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ABSTRACT

The investigations of a rotating arc discharge in 

stationary Sulphur hexafluoride during the peak current 

and current zero phases of arcing show that it is a 

complex interaction of many primary parameters.

The information gathered from experimental 

investigations leads to some simplifications about the arcs 

aerodynamic and electrical behaviour over a range of arc 

currents (3kA - 18kA), normalised magnetic fields 

(35mT/kA-113mT/kA ) and two different phase angles 

(A7°and 80°). At current zero photographic data helps to 

normalise the arc's conductance and leads to a useful 

comparison between different operations.

Simplifying the arcs behaviour leads to an arc model 

which can describe the arc's aerodynamic and electrical 

behaviour and is sufficiently accurate during the peak 

current and current zero phases of arcing that it can 

predict the thermal performance of the arc discharge for 

different operating conditions.
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1 INTRODUCTION

The successful operation of a circuit breaker requires 

control of the arc discharge during the high current 

phase of arcing and the current zero phase. The 

efficiency of the circuit interrupter can be improved 

if the most influential parameters are identified and 

then improved.

The aim of this work is to investigate those parameters 

which control a magnetically rotated 5Fg arc discharge 

between annular electrodes for one half cycle of 

simulated sinusoidal fault current and the effects upon 

the arc's behaviour of changing such parameters during 

peak current arcing and at current zero.

Those parameters investigated during the peak currrent 

and current zero periods are; the arc current, magnetic 

flux density, the phase difference between the exciting 

current and resultant magnetic flux, rotational 

velocity, the arc length and the critical rate of 

recovery voltage (rrrv) after current zero.

The experimental results are obtained on a model test 

circuit breaker using a tuning capacitive/inductive 

power circuit. The peak current varied from 3 kA to 

18kA and the normalised magnetic flux density changed 

between 35mT/kA and 113mT/kA for two phase difference 

angles (47° and 80°). The static pre-arc pressure did
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not vary from 0.7 atmospheres above ambient.

A pair of parallel voltage probes monitors the arc 

voltage during rotation and an estimate of the electric 

field strength is calculated from these results. This 

information correlates with further evidence obtained 

through high speed photographic methods and other arc 

voltage measurements which enables some simplifying 

assumptions to be made about the electric field.

The shape of the arc during the half cycle is monitored 

by a high speed photographic technique and an image 

converter technique during arcing. The shape revealed 

by these techniques helps to simplify the arc's 

behaviour during the peak period of arcing and is most 

useful for describing the pre-current zero and post 

current periods of arcing. This image converter method 

enables the path of arc reignition to be determined and 

leads to further simplication of the arc's description.

The complex interaction of the magnetic field and the 

arc current is investigated. Although the primary 

interaction of these two parameters is to cause arc 

rotation, there is a secondary interaction which can 

cause arc instabilities. These instabilities occur for 

a particular set of conditions, these are identified 

and the implications of such instabilities assessed.

The non-uni formi ty of the magnetic field within the
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arcing coil is examined with particular attention to 

its interaction with the arc current. Those Lorentzian 

forces arising from the three dimensional orientation 

of both the arc current and the magnetic field are 

assessed and the principle and most dominant forces 

identi fied.

The thermal performance of the interrupter is examined 

and those parameters which have the most influence upon 

it identified and discussed in relation to the arc 

velocity, length, electric field strength, magnetic, 

flux density and phase difference angle. The thermal 

performance results are analysed further and are recast 

and presented in a more convenient form.

To highlight the effects of the major influencing 

parameters upon the arc's behaviour an approximate 

theoretical model using a three zone description is 

presented. The model uses the momentum and energy 

conservation equations to describe the arc column in 

terms of its temperature, area, electric field, 

velocity and its withstand voltage at current zero.

This model is particularly useful because it is not 

only describes the arc's behaviour during the peak 

current period but describes the behaviour of the arc 

at current zero and beyond for various imposed rate of 

rise of recovery voltages (including free recovery 

conditions). Despite the complex interaction of many

3



factors it is possible to derive a model of the arc 

column with a blend theoretical and experimental 

information.
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2.1 GENERAL ARC PROPERTIES

An arc is an electrical discharge sustained by current 

flowing between two electrodes. It has three 

physically distinct regions corresponding to the two 

electrode regions and an inter-connecting plasma 

column. The arc is distinguishable from other 

electrical discharges by the relatively high current 

densities and gas temperature in both the electrode and 

column regions. The only arcs which are discussed are 

the high pressure discharges (i.e. >. lbar).

2.1.1 ELECTRODE REGIONS

Electrode phenomena arc essentially junction phenomena 

associated with the problem of transferring current 

between a metallic conductor, in which electrons arc 

the only charge carries, and a gaseous conductor in 

which charges of both polarity are free to move. The 

two electrode regions, called the anode and cathode 

regions, exhibit similar characteristics of high 

electric and thermal fields, relatively high current 

densities and electrode jets consisting of gas and 

electrode vapour.

The physical phenomena occuring at each electrode are 

different.
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At the cathode, electons are extracted from the 

electrode, rapidly heated and accelerated into the 

arc plasma, whilst at the anode the electrons are 

decelerated, cooled and collected by the anode.

The cathode region is generally more important in 

affecting the column properties than the anode region 

because of the thermal emission processes which affect 

the magnitude of the characteristics already mentioned. 

The voltage potential at the cathode is between 8 to 20 

volts; that at the anode is only 1 to 12 volts and this 

is dependant upon the electrode material (1). These 

potential drops are known as cathode - and anode - fall 

voltages respectively and occur over very short 

distances (10~5 m) (2 ,A) from the electrode surfaces .

The electric field strengths are therefore extremely 

large and are believed to exceed 10^v/m at the cathode 

and 10& - 107v/m in the anode region (2 ).

Another important feature is the high thermal gradient 

which exists because of the difference in magnitude 

between the high temperature in the arc column and the 

relatively lower temperature at the elec todes. It is 

impossible to measure the temperature in these regions 

directly but within a few mean free paths of the 

electrodes an estimate of 6000°k has been made (A). 

However this could be higher if the current flow 

contraction near the electrodes is considered.

6



This contraction causes the temperature at the column 

ends of cathode - and anode - fall regions, to be 

larger than that observed at the arc column axis midway 

between the electrodes (3) and will increase this 

temperature gradient between those fall regions and the 

arc column.

This contraction, due to magnetic pinch forces, causes 

an increase in current density above that observed in 

the arc column. The current density in the cathode 

fall region is about lO^O - l o H  ft/M2 and in the anode 

fall region about 108 -  109 fl/M? (1). The reason for 

the uncertainty in the current densities is because of 

the difficulty in measuring these densities directly so 

that recoarse has to be made to somewhat indirect 

measurement techniques.

The variation in the current density between the plasma 

column and the electrode regions causes a change in the 

radial magnetic pinch force acting upon the arc plasma 

(5) which creates a negative pressure gradient directed 

away from the electrode surface. If this pressure 

gradient is sufficiently it causes gas and electrode 

vapour, formed in high current arcs, to flow in the 

form of jets away from the electrode. This flow can 

cause contamination of the plasma column.
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2.1.2 COLUMN REGION

Transition from the electrode regions to the column 

region takes place through transition or contraction 

zones where the properties are a mixture between those 

seen in the electrode and column regions. Provided 

that the electrode gap is large enough, the formation 

of an arc column occurs relatively free from electrode 

influences. The overall properties of this column at 

high pressure are dominated by thermodynamic properties 

of the host gas. Since the arc plasma may be 

considered to be in thermal equilibrium (but not 

always) (5). The arc plasma properties are then 

governed by temperature and pressure relationships for 

that particular gas.

The magnitude of the electric field and current 

densities can vary in this column region depending upon 

the external constraints imposed upon the arc column. 

Typically the electric field is between lOOv/m - lO^v/m 

(5) and the current density between 106 - 107 A/M2 (5). 

These values are several orders of magnitude lower than 

those occurring at the electrodes.

The external constraints imposed upon the arc column 

gives rise to two types of arcs called axis-symmetric 

and non-axis-symmetric arcs.
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Axis-symmetric arcs have a radial temperature profile 

symmetrical about the arc's axis. Such profiles are 

observed in free burning, wall stabilised and gas blast 

arcs.

The wall stabilised arc is confined by a wall 

surrounding the entire cylindrical boundary of the arc. 

The temperature profile is radially symmetrical with 

the temperature at the boundary being equal to that at 

wall. The principle energy loss mechanism, which 

governs the behaviour of the arc column, is the radial 

energy transport (5).

The free burning arc has no wall constraints and 

simply expands radially outwards until controlled only 

by natural convection, magnetic pumping forces and the 

arc current (5). The temperature near the boundary is 

nearly ambient. Any imposed gas axial flow, supplied 

by external means, will cause contraction of the arc 

boundary because of the forced convection losses (5). 

Provided the flow is laminar then the temperature 

profile remains axis-symmetric (5).

If this imposed flow is directed transverse to the 

col<*^*s then the induced pumping produces internal 

vortices which in  turn cause the radial temperature 

profile to become distorted so that it is no longer 

symmetrical about the arc's axis (5).
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Similar pumping and internal vortices occur if an 

external transverse magnetic field is applied to the 

arc column (5). The thermal and electrical structures 

of the arc column are non-symmetric. The arc column 

bends in the direction of the Lorentz force and if 

there are no external constraints, the arc column moves 

freely under the Lorentz action. Energy is convected 

away by either the arc moving through the gaseous 

medium or the medium flowing passed the arc column (5).

By loosing energy the column is cooled and controlled. 

This control mechanism of convective energy lose is 

utilised in the designs of Commercial circuit breakers 

(5). The most common form of gas filled circuit 

breaker is the method of extinguishing the arc by 

forcing gas axially along the length of the column (5). 

However, recent development of circuit breakers using 

transverse flow and magnetic fields for arc extinction 

has created a new avenue for circuit breaker 

manufacturers and the electricity services.

2.2 SULPHUR HEXAFLUORIDE FILLED CIRCUIT BREAKERS

SF£ circuit breakers operate on basically the same 

principle as air blast breakers which is to control and 

condition the arc discharge during the high current 

phase of arcing in preparation of exstinction at 

current zero.
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I t  is only in the methods used in achieving this aim 

that there is considerable research activity on the 

part of Industry and Universities.

There are two broad categories - that using an axially 

blow arc quenching technique and that employing 

transverse flow and magnetic fields aided quenching. 

Axial blown arc devices can be subdivided into 

"mono-blast", "duo-blast", and "puffer type" arc 

interrupters (4).

2.2.1 TWO PRESSURE MONO-FLOW INTERRUPTERS

Operation of two pressure, mono-flow circuit breaker 

requires the transfer of gas from a high pressue 

reservoir to a low pressue tank. This gas flow is 

coaxial with the arc discharge and passes through a 

nozzle or an orifice, which causes axial acceleration 

of the flow (57). The constraining influence of the 

nozzle or orifice produces an increase in pressure 

gradient at this point (57).

The essential geometric difference between a nozzle and

an orifice is the profile. A nozzle has a slow

divergent contour down stream of the throat which is
• * *

not present for an orifice (57) also the orifice tends 

to have a shorter upstream inlet region. These 

contours affect the flow conditions which inturn 

influence the arc's electrical. This behaviour is now 

summarised.
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ft nozzle used to constrain the flow in this type of 

interrupter has a steep angle at the inflow end of the 

nozzle and a more gentle outflow angle. The first 

effect of the nozzle produces a converging subsonic 

accelerating flow towards the throat of the nozzle, 

whilst the outflow angle casuses the flow to decelerate 

and diverge becoming supersonic (57). Constraining an 

arc discharge in such a flow causes the arc's diameter 

to vary axially. This variation in arc area alters the 

electrical properties of the discharge which arc 

manifest as a change in current density, electrical 

field strength and temperature profile (57). These 

properties are most affected at the throat of the 

nozzle where the axial acceleration and axial pressure 

gradient ( Sp /  Sz ) arc maximum (57).

The oriface arc is constrained in a similar way to the 

nozzle arc. The flow is accelerated more forcibly in 

the oriface and the resultant pressure gradient 

increase is greater. The dominant energy loss 

mechanism in the high pressure upstream region is the 

kinetic flow, whereas downstream of the throat radial 

convection dominates because of the kinetic energy flow 

and radially expanding arc core (57). However, for the 

nozzle arc because of the divergance in the downstream 

section, the important losses are due in part to 

turbulent effects (57).

12



2 . 2 . 2  DUO-FLOW INTERUPTERS

In duo flow interupters the arc burns between two 

nozzle shaped electrodes. The central portion of the 

arc column which lies between the two electrodes is 

subjected to a radial flow which then flows through 

each nozzle electrode. The centre of the arc discharge 

is exposed to the highest pressue. At the throat 

region the electrical properties are greatly affected 

causing an increase in current density, electric field 

strength and axis core temperature.

The existance of a large axial pressure gradient and a 

high arc core temperature causes a strong axis 

acceleration of the arc plasma. The resultant axial 

plasma flow is maintained by a cold radial gas flow 

into the arc. The entrained gas is heated by heat 

exchange and absorbing radiation.

The principle energy loss mechanisms are convection 

processes at the central region and straining 

conduction and turbulent processes in the nozzle throat 

regions of the arc column. The properties are similar 

for both mono and duo flow interrupters but with a duo 

flow system there is twice the flow of a mono system.
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2 . 2 . 3  PUFFER INTERRUPTERS

Whereas a two pressure interrupter always has a 

pressurized tank of gas, the Puffer breaker generates 

the pressure needed to cause gas flow through the 

nozzle just prior to the instant the breaker is 

required to operate. This flow can be generated by 

either using a piston arrangement or a 

self-pressurising technique.

The piston method relies upon the opening mechanism to 

move a piston arrangement causing a pressure rise in an 

enclosed chamber. The gas is then released through 

exhaust ports and flows through a contoured nozzle 

co-axially with the plasma flow. The nozzle is 

designed to give similar flow conditions which exist in 

a two pressure arrangement, ensuring that the flow 

upstream of the throat is converging and accelerating.

The effects of these flow conditions upon the arc's 

electrical proper ties is similar but not identical to 

that of the two pressure system and are greatly 

affected by conditions at the nozzle throat.

The self pressurising circuit breaker relies upon the 

arc heating of the gas in an enclosed volume to 

generate the required pressure to sustain a nozzle 

flow. This flow contributes in a major manner to the 

energy loss from the arc column.
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2.2.4 ROTATING ARC CIRCUIT BREAKER

Previous circuit interrupters have used the principle 

of axially cooling the arc by an accelerating flow 

through a nozzle or orifice. The concept of a rotary 

arc circuit breaker differs from the axial 

configuration in that the gas flow is transverse to the 

arc column. The gas flow can either be induced by 

external means or can be a relative flow with respect 

to a moving arc column. The simplest possible 

arrangement for circuit breaker use is an arc rotating 

under the influence of a magnetic field. Under the 

action of the magnetic force the arc rotates through 

cool gas, the energy from the arc heats the cooler gas 

consequently extracting energy from the arc.

There are three practical electrode arrangements which 

can be used in rotary arc in te rrupters; these consist 

of parallel ring electrodes, cylindrical electrodes 

positioned co-axially one inside the other and the 

third a similar co-axially arrangement but the inner 

electrode is positioned at the entrance plane of the 

outer ring electrode.

The interaction between the arc current and applied 

magnetic field gives rise to a lorentz force which is 

orthoganol to both arc current and magnetic field.
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The arc column moves into the cool gas in front of it, 

heating the gas and leaving a relatively warm area 

behind the arc, called the wake. This wake is 

dissipated mainly by turbulent mixing with the 

surrounding gas.

The removal of energy from the arc column through 

forced convection controls and conditions the arc 

discharge in preparation for current interruption at 

current zero. However, the arc columns interaction 

with the surrounding mediumn and applied magnetic field 

is complicated as described in chapter 5. A major 

requirement for circuit interruption is the ability to 

control and condition the discharge. Cross flow arc 

control has only been recently introduced as a means 

for circuit interruption. Previously such arc control 

was used in arc heaters which utilised d.c. rather than 

a.c. control. Consequently investigations reported in 

the literature are mainly for direct current, steady 

state arc conditions with few specific application 

mentioned about circuit breakers. However, recently 

this technique has been adopted by a number of 

switchgear manufacturers for circuit interruption, but 

no indication of the major factors nor any theory 

describing the interrupters thermal performance has 

been reported.

16



Theories describing axi-symmetric arc behaviour are 

well documented but clearly show that formulating a 

rigorous model is extremely difficult even for this 

relatively easier situation. Selected theories are 

discussed in the next section. Non-axisymmetric arc 

behaviour is also discussed for various combinations of 

magnetic and flow fields.

2.3 AXI-SYMMETRIC ARC THEORY FOR CIRCUIT BREAKER 

ft description of arc behaviour in a circuit breaker 

environment is facilitated through the establishment of 

an arc model. Cassie (6 ) in 1939 first proposed such a 

model. Several other arc models, each becoming more 

sophisticated in their physical representation and 

mathematical complexity, have been developed.

