97162E+00 
0.64193E+00

0 .18932E+00 
0.79335E+00 
0 .10000E+01 
0.98832E+00 
0 .69962E+00

0 .13933E+00 
0 .75259E+00 
0 .10000E+01 
0 .10000E+01 
0 .75259E+00

0 .95274E-01 
0.69962E+00 
0.98832E+00 
0 .10000E+01 
0 .79335E+00

0.59197E-01 
0.64193E+00 
0.97162E+00 
0 .10000E+01 
0.82844E+00



ARC DISPLACEMENT D= 0.80

THE TOTAL INTENSITY AT TRACK 1 = 
THE TOTAL INTENSITY AT TRACK 2 = 
THE TOTAL INTENSITY AT TRACK 3 = 
THE TOTAL INTENSITY AT TRACK 4 = 
THE TOTAL INTENSITY AT TRACK 5 =

0 .31365E-01 
0 .58100E+00 
0 .95377E+00 
0 .10000E+01 
0 .85978E+00

ARC DISPLACEMENT D= 0.90

THE TOTAL INTENSITY AT TRACK 1 
THE TOTAL INTENSITY AT TRACK 2 
THE TOTAL INTENSITY AT TRACK 3 
THE TOTAL INTENSITY AT TRACK 4 
THE TOTAL INTENSITY AT TRACK 5

0 .11722E-01 
0.51680E+00 
0 .93418E+00 
0 .10000E+01 
0.88761E+00

xxxxxxxxxxxxxxx



APPENDIX (A .2)

DIAGNOSTIC INSTRUMENTATION

The sequence of operation of the OSA 500 in order to obtain a 

radially averaged arc spectrum is as follows :

(1) 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

(2) During the test

The OSA is triggered externally

(3) 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 

(1(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
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In this case the external computer is the BBC which has 

to be initialised before this transmission using a separate 

program (OSA1) ( app .l).

The sequence of operation of the OS A in order to obtain a radially 

resolved arc spectrum is as follows :

(1) Before the test

(a) The 2D initialisation must be executed if not already done 

so. Usually the parameters for the 2D0 routine are as follows 

2D0 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 is stored in memories 1 to 5 . This must 

be shifted out to other available memories by using the 2D8 

routine as follows

2D8 ENTER 1 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.
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(2) During the test

The OS A is triggered externally.

(3) 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 ), (1(b)) and can be sub

tracted 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.

Operating instruction 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 preselected 

number of scans 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.
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After initialisation with CALL 0 the accumulation can be effected 

as often as desired by pressing the START key, until a new in

struction 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 pressing ' the START key the preselected number of 

presets will be accumulated in memory X ( e .g . a signal spectrum ). 

If the START 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 now contain the 

signal spectrum corrected by the 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 ) .
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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 ap

pear at the same time on the display. The intensities of the cursor 

channels are given alternatively for both spectra on the screen dis

play.

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 ENTER Y ENTER

Result : Memory Y and memory X are added and the result stored in 

memory X and automatically shown on display XY.

Call 6 : Serial Outputs

Entry : CALL 6 ENTER X ENTER
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Result : Memory X between UG and OG ( see define 0/1 ) is output 

through the .serial interface. Here in one line first the channel num

ber, 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 . 35,000E2 = 

35,000xl02.

Call 8 : Number of channels 

Entry : CALL 8 ENTER X00 ENTER

Result : By call 8, 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 beam per diode 

(64 vs) remains the same ( i.e . the same amount of information col

lected as with 500 points ), but the integration time of the light be
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tween scans is reduced to n/5 of 32 ms ( i.e. for steady state 

excitation - the same illumination strength ) in real time the intensity 

of the spectral lines will be less.

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 op

timum 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.

Call 9 : Alternative Program

Entry : CALL 9 ENTER X ENTER Y ENTER

Result : Alternative presentation as for program Call 3, but presen

tation 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.

Call 11 : Multiplication program :
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Result : Memory X Is multiplied by memory Y, the result stored in 

memory X and automatically displayed on the XY display. Since the 

result can be output over the 16 bit range, in such a case the result 

is shifted by so many bits that the maximum can be covered by 16 

bits.

CAUTION

Memory 0 is needed for the multiplication and for this reason nei

ther be mulpllcant 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 .

Entry : CALL 11 ENTER X ENTER Y ENTER

Memory 0 is needed for the division, and this reason should neither 

be dividend nor divisor.

Call 13 : Erase all memories
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Result : Memory 0 to memory 30 are erased.

CaU 14 : ASCII Output

Entry : CALL 14 ENTER

Result : An ASCII symbol is output as control symbol through the 

serial interface. This control symbol can be programmed in to cus

tomer's requirements.

Call 15 : Average value

Entry : CALL 15 ENTER

Result : Between UG and OG 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 tar

get. Then CALL 16 can be called and by X the memory in which ac

cumulation 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.

Entry : CALL 13 ENTER
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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 be

tween 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 dis

play, so that the real-time spectrum must be visible there.

Call 19 : Arithmetic with constants

Entry : CALL 19 ENTER Z ENTER V xxxx ENTER
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Result : Memory A, according to the sign V (+, *, / )  is automat

ically logically associated with the constants xxxxx ( up to 5 places 

) and the result is stored in Z

(ii) 2D PROGRAMMES

( 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 32 ms, 

so that the total scanning time for the target is given by n-32, where 

n = number of tracks.

In 2D images with several tracks on the display the function 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 : 2D0 ENTER U ENTER W ENTER X ENTER Y ENTER Z ENTER 

Result : A 2D image is initialised by this entry with the following 

specification :
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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 value 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 greater 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 : Real-time

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.
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The tracks are scanned in succession on the target, each track in 

32 ms.

2D 2 : 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.
i

2D 3 : 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 

automatically recorded over each other and the pen lift 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
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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.

2D 4 : 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 track of corresponding mem

ories, l.e. Track 1 in memory 2, track 2 in memory 2 etc.