This review discusses the earlier models of Cassie,

Mayr and Browne (6,7,8 respectively) and the subsequent 

modification introduced by Frind (9,10) to Mayr's 

model. Departing from these traditional models, the 

discussion follows the development of those models 

using boundary layer analysis which significantly 

altered the theoretical description of the arc. Such 

models were developed by Swanson and Roidt (11-17), the 

Brown Boveri group (21-26), Lowke and Tuma (27-33) and 

an integral analysis method proposed by Cowley and Fang 

(34-40).
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Two good reviews have been published in the past by Lee 

(41), covering the earlier models from Cassie to 1939 

to 1969, and by Fang (42) discussing the boundary layer 

approach to modelling the arc's behaviour from 1970 to 

1982.

Common to most high pressure arc models is the 

assumption that the conductivity of a given gaseous 

medium is a unique function of temperature and 

pressure. Experimental evidence suggests that this a 

valid assumption for most (but not all) operating 

conditions particularly if the medium does not become 

contaminated by electrode vapour. Therefore the 

proposed models only describe the arc column behaviour 

and usually neglects electrode effects. For various 

proposed arc models specific assumptions have been 

introduced to simplify the mathematical difficulties 

and the complex physics.

2.3.1 CASSIE'S MODEL.

Cassie's model was published in 1939 (6 ). From a 

mathematical and physical point of view this model 

involves three basic assumptions:

(i) The temperature within the cylindrical arc 

column is uniform with a finite electrical 

conductivity inside the column and ambient 

outside. The energy density per unit volume (q) 

is constant.
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f i i  ) Changes in the total current supplied by the

external circuit are accommodated by a change in 

the arc cross-sectional area (ft).

( H i )  The power dissipated per unit volume (N) from 

the arc column is proportional to the cross- 

sectional area (i.e. N = Xft, X = const)

The resulting theoretical description for the 

electrical behaviour of the arc discharge is;

(2.1 )

Where 8C= Cassie time constant =X/q ; e = instantaneous 

arc voltage and E2Q = \ / o =  steady state voltage

The advantage of such a model is the ease of use and 

understanding. However the model has serious 

misleading implications for the arc's behaviour at 

current zero. The constant electrical characteristic 

(E0 independent of I), constant energy densites with 

the arc and the dominance of convection losses lead to 

a good qualitative description of the arc during the 

peak current regime but during current zero this is no 

longer true.

This deficiency became apparent and a newproposa1 by 

Mayr  was published.
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2.3.2 MAYR'S MODEL

Mayr's model is essentially for low current arcs where 

conduction rather than convention dominates. Mayr 

assumed that:

(i) The cross-sectional area of the arc column 

remains constant.

(ii) The arc temperature changes to accommodate any 

change in the arc current. This temperature 

change causes the electrical conductivity (g ) to 

change according to the Saha's equation.

cr = c o n s ta n tT 3/4 exp^-oc" /T^ (2 .2 )

Where a = gas constant and j= temperature

( H i )  The stored energy per unit volume (q) is

independant of arc geometry and is only a weak 

function of temperature. This leads to the 

result that the stored energy per unit length 

(Q) is constant (Q 0 ).

Mayr's equation for the electrical behaviour of the arc 

is given as;

R i  f■  J-n = J-f- W - 1] l2-3 >d l l _  R J 8m|_. N
0

Where 0W = Mayr time constant = Q 0 /No; W = energy inpu t

The time constant ®m is the ratio of stored energy iQ 0 j

to dissipated energy (No) and is constant because of 

the initial assumptions.
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Essentially with the assumptions of constant 

cross-sectional area and temperature variation, this 

type of model describing arc behaviour is a thermal 

conduction dominated and is useful in describing the 

low current, current zero period of arcing. Difficulty 

arises after current zero, when determining whether or 

not reignition has occured, since the ultimate sign is 

an increase in arc area. Mayr's model will not 

demonstrate this phenomena because temperature rise by 

itself is not sufficient to indicate that reignition 

has occurred.

The parameters E0 and No in both the Cassie and Mayr 

models respectively, are quantities which depend upon 

the geometry and flow conditions existing within the 

arc device. The time constant Q, is dependent upon the 

nature of the surround mediums and the dissipation 

term, X or No (Cassie or Mayr model respectively).

The Cassie and Mayr models are useful for obtaining 

qualitative descriptions of the a r c ’s electrical 

behaviour if used for the peak current regime and 

current zero regime of arcing, respectively. Browne 

(8 ) produced a composite model which combined both 

models each describing the arc's behaviour during a 

particular phase.
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2.J.3 BROWNE'S COMPOSITE MODEL

Browne's method used Cassie's description before 

current zero and Mayr's afterwards, linking the di / ^  

before current zero with a ^ v/(jt afterwards.

Applying a current ramp waveform (I(t) = Icot ) to 

Cassie's model modifies equation (2.1) to;

r  i  “i 2- r■ j- n 2 r- KDn
L r2J 0c L. r2J = 0c L

(2.4)

The resistance of the arc column at current zero is 

described in terms of the arc voltage (EQ ), the peak 

current (I), the circuit frequency (<*>) and the arc time 

constant (8C ).

R
o ¿2 E

I 000c

(2.5 )

The arc resistance at current zero is used as a 

starting condition in Browne's modified Mayr equation. 

Imposing a restrike voltage after current zero modifies 

the Mayr equation to:

H R 1R e!  (o (2.6 )
dt 0m

Qo
a n d h a s the general s o l u t i o n

ts'
R = exp

( f- ) Ro - - L _ E2 (i) exp /-_L_ \ dt
V 0m ) N 0m0 > \ 0m /

o -1
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The arc resistance after current zero (2.7) is a 

combination of the supplied restrike voltage and, most 

important, is related to the current zero arc resistance, 

hence is a function of di/dt.

For successful arc reignition the differential of R in 

equation (2.7) must be negative. Using a linear voltage 

ramp for E (t), the critical restrike voltage is,

This useful expression for circuit breaker design has the 

disadvantage that E0 and N 0 are dependant upon geometry and 

imposed flow conditions and 9C , 9m arc gas dependant 

quantities. The effect of these dependencies upon the 

above parameters must be known before equation (2 .8 ) can 

be fully utilised for predictive purposes.

2.3.4 FRINDS EXTENSION OF MAYRS MODEL

Frind proposed the use of a modified form of the 

Elenbans-Heller equation (2.9). Using a relationship 

between electrical conductivity and the heat flux derived 

by Maecker (4.3) (2.19)

( 2 . 8 )

2 dc dT 
p dt 0 (2.9)

and son =j
T
kOOdt ( 2 . 1 0 )

0
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Mayr's time constant becomes for a thermal conduction 

cooled arc,

(2.4)2 k

Where K = thermal conductivity and r0 = arc radius

This modification although dependant upon geometry suffers

from the same difficiencies as the Mayr model.

Although Frinds time constant agrees reasonably well with 

those measured experimentally by Yoon and Spindle (44) for 

SF^, the agreement with air is poor.

s f 6 AIR

0 . Calculated (9,10) 1 .3 3

0. Measured (44 ) 0.8 80

Despite the obvious simplicity of such models they were 

to be replaced by methods using boundary layer 

analysis. It was hoped that these models would over­

come the difficiencies of previous models.

2.3.5 SWANSON AND ROIDT'S ARC MODEL

Swanson and Roidt's new approach for the arc's 

description takes the radial variation of properties 

into account. The energy equation is derived from 

conservation considerations and is given by,
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Thermal Storage Radial Convection Axial Convection

p 5h 
St

+ p U Sh 
Sr

+ pWaSh
Sx

Expansion 
1

cooling
1

Radiation 
1 1

Radial
1

diffusion
1

1

1 V 5 p

\  I w d n  
) dx
T - 1

1

-  Q(P,T) + 1 5 T r (
r  Sr

i

' t  ♦ p< cm
Pr Pr t •

\ 5 h
/ S r

Joule heating

2
crE (2 .1 2 )

This equation written in the above form is essential

incorrect. This is a result of expressing the thermal

storage term as P iL !l , correction to the equation is
St

possible in two ways. The first requires changing the
gy

thermal term to an<^ ^be second removal of the

expansion cooling term. However , the influence of 

this e r r o r  has been lessened because one or both terms 

have been neglected during further analysis.

The method of solution adopted requires that during the 

peak current regime, the arc temperature remains 

constant and changes in thermal storage are effected by 

arc area changed, the energy conservation is 

simplified, under this assumption, neglecting parts of 

the thermal storage terms which are influenced by 

temperature changes. This is expressed more formally 

as;
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and

The energy equation can now be simplified to

Y5R4 + 6R_4 + ¡;R4 _ C K O (2.15)
61 6x

Swanson and Roidt solved equation (2.15) for a linear 

ramp towards current zero. However, difficulty arose 

when current zero approached since the losses 

attributed to conduction and turbulence became more 

effective than other losses. The simplifying 

assumptions (2.15 and 2.14) were revised.

Essentially equations (2.16) and (2.17) imply that any 

change in thermal storage is due to a change in 

temperature rather than arc area.

(2.16)

and

(2.17)
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Experimentally this is not true because Walmsley (47) 

and Lewis (48) have observed relatively rapid changes 

in the arc area within four micro-seconds of current 

zero (0.6 mm2 / ps for di/dt of i 4 / 1 / | y s j .  Within the 

same time period, Smith et al (49) recorded a decrease 

in arc temperature from 8700° k to 7100° k, a substantial 

change.

ft further two assumptions are used to obtain a soluble 

energy equation. The first is the introduction of the 

heat flux potential (S), and the second is the 

assumption of a Bessel function profile of S . The 

latter may describe the temperature profile before 

current zero but afterwards there could be a large

deviai i on away from this because of relati vely large

change s in arc temperature compa red to sma 11 ch anges in

arc ar ea (42)

V5S2 +
2

6S +
2 *  2 

ÇS = C 1 ( t ) (2.18)
<5t 6x

Equati on (2.18 ) is solved for a linear voi ta ge ramp

after cur ren t zero Swanson (17). The ra te of rise of

recove ry vol tage (RRRV) predicted by Swans on an d Roidt

did no t agree wi th experimental results bu t adj ustment

of a turb ulence pa rameter led to an improved ag reement.
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This disagreement is not entirely due to the incorrect 

modelling of turbulent effects but is more probably due 

to the effect of the current assumption about arc area 

(SA/6t = 0 ).

Despite problems with this model it did lead to a 

furtherance of the art of modelling by using boundary 

layer analaysis techniques to describe electric arc 

plasma columns. However Swanson and Roidt used the 

over-simplified assumptions of Cassie and Mayr about 

arc area and temperature at current zero, although in a 

slightly modified way.

2.3.6 BROWN BOVERI GROUP MODEL.

This model was proposed by the BBC group after 

extensive experimental investigations on arcs in gas 

flow (21-26). ft two zone approach has been adopted 

describing the high temperature conducting arc and the 

cold gas regions. To simplify the arc model, these 

zones are sub-divided into two categories, upstream and 

downstream, and further assumptions are introduced.

For the upstream region these are:

(i) ftxial heat conduction is neglected compared to 

convection.

(ii) In the momentum equation, only the most dominant 

term is included.
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(iii) The radial pressure gradient is constant across 

the boundary region of the arc and the cold gas 

region and this is small compared to that in the 

axial direction and is therefore neglected.

The implications of this is that the axial pressure 

gradient determines the axial velocity component and 

that radial momentum need not be considered. However, 

the radial velocity is determined by the mass balance.

In the downstream region additional effects have to be 

included, which are:

(i) The temperature distribution is axisymmetrical 

but is dependent upon axial position (Z):

(ii) For supersonic flow velocities within the nozzle 

the kinetic energy of the gas contributes 

significantly to its total energy content but 

the contribution to the overall kinetic energy 

of the radial velocity component may be 

neglected:

(iii) The terms describing the radial flow of heat and 

the axial momentum contain contributions due to 

turbulent mixing effects.
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The physical quantities used in the energy, mass and 

momentum equations are radially averaged but have an 

axial variation (this requires a knowledge of the 

temperature distribution within the arc). Integrating 

these equations over the cross-sectional area of each 

zone produces the following equations:

ARjj ZONE 
d (m i h1) o

+ qh(rt ) = IE -  2 a r t W -  U 1 e n e r g y  (2.19)
dz

d (m tv ) 

dz
+ qv(r ,) A i i!E.

dz
2 ^ . ^  S AXIAL MOMENTUM (2.20)

dm.

dz
MASS ( 2 . 2 1 )

COLD GAS ZONE 
0

d(m h ) o
------ 2_2_ + qh(rt )

dz
IE 2 n r ( W - U ENERGY (2.22)

d(m v )
------ — —  + q v ( r )  —

dz
-  A 2^P

dz
2 a r i S AXIAL MOMENTUM (2.23)

dm , 

dz

Where,

= q MASS (2.24)

m i = P ,v z1 ; m 2 = P2v z2 A 2 ; q = 2 a r 1p ( r l ) vr ( r )  -  vz( r ) S r 1 

Sz

(2.25)
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and,

Arc cross-section:  A. = n: r 2

Cold gas flow cross-section: A 2
- 2

Stagnation point enthalpy:  h =  h +  v /2  

radial heat flux across the arc boundary:

(2.26)

W ( k + k t ) d T

dr J r ,
radial flux of axial momentum across the arc boundary:

The method of solution for equations (2.19-2.26) is 

given by Hermann et al (22). The model shows that 

there are three different types of radial energy 

transport from the arc to the surrounding region which 

are radiation, conduction and turbulent mixing.

However, only a small fraction of this energy increases 

the cold gas velocity (i.e. kinetic energy). The 

largest fraction is used to raise the temperature (i.e. 

enthalpy) of the radially inflowing gas to the arc 

region from the surrounding cold gas region. As a 

result the rate of radial mass inflow is limited by the 

magnitude of the radial energy flux.

The elementary processes are coupled to one another.

The radial transport of energy determines the axial 

variation of the enthalpy stagnation point and 

therefore the arc temperature.

s ( n + n t ) d v z
dr r

—  1 1
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This temperature together with the arc radius determines 

the radial temperature gradient and as a result, the 

radial energy flux. The radial mass flow (-q) 

determines the axial increase of the axial mass flow in 

the arc.

The assumption imposed by the authors limits the use of 

the model. The temperature and velocity profiles are 

assumed to be the same shape, although allowed to vary 

with time both in radial extent and magnitude this 

affects the predicted RRRV characteristic. Treatment 

of the arc properties as being axially uniform makes it 

difficult to estimate the effect of turbulence.

Finally there are six parameters ( two radiation 

parameters, effective arc length, two turbulence 

parameters and the ratio C/p0 for the pressure 

distrubution) which are difficult to calculate either 

from experimental results or by theoretical arguments.

2.3.7 THE LIVERPOOL-CAMBRIDGE ARC MODEL

A more general and rigorous approach to arc modelling 

was adopted by Cowley (36) in 1974. This analysis is 

the boundary layer integral method which rigorously 

formulates the arc conservation equations of mass, 

momentum and energy together with the external flow 

equations in a non dimensional form.
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I n  the model three regions are considered:

(i) The arc core (electrically and thermally

conducting):

(ii ) The thermal area (thermal conducting only):

( H i )  The external flow (external flow conditions):

The main assumption, applicable to all three regions, 

is the similarity between the radially integrated 

properties of various types of arcs. This eliminates 

the need for a detached knowledge of the radial 

structure of the arc, once scaling laws for the various 

integrals have been established. The methods also 

lends itself to the mixing of theoretical arguments and 

experimental considerations such as the description of 

change in radiation loss from electrode contamination.

The various radial integrals of various arc plasma 

properties are expressed as "Characteristic areas", as

defined in table (A.l) Jones and Fang (57).

The integral arc and external flow equations then become

MASS

i  pm ( A -  V  ♦
f i t  L J

p v (A -  9 ) —  fe e »  d 0 (2.27)
6Z L
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MOMENTUM

8

si P VCD DO (er  V pm es 6v-DO 
81 6 z

/ *  * 2 „  (p V 0
m

V p 0 DO CD S 6v-DO
5 z

= M|2 5_ (1 n0B)
8 a 8 z (2 .2 8 )

OVERALL ARC ENERGY

* *

St L 

.***

ph0 + 1/2p v 2 0 + 1 /2p V2 (0 - 0 )
A ™ CD DO S dm PQ>0s i ( h co+ 1 / 2 $  +

6t

^_(ph*0h + 1 /2 pV *0 )
8 z ke Sz

El _ Q 0,

(2 .2 9 )

CORE ENERGY

8_
61 ph(J>A + 1 /2 p V2 <i) + p(4>, - 0£)5_(h. + 1/2V.2 ) -

1 6 St

St 6z
* * *
phv<t>. + i /2 p v34>

ke + p( -  <J> )5_(h. + i /2v.2 ) 
1 s S z  1 1

Pm v |_ ( h DC>+ 1 / 2 ^
8z

- 2 ah(k/Cp)Nu + 2 ar|*v|CT1 + El

(2 .3 0 )

CONDUCTANCE

SE0c (2.31)
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EXTERNAL FLOW

0 (2.32)

Where, <{> represents the characteristic arc core areas,

H i s  viscosity,

Cn i s  the friction factor,

IMu i s  the Nusselt number.