2D 6 : 2D clear

Entry : 2D 6 ENTER

Result : All the memories initialised by 2D 0 for track storage are 

erased.

2D 7 : 2D Delay and Accumulation

180



Result : As a linkage of the programmes 2D 2 ( 2D Accumulation ) 

and call 16 ( ID Delay and accumulation ), after a certain delay time 

the target will be two dimensionally scanned and memorised.

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.

2D 8 : 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 be

hind. 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 : 2D 7 ENTER START
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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 1 : Upper limit ( OG or UL )

Entry : DEFINE 1 ENTER W ENTER

Result : The upper limit for integral, plot, average value, and serial 

output is set to W. W must lie between 1 and 499, and in addition, 

W must be > Z. W 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 pro

gram. 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.

Entry : DEFINE 0 ENTER Z ENTER
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Define 4 : Lambda ( Wavelength )

Entry : DEFINE 4 ENTER 1 ENTER

Result : By setting define 4 to 1, in line 3 of the screen display in

stead of the intensity the wavelength for the set channel ( cursor 

position ) is shown provided that the wavelength recorder option is 

incorporated in the instrument. Switching back to intensity by en

tering 0

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 display is 

shifted by this value.

Define 6 : Heating off, Plot Relay, Dark scan of camera 

Entry : DEFINE 6 ENTER W ENTER
■ • i *

Result : Setting of functions by input of the following values :

Function Value

Switch in recorder output X-Y 65519

Plot relay ( Pen down )

Plot relay and recorder output on 65487

on 65503

Dark scan - camera on 65471

Vidicon heating ( filament ) off 64511
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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 2D 2, 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
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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 2D 2, can be accumulated in the appropriate memory track 

of Define 20 in memory 1, track of define 21 in memory 2, etc.

Entry : DEFINE 20 ENTER P ENTER
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APPENDIX (A .3) 

OPTICAL DEPTH

In order to derive the optical depth, the black body radiation 

function (e .g . Smith et al (1978)),

P0(X,T) = (CyX5) [exp(C2/X T )-l]_1 (1)

Where

X = the wavelength 

T = the temperature

= 1.1909x10 ^  wcm^sr *

C2 = 1.4380 cm°K

is compared with the intensity of a given line

ïmn = (l/4it)(NgmArnn/Z (T ))(e _(Em/KT)) (hc/X) (2)

Where

N - number density 

Z(T) = partition function

Equation (1) has units of surface area and per unit wavelength,

whereas equation (2) has units of volume alone. But for a sphere of

radius r and a full line half width of AX :mn

P0* = 4ur2AXmn (C1/X5)[exp'(C2/X T )-l]"1

and

mn = (41rr3/3)(N gmAmn/Z (T )) (hc/4irX) (e "(Em/KT))
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Where the superscript * indicates that the values are normalised to 

units of power alone.

)*(
The optical depth 2r is therefore given by equating I and Pq 

to give :

2r = [241rZ(T)AXmn((C 1/X5)(exp( C2/X T ) - l f 1)]/(N z(T )A mngm 
AE e" (Em/ KT)) (cm) (3)

Fig. (A .3.1) shows the variation of Cul species and electron density 

for various SFg and Cu plasma compositions (e.g . Kinsinger, unpub

lished). The data of Fig. (A .3.1) was used in the calculation of the 

optical depth in chapter (G).
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Fig (A .3.1) Cul and electron densities for different plasma 

composition ( Source : Kinsinger unpublished )



APPENDIX ( A . 4)

TRANSPORT PROPERTIES OF SF„o

The thermal transport properties of SFg used in the evaluation of 

the arc energy conservation were obtained form Frost and Liebermann 

(1971), table (6.3). The variation of the electrical conductivity (o), 

thermal conductivity (K), enthalpy (h) and density (p) with temper

ature in the range 5,000 to 11,000 °K for the pressures of 4 atm and 

2 atm are shown on Figs. (A .4.1, 2). The variation of sonic velocity 

with temperature in the range 5,000 to 11,000 °K for the pressures 

of 4 atm and 2 atm are shown on Figure (A .4.3).
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Fig. (A .4.2) The transport properties of SFg ( p = 2 atm )
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temperature at different pressures.
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A b stra ct
O p tica l Sp ectra  o f m odel SF^  c ir c u it  breaker arcs 

(having a peak cu rre n t up to 64 K A )  during cu rren t the 

zero  period have been in vestigated . Under ce rta in  e x p e 

rim en tal conditions tungsten lin es are apparent in the 

arc sp e ctra  in addition to the more w ell established 

copper lin es. In th is co ntribution  some typ ica l spectra 

are given and conditions under which tungsten lines 

appear are id en tified  and d iscussed.

Introduction

A  p re lim in ary  investigation of the op tica l spectra 

of a high power SF^ c irc u it  b reaker during the current 

zero period of a A .C .  sustained a rc has been made by 

Le w is  et.a l [ 1 ] .  The present contribution  reports a 

continuation of the above w ork. Such investigations of 

cu rren t zero SFg a rc  spectra l ch a ra c te ris t ics  in a c irc u it  

breaker environm ent is p a rticu la rly  d if f ic u lt  but provides 

im portant in form ation  about arc p ro p e rties. Im portant 

param eters such as tem perature, e lectron  d e n sity , cond

u ctiv ity  as w e ll as plasm a com position ca n  be obtained 

from  such in vestigation s. In [ 1 ] only copper lines were 

id en tified  in the spectrum  of the a rc . Exp e rim e n ts  

conducted over a w ider range of operating conditions 

show that som etim es not only copper but a lso  tungsten 

lines appear in the a rc  spectru m . T h is  paper seeks to 

id en tify  these lines and e xp la in  under what conditions 

the tungsten lines w ill appear.