Subscript " a> " and "I" represents cold flow and arc 

core edge respectively, Superscripts represents

characteristic values.

Equations (2.27 - 2.32) are in a general form which can 

be simplified and applied to a specific situation 

depending upon the constraints imposed upon the arc 

column. The set of equations are closed by shape 

factors which are related to the thermal area of the 

arc (i.e.Aa~ B^/Bq where a  represents any subscripts 

given in table A.l ). These shape factors reflect the 

influence of the shape and magnitude of temperature and 

standard velocity profiles (but not there radial 

extent). The actual velocity profile is related to the 

standard profile V (r,x,t) through the velocity 

magnitude factor (g).

v -  v.DO 9<v, -  VB>> (2.33)
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The shape factors calculated from the standard velocity 

profile are knowi\as primary standard shape factors and 

are assumed to be uniquely related to the shape factor 

correlation parameter X . A proper choice of X leads 

to a universal relationship between shape factors and 

the correlation parameter. The success of the integral 

method is largely dependant upon this assumption and 

the unique relationshipAa l = f ( 'X ) '  f o r  any type of arc 

(34,37). Work carried out on computer simulated arc's 

(52,53) and experimental results (54) indicates that 

this is true if the Nusselt number (Nu) is chosen as 

the correlation parameter. However, the choice of 

dynamic power loss and arc conductance per unit length 

as correlation parameters are unsatisfactory for 

predicting the transient arc behaviour (18,19,20).

From the conservation equations a simplified model for 

the current zero can be formulated by assuming 

negligible radiation loss and known pressure 

distribution (®^<<A). A single non-dimensional 

equation results (2.34) which can be solved with a 

linear current ramp before current zero and a voltage 

ramp afterwards.

1  £ _
vtx>ST

where <X = A/A t> 

overall area.

Af-= the throat area,

I2

A c cx/j  (2.34)

0  - non-dimensional
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This model is sufficiently detailed to give information 

about the electric field strength, thermal area, 

conducting radius and the influence of current 

distortion prior to current zero due to circuit 

interation. f\ similar dependence is predicted of the 

RRRV upon di/dt and ambient pressure (P0 ) as 

experimentally observed. This model (2.34) is not 

likely to be accurate at high value of di/dt's nor at 

high pressures.

2.3.8 CONCLUSIONS

Despite the large amount of experimental information 

about axi symmetric arcs there is no totally 

satisfactory arc model yet available. Each author is 

forced to make resource to simplifying assumptions 

about describing the a r c ’s behaviour in axial flow. 

However the models describing the arc's behaviour have 

become sufficiently rigorous to allow qualitative 

description of the arc's steady-state and transient 

behaviour.

Replacing the axial gas flow with mutual orthoganal 

magnetic and flow fields considerably changes the arcs 

behaviour. Such arcs have distorted electrical, 

thermal and plasma flow fields which may show 

departures from symmetry about the arc's axis. The 

theoretical description of such arcs is extremely 

difficult because of the non-symmetrie profiles and
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until the present work was limited to the steady state 

description.

Such arcs in transverse field are considered further 

and methods of solution of cross flow arc equations are 

discussed.

2.4 NON-ftXISYMMETRIC ARC BEHAVIOUR AND THEORY

2.4.1 ARC DISCHARGE ENVIRONMENTS 

Interest has increased in the various technical 

applications of an electric arc discharge in crossed 

convective and magnetic fields. This has created a 

demand for the development of a sufficiently accurate 

arc model which would enable the a r c ’ s behaviour to be 

predicted under various imposed conditions. ftpart from 

purely scientific interest, a study of this type of arc 

discharge is desirable in view of its applications in 

many kinds of power devices such as switchgear, gas 

heaters, arc furnaces, welding apparatus, plasma 

torches etc.

The importance of high pressure arcs in transverse flow 

and magnetic fields has been the subject of 

experimental and theoretical investigations. Review by 

Uhlenbusch (55), Stablein (56) and Jones and Fang (57) 

give a good overall view of experimental and theoretical 

investigations of the arc discharge under the influence 

of either transverse magnetic fields only, imposed

38



cross flow only or a combination of mutually or thoganol 

transverse magnetic and flow fields.

Free from electrode effects and constraining walls, the 

arc column responds in a number of ways to  any imposed 

condition. An imposed magnetic field would cause the 

arc column to bend and move in the direction of the 

Lorentz force (J_ x B  ̂ ( f  i g .2 .1), Gas flow opposing the 

Lorentz force will retard the movement of the cloumn 

eventually producing a straight column when the net 

force is zero ( f i g . 2.2 ). Increasing the flow even

further or removing the magnetic field causes the arc 

column to bend and move in the direction of flow ( 

f i g . 2.3 j .

The arc's aerodynamic, electrical, plasma flow and 

thermal structures are also influenced by the external 

conditions. Experimental and theoretical 

investigations have been concerned with examining the 

electrical and thermal structures of the arc, the 

induced plasma motion within the arc column, the 

interaction of the arc plasma with the surrounding gas 

and electrode influences upon the a r c ’s movement.

2.4.2 ARC COLUMN BEHAVIOUR

Subjecting an arc to cross flow or a transverse 

magnetic field causes disturbance of the internal 

plasma flow within the column and subsequently alters
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the electrical and thermal profiles. ft wall stabilised 

d.c. arc exposed to a transverse steady state magnetic 

field exhibits plasma disturbances under the action of 

a L orentzian force ( J x &).

This force causes mass to flow in a plane perpendicular 

to the arc's axis and results in a convective energy 

transport mechanism distorting the previously 

symmetrical temperature profile in the direction of the 

Lorentz force (55,56). The induced flow within the 

arc plasma forms a double vortex whereby mass is 

transported back from the leading edge of the arc 

boundary (upstream) through the relatively cooler gas 

near to the impervious constraining wall and re-enters 

the arc at the opposite side (downstream) (figure 2.4). 

ft similar plasma flow occurs within free burning arcs 

exposed to balanced magnetic and gas flow fields.

The formation of vortices within the plasma of an arc 

balanced in mutually or thoganol transverse fields was 

first thought to be determined by the Reynolds number 

of the external flow (Malgham and Benenson 6 6 ) but this 

was replaced later by a parameter (P) relating the 

magnetic forces to viscous forces (Fischer 62). For a 

balanced arc column sustained between two electrodes 

neglecting electrode effects, this votices parameter 

is,
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P = \B_
nu (2.35)

Where, I is the arc current, B applied magnetic field,

^  i s  visocity and U is flow velosi ty.

Vortices formation is favoured by either large arc 

currents and magnetic fields or low flow velocities and 

low viscosity (i.e. low temperature at the arc 

boundary). For low values of P the external flow 

partially penetrates the arc column and the temperature 

isotherms elongate in the direction of imposed flow.

If P is large then a double vortex is generated (fig 

2.4) and the isotherms extend laterally outwards 

perpendicular to the incoming flow.

For weak or no external magnetic field the self magnetic f i  

of the arc is important in determining the existance of 

back flow. Fischer (62) showed this new parameter (P') 

to be,

(2.36)

where d is the maximum displacement of the arc centre 

line from the electrode centre line and D is the

effective diameter. This parameter of Fischers is 

similar to that used by Uhlenbush (55).
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(2.37)

*

Where r represents arc column displacement, L arc 

length and D arc diame terj m eow \ v is e c ltU .

Equations (2.36,2.37) represent the ratio of the self 

magnetic force to friction force, formation of a double 

vortex being favoured by a large arc current, a large 

arc deflection, small flow velocities and small arc 

diameters. A further condition for the formation of 

vortices, although implied in equation (2.36) but 

explicit in equation (2.37), is that the arc length (L) 

must be greater than the arc diameter (D).

Such flows within the arc plasma disturb the isothermal 

and electrical structures of the arc. Experimental 

observation of these structures were undertaken by 

Baker and Benenson (67) and Sebald (6 8 ). Although 

they used different gases their results showed 

remarkable similarity between the two thermal 

structures. They show a lateral broadening of the 

temperature profile indicating the presence of back 

flow and calculating the back flow parameter (P) 

confirms this observation. Sebald (6 8 ) thus calculated 

the flow field from his temperature profile which 

clearly demonstrates a double vortex ( f ig .2 .4J and two
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stagnation points. These stagnation points occur 

upstream and downstream of the arc column. The flow 

lines terminate and originate at these stagnation 

points separating the vortices from each other and also 

from the by-passing external flow.

Further observations show that the external flow 

circumvents a region which far exceeds the luminous 

region of the arc column. This circumvention caused by 

the generated mass flow alters the arc's shape from 

circular to that of an elipse so altering the flow 

resistance of the arc column, which can nolonger be 

considered as a cylindrically heated solid body in a 

flow.

Plessl (69) examines an arc which is curved into 

approximately a semi-circle and rotating through 

stationary gas (f\Q.2.5). The temperature distribution 

was determined by spectroscopic means without resorting 

to symmetrical properties but considers the local 

thermodynamic equilibrium deviations. The 

distrubutions obtained by Plessl ( f i g . 2.6. ) show a 

deviation from radial symmetry as a result of movement 

through the surrounding gas medium. An increase in the 

arc's velocity causes further deformation and the 

isotherms which extend further in the direction of the 

Lorentz force becoming more compressed at the leading 

edge of the arc column.
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fi maximum plasma temperature of 4200°k was ovserved for 

a gas mixture of 40% hydrogen, 60% nitrogen.

fin increase in the rotational velocity did not cause 

the maximum arc temperative to change, however, the 

electric field strength decreased from 90 v/m to 76 v/m 

for rotational frequencies of JO Hz and 60 Hz 

respectively. The implication of this constant 

temperature and decreasing electric heating power is 

that reduced cooling occurs with increasing velocity. 

This reduction in arc cooling is accompanied by an 

increase in the total electrical conductance of the arc 

mainly caused through the cross-sectional area of the 

discharge increasing with the speed of rotation.

The plasma flow field in this experimental arrangement 

is extremely complex and is a result of the interaction 

of the arc plasma with the surrounding stationery gas 

and applied magnetic fields. Figure ( 2.6. ) show

that the flow field is composed of 6 votices and 6 

stagnation point. This is a result of three basic 

processes.

(i) a mass flow through the arc in the direction of 

deflection caused by inhomogeneous heating due 

to the arc's curvature

(ii) a closed double vortex in the cross-sectional 

plave of the arc caused by the rotational

movement

44



+
+

FIGURE 2.1. Lorentz Force Control OnTu.

T V

FIGURE 2.2. Lorentz And Gas Flow Control.

FIGURE 2.3. Gas Flow Control.



id) ♦ Stagnation Temperature
point * maximum

0 Centre of —  Arc boundary
vortex

FIGURE 2.4. Double Vortex Formation.



c
I
I
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FIGURE 2.6, Flow Calculations.



(iii) the decay of unstable shear layers in the flow 

field, which causes the formation of a further 

two additional pairs of vortices (69)

From the flow field it can be seen that cool gas is 

entrained on one side of the arc and emerges at the 

other side aligned with the apparent external flow.

The complexity of the plasma flow structure and the 

entrainment of the external flow for low current arcs 

causes changes in the arcs thermal structure and 

cross-sectional area. There are no similar results 

available for the behaviour of high current arcs, 

however the same changes in the thermal structure are 

likely but with reduced flow entrainment. These 

changes alter the areodynamic behaviour of the arc 

column.

2 . 4 . 3  ftEKODYNftMIC PROPERTIES

For arcs of sufficiently high current, external flow 

and magnetic field the plasma column's behaviour is 

similar to a heated solid current carrying rod of a 

specified characteristic diameter because the external 

flow circumvents the arc's boundary and of course 

alters it's internal structures. The control of the 

arc column, in either a balanced confiruration or an 

arc rotating through stationary gas may be described 

through a consideration of the momenteum conservation.
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This involves two forces, the magnetic driving force 

and the retarding drag force. The magnetic force per 

unit length of arc column is given by reference (69) as

F = IBSinG (2.38 )

Where I is the arc current, B the applied magnetic 

field and Q the angle between the current direction and 

the applied magnetic field. The opposing drag force 

per unit length of arc column is (55).

(2.39)

Where Cq is the drag coefficient, D the characteristic 

arc diameter perpendicular to the flow, p is the 

density of the surrounding flow and is the velocity

of the gas relative to the arc column. For steady 

operating conditions, this relative velocity maintains 

a straight arc under balanced flow-magnetic conditions 

or controls the arc velocity for a quasi steady arc 

magnetically rotating through the stationary gas. This 

velocity is related to other areodynamic and electrical 

properties through equations 2.38 and 2.39. 

i . e.

(2.40)
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i s  proportional to theThus, the magnitude of 

square root of applied magnetic field and arc current 

and inversely proportional to the square root of the 

drag coefficient arc diameter and mass density of the 

surrounding gas. Guile et al (72) proved the 

functional relationship between U^  and B but could not 

obtain the same dependence between U^ and I. This 

descrepency arises from the accompanying increase in 

arc diameter with increasing arc current and if this 

factor is considered then I and D have the correct 

functional influence upon . The drag coefficient is 

not an independant variable but affected by the degree 

of interaction between the arc plasma and the 

surrounding gas. ft comparison between this coefficient 

for low current arcs and that for cylindrical bluff 

bodies ( f i g . 2.7 ) shows good correlation for low

Reynolds number. However for large Reynalds number 

(strong flow conditions) the drag coefficient for an 

arc corresponds to that of an elliptical body in a 

similar flow. This elliptical arc shape was confirmed 

by Roman and Myers (70) even for low current arcs in a 

moderate Reynolds number flow. ftbove 1000ft the 

drag-coefficient remains approximately constant (55,71) 

at 1.2 for air and 1.7 for SF^(7A).

ftn important parameter to examine is the mass density 

of the surrounding gas in which the arc either rotates 

or is in a balanced condition.
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A less dense gaseous medium, obtained by using 

different gases or by heating the medium, will thus 

reduce the drag force acting upon the arc column and as 

a result the column will either bend and become 

un-balanced or rotate at a greater velocity until the 

net force is once again zero.

As a result of a relative movement of gas past the arc, 

a symmetrical wake forms downstream within which vortex 

shedding occurs at the inner side of the wake boundary. 

In addition no flow is detectable near to the centre of 

the wake (70). The occurrance of vortex shedding is 

represented by the Strouhd number (fD/U^ , f is the 

frequency of shedding, D is the diameter of the arc and 

Uczis the velocity of the surrounding flow. For a 

Reynolds number of 104 and  3 00 amp arc the Strouhal 

numbers obtained were between 0.3-0 .4  which greatly 

differs from those obtained for solid cylinders (0 .2 ) 

under the same operating conditions. The corresponding 

wake dimensions also differ; a larger wake forms behind 

an arc column than for a bluff body having the same 

transverse dimension. This larger wake is a result of 

the temperature difference between the boundaries of 

the arc (approx 6000k) and that of the solid cylinder 

(1600k). An increase in surface temperature of a solid 

cylinder produces a wider wake as observed by Roman and 

Myers (70).

48



More detailed experimental and theoretical 

investigations were undertaken by Kopainsky and Schade 

(73). They examined the wake created by an arc 

rotating through stationary gas. A maximum wake 

temperature of 1900k for a 4.8kA, SF£ arc was measured 

using a shock wave technique. The wake's thermal 

structure changed little over one arc revolution and 

it was observed to extend isotropically (neglecting the 

arcs length, the wake formed a diverging sphere) 

throughout the electrode gap. At relatively low gas 

pressures (but above atmosphere pressure), there are 

large irregularities in the wake boundary which at 

higher pressures disappear, the wake boundary becomes 

more regular (74).

The energy transfer from the wake is achieved by 

turbulent mixing with the surrounding cold gas. This 

mass mixing, better known as wake mass entrainment, 

causes the wake to expand the mass entrained across the 

boundary is (73).

dm
dx

2ocdp [ u j  ( p / p )'/2
(2.41)

Where  P, i s  the average wake density, P is the cold 

gas density, Uw i s  the wake velocity, a  i s  an 

empirical constant experimentally calculated to be 

10~3. This differs from that determined for wakes 

behind unheated solid obstacles at 0 .2 .
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The difference is due to the absence of heat transfer

for those values obtained for unheated solid bodies.

The thermal decay of the wake by turbulance and thermal 

conduction occurs very slowly (>>10ms) (73). Beco.*se 

of this slow decay rate the arc may rotate through its 

own wake (73). The upstream gas density is now 

reduced and the arc column accelerates until the drag 

and the Lorentz forces become balanced (2.40). 

Measurements by Kopainsky and Schade (Fig 2.8) show the 

arc velocity variation with time. The initial rise in 

arc velocity is caused by transients in the arc current 

and magnetic field values but after this tranisition 

the arc velocity again increases as it enters its own 

heated wake. After several revolutions the arc rotated 

within a homogeneously heated environment with a steady 

velocity of 800m/s.

2.4.4 ELECTRODE INFLUENCES

For arcs moving between electrodes seperated by more 

than 5 cms with a velocity above 50 m/s, the dominant 

forces controlling the arc movement are aerodynamic. 

With electrode gaps less than 5cms, the arc movement 

becomes increasingly electrode dominated.

Guile et al (72) investigated this phenomena for 

electrode spacings upto 12cms, steady magnetic fields 

upto 1.75 tesla and d.c. arc currents upto 20kA.
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For electrode spacings greater than 5 cms the arc 

velocity is constant (75) but below this value a 

decrease in spacing causes an increase in arc velocity 

by a factor of between 2 and 3. At some critical 

spacing (2mm-3m m ) the arc velocity then decreases with 

a decrease in electrode gap (72). This reversed in the 

velocity/gap trend is a result of two factors. The 

first involves electrode jets interference and 

contamination of the arc plasma so causing the arc 

column to become "stiff" and increasing its resitance 

to more. The second factor is the distortion of the 

applied magnetic field by the field generated by the 

flow of current through the arcing electrodes. If the 

experimental conditions are changed, resulting in 

plasma jet formation, then the trend reversal will 

occur for a larger electrode gap. A larger critical 

gap is required if the magnetic field or ambient gas 

pressure is reduced and if the arc current is increased 

or if the electrode material is changed from brass to 

copper (75).

Significant changes in the arc velocity are observed for 

different electrode materials and the surface condition 

of the electrodes. An arc moves faster on drawn copper 

electrodes than on drawn brass, the difference at 100A 

is 100% and at 5000A 45%. However an arc moving on 

ground brass electrodes has a similar velocity 

characteristic to that on drawn copper (72).
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These differences are a result of the complex mechanism 

of arc ro<?~ transfer from one arcing site to another and 

is strongly dependent upon electrode material and the 

condition of those electrodes. Ideally smooth, polished 

surfaces promote high velocity arcs rather than rough, 

contaminated surfaces which restrict the movement of the 

arc root.

2.4.5 ARC SHAPE

For sufficiently long arcs, free from electrode 

effects, the shape of the arc column is controlled by 

the external magnetic and drag forces. An arc column 

rotating in an annular gap between two concentric 

electrodes has a complex involute shape ( f i g .2.9 ).

Adams (76) develops a simple model for describing the 

involute shape of such an arc column. Treating the arc 

as a solid current carrying conductor with uniform 

current density in an imposed magnetic field, the 

velocity of each element of the arc column is given by 

equation (2.40). This velocity is constant for and 

perpendicular to each element but has a different 

direction for each element because of the involute 

shape. The shape of the arc column is defined by a 

radial position (r) and the angle (Q) which r substends 

with the root attachment point on the inner electrode 

( f i g . 2 . 9 h  The equation describing the shape is;
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1 /  2
(2.42)

Where C is a constant given by;

1 /2
C = i f  IB A

u ) \ j / 2 p D C D^  (2.43)

and  W is the angular frequency of the arc element.

Since the constant C is the ratio of the areodynamic and 

electromagnetic forces, the shape of the arc column is 

independent of the absolute values of these two forces. 

The predicted arc shape agreed with those shapes 

observed during arcing (76). Predicting the arc shape 

for small gaps is not possible because of electrode 

influences which cause the previously steady motion of 

the arc to become unsteady and so affecting the arc's 

shape.

2.4.6 ARC STABILITY

Deviation from rotational symmetry of an arc column 

exposed to transverse magnetic fields causes convection 

and momentum transport between the arc column and the 

surrounding gas. Through this transport the arc moves 

and changes its geometry until it reaches a stable, 

balanced configuration.
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FIGURE 2.9 Arc Shape.



ft s u i t a b l e  s t a b i l i t y  c r i t e r i o n  can be f o r m u l a t e d  by 

i n s p e c t i o n  of the m o m e n t u m  t r a n s p o r t  m e c h a n i s m  a n d  a 

k n o w l e d g e  of the a r c ' s  c r o s s - s e c t i o n a l  area. This 

a p p r o a c h  e l i m i n a t e s  the n e e d  for d e t a i l e d  k n o w l e d g e  of 

the e n e r g y  d i s s i p a t i o n  m e c h a n i s m s ,  the t e m p e r a t u r e  

d i s t r i b u t i o n s  a n d  the a x i a l  s h a p e  of the arc.

ft k i n k  w h i c h  f o rms in the a r c  c o l u m n  will e i t h e r  g r o w  or 

d e c a y  (i.e. it is u n s t a b l e  or s t a b l e  r e s p e c t i v e l y )  

d e p e n d i n g  upon the i m p o s e d  c o n d i t i o n .  F o r  a b a l a n c e d  

a r c  co l u m n ,  in m u t u a l l y  o r t h a g a n a l  m a g n e t i c  a n d  gas flow 

fields, the s t a b i l i t y  c r i t e r i o n  is g i v e n  by S c h r a d e  (77) 

as,

> St abl e

1 + p - 2 A2 - 2cos 2<x = 0 In d i ffer en t (2.44

< Un s t a b l e •

(3 is the ra tio of the a vera ge st a tic p ress ure to

m a g n e t i c p r e s s ure, X  is the rati o of a vera ge

s e l f - m a g n e t i c f i e l d  to appi i e d  m a g n e t i c fi el d , a  is the

a z i m u t h a l angl e b e t w e e n the appi i e d  ma gne tic f i e l d  èw d

the r a d i u s of c u r v a t u r e vec tor.

The d i r e c ti on of l e a s t stab i l i t y is pa rail el to the

a p p l i e d  m a g n e t ic f i e l d (i.e . a  = 0 or a  = TC ) a n d  the

o n s e t  of these i n s t a b i l i t i e s is c a u s e d by h i g h  arc

c u r r e n t s ( high X )  a n d  appli ed ma g ne tic f ields ( small• B)
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Any kink which forms under these conditions will grow 

causing an increase in the arc voltage. If the 

deformity becomes sufficiently large then it may 

eletrically short itself producing a new straight- arc 

column. However, if the arc roots are free to move then 

under an unstable operating condition the whole arc will 

move in the direction of greatest instability. The 

effect of such instabili tes must be examined for the 

present geometry and their importance and implications 

accessed.

2 . 4 . 7  NON-AXISYMMETRIC ARC THEORY

A theoretical description of an arc cloumn requires 

solution of the energy and momentum conservation 

equations. Many methods have been employed to solve 

these conservation equations, each method becoming more 

sophisticated than the previous method. A 

"Linearization" method adopted by Lord (58), which was 

subsequently improved by Hodnett (59), describing the 

arc as an impenetrable hot gaseous cylinder whose 

electrical and thermodynamic properties were radially 

averaged. Outside the cylinder these properties were 

fixed by the ambient temperature and pressure. Although 

their results showed the generation of a double vortex 

structure within the arc plasma, their method failed to 

predict the transition in the arc's shape which occurs 

under such conditions.
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A more advanced analysis was proposed by several authors 

(60,61,62 and 63) and allowed the decoupling of the 

energy and momentum conservation equations. Knowledge 

of either the flow field or temperature distribution 

within the arc leads to the solution of the energy 

conservations or momentum conservation equation 

respectively. This method is useful and lends itself to 

an iterative solution because all that is needed is an 

initial estimate of either the flow field or arc 

temperature distribution. A solution is obtained once 

both equations are satisfied simultaneously. These 

results obtained describing the temperature and flow 

fields are in good agreement with those determined 

experimentally (78,74) and the overall interaction 

between the arc plasma and surrounding gas is also 

correctly predicted (Section 2.4.2).

The development of the "Similarity" method by Yas'ko 

(64) adopts a similar philosophy to the method developed 

for axisymmetric arcs by Cowley and Fang (Section 2.3.7). 

No detailed knowledge of the arc's temperature 

distribution and surrounding flow field is required but 

are eliminated by the use of non-dimensional parameters.

The arcs areodynamic, electrical and thermondynamic 

behaviour can be predicted by solution of the 

non-dimensional equations given by Yas'ko (64) and 

Nicolas and Keuthe (65).
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MOMENTUM:

■X* -X- -X-
p(W.grad)W = gradP +

P„w02
JoB0L j X B 

P0w 2
(2.45)

div(pW) = 0 (2.46)

ENERGY:

P0woho pW . gradh + pqW03 p\v . 

JoEoL j0 E0L
grad(i/2 W 2) - A0lo div(Agradi) 

J.E=L2

II

*
0

1 
O 

o I LU
Or | >r_o 

+

jE (2.47)

MAXWELL:

curl B r M0joL j
B 0

(2.48)

OHM'S LAW:

* * 
j = aoE0E

Jo (2.49)

Where the astericks indicate non-dimensional numbers

(obtained by dividing dimensional variable by the
* *

appropriate sealing value; e.g. p = p /po , \y = W/W0 etc ). 

The assignment of subscripts indicates reference values 

and L is a reference length.

Non-dimensional numbers can easily be identified from 

equations (2.45-2.49) and their physical significance 

can be readily identified.

57



For example, from the momentum conservation equation 

(2.45), two non-dimensional numbers can be written;

FL =
p 2 

P0W0
and then = Jo.BqL

P0W0

The first number ( n p ) represents the ratio of pressure 

to inertial effects and the second ( n em ) is the ratio 

of magnetic to inertial forces. The energy equation

(2.47) gives four non-dimensional coefficients;

p" w°3 -  -  V r 0 „  _ q „n - p. w°h1Jh “  ---------
Joe0l

n - °lxac - —
JoEoL

nhe n r =
j  E0

These parameters reflect the conversion of electrical

energy ( J0E0LJ into various other forms; convective
3

( rç,W0h0 J; kinetic  f£W0 ; thermal conduction  A0T0 and 

radiation Q0 .

The remaining two equations 

non-dimensional parameters.

n  = andm ----------
B0

These two coefficients give 

self  (M0j 0U and external ( B, 

process of charged particle 

field (E0 ), respectively.

produce a further two

nE= £oio
Jo

the relationship between 

) magnetic fields and the 

transfer in the electric

A combination of various non-dimensional parameters 

leads to the elimination of those properties which are 

difficult to measure experimentally (64).
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This results in the formulation of two important 

characteristics involving the arc velocity (2.46) and 

the arc voltage (2.47).

n„ =

=

f , / / / / / / /(rL.rL^ n. riae n. n,. n ....... )p '  e m ' h '  he '  r ,  m '

f . / / / / / / /(nn ,riom n. nac n. n̂ . n ....... )
P '  e m ' h '  a c / h e ' r  > m '

(2.46)

(2.47)

The magnitude of these various non-dimensional 

parameters indicates the relative importance of the 

physical process involved. An advantage of these 

characteristics is that they can be used to correlate 

experimental results obtained under different operating 

conditions by defining the appropriate non-dimensional 

parameters (Yas'ko 64).

An example given by Yas'ko (64) for an arc driven by an 

external magnetic field between two parallel electrodes 

shows that the velocity characteristic (2.49) was in 

fair agreement with experimental data, i.e.

U/B = 4 .27  ( I /B 1 )°  45 (2.49)

However, the experimental velocities are best correlated 

by equations (2.49) and (2.50)

U/B = 1.45 X  1 0 2(I/B1)0 66 (2.50)

where 1 = arc length.

The voltage characteristic (2.51) agrees well with the 

experimental data.
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(2.51), a -0 .55  2 - 0 1 9
(vi/l) = 1.06X10 (I /B1 ) (B )

At the expense of loss of detailed information about the 

flow and temperature distributions a description is 

obtained of the arc's behaviour in terms of the 

characteristic parameters.

2.5 CONCLUSION

Many experimental and theoretical investigations have 

been undertaken on (xxisymmetric arcs. During the past 

50 years much knowledge has been gained from 

experimental investigations leading to a further 

understanding of the various physical processes 

occuring within the arc column and the interations 

between the electrically conducting arc plasma and the 

thermally conducting flow. Theoretical descriptions of 

the axisymmetric arc has considerably developed from 

Cassie and Mayr's simple and convenient models into the 

more rigorous boundary larger models formulated during 

the seventies. These incorporate the "Integral 

Analysis method" while results in reasonable agreement 

with experimental data not only for steady state 

conditions but also for transient arcing conditions.

Investigations of non-axisymmetric arc behaviour have 

indicated a complex interation between the arc plasma 

and the surrounding gas for a given set of imposed
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magnetic and glas flow fields. For low velocities the 

external flow partially penetrates the arc column 

distorting the isothermal and electrical structures in 

the direction of flow, whilst for large flow velocities 

the external flow circumvents the arc plasma with a 

simultaneous generation of vortices within the plasma. 

There is also distortion of the isothermal and 

electrical structure of the arc which extends in a 

lateral direction perpendicular to the incoming gas 

flow. The arc shape becomes elliptical rather than 

circular. Theoretical and experimental investigations 

have hitherto only considered this interaction for 

steady state arcing conditions.

Little information has been published about rotary arcs 

in circuit breakers where the conditions are non steady. 

To describe the behaviour of such a rotating arc in a 

transient situation requires the assilutation of 

information available about axisymmetric arcs, circuit 

breaker arc theory and arc heater theory. With the aid 

of new experimental results, an attempt to describe the 

transient behaviour of a non-axisymmetrie rotating arc 

is undertaken in this thesis.
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3 . EXPERIMENTAL SYSTEM

The experimental system can be divided into two parts. 

Firstly there is the experimental test facility which 

describes the synthetic test circuit, its timing 

control, the construction of the rotary arc circuit 

breaker and the sulphur hexafluoride gas handling 

system. Secondly, the measurement system describes 

those diagnostic techniques used to gather data about 

the electrical and magnetic conditions within the arc 

environment during the peak current and current zero 

regimes of the arc sustaining waveform. During the same 

periods photographic records were taken.

3.1 EXPERIMENTAL TEST FACILITY

3.1.1 CONSTRUCTION OF TEST BREAKER

The annular contact and coil yoke of the interrupter 

consisted of a cylindrical copper tube 70 mm diameter 

and 65 mm in length. At each end of the tube there was 

a raised flange whose purpose was to ease the transfer 

of the arc from the fixed contact to the arcing surface 

of this tube. The nominal thickness of the tube wall 

was 3.6 mm.

A tinned copper winding is securely fastened to this 

copper former by three screws which were placed in 

tapped, counters***^ holes in the copper former. This 

tinned copper strip was 50 mm wide and 0.42 mm thick. A 

length of this strip was wound onto the former with 

insulating material placed between each turn. After a
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sufficient number of turns had been wound onto the 

former and a metal fixing collar was secured around the 

turns. Onto this collar was bolted the fixed contact. 

Fig (3.2) shows the resulting arrangement.

The coil system was clamped to one of the incoming 

bushings which also provided electrical contact and 

mechanical support for the coil. The other bushing 

provided a similar service for the moveable contact 

which was connected to the external operating mechanism 

and was allowed to pivot about the axis of the bushing 

(fig 3.2).

ft viewing port was provided at one end of the enclosing 

tank allowing for end on photographic investigations of 

the arc within the coil (fig 3.2). ftn inspection plate 

was also fitted to the side of the tank which allowed 

for easy access to the interior. Both the viewing port 

and the inspection plate were made gas tight by the 

insertion of gaskets. The coil arrangement  was housed 

in a gas tight chamber which had a volume of 14 x 103 

cms^.

3.1.2 GftS HANDLING SYSTEM

The gas handling system allowed for the evacuation of 

the test vessel of either air or SF& and for changing 

spent gas for new. It is important to remove air from 

the chamber before filling with SF^ and to remove 

"arced" SF^ gas before opening the vessel in order to
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reduce the effect of contaminants. Spent SFg gas was 

vented to the outside atmosphere via an exhaust tube and 

the chamber flushed with air several times before 

opening and cleaning. After each day's testing the gas 

was discarded and the vessel left under vacuum 

overnight.

3.1.3 SYNTHETIC TEST CIRCUIT-

The synthetic test circuit comprises of a ringing 

capacitor/inductor circuit tuned to a frequency of 110Hz 

(fig 3.1). The capacitor bank consists of two parallel 

banks of 1.37mF, 16kV maximum charging voltage and 2.4 

m F , 20kV maximum charging voltage. Resistors were 

provided in series with each capacitor bank (not shown) 

which limits the discharge current from each set if a 

direct short occurs between the high potential terminals 

of each bank and experimental earth. The parallel 

connection results in a total capacitance of 3.77mF, a 

maximum charging voltage of 16kV a peak current of 4OkA 

and a total stored energy of 0.48mJ.

In series with the capacitors are three ignitrons each 

connected in parallel with one another. The first 

ignitron (Bk 394 ) is in series with a 290 0. resistor 

which provides a small initiation current to the test 

breaker whilst its contacts separate. The second 

ignitron (the forward biased Bk 194) provides the first 

sinusoidal current pulse through the 0.99 mH, lOOkA 

inductor to the test breaker. The third ignition (the 

commutating Bkl94) provides a second negative current

64



pulse but whose amplitude is reduced by 30% because of 

power disspation from the arc and the test circuit. 