Exp e rim e n ta l F a c i lit ie s

The m odel c irc u it  b re a ke r, the power supply c irc u it  

and the m easuring system  em ployed were id e n tica l to 

those used by Le w is  et al (1 .2 ] .  The power supply 

c irc u it  provided peak sinusoidal cu rren ts in the range 

34-64 K A  at a frequency of 78 H z . The m odel c irc u it  

breaker was of the two pressure m onoflow SF& type 

using an upstream  pressure of both 7.8 bar and 4.25 

b a r , and downstream  pressure of 1 b a r. The co n tacts  

of the c ir c u it  breaker w ere m ade from  co p p e r-tu n gste n , 

and the nozzle w as m ade from  P T F E .  A  3 mm high 

s lo t s itu ated  at the nozzle throat p erm itte d  the arc 

rad iation  to be focussed at the entrance  s lit  of a m ono

chrom ator w hich had a 1 m fo ca l length and 0.2 A/m m  

re cip ro ca l d ispersion. The w idth of the entrance s lit  of 

the m onochrom ator was 28.5 y m . The spectrum  on the 

e x it  plane of the m onochrom ator was detected and

recorded by an O p tica l Sp ectra l A n a ly se r 500 w ith  V id i -  

con Cam era S1T500. The m om ent o f record ing the 

spectrum  was se lected  in the range -3 0 - ♦ 6 7  ms around 

cu rren t zero (m inus sign  m eans before cu rren t ze ro , plus 

sign a fte r cu rren t zero) and most experim ents were co n 

ducted w ith in  *20 ms. The exposure tim e was 1.6 or 

3 MS.

Exp e rim e n ta l R e su lts

F ig .  I shows two recorded spectra  w ith in  a selected 

w avelength range of the a rc  rad iation  em itte d  from a 

d ia m e tric  s trip  including the a rc  a x is .  The horizontal 

ax is  in these fiqures represents wavelenqth ( in  nm ) w hilst 

the v e rtic a l a x is  represents the in tensity  o f the rad iation  

(in  co u n ts, re lative  in te n s ity ). The expe rim en ta l co n d it

ions corresponding to curve a w ere as fo llow s: upsteam  

pressure 7 .8  bar peak cu rren t 40 K A ,  cu rren t zero value 

o< di/dt = 18 A/ms, instant of record ing  D  ps before 

cu rren t 2e ro , exposure tim e 3 ms. The two peaks on 

curve a are the two copper lines CuI5 10 .5 and CuI5 15.3. 

The w avelength region betw een these two copper lines is 

devoid of any other sp e ctra l lines of s ig n if ic a n t in te n sity . 

The experim en tal conditions relevent to curve b were: 
upstream  pressure 4.25 b a r , peak cu rren t 45 K A  current 

zero value of d i/dt * 20 A/ms, instant of recording 7.2 ms 
before cu rren t ze ro , exposure tim e 3 p s. In F ig .  1 curve 

b ,b e sid e s the two copper lin es apparent on figure  I curve 

a , there are a group o f tungsten lines . The in ten sity  of 

these lines m ay be equal or even stronger than the two 

copper lin es. Through a s ta t is t ic a l a n a lysis  o f  150 e x p 

erim ents it  w as found that the appearance o f the tu n g

sten lines depends m ain ly  on two fa cto rs: the rate  of 

decay of cu rre n t at cu rren t zero  d i/dt and the tim e t , 

at w hich the spectrum  was recorded. F ig .  2 sum m arises 

the o ccu rren ce  or absence tungsten lines from  a series 

o f 95 experim ents at a pressure o f I S  bar.- The h o riz

ontal a x is  in th is figu re  represents the instant o f tim e 

at w hich the spectrum  w as recorded (M ) ind icates 

cu rren t zero) w h ilst the v e rt ic a l a x is  represents d i/d t. In 

this figu re  the plus sign  represents ca se s In w hich tung

sten lines appear w h ilst the m inus sign  represents cases 

in  w hich tungsten lin es are  ab sen t. R e su lts  for cond

itions when the a rc  w as extinguished a t  cu rren t zero are 

of course co nfined  to the secto r before cu rren t zero (to  

the le ft  o f the v e rtic a l a x is  corresponding to U 0  ) .
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The resu lts  shown on figu re  2 m ay be divided into 

three zones as in d icated  by the two dashed lin es. In 

the zone above the two dashed lines tungsten

lines are a lw ays id e n tifiab le  in the spectru m . In the 

zone below the two dashed lin e s, no tungsten lin es have 

been id e n tified  in the sp e ctru m . In the zone between 

the two dashed lin e s, the o ccu rren ce  or absence of 

tungsten lin es varie s from  one experim en t to another.

The e x istan ce  o f th is zone o f u n ce rta in ty  is due to the 

fo llow ing reasons: F ir s t ly ,  there Is no absolute standard 

for Judging the appearance of any tungsten lin e s , but 

s im ply to decide a p proxim ate ly  by com paring the re lative  

in te n sities o f the tungsten and copper lin es. Thus it  is 

not c le a r  w hether on some record s, the noisy nature of 

the spectrum  between the two copper lines (e .g .  curve 

a) is  due to instrum ent noise or due to low intensity  

tungsten lin es. Se co n d ly , there are  erro r lim ita tio n s  in 

the m easurem ent of di/dt and l .  The error o! di/dt is 

about 0 A  [A /ms] w hilst the erro r of t is about 0 .2  ns. 