However, if the test breaker interrupts the current at 

the end of the first half cycle then a transient voltage 

appears across the two electrodes, stressing the 

previously conducting region. The rate of rise of this 

voltage is controlled by the voltage remaining on the 

capacitor bank, the series inductor in the circuit and 

the stray capacitance inherent arross the electrode gas 

of the test breaker (lnF). This rate of rise of 

recovery voltage (RRRV) can be controlled for a fixed 

bank voltage and series inductor by adding parallel 

capacitance across the terminals of the test breaker.

The peak current of the sinusoidal current pulse, for a 

given frequency, is controlled by the bank charging 

voltage.

Any remaining charge on the bank after arc extinction 

can be removed by pneumatic dumps shorting the capacitor 

back terminals through a dump resistance.

3.1.4 CONTROL AND TIMING SEQUENCE

Energising the trip coil on the spring loaded opening 

mechanism starts the arcing sequence. After energising 

the trip coil but before the opening mechanism begins to 

open the initiation ignitron is triggered from an 

electronic unit producing a 200V, 10 f.js voltage pulse 

which is stepped upto a 1.5kV, 20 fjs voltage pulse. A
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small initiation current (8-32A's) flows through the 

over-damped circuit to the fixed contact of the 

interrupter and through the moveable contact which it 

houses (fig 3.2). The moveable electrode (or poker) 

moves away from the fixed contact drawing a low current 

arc as it does so. When the poker reaches its 

furthermost point of travel the second ignition is 

triggered allowing current to by-pass the initiation 

ignition, which, now turns off. The current is now a 

sinusoid because of the under-damped character of the 

circuit. At the same instant the arc transfers from the 

fixed contact to the arcing surface of the coil (fig 

3.2). Current now flows through the windings of the 

coil, through the copper former and to the poker via the 

arc.

Before the current in the first half cycle has returned 

to zero the third, commutating ignitron is triggered. 

This ignitron switches on and remains on, by providing 

an isolated mains supply to the holding anode, it does 

not conduct any current from the capcitor bank until the 

current has returned to zero in the second ignitron.

This system eliminates the need for accurate timing 

(less than 0.5 fjs) and results in either a smooth 

commutation of current at current zero or correct 

application of stressing voltage after current zero.
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A schematic diagram of the current waveform is shown by 

figure (3.3). The initiation current (ii) is between 8A 

to 32A and flows for between 15-19 ms (tj). The 

magnitude of Í2 and  i j  can be varied between 2kA and 

40kA and this current flows for approximately 4.5 mS per 

half cycle. A further half cycle can be supplied if 

needed by the commutation ignitrón but the peak current 

(ij) is less than (Í2 )-

Various timing pulses for ignitrón and oscilliscope 

triggering were provided by electronic delay units, 

whose delays were variable from 100 nS to 100 mS. 

Reproducible signals were therefore provided which were 

relatively insensitive to spurious triggering.
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3.2 MEASURING SYSTEM

3.2.1 GENERAL COMMENTS

The measurements of electrical parameters of arc 

discharges requires adoptation of conventional measuring 

techniques. Even for relatively simple measurements of 

current, voltage and pressure this is not easy. There 

are many complex aspects which need to be assessed 

before equipment can be electrically connected to a high 

power source.

Generally a measuring system consists of a transducer of 

some description (i.e. current shunt, voltage probes, 

photomultiplier tubes etc), an interconnecting cable and 

a recording device (e.g. oscilloscope) which has a 

choice of pre-amplifiers. Each part of this system has 

its own unique problems when connected together or when 

measuring rapid changes in the arc parameters.

It is convenient to divide any investigation into two 

zones. The first zone is the peak current period during 

which time several kilo-amperes of current flow and the 

arc voltage is only a few hundred volts. The duration 

is relatively lengthy, 10 ms depending upon the 

frequency of the sinusoid. The second zone is the 

current zero period. During this time only a few 

amperes of ^urrent flow and the applied voltage after 

current zero is many kilo volts.
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During this period there are large rates of change 

associated with both the arc current and voltage. The 

time scale of the current zero investigation is 

approximately 10 micro-seconds duration.

Many measurement problems are common to both the peak 

current and current zero periods. They fall broadly 

into four categories;

a) Electrostatic, electromagnetic and mechanical noise

b) Experimental earth and mains isolation

c) A common signal return path

d) Amplifier de-saturation and frequency response 

These four categories are discussed in general in the 

following sections but are later discussed in more 

detail with specific emphasis to the experimental 

environment used throughout the investigation.

3 . 2 .  -L I  ELECTROSTATIC^ ELECTROMAGNETIC AND MECHANICAL 

NOISE PROBLEMS.

Electrostatic, electromagnetic and mechanical noise 

interference are the three most common types of noise 

interference present on a measuring system connected to 

a high power source and test circuit breaker. An 

interference signal is superimposed onto any measurement 

signal causing an error in the recorded signal. This 

noise problem is not unique to the transducer and it 

affects the other two links, both the interconnecting 

cable and the recording device.
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Vibrational noise, generated by various mechanical 

movements during the opening operation of the test 

breaker, essentially affects the transducer rather 

than the other two parts of the system. Reducing or 

eliminating this type of noise involves a trial and 

error method. Most important is correct positioning of 

the transducer device and correct housing in a vibration 

dampening supportive holder connected to the test head. 

One or both of these methods would eliminate such 

interference.

Electromagnetic induced noise is a problem associated 

with the high current phase of arcing. An induced 

voltage signal is superimposed on the real signal 

because there is an interference sensitve loop. A 

typical loop is shown on fig (3.4). This is the 

arrangement used for differential arc voltage 

measurements on the test breaker. However it is clear 

from the diagram that the outer sheaths near to the 

probes are not connected together. An interference loop 

exists between A-a-b-B and during arcing a voltage is 

induced on these sheaths. Shorting these sheaths 

together at the probe end will considerably reduce the 

amount of interference. Two further precautions can be 

taken to ensure noise elimination; firstly routing 

coaxial cable along the similar paths and secondly 

providing an extra screening sheath which is shorted at 

both ends and connected to experimental earth.
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Electrostatic interference problems occur after the arc 

current ceases to flow. The interference caused by 

electric field induction within a loop sensitive to such 

induction produces a further s i g n a l  which superimposed 

upon the actual signal. A similar screening technique 

should be used as for electromagnetic interference but 

also proper positioning of the probe or probes is 

essential. They should be placed as near as possible to 

the low potential terminal where the electric field 

strength is a minimum (79).

To protect the recoding equipment from both 

electrostatic and electromagnetic inference a copper 

shielding cabinet is placed around such equipment. The 

cabinet must be experimentally earthed and the equipment 

electrically powered through electrically isolated 

supplies.

3.2.1.2 EXPERIMENTAL EARTH AND MAINS ISOLATION

It is of paramount importance on any high current, high 

voltage test circuit that there is only one earth point. 

This earth is know as an experimental earth and is 

usually connected to a copper rod placed in the 

foundations of the building. Although the mains earth 

is connected in a similar way at the sub-station the 

interconnecting cable is long having considerable 

impedence and limited fault current capability ( s* 30A ).
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However, the earth rod used in the laboratory is 

situated near to the experimental system with a much 

shorter and a much lower impedence cable capable of 

carrying several kA. If a fault occurs on the rest 

system then several kilo-amperes may flow to earth 

through this system without cable damage on the mains 

earth system.

To eliminate any mains earthing or mains looping 

problems caused by powering equipment from either the 

same phase or different phases of the mains supply, 1:1 

isolation transformers are used. Although the mains 

earth is connected on the primary side of the 

transformer there is no electrical connection with the 

secondary. The earth associated with this side of the 

isolation transformer is the experimental earth.

Equipment must only have one earthing point which is the 

experimental earth. Any connection to another earth 

causes current to flow through the introduced earth loop 

causing distortion of the real signal. Therefore great 

care is taken before connecting pieces of equipment 

together including the triggering signals. Each 

electronically produced trigger signal is always passed 

through a 1:1 pulse transformer providing electrical 

isolation.
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Although the importance of one experimental earthing 

point for all pieces of equipment is of paramount 

importance, this can cause further measurement problems 

because usually there is only one signal return path.

3.2.1.3 A COMMON SIGNAL RETURN PATH

Unfortunately, because of the principle of one point 

earthing which eliminates possible earth loops and 

induced voltage loops, all probe signals return to 

experimental earth via one cable sheath. Figure (3.4) 

shows differential voltage probe measurements and 

current measurement. The return signal from the current 

shunt flows through the outer sheath of the 

interconnecting cable. Also through this cable flows 

two further signal currents from the voltage probes. 

These induce an E.M.F. in the current measuring loop due 

to the coupling between the core/sheath and the 

resistive voltage drop of the sheath.

Taylor and Wang (79) calculated this error for their 

system on the basis of an arc current of 0.1 A, recovery 

voltage of 10 kV, signal frequency of 0.1 MHz, a five 

metre length of cable and a cable impedence of 13 x 10~3 

&/m. Their percentage error was 0.6%. For the present 

experiment system a similar assessment is made for this 

error at a signal requency of 1 MHz, cable length 2 m 

and arc current of 0.5 Amperes.
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The percentage error is 0.8%. This level of error is 

acceptable in the experimental arrangements used but 

attention must be paid to this phenomena if longer 

cables are used, if the frequency of the signals are 

high (i.e. >10MHz) or a small ohmic value of current

shuht is used (<10 mil).

3.2.1.A AMPLIFIER DE-SATURATION AND FREQUENCY RESPONSE

Amplifier saturation is a problem which is caused by 

measuring large signals during the peak current phase of 

arcing (such as arc current) and then measuring 

relatively small signals during the current zero period. 

Some protection against saturation can be afforded by a 

diode clipper arrangement (See Section 3.2.2.2) but the 

emphasis is placed upon the time for the amplifier to 

become de-saturated. The choice of pre-amplifier is 

important not only for its response to high frequency 

signals (> 1MHz) but also for its de-saturation time.

The amplifier must be able to recover sufficiently 

quickly so that it gives accurate measurements at 

current zero.

The frequency response of the amplifier should be 

greater than the highest frequency which is present 

during arcing. This is usually determined by either the 

current decay or by the rate of rise of recovery 

voltage. Usually the bandwidth of such amplifier is of 

the order of 16 MHz.
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3 . 2 . 2  CURRENT MEASUREMENT

During one half cycle of arcing the arc current  v a r ie s  

from kilo-amperes at peak current to just a few amperes 

at current zero. To investigate both regimes accurately 

the experimental investigation is divided into a peak 

current study of the arc and a current zero study.

The position of the current shunt in the circuit is 

shown by figure (3.1), one terminal is connected 

directly to experimental earth. The choice of shunt is 

dependent upon the magnitude of the current and the time 

period under investigation.

3.2.2.1 PEAK CURRENT MEASUREMENT

A coaxial current shunt of 1.038 mQ resistance, a 

bandwidth of 500 kHz and a pulsed current rating of 

lOOkA was used during this period. The design of the 

shunt is similar to that investigated by Grundy (80). 

This current shunt is a four terminal device connected 

in series with the power circuit and has two connections 

across its resistive element for measuring purposes.

The potential difference between the measurement 

terminals of a low value ohmic shunt is,

v(t)  = Ri(t) + Ld(t) ± Mdi(t) , .
dt dt
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The shunt used in this investigation and those used by 

various other experimentalists (80,81,82,83) has a low 

mutual inductance and low self inductance obtained by 

good shunt design. During this peak current period the 

di(t)/dt is not too large. Therefore the second and 

third terms on the RHS of equation (3.1) are negligible 

and the whole equation approximates extremely well to,

v ( t )  = R i( t )  ( 3 - 2 )

The low ohmic values of this shunt was chosen on the 

basis to give good signal to noise ratio and to minimise 

heating. A current shunt between 0.5 mi} and 10 mi} is 

ideal for such investigations.

A BNC coaxial cable of 2m length connected the measuring 

terminals of the shunt to the oscilloscope. It is 

advisable when connecting low output impedence (1.038 mil) 

measuring apparatus to a high input impedence (10 Mi}) 

monitoring equipment to insert a 50 i} termination onto 

the input to the oscilloscope. This impedence matching 

stops the formation of refelected waves in that cable. 

Using a mismatched termination can cause an appreciable 

error (33% with a 75 i} terminator ).

Amplifier saturation is not a problem during this 

period because peak voltage is only approximately 20 

volts well within the normal operating range of the

76



Tektronix 1A1 pre-amplifier. The bandwidth of this 

amplifier was DC to 50 MHz and has a rise time of 7 nS.

J . 2 . 2 . 2  CURRENT ZERO MEASUREMENT

Current measurement during this period is hampered by a 

large rate of change of current prior to current zero 

and small post arc currents there after. To 

investigate this period accurately a larger ohmic value 

shunt with an improved bandwidth is required. A 19.85 

mil current shunt with 2 MHz bandwidth and a rise time 

of 170 nS was used for the current zero investigation 

arc. The design of this shunt is reported by Champman 

(84) and is the design recommended by Schwab (85). 

Briefly the construction of this shunt consists of a 

large number of narrow resistive strips connected 

electrically in parallel and lying along the shunt 

axis. A current return path is provided by a number of 

insulated wires connected electrically in parallel 

placed on top of the resistive elements.

The maximum current rating of this shunt was 20 kA 

(this is the limit imposed by the BNC connectors). For 

this current level 400 volts would be applied to the 

pre-amplifier of the oscilloscope, which would not only 

cause saturation of the amplifier by also cause 

permament damage. A diode clipper eliminates this 

problem.
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Figure (3.5) shows schematically a diode clipper 

arrangement. There are two sets of two diodes, each 

set is placed back to back so that both forward and 

reverse protection is given to the amplifier. The 

saturation voltage of each diode is approximately 0.4 

volts so that the amplifier would only see about 0.8 

volts on a 100 mv sensitivity, causing little 

saturation. ft 5 0 Q  termination is used on the input to 

the clipper and the output of the clipper device is 

placed onto the input of the pre-amplifier.

The choice of diodes for the clipper is important.

They must have a low capacitance (2pF) and an extremely 

small leakage current. The rise time of the clipper 

was 15 nS.

3.2.3 VOLTftGE MEASUREMENT

Both the overall and local arc voltage were measured 

during one half cycle of arcing. In each case the arc 

voltage was measured differentially, so eliminating any 

other circuit voltage drops.

3.2.3.1 OVERALL ARC VOLTftGE

Connecting the voltage probes across each bushing of 

the circuit breaker would result in a misleading 

voltage due to the summation of two components, arc and 

coil voltage.
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FIGURE 5.4. Voltage Probe Lauout And 
Signal Return Path.

SIGNAL INPUT A V PROTECTED OUTPUT

FIGURE 3.5. Diode Clipper Circuit.



(3.3)
v(t) =Ra(t)i(t) + Ld£t_) + Rc(t)i(t) 

dt

ARC VOLTAGE  + COIL VOLTAGE

the last two components represent the voltage drop 

across the magnetic field producing coil. To eliminate 

this voltage which is 20 volts for a 3kA peak current, 

an electrically and thermally insulated cable was 

securely fastened into a drilled hole on the copper 

core surface. The insulation provided for this cable 

had to withstand large transient voltages at current 

zero and also had to afford protection from any thermal 

blasts eminating from the arcing area. Ceramic beads 

were first placed onto the wire and then two sheaths of 

PTFE sleeving were fitted on top. This was sufficient 

to prevent excessive thermal blast damage during arcing 

and to stop electrical breakdown between the inner 

cable and any low voltage points (e.g. the circuit 

breaker casing).

The other end of the interconnecting cable was attached 

to a high voltage feed through insulator . This feed 

through was a modified long-reach spark plug capable of 

withstanding 20 kV. A high voltage probe could easily 

be connected to the other side. The copper/tungstan 

core of this feed though did not affect the frequency 

response of the voltage measuing system.
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A second voltage probe  was connected to the other 

electrode via the low potential bushing, eliminating 

the voltage drop across the remaining cable and current 

shunt. The voltage drop across the electrode  was 

negligible (< 0.1 volts).

Both voltage probes were 1000 dividers (Teletronix 

type P6015). Compensation elements terminated the 

coaxial cable at the oscilloscope amplifier end. This 

compensating termination matched the cable impedence to 

the input of the oscilloscope so that it was possible 

to measure fast voltage transient. If correct 

compensation was afforded then the voltage probes, 

rated at 40kV, had a frequency response of DC to 50 

MHz.

A differential amplifier was used to measure the arc 

voltage (i.e. voltage probe 1 - voltage probe 2). A 

suitable differential amplifier for this purpose is a 

type G Tektronic pre-amplifier. This amplifier has 

moderate gain and good frequency response (D.C. to 20 

MHz).

3.2.3.2 LOCAL VOLTAGE MEASUREMENT

Two parallel tungsten wire probes were placed axially 

into the arcing coil (figure 3.6). They were held 

inside the coi^ volume by two PTFE clamps which also 

served as spacers and insulators.
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The separation distance between these wire probes was 1 

cm. The probe wires were brought out from the sealed 

arcing chamber via an insulating perspex plate which 

fitted the recess at the viewing port. Two Tektronics 

40 kV voltage probes (P6015) were connected to the 

probe wires via adjustable connectors and supported by 

two clamps.