T h ird ly , som e random fa cto rs  may o ccu r during testing 

which m ay also a f fe c t  the appearance of the tungsten 

lin es. F o r in sta n ce , tungsten lines are not usually 

apparent even at high cu rren ts when the c irc u it  breaker 

co n tacts are new . Th is  is because the vaporization of 

copper from  the co pp er-tu n gsten  sintered  co n tact 

m ate ria l o ccu rs p re fe re n tia lly  and as a result the tem p

erature o f co n tacts is prevented from  risin g  su ff ic ie n tly  

to prom ote tungsten evaporation. F o r  co n tacts  which 

have suffered  a rc in g  several t im e s, the tungsten content 

in the su rface  la ye r m ay be g re a tly  in creased , so that 

tungsten evaporation is enhanced. T h is  behaviour is 

consistent w ith  the observation from  the present e x p e r i

m entation that the tungsten lines appear in the ap prox

im ate order W5 163 , W5 13.8, W5 13,0 , W5 12.4, W5 11.7 

nm . A s  the various lines appear p ro g re ss ive ly , the 

Intensity of the W 5 I4 .5  nm line increases w h ilst the 

intensity  of two copper lines decrease g ra d u a lly . Som e

tim es the situ a tio n  e x is ts  whereby the in te n sities of 

the Cut5 I 5 .3  and W 514.5 nm are ap proxim ate ly  

id en tica l and the lines overlap each other so as to be 

individually indistingu ishable.

The dashed lines on F ig .  2 show that the tungsten 

lines appear only at high values o f d i/dt e xce p t for 

longer tim es before cu rren t zero . E xp e rim e n ta l results 

s im ila r  to those shown on figu re  2 but for an upsteam  

pressure o f 4.25 bar rather than 7 3  b a r, show a s im ila r  

trend in the boundaries betw een appearance and non 

appearance o f the tungsten lin es. However in the low er 

Pressure case the occu rren ce  boundaries are sh ifte d  to 

lower values o f d i/d t im p lyin g  that the tungsten e n tra in 

m ent p ersists more exten sive ly  In the la tte r ca se . 

Tem perature e stim ates for the a rcs  at both these 

Pressures in d icate  that the high pressure a rc  to possess 

a higher p lasm a tem perature. A  sim ple  co rre la tio n  

between the occurrence of tungsten in the a rc  w ith  a 

higher p lasm a tem perature therefore does not e x is t .

A r c  c ro ss -se c tio n  e stim a te  in d icates the lower 

pressure arcs to have a g re a te r d iam eter than the higher 

pressure a rc s  so suggesting  less severe a x ia l convection 

e ffe c ts  possibly enhanced by m ore severe flow th rottlin g  

due to nozzle b lo c k in g . T h is  suggests th at the o c c u rr 

ence or otherw ise o f the tungsten in the a rc  plasm a is 

more stron g ly  dependent upon reduced convection being 

incapable o f rem oving the p ersistin g  tungsten fo llow ing 

entra inm ent during the peak cu rren t phase.
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1. INTRODUCTION

The performance of a gas blast circuit breaker is 
governed by the extinction of the arc discharge 
which is formed between the contacts of the 
Interrupter. The arc exists within the confines of 
a nozzle used to tailor a flow of gas for achieving 
the control and eventual extinction of the 
discharge. It has been long appreciated that 
measurements of the arc properties during its 
extinction In such a circuit breaker are important 
for understanding the role of various fundamental 
processes In causing arc extinction. However the 
Inaccessible nature of the circuit breaker nozzle 
throat and the complexity of the operating 
conditions have limited the use of sophisticated 
diagnostics in realistic interrupter test heads. 
Recently these difficulties have been overcome (eg 
Lewis et al (1985)) (1)(2) and spectroscopic 
measurements have been made during the few 
microseconds of the arc extinction period at the 
nozzle throat location where it is believed that the 
plasma recovery is most critical. This has been 
achieved through the use of an optical spectrum 
analyser capable of detecting low level light 
emission with microsecond exposure and with five 
simultaneously recorded line of sight measurements. 
Optical access into the confines of the interrupter 
nozzle without affecting the circuit breaker perfor 
mance was achieved via a slot in the nozzle wall 
made gas tight by a window and gasket on the side 
remote from the arc.

Despite overcoming the practical difficulties and 
obtaining radially resolved spectral records the 
anlysls of these results still presents problems 
because of the unstable and Irregular nature of the 
arc column in such an environment along with its 
small lateral dimensions. This contribution is 
concerned with the evaluation of such experimental 
results and the derivation from them of an estimate 
of the plasma conditions within the decaying arc.

2.. Experimental Conditions

The experimental conditions - model circuit breaker 
power supply circuit and the optical measuring . 
system - have already been described by Lewis et al 
(l][2). Sinusoidal currents of peak values in the 
range 34 - 65 kA at a frequency of 78 Hz have been 
Used. The model circuit breaker was of the two 
pressure aonoflow type using an upstream pressure of 
7.8 or 4.25 bar and a downstream pressure of one bar 
absolute. The circuit breaker contacts were made 
from copper-tungsten and the nozzle from PTFE.

Dptical access to the throat of the circuit breaker 
nozzle sis m  hi. veil vl.i .i .7 mu high slut. The 
emitted radiation transmitted through this slot was 
focussed on the entrance slit of a Monochromator (lm

*Menoufia University. Egypt

'.M). r.,ri i ,,r Kin:I rlcal Engineering and 
Electronics, University of Liverpool, U.K.

focal length. 8.2 A/mm reciprocal dispersion, 
entrance slit width 28.5 pm). The spectrum on the 
exit plane of the monochromator was recorded with an 
Optical Spectrum Analyser using a Vldicon Camera for 
registering the optical image.

3. Experimental Results

The spectral range investigated (510 517 nm)
covers two prominent Cul spectral lines at 510.5 and 
515.3 nm. These lines may be utilised In principle 
for the derivation of plasma temperature by the 
method of relative line intensity (e.g. Lewis et al 
f1 ).(2)) . Since both lines lie within the recorded 
spectral range they may be observed simultaneously 
on the same record from a single test, so avoiding 
errors arising from test to test variations.

These type of records could be recorded along five 
separate line of sights simultaneously with the 
optical spectrum analyser (figure 1). There is 
therefore the possibility of achieving some radial 
resolution from results taken durtng a single test 
so sgain avoiding errors due to test to test 
variations. However there is the consequence that 
the five line of sight records represent the maximum 
number of spectral data points obtainable across the 
are column diameter and so governs the accuracy with 
which the radial variation of properties may be 
determined. This manifests itself as. for example, 
a radial Intensity profile degenerating into a 
discontinuous, staircase distribution as depicted on 
the top of figure 1.