To ensure good electrical contact between the arc 

plasma and the probe wires, a biasing 3.9 k &  resistor 

was connected to experimental earth from each wire.

The resistance value chosen  was sufficient not only to 

give good electrical contact but also to keep the 

electrical disturbance of the arc plasma to a minimum. 

The maximum probe current was less than and 50 mft for 

each probe wire.

Each wire probe voltage was monitored by 1000:1 voltage 

probes whose signals were fed into a type G 

pre-amplifier operating in non-differential measuring 

mode.

3.2.4 MAGNETIC FIELD MEASUREMENT

The spatial and temporal variation of the magnetic flux 

density within the coil volume was measured by a search 

coil measuring 4 mm cubed. ft copper shorting strap 

placed between the cylindrical copper core arcing 

s u r f a c e  and the moveable arc contact allowed a pulsed
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sinusoidal current to flow through the coil producting 

a magnetic field.

The search coil monitored this field at several radial 

and axial positions as a function of time. Positioning 

the search coil within the arcing volume at a specific 

location was achieved by a matrix locator and clamp 

arrangement. This matrix fitted over the viewing port 

apperature so that the magnetic search probe could be 

positioned in any axial position and a number of 

discrete radial positions. Using a different 

orientation of the search coil, both radial and axial 

field strengths could be successfully measured.

The output signals from the search coil were integrated 

and stored in a digital storage oscilloscope. ft hard 

copy of both the magnetic flux variation and exciting 

current  was obtained via an X,Y graph plotter. The 

bandwidth of the entire system was sufficient to give 

accurate measurement of the magnetic field at the 110 

Hz exciting frequency. The spatial resolution was 

sufficiently good which allowed for a good graphical 

representation of this field.

3.2.5 PRESSURE MEftSUREMENTS

Pressure changes within the enclosed arcing chamber 

were measured by a piezoelectric transducer (Kistler 

601 ft). This was mounted within a hollow nylon
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insulator which was connected to a stainless steel tube 

(4 mm internal diameter), whose other end was exposed 

to any pressure transients in the test vessel (figure 

3.7). The stainless steel tube served two other 

function which were to protect the piezoelectric 

transducer from the effects of arc radiation and also 

from the arc decomposition products. This protection 

was achieved by an "L" shaped tube.

The exit of this tube was situated in a removable 

inspection plate, 13 cms from the floor of the arc 

vessel and 15 cms from the r e a r .  During arcing, any 

pressure changes which occured were transmitted to the 

piezoelectric transducer via the column of gas inside 

the inter-connecting tube. The force exerted upon the 

piezoelectric crystal causes the stress within the 

crystal to change the electric field. These field 

changes which gave rise to a flow of charge were fed 

into a charge amplifier (Kistler 5001) via a short 

length of low leakage coaxial cable. Thus, the charge 

developed is proportional to the change in pressure.

The output signal from the amplifier is monitored by a 

Tektronix 1A1 pre-amplifier.

This experimental arrangement has already been 

successfully on gas blast circuit breakers. This 

arrangement could measure aerodynamic oscillations upto 

a frequency of 180 kHz.
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FIGURE 5.6. Local Voltage Probe Measurement.

FIGURE 3.7. Pressure Measurement



3 . 2 . 6  FIBRE OPTIC/PHOTOMULTIPLIER SYSTEM

Fibre optic and photomultiplier systems were used to 

monitor the arc shape and movement. The main 

disadvantages with using a conventional photomultiplier 

tube and lens system are the precise degree of 

alignment and careful electrical screening of the 

photomultiplier tube which are required. To eliminate 

these problems a fibre optic cable can be used in 

conjunction with a glass collimating system.

3 . 2 . 6.1 FIBRE OPTIC CABLE AND COLLIMATING SYSTEM

The fibre optic cable used in this investigation  was an 

acrylic monofibre type of cable. The peak spectral 

response was 6000ft and the acceptance angle was 60°.

For short lengths of optic cable the attenuation was 

not a serious problem (500dB/kM). The actual length of 

fibre used in this investigation was 2 metres. ft black 

plastic sleeve was placed over the entire length of 

cable so that no ambient light could enter the optical 

core.

The collimating system consisted of a length of 

capillary tubing with an internal diameter of 0.6 mm. 

Both the internal surface of this tube and its external 

surface  were blackened. This was necessary to stop 

interference caused by ambient light and reflections 

from the internal surface of the capillary tube. The
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optic cable was fixed at the far end of the collimating 

tube.in a light tight housing. The need for critical 

alignment between cable and tube was not necessary but 

some care was taken to locate the fibre fairly 

accurately.

The collimating tube was secured into a persepex disc, 

which had its outer surfaced blackened. The whole 

arrangement (figure 3.8) fitted into the viewing port 

with a bolted flange. ft stainless tube was added to 

the system which gave protection from any thermal 

blasts and decomposed sulphur hexaflouride products 

during arcing.

The collimating system  was such that half  way into the 

arcing coil the area of view was 0.94 mm?. This area 

of view varied from 0.64mm2 to 1.3mm2 corresponding to 

zero axial penetration into the coil to full (6cms) 

penetration, respectively.

3.2. 6. 2 PHOTOMULTIPLIER SYSTEM

ftn EMI type 6255ft photomultiplier tube having a 13 

stage Venetian blind arrangement  was used through out 

the investigation. The spectral response was 

determined by the 512 type photocathode material 

(CsjSbO). Its peak quantum efficiency  was at 3900ft 

(19%) with a typical current per lumens of 70 Mft. The 

quantum efficiency did not fall below 8% for a range of

85



frequencies between 330A and 5400A. This system had an 

overall sensitivity of 2000 A/IM.

A 1 M Q  resistor connected each dynode to the next. This 

resistor value was sufficiently large so that the 

maximum anode current (1mA) could not be exceeded 

(typical anode current 120 fjA). A high voltage zener 

diode connected the cathode to the first dynode, this 

prevented the maximum voltage rating of this first stage 

(300v) from being exceeded. The voltage applied to the 

photomultiplier did not exceed 1.5 kV which was below it 

maximum rated valued of 2.5 k V .

A light diffuser placed before the photomultiplier 

window allowed for sufficient dispersal of light over a 

large area of the cathode window thus avoiding localised 

damage to the electron emitting surface due to the high 

density of light intensity.

The rise time of this system  was 390 nS. The signals 

were monitored through a Tektronix 7A15 conventional 

pre-amplifier having a bandwidth of D.C. to 75 MHz and a 

rise time of 4.7 nS. This pre-amplifier was coupled to 

a 7704A Tektronix digital storage oscilloscope.

3.2.7 OSICILLOSCOPE RECORDING SYSTEM

Three oscilloscopes were used for various parts of the 

investigation - Tektronic type 556, Tektronic type 7704A 

and Gould OSA.
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For fast transient measurements of current and voltage 

the two digital oscilloscope proved to be inadequate, 

mainly because the chopping rate of these oscilloscopes 

was only 100 kHz. However, the type 556, a dual beam 

oscilloscope, could accurately measure these transients 

without the problems of beam chopping arising. As well 

as measuring fast transients at current zero the 556 

proved useful for recording the current, voltage, 

pressure and the output from the photomultipler system 

during the whole half cycle of arcing. Whilst the 

storage oscilloscopes could record the magnetic field, 

localised voltage probe measurements and photomultiplier 

measurements.

All the oscillographic equipment  was powered through 1:1 

isolation transformers and if triggered externally a 1:1 

probe transformer provided isolation.

3.2.8 HIGH SPEED PHOTOGRAPHY

Conventional high speed photographs of the arc column 

were taken with a Dynafax camera. This camera used a 

metre length of tri-pan, 400 ASA film which rotated on a 

drum. The image from the objective lens was relayed to 

an octagonal rotating mirror by a system of stationery 

mirrors. An image is produced onto the film through two 

relay lenses and an exit diamond stop. The exposure 

times were controlled by the framing rate and the type
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of exit diamond stop used. The maximum obtained 

exposure time at full framing speed of 35,000 frames per 

second and for an (3/32)" diamond stop was 0.75 jjs, the 

time between frames was 28.6 /js and the overall writing 

time on the film (before which the event must have 

finished to prevent overwriting) was 6.4 mS. In 

practice a diamond stop of (3/16)" was used altering the 

exposure time to 1.5 /js and a frame speed between 10,000 

- 20,000 frames a second. This camera examined the 

arcing period for either one or two half cycles of 

arcing. Stopping the camera aperature down to f-22 gave 

the maximum depth of field possible and also had the 

advantage that there was no interference from ambient 

light during the period the camera shutter was open.

However, this camera  was unsuited for accurate current 

zero photography and recourse to image converter 

photograph was made.

3.2.9 IMAGE CONVERTER PHOTOGRAPHY

The IMACON (image converter) camera system is a 

particularly useful diagnostic tool for current zero 

photography because of its sensitivity to low light 

levers. However, the camera has to be protected from 

the effects of radiation during the peak current period. 

A mechanical shutter provided this protection. 

Specifications are detailed in section (3.2.9.2).
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3.2.9.1 IMftCON SYSTEM

The IMftCON camera is essentially an opto-electronic 

device is shown schematically in figure (3.9). Light 

emanating from the arc was focused by an F 12 objective 

lens onto the curved surface of the photocathode. The 

photocathode has a spectral response of Sll (which has a 

peak efficiency at 3900ft). Electrons emitted by light 

impinging on the photocathode are focused by high 

voltage elastrostatic lenses and are accelerated towards 

the photocathode by high voltage accelerating plates, 

ftn image is produced on the photo-anode (Pll spectral 

response) which then is transposed onto Polaroid 3600 

black and white film by a E H . 2 double coated relay 

lens. ft plug in unit (type 9B) controls the exposure 

times and delay times between the 3 consecutive frames. 

The exposure times are variable for each frame from

0.15, 1.0, 2.0, 5.0 and 10 fjs. The second and third 

frames have a modified delay control giving a variable 

delay between 3 and 500 /j s . This unit can produce three 

consecutive frames each of which appear at different 

positions on the polaroid film due to a stepped high 

voltage applied to the deflection plates. ft monitor 

signal enabled frames to be precisely timed and the 

exposure of each frame to be determined.
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A R C IN G
C H A M B E R

FIGURE 5.8. Fibre Optic Measurement.

FO C U SIN G  E L E C T R O D E

FIGURE 3.9. IMACON Sustem.



3 . 2 . 9 . 2  SHUTTER SYSTEM

ft protection shutter system was used infront of the 

photocathode of the IMftCON. This prevented the intense 

light during peak current arcing from affecting the 

sensitive photocathode. The capping shutter  was 

modified by adding an external spring which aided 

opening of the shutter. The aperature setting on this 

shutter arrangement could be varied from an f-stop of 

4.5 to 32. The maximum opening speed indicated on the 

shutter mechanism was l/500th of a second. With the 

modified synchro-compass shutter system this was 

improved to the extent that the shutter opened fully in 

190 us for an f-stop of 22. This was the maximum 

opening time recorded during tests.

During normal operation the shutter system  was fully 

open no earlier than 620 fjs before current zero, 

protecting the photocathode from the damaging light 

intensity during the peak current period of arcing.

3.2.9.3 TIMING CONTROL SEQUENCES

The capping shutter operu.& more than 620 us before 

current zero but was always fully open at current zero. 

This was electrically timed from standard electronic 

delay unit.

The electronic shutter on the IMftCON was operated from 

the Teltronix 556 oscilloscope through the gate facility.
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This gate signal was actuated when the arc current had 

fallen to a predetermined level set by the triggering 

circuit on the 556 oscilloscope. This method allowed 

for accurate timing of the frames (± 500 ns) during the 

current zero period and could be checked on the 

oscilloscope by monitoring signal from the IMACON.

4. EXPERIMENTAL RESULTS

4.1 PEAK CURRENT RESULTS

The peak current investigation is divided into four 

sub-sets each covering a particular aspect of the peak 

current period. The four sub-categories correspond to 

investigations of the magnetic field, the electrical 

behaviour of the arc, it's areodynamic behaviour and 

it's apperarence during arcing. Information gained 

from the peak current period of arcing should identify 

the important parameter which need to be considered in 

the development of a theoretical model of a rotating 

arc.

4.1.1 MAGNETIC FLUX

4.1.1.1 CALIBRATION OF MAGNETIC FLUX MEASURING SYSTEM

The search coil used for monitoring the magnetic flux 

density was placed in a known uniform magnetic field 

generated by a long solenoid.
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The integrated waveform representing the magnetic field 

was displayed on a digital storage oscilloscope.

Figure (4.1) shows a typical waveform obtained from 

such tests. The calibration factor for the entire 

system can be calculated from such measurements and for 

this particular arrangement  was found to be lOmV 1.604m 

T figure (4.1).

4.1.1.2 SPATIAL VARIATION OF MAGNETIC FIELD

Typical magnetic field and current waveforms produced 

during excitation of the interrupter coil by the L-C 

power source without arcing are shown on figure (4.2). 

The peak exciting current during the first half cycle 

was 850ft. The peak value of subsequent half cycles 

decay because of losses in the ringing circuit. The 

magnetic field shown on figure (4.2) is the axial 

component which is 71.5mT for 850 amperes exciting 

current. The peak magnetic field decreases each half 

cycle not only because of the decaying exciting current 

but also because of the sudden energising of the coil, 

fts a consequence of both these effects the ratio of 

peak current to peak magnetic field changes and the 

displacement in time between successive current and 

magnetic flux peaks varies. To standardise the 

magnetic field measurements, two criteria have to be 

de fined.
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FIGURE A-1, CALIBRATION OF MAGNETIC FIELD MEASURING SYSTEM

FIGURE A-2. AXIAL MAGNETIC FLUX COMPONENT



The first criterion is the normalisation of the 

magnitude of the first peak of the magnetic field with 

respect to the first current peak. Of course the ratio 

of peak magnetic field to peak current (i.e. x Test per 

kilo ampere) will vary during subsequent half cycles.

The second criterion defines the phase angle between 

current and magnetic field. This angle is quoted in 

degrees (one half cycle is 180 degrees) and is that 

angle which separates the first peak of current and 

magnetic flux. This angle subsequently increases 

for each half cycle (figure 4.2).

Thus each coil can be characterised by these two 

critera. The results of figure (4.2) correspond to 

the axial magnetic field component at the centre of the 

coil which has a ratio of 84mT/kft and a phase difference 

of 74°. Measurements at additional locations within 

the coil lead to a magnetic map showing normalised 

axial flux as well as normalised radial flux components 

within the coil volume. Figure (4.3) shows some 

typical lines of magnetic flux generated within the 

cylindrical coil. This field is non-uniform because of 

the end effects of the short coil. ft typical pattern 

of the axial and radial field components is shown on 

figure (4.4). The axial field component is orientated 

in the same direction throughout the entire coil 

volume. However the orientation of the radial
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component changes. In cross-section 1 (figure 4.4) the 

field is directed radial outwards from the coils axis 

but in cross-section 3 its vector direction becomes 

reversed and is directed radially inwards.

It is convenient to specify a convention which defines 

the direction of positive  o r  negative field 

orientation. For a positive radial field the magnetic 

flux direction must be radially inward and is 

negatively orientated if the field is radially outward. 

Figure (4.5) demonstrates this convention graphically.

The axial components of the induced magnetic flux is 

the most dominant. Its spatial variation is shown on 

figures (4.6, 4.7, 4.8, 4.9). This field is 

non-uniform and varies both axially and radially. 

Figures (4.6, 4.7) show the axial variation within the 

cylindrical volume for 5 positions corresponding to the 

left and right hand side of the coil, the top and 

bottom of the coil and the axis of the coil. The axial 

field (Bz ) decreases from a maximum at the mid axial 

position of the coil to a lower finite value at the end 

of the coil. This decrease in Bz is significant and 

for the example on figures (4.6, 4.7), the decrease is 

on average 48%. The axial field near to the surface of 

the copper annular electrode measured at four locations 

(left, right, top and bottom) show reasonable 

similarity to each other.
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The axial field measured at these location is greater 

than that measured on the axis of the coil. This 

radial increase of Bz is 20% for cross-section 2 

(positioned at the mid axial point figures (4.3, 4.4), 

between 10% and 20% for cross-section 1 and 

approximately 30% for cross-section 3 (figures 4.8, 

4.9). There is a significant difference between the 

radial variation observed at cross-section 1 and that 

ovserved at 3. This discrepancy is caused by the added 

magnetic field produced by the current flowing through 

the temporary making contact between the poker and 

annular copper former (figure 4.3).

The phase difference (4> ) between the exciting current 

and the axial component of the induced field v a r i e s  

both axially and radially. Mid-way into the coil 

volume the phase difference is a maximum and decreases 

for all locations towards the end of the coil. On the 

axis this variation is from 85° to 77° over a 3 cm 

distance (figure 4.10). fit a position mid-way into the 

coil volume the phase difference is greater on the left 

hand side of the coil than the right hand side. There 

is a similar trend between the top and bottom 

locations. However, this difference disappears towards 

the coil's open end at which point the phase difference 

of all four radial locations tend to the same value.
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For these four locations there is a substantial 

decrease in <J>, but on the axis this decrease is not as 

large resulting in the phase difference on the axis at 

the end of the coil becoming larger than that at the 

radial positions.

This radial variation is depicted on figures (A.12,

A.13) for all three cross-sections. The least 

undisturbed profile is cross-section 3 which is 

situated far enough away from the current flow through 

the poker electrode and making strap. The phase 

difference is greatest on the axis of the coil at 

station 3 and decreases radially outwards. The profile 

at station 1 should be similar to that at 3 and it is 

so if the coil is reversed so that station 1 is the 

furthest point away from the poker electrode. These 

added influences generally increase the phase 

difference angle at the left and top positions and 

decrease it at the centre, bottom and right positions 

for stations 1 and 2. The profile at section 2 should 

have a parabolic shape similar to that at station 3 but 

the magnitude of <P will be larger throughout that 

radial cross-section.

Although the magnitude of Bz is insensitive to small 

additional imposed magnetic fields, the phase 

difference angle is more susceptible to such change.
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The radial component of the magnetic field also has a 

spatial variation within the cylindrical volume. The 

strengh of this component is at maximum 10% of the 

axial field for the same location and because of the 

small size of this component it is easily distorted by 

any additional induced fields. To minimise this 

interference each end of the coil volume was 

individually tested so that each end was positioned 

away from the poker electrode. This distortion can be 

seen by comparing measurements taken at cross-section 1

shown on figure (4.17). la shows the composite radi al

field produced by the coil and any other induce d fie Id,

whilst lb is th e field measured when the coi 1 has be en

rotated through 180° and is not affec ted by

interference du e to other magnet ic fi elds.

The ra dial fiel d is a maximum at ei th er end of the coil

but at one it is directed radial ly in wards and at the

other radially outwards (figure 4.15, 4.16). This

field should be zero at the cent re of the co il but

becaus e of the distortion of the magn etic fi eld due to

the un even dist ribution of eddy cur re nts in the copp er
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annular electrode this field is zero at a point 

off-centre of the coil. The field on the axis is small 

compared to that measured at the four radial positions 

(figures 4.17, 4.18). Radially across any 

cross-sectional station this field is a maximum 

at the core surfaces and zero near the coil axis. At 

both core surfaces the field is always in the same 

sense, ie. inward or outward.

The phase difference angle varies little with axial 

position and is relatively constant between 70°and 80° 

with only the top and bottom measurements showing an 

axial decrease (Figure 4.19). The radial variation 

shows a similar trend with only a radial decrease in 0 

for three locations (top, axis and right) the others 

remain constant at 80°(Figure 4.20).

4.1.1.3 TEMPORAL VARIATION OF FIELD

The magnetic field set up in the cylindrical gap of the 

annular copper electrode is the product of two separate 

mmfs. The first mmf is produced by the pulsed 

sinusoidal current through the coil windings and copper 

former; the second mmf is a result of eddy currents 

generated in the copper core by the exciting current. 

Where as the exciting current  v a r i e s  sinusoidally the 

eddy currents grow more gradually at the rate governed 

by the resistivity of the coil yoke. This latter
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growth rate extends over approximately  3 cycles of the 

exciting current. The combined influence of these 

fields leads to the superposition of an exponential 

decay extending over  3 cycles upon a sinusoidal 

variation.

A further complication caused by this transient 

situation is that the time period for one half cycle of 

the magnetic flux varies over the first two half cycles 

because of assymetry. Figure 4.2 shows the first time 

period, t}f for one half cycle to be 6.84ms and the 

second, t2 , is 4.2ms. Subtraction of the exponential 

component from the observed magnetic flux results in 

the quasi steady flux waveform B (Figure 4.2). 

Initially, this quasi stady magnetic field is negative 

but later passes through zero and increases positively 

to the first peak. Thus the complex magnetic flux 

waveform observed experimentally may be considered in 

terms of the two simpler waveforms. It is the 

superposition of these two simpler waveforms which 

leads to a phase difference which differs from nly-

At all stations monitored a similar time response of 

magnetic flux was noted. The magnitude and phase 

difference of flux varied with location but the 

temporal trend was the same for all locations.
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4.1.1.4 PRIMARY TURN EFFECT

Changing the number of turns on the copper former 

causes a corresponding change in the mmf produced by 

the primary winding (IN)}. This in turn alters the 

magnitude of the eddy currents induced (IN)2 in the 

core and results in a change in the overall magnetic 

field induced within the coil volume. The windings and 

copper core are analogous to a transformer with Ni 

primary turns and a short circuited secondary. The 

mmfs (IN)} and (IN)2 add vectorally for both the 

transformer analogy and the actual coil system. Figure 

(4.21) shows the effect of decreasing the number of 

primary turns experimentally. fts expected the field 

decreases linearly. This decrease is true for both the 

axial field and the radial field components at all 

locations within the gap. The phase difference angle 

remains unaffected over most of the range until only 

two turns remain when the difference angle becomes 

sensitive to turn reduction, eventually increasing to 

140° for less than one primary turn. Elsewhere in the 

cylindrical volume a similar trend could be observed. 

Provided that there are more than two primary turns on 

the coil the magnetic field can be increased 

substantially without affecting the phase difference 

angle. The magnetic field within the coil can
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therefore be chosen for a specific phase difference 

angle simply by putting the required number of primary 

turns onto the copper former.

4.1.1.5 INTER-TURN INSULATION FAILURE

The consequences of insulation failure can have serious 

repercussions for the effectiveness of the circuit 

breaker. One of the main components of the ciruit 

breaker is the field generating coil. Any insulation 

failure will change the field inside the cylindrical 

gap to some degree.

The infuence of insulation failure is to introduce a 

source of a third mmf due to the formation of a number 

of short circuited turns. The summation of this mmf 

with the other two mmfs change the magnetic field 

strength and phase difference angle within the 

cylindrical gap. These mmfs interact differently 

depending upon the location from which the turns of 

insulation are removed. However, regardless of the 

location of the insulation failure there is an increase 

in the total amount of eddy current flow which reduces 

the overall magnetic field. The complexity of the 

interaction is manifest in the degree to which both the 

magnetic field and phase difference angles are 

affec ted.
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Figure (4.22) shows that the reduction in the magnetic 

field is dependant upon the location from which the 

insulation is removed. The greatest reduction occurs 

if insulation is removed from the outer turns curve 

(3), rather than the inner turns curve (2). For 

example, experimental observations shown on Figure 

(4.22) indicated that for only 8 turns of insulation 

out of a possible 13 turns the magnetic field varies 

between 35 mT for insulation removed from the outer 

windings to 40 mT for insulation removed from the 

inner windings.

The phase difference angle is also affected by 

altering the number of turns of insulation. This angle 

increases irrespective of the location from which the 

insulation is removed. However, a greater increase is 

observed when insulation is removed from the inner 

windings. For the example shown on figure (4.22) and 

for 8 turns of insulation the change in the phase 

difference angle is from 78° for removal from the outer 

turns to 86° for the inner turns.

4.1.1.6 VARIATION OF MAGNETIC FIELD WITH CORE THICKNESS

Both the magnitude of the axial magnetic flux and the 

phase difference varies with changes in the core 

thickness. f\ thicker core reduces the axial flux and 

increases the phase angle (figure 4.23). There is a
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linear decrease in B accompanied by a linear increase 

in {) throughout the range investigated. For a three 

fold increase in the core thickness the axial field 

decrease by approximately half whilst the phase angle 

changes by one and a half times.

These changes reflect the effect of the shielding eddy 

currents in the copper core. Within a thicker copper 

core larger eddy currents can be induced for a given 

exciting current. The vector sum of the primary 

exciting current and the shielding eddy currents add 

vectorally, resulting in the overall flux pattern in 

the cylindrical gap.

A.1.1.7 PEAK CURRENT DEPENDENCE OF MAGNETIC FIELD.

To ensure that the generated peak magnetic field is 

linearly dependent upon the peak exciting current, the 

axial magnetic field at one station was recorded 

(figure A.2A). It shows that the axial magnetic flux 

is linearly dependent upon the exciting current in the 

current range of 0 to 6 kA. The phase difference angle 

is unaffected by the magnitude of the exciting current 

and remains constant at A9°. The field at other 

locations, including the radial field component showed 

similar trends.
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4 . 1 . 2  ELECTRICAL BEHAVIOUR

During this peak current phase of arcing the electrical 

behaviour of the arc column is important. It is 

essential during this period to measure the arc current 

and arc voltage. For more information localised arc 

voltage measurement are useful especially in 

determining the local electric field strength and the 

degree of axial penetration of the arc column.

4 . 1.2.1 ARC CURRENT

Figure (A.26) shows two half cycles of arcing current. 

Both half cycles are sinusoidal in nature and there is 

a smooth commutation of current through the first 

current zero where the arc column has failed to 

extinguish.

Both the 20 mrc and 1.038 mri current shunts give the 

same current waveform and the di/dt measured at the 

first current zero corresponds to 2 n . f . I p k (f=110Hz ), 

where Ipk is the magnitude of the first current peak.

There tvas no evidence of the high value current shunt 

distorting the current waveform during the peak current 

and current zero regimes of arcing.
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4.1.2.2 OVERALL ARC VOL TAGE

The arc voltage figure (4.26) for the first half cycle 

of arcing varies from 108 volts at the start to 252 

volts towards the end of the half cycle but on average 

this voltage is 180 volts. For the second half cycle 

the voltage varies between 310 volts to 240 volts. On 

both the first and second half cycles there are many 

rapid voltage fluctuations. These are random and have 

a relatively slow rise to a voltage peak and then a 

sudden decrease to some nominal value. Towards the end 

of each half cycle there is a general voltage increase , 

resulting in an extinction voltage peak prior to 

current zero. There is both an increase in the average 

arc voltage and the number of voltage fluctuations as 

the peak current is increased  o r  the magnetic field 

characteristic of the coil is increased.

4.1.2.3 LOCALISED ARC VOLTAGE

The localised probing of the arc voltage is depicted by 

figure (4.27) for a single voltage probe monitoring a 9 

kA peak current force in a 35 mT/47° coil. The probe 

voltage recorded is not continuous because the arc 

sweeps past the probe wire every revolution and the arc 

plasma is only in contact with the probe during each 

incidence. This contact time is a function of the 

arcs diameter and the arcs velocity.
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In figure (4.27) the arc rotates between four and five 

times during one half cycle. The maximum transient 

time of the arc across the probe is 600 jjs for this 

particular condition and the minimum transit time is 

300 ys.

Using two voltage probes separated by 0.7 cms the local 

electric field strength within the arc plasma can be 

evaluated. Figure (4.28) shows typical voltages 

recorded during this period for the same peak current
4r

and magnetic field conditions as for figure (4.27). 

There are the same number of revolutions as previously 

recorded but the time taken for the first revolution to 

begin is 500 fjs longer this highlights the degree of 

shot-to-shot variation. Each voltage peak has a 

similar shape, persists for the same amount of time and 

occurs at the same point in time.

The local voltage measured by the two probe rods 

increases with increasing peak current and the number 

of rotations also increases during the half cycle. 

Figure (4.29) shows between 8 and 10 rotations for a 18 

kft peak current but the generally higher voltage during 

most of the half cycle indicates that the arc has 

filled most of the arcing area.
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A.1.2.A AXIAL PENETRATION VOLTAGE PROBING

Discrete axial voltage probing of the coil volume 

showed that the arc penetrates the whole length of the 

coil volume. However, the degree of penetration is 

dependant upon the peak current and it is at peak 

current when maximum penetration occurs.

Figures (A. JO - A.33) are probe measurements within the 

cylindrical gap. Probe 1 is positioned half way into 

this coil and probe 2 is situated at the coil exit 

opposite the poker electrode. Below A.O kA peak 

current the arc column does not even penetrate half way 

into the coil (figure A.JO). However, for a peak 

current of 9.7 kA the arc has penetrated at least half 

the axial length of the coil. This midway penetration 

occurs during the peak current phase of arcing and 

persists until current zero (figure A.J1) but this arc 

has not penetrated the full length of the arcing tube.

A similar trend is observed for a 1J kA peak current 

arc; there was midway penetration of the arc but full 

penetration was not observed (figure A.J2). However, 

for an 18 kA peak current arc full penetration of the 

arcing tube was observed (figure A.JJ). This occured 

during the peak current phase of the half cycle but 

unlike midway penetration which persisted until current 

zero full penetration ceased approximately 500 jjs after 

peak current.
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4.1.3 AERODYNAMIC EFFECTS

The transient pressure rise inside the test vessel was 

investigated for various peak currents and with a 

static pre-arcing pressure of 10 p.s.i gauge of sulphur 

hexaflouride (SF¿). Figure (4.34) shows a typical 

pressure transient within the test vessel for a 4.2 kA 

peak current arc and a 113 ml/kA 47° coil.

Superimposed on a more gradual pressure rise are 

oscillations at frequencies of 1 kHz and above/ these 

are investigated in sections 4.1 3.3, 4.1 3.4. There 

is also an acoustic delay of about 1.75 ms between the 

beginning of arcing and the registering of a pressure 

rise due to the propagation of the pressure pulse 

through the sulphur hexaflouride medium.

The slightly negative change in pressure recorded 

during the first 1.8 ms of arcing (figure 4.34) is 

a pressure transient caused by the poker electrode 

moving from its fixed contact to its final resting 

position.

The average pressure rise increases to a maximum value 

which c o i  ncides with current zero. After arcing has 

ceased the pressure  t r a n s i e n t  d e c r e a s e s  and eventually 

disappears.
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4 . 1 . 3 . I  PRESSURE CHANGE AS A FUNCTION OF PEAK CURRENT

Several tests were performed at different peak current 

levels and for the 113 mT/kA; 4 7°  coil, the averaged 

maximum pressure increase occuring at current zero, was 

noted (figure 4.35). An increase in the peak current 

causes a larger pressure transient. Over the peak 

current range investigated, 4.2 kA to 18 kA, the 

transient pressure rise varied linearly with peak 

current. The deviation from the average pressure rise 

caused by pressure oscillations also increases with the 

peak current (figure 4.35). The maximum average 

pressure increase observed was 0.34 of an atmosphere, 

approximately half the static pre-arcing pressure.

4.1.3.2 PRESSURE CHANGE WITH DIFFERENT MAGNETIC 

FIELD CHARACTERISTIC

The transient pressure rise during acring for a 35 mT/ 

kA; 47° coil is similar to that shown by figure (4.36). 

The maximum averaged pressure rise occurs at current 

zero and there is the same linear dependence upon peak 

current. However, the change in pressure is gene rally 

smaller with the lower magnetic field producing coil.

The deviations from the average pressure rise generally 

show an increase in magnitude with increased peak 

current.
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The maximum transient rise in pressure observed for 

this coil was 0.22 of an atmosphere which is 

approximately one third of the static pre-arcing 

pressure.

4 . 1 . 5 . 5  AERODYNAMIC INFLUENCE OF ENCLOSURE CHAMBER

Before investigating the aerodynamic effects of the 

enclosing chamber, the three main sources of noise 

namely electromagnetic, electrostatic and mechanical, 

were eliminated.

To determine conclusively that the oscillations 

observed earlier are a result of areodynamic factors, 

the SFg gas inside the breaker was replaced by air at a 

similar pressure. The overall pressure rise was 2.8 

times greater than that for SF g and did not decay as 

rapidly (figure 4 .37). There are oscillations 

superimposed upon this average rise whose frequency is 

higher than those for SFg and their amplitude only 

about one third.

To eliminate any influences exerted by the stainless 

steel interconnecting tube, the piezoelectric 

transducer was placed inside the chamber, now filled 

with SFg. ft similar pressure transient was observed as 

shown by figure (4.34).
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This interconnecting tube had little effect upon the 

transient pressure rise. To investigate the transients 

further the lateral and longitudinal dimensions of the 

test chamber were reduced in turn. ft lateral decrease 

caused the oscillations to increase in amplitude to 0.2 

bars, the frequency remaining constant. ft longitudinal 

reduction surpressed the oscillations at 1 kHz but 

promoted those of higher frequencies (figure 4.38). 

However the overall average pressure rise are similar 

in each case.

Thus the fact that the pressure oscillations are a 

characteristic of the enclosing chamber and the 

occupying medium, suggests that they are resonant in 

nature. Their peak to peak amplitude is of the same 

magnitude as the average pressure rise which in turn is 

only 32% of the static gauge pressure at maximum.

4.1.4 OPTICftL VIEW ftT PEftK CURRENT

4.1.4.1 DYNftFftX HIGH SPEED PHOTOGRftPHY

ft sequence of photographs showing two half cycles of 

arcing for a 8.7 kft peak current arc is presented on 

figure (4.39). Throughout one half cycle the arc 

diameter viewed in this plane generally increases 

toward peak current and decreases thereafter.