Continuous radial profiles of intensity in the 
vicinity of the St5.3 nm spectral line peak have 
however been obtained In seperate experiments from 
short exposure photographic records. These were 
registered with an image converter camera viewing 
the arc through an appropriate narrow band filter.

These records have shown that the arc plasma column 
may vary from test to test In the following respects

(i) the peak intensity within the waveband of the 
filter may vary from test to test

(il) the radial intensity profile Is occasionally 
assymmetric

(111) for the axi8ymmetric records the intensity 
profile shape at the 515.3 nm wavelength is always 
similar although the amplitude may vary

(iv) the arc column suffers latteral displacements 
from test to test, away from the nozzle axis, which 
are of the same order as the arc diameter.

The implications of (i) is that evaluation of radi 
ally resolved properties e.g. temperature, which 
ifly on the ratio of intensities taken from 
l ’..it ngr.ipItH fern* two «wperate tests, »111 to 
unreliable. The implication of (iv) is that for the 
present line of sight spectral measurements a 
compromise is required between arranging for the 
line of sights to be close together to give a fine 
resolution and at the other extreme ensuring that
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Uii:y »ire surricliMil ly f.ir .ipm-l to rupt lire the 
entire arc crossectlon even if it suffers an extreme 
latteral dlsplaceaent.

As a result of this latter requlreaent the staircase 
Intensity profile aay superficially lead to an 
Interpretation that the Intensity profile is assyaa- 
etric. This Is Illustrated on figure 2 which shows 
two staircase profiles obtained along the saae fixed 
line of sights froa the saae parabolic profile but 
which is latterally displaced by different aaounts 
with respect to the line of slglils. The difference 
in the dlsplaceaents is only about 10% of the arc 
dlaaeter but it has a substantial influence upon the 
shape and syaaetry of the staircase profile.

The problea of analysing the experiaental results 
froa such experiaents is therefore coapllcated 
because the Halted nuaber of radially resolved data 
points aakes it difficult to distinguish between 
syaaetric profiles latterally displaced (iv) and 
truly assyaaetric profiles (ill) which although 
rarer nay still occur.

The purpose of this contribution is to evolve an 
analytical strategy for achieving this identifica
tion so that radially resolved tenperature profiles 
of the arc plasaa can be derived froa such aoasure- 
aents. Advantage is taken of the reproducible shape 
of the well behaved SIS.3 na profiles as Indicated 
photographically ((ill) above).

4. Analysis of Results

A scheae for anlysing these spectral results taking 
account of possible lateral dlsplaceaents of the arc 
coluan and assyaetries in the distributions is shown 
in the fora of a flow diagraa on figure 3. A 
coaputer progranae based upon this flow diagraa was 
used in the anlysis of the results.

The spectral recurds obtained along each line of 
sight (figure 1) are first inspected and the inten- 
slty of each of the spectral lines (515.3, 510.5 na) 
are noted. These are plotted as a staircase type 
radial profile as shown on figure 2 and fora the 
basis of the analysis which follows.

Inspection of high speed photographs (section 3) 
(narrow band filtered) allows an Abel Inverted 
Intensity profile to be derived as indicated on 
figure 4. This has been found experiaentally to be 
representative of the intensity profiles observed 
throughout the arc extinction phase. The Abel 
Inverted distribution is quite closely siailar to a 
Parabolic curve which peraits a siapllficatlon of 
the coaputational analysis.

The staircase profile corresponding to the observa
tion of this Abel Inverted profile along the five 
lines of sights (as viewed by the optical spectrua 
Analyser (figure 1)) aay be constituted as shown on 
figure 2. As already discussed a slight shift of 
the parabolic profile with respect to the line of 
sights produces an assyaaetric distortion of the 
staircase profile (figure 2). Calculations have 
therefore been aade for a series of displaceaents of 
the basic parabolic profile to derive a faaily of 
corresponding staircase profiles, each of which aay 
differ froa the others. This then forms the basis 
of a profile data bank.

These calculations - the foraation of staircase 
Profiles corresponding to various displaceaents of 
the basic parabolic profiles - have been repeated 
Tor a nuaber of parabolic profiles corresponding to 
different arc radii in the range 0.5 to 2.5 aa.

The aeabers of this faaily of profiles are then 
coapared with the experimentally »ensured staircase

profile of the 515.3 na line. Should no aatch be 
obtained between experiment and theory the implica
tion is that the profile is truly assyaaetric. In 
the present Investigations this occurred only rarely 
and the analysis of these few profiles was not 
pursued further. For the reaalning profiles the 
particular continuous parabolic profile correspond
ing to the experiaental staircase was established. 
The axis teaperature was then varied to produce a 
further series of intensity profiles.

Froa these latter profiles the radial variation of 
the eaisslvlty for the 510.5 na spectral line (which 
differs fro» that of the 515.3 na line, figure 5) 
was constructed (3). The radial intensity profiles 
corresponding to these 510.5 na ealaslvlty profiles 
are then constructed and the corresponding staircase 
profiles deduced. These are then coapared with the 
experiaentally measured staircase profiles for the 
510.5 na line. The absence of a correlation between 
the experiaental and theoretical profiles again 
iaplles the existence of an assyaaetric arc coluan. 
Otherwise a continuous intensity profile aay be 
deteralned froa the staircase profile transformation 
procedure...

In this Banner saooth profiles for both the 515.3 
and 510.5 na are obtained froa the Halted nuaber of 
line of sight aeasureaents. These profiles are 
already Abel Inverted and aay therefore be directly 
used to determine the plasaa teaperature profile 
froa their ratio (relative line Intensity 
aeasureaent).

5. Experiaental Results

Examples of two teaperature profiles deteralned 
using the analytical approach described above are 
shown on figure 6. These profiles correspond to 
current I'ecsy r ite-, of 15 A » 11 li ¡in upstream 
pressure of 7.8 bar absolute and an exposure tine of 
1.6 i ts. The broader profile corresponds to an 
instant 13.4 ps before current zero whilst the 
n.ii i .«•!' puli!. ; • r.: ,m instant 6 ps before 
current zero.

The results show cl**»irly I in: typical radial 
displaceaent of the arc coluan which can occur 
during the arc extinction phase. In this case the 
displaceaent between the two profiles is about 0.6
W’* coiup.irril w ith  the 4 aw wl»*tt* o f  th e  p r o f i l e s  
th e m se lv e s.

Once such profiles have been derived their implica
tions aay of course be considered: The particular 
results shown on figure 6 indicate that the decay of 
the arc teaperature profile during extinction, 
proceeds through both a decrease in the magnitude of 
the teaperature profile aa well as a contraction of 
its radial extent.

6. Conclusion

It hns been shown that useful experiaental results 
aay be derived froa the analysis of a Halted number 
of line, of sight spectral records in combination 
with high speed photographs using narrow band 
filtering. Using such an approach, data froa a wide 
range of operating conditions has been processed and 
analysed. As a result the effect of different 
operating conditions e.g. peak arc fault current, . 
upstreaa pressure upon the extinction of the arc 
discharges has been obtained. These results are 
allowing theoretical predictions of the arc 
behaviour close to extinction to be exaained aore 
closely in a circuit breaker environment where real 
operating conditions have not been coaproalsed in 
order to use aore sophisticated investigative 
methods.
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FIGURE 3. FLOW DIAGRAM FOR THE ANALYSIS 
OP LATTERALLY SHIFTED SPECTRAL 
LINE DISTRIBUTIONS.

F ig u re  5 .  R a d ia l p ro file s  o f e m iss iv ity  and te m p erature  
for the two C u l lin e s 515,3n m , 510.5  nrn.

F ig u re  6 . R a d ia l  tem p erature  p ro file s  d u rin g  a rc
e x t in c t io n  [d i/d t » IGA/ms, 7.B B a r  A E S .]

(a )  6 y s  b efo re  cu rre n t zero

(b ) I J .4 (is  b efore  cu rre n t zero



POWER DISSIPATING PROCESSES IN TOE CURRENT ZERO CIRCUIT BREAKER ARC

Lewis, E. , Jones, G.R. , and El-Kholy, S.M.I.

•Department of Electrical E>igineering & Electronics, University of Liverpool, U.K. 
* Menoufia University, Egypt.

1. INTRODUCTION

Although extensive experimental Investigations have 
lsproved our knowledge of the behaviour of electric 
arc columns in the environment of gas blast circuit 
breakers, little direct information exists about the 
arc extinction phase at the end of a half cycle of 
fault current under real circuit breaker conditions. 
This 1s mainly because of the experimental 
difficulty of obtaining the relevant measurements, 
and their subsequent analysis. Some progress is now 
being made in the acquisition and analysis of such 
information and some results recently obtained are 
described in this contribution.

The results described relate to optical measurements 
made at a series of locations along the axis of the 
nozzle of a model interrupter. The measurements 
undertaken have involved high speed image converter 
photographs of the radial extent of the luminous 
column of the arc and of the maximum intensity of 
light from the arc axis. Similar photographs have 
been taken through a narrow band filter centred on a 
copper I emission line. Total radiation 
measurements have been taken with a flat wavelength 
response photomultiplier and spectral distribution 

/ measurements have been obtained using an optical 
spectrum analyser. All these measurements have been 
taken during the final 10 ps as the fault current 
flowing through the interrupter decayed naturally to 
zero. The measurement techniques all had fine time 
resolution (1 ps or less) to allow the transient 
changes in the optical signals to he faithfully 
followed. The basic results of these types of 
measurements have already been reported by Lewis et 
al (1985 (i).(ii)), Lewis (1987), Shammas and Jones 
(1982).

The present contribution seeks to exploit the 
results of these measurements to gain an improved 
understanding of the role of various physical 
processes during the arc extinction phase in the 
model interrupter.

The behaviour of the arc during the few microseconds 
when the current reduced to zero at the end of the 
current half cycle has been investigated. Because 
of the high peak currents which preceed this current 
zero, substantia] electrode evaporation occurs and 
the electrode material entrained into the arc plasma 
persists until the current zero instant (e.g. 
El-Kholy et al (1987)). Indeed the spectral specy 
monitored during the current zero period is the 
copper vapour from the upstream contact.

Some typical experimental results for the time 
variation of the luminous arc crossection and peak 
emitted intensity on the arc axis are shown on 
figure 1. Results for two axial locations close to 
the nozzle throat and separated from each other by 
an axial distance of 10 mm are shown. Also shown is 
the tine variation of a radially averaged plasma 
temperature determined from the intensity variation 
at a wavelength corresponding to a Cul line emission 
(Lewis et al (1985)). The results shown on this 
figure correspond to a pre current zero current 
decay rate of 15 A/ps. Similar results have been 
obtained for other current decay rates.

Radially resolved temperature profiles have also 
been derived from spectra) measurements with an 
optical spectrum analyser of the form discussed by 
El Kholy elsewhere in these proceedings.

Arc Governing Equations

The power transier processes which govern the 
behaviour of the arc plasma column as distinct from 
the entire thermally affected volume may be 
summarised as

The Electrical Tower Input

0K * E • i (1)
where E is the electric field strength, i is the 
instantaneous arc current.

Experimental Conditions
The change in thermal energy stored in the arc 
plasma

The experimental conditions investigated are those 
already described by Lewis et al (1985) (i),(ii)). 
The arc was confined to burn in a shaped PTE'E nozzle 
of throat crossection 35 mm. Optical access to the 
arc column was obtained through a series of latteral 
slots in the nozzle wall, al) gas sealed so as not 
to affect the performance of the interrupter (Lewis 
et al (1985) <i),(il)).

The arc column was sustained by an alternating 
current at a frequency of 78 Hz provided by a 
ringing LC circuit. The interrupter contacts 
remained stationary throughout the arcing half cycle 
in order to avoid any complicated Influences due to 
their movement. Peak currents in the range 34 - 53 
kA were investigated with SF_ as the host arcing 
medium. The interrupter contacts were made from a 
sintered mixture of copper and tungsten.

d i fR l
Q « —  | | p(r)h(r) 2xrdr j (2)

dt l )o j
where p.h are the gas density and enthalpy 
respectively. R is the radius of the arc column.

The Radial heat conduction at the arc column 
boundary

fR 1 3 
J o  r  dr

3T 
Kr —  

3r
2xrdr (3)

where K is the coefficient of thermal conductivity, 
T is temperature.

The axial convection in the arc core



â R
(4)

( T a y l o r  ( 1 98 31 ) .

Qca ” 7  8z
p(r)h(r) v(r) 2xrdr

where v(r) is the axial component of the flow 
velocity.

The radiated power loss may he measured 
separately as a total power loss and which as such 
probably underestimates the radiated loss at the arc 
column boundary on account of the additional 
absorption whjch occurs in the surrounding heated 
gas.

The radial convection losses

where a is the radial mass flow rate which may be 
determined from the mass conservation equation (e.g. 
Fang and Brannen (1979)).

3 I f* ] a f /r )
—  I I p(r)2ardr| •* ■—  I ) p(r)v2xrdr| - m ■■ 0 (6) 
3t l jo  j 8z l jo  ) P

The power balance for the arc core may then he 
written

CA CR CO (7)

A power balance equation for the entire arc gap may 
also be written, using suitable approximations, in 
terms of the electrical conductance of the overall 
gap (g » 1/V) and the total electrical power 
dissipated in the gap (P • IV). If as a result the 
parameter [(1/g) dg/dt] is plotted against I* the 
intercepts of the tangent to the curve on the (I/g 
dg/dt) axis yield the Mayr time constants of the gap 
(e.g. Lewis (1987)). A localised fora of the Mayr 
time constant may be derived by writing g oA.
where A is the crossecttonal area of the arc column 
and o is an average electrical conductivity.

The power loss due to radial thermal conduction 
(equation 3) was evaluated from the measured radial 
temperature gradient at the core boundary. »

The power loss due to axial heat convection 
(equation 4) requires a value of the local flow 
velocity (v (r)| as well as the evaluation of the 
axial gradient of the heat flux flow rate (d/dz). 
Since under norma] operating conditions sonic flow 
was arranged downstream of the nozzle throat (e.g. 
Taylor (1983)), the gas velocity was assumed sonic 
across the section of the arc at the nozzle throat 
during the current zero period under investigation.
In order to estimate the axial gradient, use was 
made of results obtained through two adjacent 
viewing slots which were 10 mm opart. However since 
temperature profiles have only been measured at one 
of these axial locations recourse was made to the 
high speed photographic records for the second axial 
position. These results were used to estimate 
changes in both the luminous crossection of the arc 
(yielding the diameter of the 6000 K isotherm) and 
the peak (axial) intensity of the optica] emission 
(indicating approximately changes in the axis 
temperature through approximate calibration).
Account also needs to be taken of the pressure 
difference between the two axial locations and this 
was obtained from the axial pressure distribution 
results of Taylor (1983).

The power loss due to radiative transfer at the arc 
plasma boundary is difficult to determine since the 
detailed emission and absorption characteristics of 
the boundary layer gas are not known. Consequently 
a lower limit was used corresponding to the total 
radiation measured remote from the arc column In the 
wavelength range 400 to 900 nm. These measurements 
were made simultaneous to the other optical 
measurements using a calibrated flat wavelength 
response photomultiplier (S)iammas and Jones (1982)).

Evaluation of Individual Power Loss Terms

Each of the power loss terms (equations 1 to 5) may 
be evaluated from the present optical measurements. 
The evaluations have been made from the luminous 
crossection results and the mean temperature values 
of the type shown on figure 1. the temperature 
profiles of the type given by El-Kholy et al 
elsewhere in these proceedings and the total 
radiation results of (Lewis (1987)). Values for the 
material properties of SFg (o.K.p.h, etc.I have been 
taken from Frost and Libermann (1971). The 
calculations have been performed at two time 
intervals before current zero (10 and 7.9 ps) and at 
two different values of current decay rates (14.2 
and 21 A/ps).

The electrical power input per unit arc length 
(equation (1)) was determined as an average value by 
dividing the overall arc voltage by the arc length L 
(i.e. Q., • Vi/L).b
Evaluation of the change in stored thermal energy 
(equation (2)) Involves a knowledge of the radial 
temperature profile and its time variation. Since 
temperature profiles have only been measured at a 
limited number of instants before current zero 
reliance has been placed on the use of the more 
continuously monitored luminous arc records for 
estimating the tine dependence. Thus a knowledge of 
a single radial temperature profile coupled with the 
tine wise variation of the average arc temperature 
and crossection (figure 1) allows the tern of 
equation 2 to be evaluated on the assumption that 
the shape of the temperature profile remains fixed.
A pressure of 4 bar was assumed at the nozzle throat

The radial convection power transfer (equation 5) 
involves both a tine derivative term and an axial 
derivative term (equation 6). These terms were 
evaluated in a similar manner to that described 
above for the axial convection term (equation 4) and 
the change in stored thermal energy (equation 2).

Discussion of Results

Some results of the calculations of the various 
power loss terns (equations 1 to 6) as described 
above are shown on figures 2 and 3. Figure 2 shows 
the values calculated at two Instants (~ 9 gs and 
2.2 i ts) before current zero following a peak arc 
current of 40 kA (di/dt * 18.5 A/ps|.. These results 
show that the dominant power loss mechanisms during 
this period are the axial and radial convection 
(Qc.) •Qro* the radiation loss (Q„) also
contributing significantly. On the other hand the 
thermal conduction term <QC0> is insignificant 
contributing only about I t  of the total power loss. 
Furthermore the convection and radiation losses 
decrease significantly within the time period 
studied but the conduction losses remain almost 
constant.

Also shown on figure 2 are the power input terms Qg 
and Qs (equations (]),(2)). The change in stored 
thermal energy Q is greater than the electrical 
power input close to current zero although both 
are of the same order of magnitude. Of course at 
current zero itself the electrical input must 
decrease significantly to zero.

Inspection of the results of figure 2 also shows 
that the total power Input (Q^ ♦ Q^l balances to
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wltnin a factor of two, the total power loss (Q ♦ 
QCA + QCR * Qft1 '
Figure 3 shows the values calculated for the power 
loss teras as a function of pre current zero current 
decay rate (dl/dt) which for the present work is 
synonlaous with peak current. Values at 14.2 A/ps 
and 21 A/(is are given, the former corresponding to 
an Instant 10 us before current zero and the latter 
at 7.9 (ts. Axial convection losses are dominant 
with radial convection and radiation being 
significant. Theraal conduction is again 
insignificant. However the results shown on figure 
3 suggest that the axial convection losses decrease 
by about an order of aagnltude as dt/dt changes from 
14 to 21 A/(i8 whilst the radiat ion loss remains 
alaost constant and the radial convection loss 
increases. Thus at the higher di/dt values the 
radiation and radial convection losses assuae 
Increased laportance compared with axial convection

Also shown on figure 3 are the evaluated power input 
teras. The electrical inputs at both values of 
dl/dt are of a similar aagnitude but the rate of 
change of stored energy is less by over an order of 
aagnitude at the higher dl/dt.

The agreement between the total power input (Q -•
Qs 1 with the total losses (Qcq + Q •> QCR * QR ) at 
both values of dl/dt Is good so confirming the seif 
consistency of the calculations.

The present experimental results also allow some 
coaparisons to be aade for the decay time of the urr 
plasaa coluan. The arc response has normally been 
considered in teras of the Mayr time constant, t. as 
defined above. These values nay be estimated 
directly from measured electrical parameters 
(current, voltage) or indirectly from the arc 
crossection and electrical conductivity (equation 
(11)). Directly estimated values (e.g. Lewis 
(1987)) are compared on figure 4 with the indirectly 
estlaated values froa the present results using 
equation (11). The latter were calculated with mean 
values of electrical conductivity a corresponding to 
a mean temperature (figure 1) and with the measured 
luainous crossections (figure 1). The directly 
aeasured time constants (which refer to the 
behaviour of the arc gap as a whole) and the 
Indirectly estlaated values (which refer to the 
local conditions at the nozzle throat) show good 
agreement with each other. This implies that (he 
decay controlling section of the arc gap resides at 
the nozzle throat as has been generally 
acknowledged.

A futher comparison for the arc recovery time may be 
aade using the power loss teras evaluated on figures 
2 and 3. Thus the time required for the dissipation 
of the energy thermally stored in the arc plasma 
volume is given by

rs “ En*rBy gtored ' <(iC0 * QCA * QCR * V ( 81
I'R

where the energy stored • | p(r) h(r) 2xrdr

Values of these time scales at different times 
before current zero are compared with the Mayr time 
constants on figure 4 and are seen to be self 
consistent within experimental uncertainties.

Conclusions

The present calculations have shown that the 
coabinatlon of axial and radial convection losses 
dominate the recovery of the arc plasma column even 
close to the instant when the fault current passes 
through zero. As a consequence, these results

provide a means against which theoretical models for 
predicting circuit breaker behaviour any be 
critically assessed.

References

1. El-Kholy, S.M.. Hu Weilin, Prasad, A.N. arid 
Jones G.R. (1987). "Optical spectra of SFfi 
circuit breaker arcs during the current zero 
period", Proc. XVIII Int. Conf. on Phenomena 
in Ionised Gases (Swansea), p. 688-9.

2. Pang, M.T.C. and Brannon. D. (1979).
"A current zero arc aodel based upon forced 
convection". IEEE Plasma Trans. PS-7, No. 4. 
pp. 217-29.

3. Frost. L.S. and Lieberaann, K.W. (19711, 
"Composition and transfer properties of SFg 
and their use in a simplified enthalpy flow 
arc model". Proc. IEEE 59. PP. 474 85.

4. Lewis. E. (1987)
"The thermal properties oi an SFg circuit 
breaker arc during the current zero period", 
Ph.U. Thesis, University of Liverpool.

5. Lewis. £., Sh.imm.w. v V. .mil Jones. G.R.
(1985) (i). "The current zero SFg blast arc at 
high di/dt". Proc. Int. Conf. on gas 
discharges and their applications. (Oxford), 
pp. 35-8.

6. Lewis. E.. Prasad. A.N. and Jones, G.R.
(1985). |ii) "Current zero spectroscopy of a 
high power SFg circuit breaker arc". Proc.
Int. Conf. on Gas discharges and their 
applications, (Oxford), pp. 31-4.

7. Shammas. N.Y. and Jones, G.R. (1982), "Total 
radiation losses from SFg circuit breaker arcs 
during the current zero period simulated with 
current zero ramps". University of Liverpool, 
Arc Research Report ULAP-T70.

8 Taylor. S. (1983) "Data acquisition and
analysis of circuit breaker arc measurements". 
M.tng. Thesis. University of Liverpool.

Figure 1 time variation of arc column properties 
(di/dt ) •- 15 A / ( i s  ) .
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Figure 2 Time variation 
Power Input: • 
Power Loss : X

0

of power loss tens 
Qp. at Qg. A Total

°  b o t a ’ l 0(:K-''CO
QP'

Figure 3 Power loss teras vs dl/dt 
(Key as for Figure 2).

Figure 4 Mnyr time constants (r) and energy 
dissipation time sclaes 
• Mayr time constants, low di/rit 
■  Mayr time constants, high di/dt 
0 Present results 
X Lewis (19B7).