111



LATERAL 
REDUCTION I__

LO N G ITU D IN AL REDUCTION

FIGURE A 38. AERODYNAMIC RESONANCE



FIGURE 4.39. Arc Appearance



The arc does not move continuously but undergoes 

successive lengthening and shorting changes. During 

each lengthening process the arc plasma in the column 

moves predominently radial outwards to the cyclindrical 

electrode. Once the arc is in close proximity to this 

surface a new arc root is formed. The remaining length 

of the arc column between the new arcing site and the 

old one eventually decays. However the arc root 

attached to the centre electrode appears to be able to 

move with greater continuity. The arc motion is in the 

direction of the Lorentz's force.

A typical arc shape throughout the half cycle is that 

of an involute, the arc being bowed forward in the 

direction of travel. However occasionally the arc 

divides into two sections forming two different arc 

roots. This state did not persist and eventually one 

of the arc columns decayed.

The appearance of the arc column's boundary is of a 

rough and turbulent nature. Nevertheless, the arc 

column remains well defined.

A second half cycle of arcing is shown on figure 

(4.39). After current zero the arc begins to rotate in 

a direction opposite to that which occured during the 

first half cycle consistent with a reversal of the 

Lorentz driving force (figure 3.3 ).
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ft further reversal in rotation occurs later in the half 

cycle consistent with a delayed reversal of the 

principle axial magnetic field.

During both half cycles the time taken for each 

revolution within the coil, varies considerably. During 

the initial stages of arcing the arc movement is 

relatively slow and takes approximately 1.3 mS for one 

revolution but the second revolution occurs within only 

0.5 mS. These values maybe used to give an apparent 

arc velocity and the manner in which velocity varies 

throughout both have cycles of arcing.

ft similar arc appearance is recorded for various peak 

currents upto 18 kft. The arc column at these higher 

currents has a bigger diameter than those for lower arc 

currents. No significant change in the arc diameter 

could be observed for changes in either the magnetic 

field or phase difference angle for similar peak 

currents. Both the peak current, peak magnetic flux 

and phase difference affected the time taken for one 

arc revolution.

4.1.4.2 PHOTOMULTIPLIER/FIBRE OPTIC MONITORING

The number of arc rotations per half cycle has also 

been measured more directly using a photomultiplier 

viewing the arc space through an optical fibre.
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Figures (4.40, 4.41) show typical results obtained with 

such a system from which the number of arc revolutions 

can be determined. For a 3.7 kA arc rotating in a 35 

mT/KA, 4 7° magnetic field (figure 4.40), there are two 

revolutions during the first half cycle. The first 

occurs near to the peak current and the second starts 

app rocima tely 500 fjs before current zero. There are 

other spikes at 1.1 ms, 2.8 ms and 3.1 ms which do not 

indicate a revolution but represent the a r c ’s periphery 

wandering in and out of the field of view. Increasing 

the peak current to 18 kA for the same magnetic 

characteristic causes the arc column to rotate 10 

times. The first revolution occurs within 1 ms after 

arcing has begun.

The distance between each successive peak and the width 

of each pulse is a measure of the arc velocity and the 

arc diameter respectively. For the low current case 

(figure 4.40) the arc is slow moving resulting in a 

long time to cross the viewing field (1.1 ms). For the 

high current arc this transit time at peak current is 

0.2 ms even with a greater arc diameter.

Even at the higher current of 18 kA, the arc remains as 

a definite radial spoke as signified by the well 

defined pet*.k j .  (figure 4.41). However the voltage zero 

time between each pulse diminishes towards peak current 

but later increasing as the current reduces to zero.
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4 . 1 . 4 . 3  IMAGE CONVERTER 
PHOTOGRAPHY AT PEAK CURRENT

Conventional photography failed to resolve sufficiently 

the form of the arc column at high current levels on 

account of the exposure being long compared with the 

arc rotation rate. In an attempt to resolve this 

difficulty, short exposure photographs using an image 

convertor camera were taken for a peak current of 18 

kA. These tests indicate that during this high current 

phase, the arc has a clear column form rather than a 

diffuse plasma occupying the whole cylindrical volume 

within the coil (figure 4.42).

The exposure times from the three frames of each of the 

three events was constant at 0.5 ¡j s . For the first two 

events the frame separation is 110 jjs for the first two 

frames and 115 jjs for the second and third frames. The 

separation of frames for the third event is 22 jjs.

4.2 CURRENT ZERO RESULTS

4.2.1 CURRENT ZERO ELECTRICAL BEHAVIOUR

A series of performance tests were performed on 

different coils which had various magnetic 

characteristics. The rate of change of current before 

current zero could be changed between 4A! fjs to 15A/ p s .
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4 . 2 . 1 . 1  DETERMINATION OF di/dt AND dv/dt

Within the last few micro-seconds before current zero, 

the current decreases linearly to zero (figure 4.43). 

During the first part of this period, the arc voltage 

remains approximately constant at about 1 kV for this 

case (figure 4.43) before later, during the final 

micro-second, decaying to zero. The zero of both 

current and voltage arc coincident to within 0.2 jjs.

The current zero di/dt is taken as the average value of 

the current ramp over the last three micro-seconds 

before current zero. This definition of di/dt is 

introduced in order to accommodate any destortion of 

the current range which may occur within one 

micro-second of current zero. Such a distortion is 

inherent because of the stray capacitance across the 

test breaker's terminal which becomes charged before 

current zero and discharges as the arc voltage 

collapses to zero (section 4.2.1.5). The projected 

current zero neglecting distortion and the actual 

current zero arc typically separated by 0.25 /j s . The 

di/dt measured over the last 3 ¡js from figure (4.43) is 

5 A / jjs but measured over the last micro-second it is 

2A! fjs clearly showing the degree of distortion.

The dv/dt is taken as the rate of change of arc voltage 

as it passes through zero.
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The tangent to the voltage curve at v=o is 1.58 kV / ps 

for the case shown on figure 4.45. This voltage 

transient is also affected by any stray capacitance 

across the test head terminals.

4.2.1.2 CLEARANCE OPERATION

Whether the arc reignites after current zero or 

extinguishes is determined by the relative rates at 

which the power input after current zero and the power 

dissipated during the same period change. Figure 

(4 .4 4 ) shows a successfull clearance with no post arc 

current detectable. The arc current and voltage fall 

to zero and the natural restrike voltage applied after 

current zero rises to more than 2 kV in four 

micro-seconds. The previously ionised channel 

withstands this voltage. The sensitivity of the 

current measurement is such that a post arc current of 

at least 0.5 ft could be detected. The di/dt, dv/dt are

6.8 ft/ p s  and 555 v/ p s  respectively.

4.2.1.5 CLEftRftNCE WITH POST ftRC CURRENT

If the input power and losses are nearly equal, the 

arc may briefly attempt to reignite after current zero 

before finally extinguishing. Such a behaviour is 

shown on figure (4.45). The di/dt and dv/dt are 5.6 

ft/(js and 525 V/ ps respectively. For approximately one 

micro-second after current zero there is no detactable
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post arc current but after about two micro-seconds the 

amount of post arc current has slowly risen to } f\.

The restrike voltage at this time is 1380 volts and the 

input power is 345 watts. Within the next 2.4 j j s  the 

arc current quickly increases to approximately 15 ft and 

the total power input is then 23 kW. During the 2.4 ¡js 

the voltage reaches a peak within 1 f.j s  and then 

decreases to 1530 volts at 2.4 fjs. ftfter this time the 

current decays to zero after 8 jjs and the stressing 

voltage increases upto the capacitor bank voltage. The 

input power during this period decreases fairly 

quickly, falling to 9 kW, 7} fjs after current zero.

4.2.1.4 FAILURE OPERftTION

If the input power exceeds the amount of dissipated 

power loss then the arc column reignites. Both figures 

(4.46, 4.47) show the current and voltage variations 

after current zero for failure conditions.

Figure (4.46) shows that for approcimately 1.4 fjs after 

current zero there is no post arc current detectable.

In the next 2 jjs the current increases rapidly to 10ft, 

and the power input has reached 14.7 kW. ftfter a 

further 6 ¡js the current has increased to 18ft and the 

power input is 25 kW. The arc current does not return 

to zero but increases, reflecting the fact that the arc 

has reignited. The di/dt before current zero is 4.3ft/ 

¡js and the initial dv/dt is 495 v! jjs.
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Unlike the previous example of arc reignition where 

after current zero the current seems to hesitate for 4 

fjs before resuming its rise, figure (4.47) has no 

"current hesitation". After a delay of 1.4 y s , where 

no post arc current is detected, the arc current rises 

extremely rapidly, reaching 10A in 1.2 p s ;  the power 

input at this time is 15 kW. This is a severe failure. 

The di/dt and dv/dt are 5.5A/ jjs and 521v/ ¡js 

respectively.

4.2.1.5 PARALLEL CAPACITANCE ACROSS THE TEST HEAD

To control the dv/dt following current zero without 

substantially changing the di/dt before current zero 

parallel capacitors were placed across the test head. 

To further reduce the rate of rise of voltage a 10- 

resistor  was placed in series with the capacitor.

The effect of this RC combination is two fold. The 

first reduces the dv/dt by controlling the discharge 

time of the inserted parallel network. The second 

causes distortion to the arc current during the last 1 

jjs before current zero. This distortion causes 

rounding of the previously linear current ramp, 

reducing the di/dt 1 ¡js before current zero. These 

effects are clearly shown by figure (4.48).
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4.2.1.6 THERMAL PERFORMANCE

The thermal performance for this circuit breaker was 

measured by studying the reignition at a series of 

di/dt values after one half cycle of arcing. If the 

circuit breaker withstood the imposed dv/dt after 

current zero then the dv/dt was increased until the 

critical performance boundary  was determined. 

Oscillograms such as those in figures (4.44 - 4.47) 

were useful in determining the di/dt and dv/dt. A 

typical fail/clear performance graph is shown on figure 

(4.49). The magnetic characteristic of this coil is 55 

mT/kA, 80° lag.

The failure operations are indicated by crosses and the 

clearences by circles. Generally when the arc 

reignites the dv/dt at current zero is lower than would 

otherwise be expected, that is the inherent dv/dt for 

the failure operation should be approximately 1.8

kV / jjs rather than the value of 670 v / jjs measured during 

reignition due to voltage regulation. Another problem 

associated with this type of performance testing is the 

statistical variation encountered. The critical 

performance boundary is defined by a series of 

experimental points at different di/dt's at which the 

dv/dt imposed after current is insufficient to cause 

reignition, but a slightly larger dv/dt will cause 

reignition.
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The critical thermal performance boundary for this 

example given is shown on figure (4.49). The critical 

withstand voltage decreases with increasing di/dt.

Figure (4.50) compares the critical performance 

boundaries for a variety of field producing coils. 

Clearly performance improves with an increase in the 

magnitude of the field (compare B,C figure 4.50) also 

the gradient of the critical performance curve 

decreases as the magnetic field magnitude is lowered.

A better performance is gained if the phase angle is 

80° instead of 47° (compare D,E figure 4.50). ftll 

curves show a decrease in dv/dt for an increase in 

di/dt.

4.2.2. OPTICAL RESULTS

4.2.2.1. ftRC APPEftRENCE PRIOR TO CURRENT ZERO

The arc's appearence within the last 12 ys of current 

zero is complex and is variable from shot to shot. Two 

extreme examples are shown on figures (4.511, 4.5111). 

These two arcs are photographed at the same point in 

time 7.2 ¡js prior to current zero and for identical 

di/dt and magnetic field conditions. The length of the 

arc column shown by figure (4.511) is 18 cms measured 

in one plame and has a simuous appearence. The arc 

current of 21ft is carried in some places by parallel 

arc channels. The luminous involuted spiral arc column
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meanders a path from the centre electrode to the outer 

electrode the arc luminosity is very low and yet either 

side of this is a strongly luminous arc column and a 

bright arc root on the anode surface. On the next shot 

the arc is very differenct in appearence (figure 

A.5111). Here the arc is relatively shorter in 

length, approximately 6 cms and the arc current of 21A 

is carried by a single arc channel. Again the arc 

channel varies in both luminosity and diameter. The 

arc is not spiralled as in the previous test but it is 

still an involute shape, bending in the direction of 

the Lorentz force.

A spectacular spiralled arc is shown by figure 

(A.51111). Although the peak current is nearly twice 

that for the previous two examples, the arc is similar 

in appearence. However the arc column has spiralled 

nearly 2} times representing an arc length of 21 cms 

which is carrying 17A through a single arc channel, 5.A 

jjs prior to current zero.

A.2.2.2. DECAY OF ARC CHANNEL TOWARDS CURRENT ZERO

Three consecutive frames taken at 12, 8.6 and 5.3 /j s  

before current zero are shown in figure (A.52). During 

this period the arc current decays from 35A to 15A. 

There is no detectable arc movement during this time 

but the arc column is rotating because the arc column
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i s  an involute shape, spiralling just over one 

revolution.

The decay of the arc column is not uniform. Thinner 

parts of the arc channel lose their luminosity more 

rapidly than the wider parts of the arc column. The 

cathode spot on the poker electrode remains bright 

throughout each frame.

A.2.2.3. ARC REIGNITION

It is important to establish whether or not the arc 

will reignite along its old previously conducting 

channel or whether a new arcing channel is formed 

elsewhere. Figures (4.53, 4.54) shows arc reignitions 

for peak currents of 7 . 2  kfl and 8.2 kA respectively.

The arc column before current zero is as described 

above. It is clear that the second frame of figure 

(4.53) show that arc reignition occurs along the 

previously conducting arc channel, despite the 

considerable arc length. Arc reignition has occured 

within 3 ps of current zero and the arc's appearence is 

thin and sinuous. 6 îs later the arc still has a 

similar appearence but has grown in luminosity.

However during the same time the more luminous areas 

prior to current zero still decrease in brilliance even 

though the arc column is conducting current again.

Another arc reignition process is shown on figure
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(4.54). The arc column is shorter than for the

previous example but reignition still takes place along 

the length of the arc column. However, reignition has 

not occurred within the first micro-second following 

current zero but it has definitely occurred within 9 fjs 

after current zero.

In both of the previous figures there is no detectable 

arc movement in any direction. Since the arc current 

has commutated through zero the arc column experiences 

a reversal in the Lorentz force. The next section 

shows the arc column's response to this change.

4.2.2.4 REVERSED ARC ROTATION AFTER CURRENT ZERO 
(0-400 jJS)

The arc column during the first 200 jjs after current 

zero has become extremely twisted and it's shape is 

very complex. The series of frames showing 7.2 kft peak 

current are (figure 4.55) clearly demonstrates the 

complexity of the shape of the arc column during this 

period. The arc current is carried by a single 

channel. Approximately  300 fjs after current zero the 

arc column is beginning to assume a more definite 

shape, rotating in the opposite direction to that 

recorded previously.

Figure (4.56) shows a further example where the arc 

column has completed its reversal and has a well
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defined involute shape 400 jjs after current 

commutation.

4.3. CONCLUSIONS

The magnetic field within the cyclindrical arcing 

volume can be resolved into two components, a radial 

and a dominant axial magnetic field. Both these fields 

are non-uniform within the arcing volume varying 

according to location. There is also an inherent phase 

lag between the exciting current and the transient 

magnetic field. The magnitude of the magnetic field is 

dependent upon the peak current, the number of primary 

turns with sufficient insulation and the copper core 

thickness. The phase lag angle is dependent upon the 

copper core thickness and whether adequate inter-turn 

insulation has been inserted.

The arc voltage during the peak current phase of arcing 

is not constant but shows rapid fluctuations during 

each half cycle of arcing. Localised voltage probing 

of the arc column showed that there were local 

disturbance within the arc plasma. The extent of axial 

penetration of the coil was established.

Over the peak current range investigated the pressure 

rise observed during arcing was small compared to the 

background pressure. However, this pressure rise was 

dependent upon both the peak current and magnetic
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character of the arcing coil. Aerodynamic resonances 

occurred within the enclosing chamber.

Throughout one half cycle of arcing the arc column 

rotated in the direction determined by the Lorentz 

force and it's shape is that of an involute. The arc 

velocity varies throughout the arcing half cycle and is 

dependent upon both current and magnetic field. At the 

highest current investigated (18 k A ) the arc, although 

very large in diameter, does not entirely fill the 

whole arcing volume.

The thermal performance curves for various magnetic 

conditions show degradation in performance, that is 

it's gradient differed according to the type of 

magnetic field conditions. A high magnetic field and a 

large phase difference increases the thermal 

performance of the circuit breaker.

Thermal reignition occurs along the previously 

conducting arc channel irrespective of the length of 

arc column. After reignition the appearence of the 

column is thin and sinuous. Once the arc current has 

reversed the Lorentz force acting upon the arc column 

also reverses and the arc column changes it's direction 

of motion within 400 jjs of current zero.
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5 .  DISCUSSION OF RESULTS

5.1. PEAK CURRENT PERIOD

During the peak current period the arc column is 

controlled by the magnetic field within the coil, the 

fault current, the phase difference angle, electrode 

effects and both the aerodynamic and thermodynamic 

properties of SFg. To understand the complexities of 

this type of discharge under such conditions, it is 

necessary to evaluate each influence separately and 

determine the degree to which each factor controls the 

discharge.

5.1.1. MAGNETIC EFFECTS

Interaction between the arc current and the non-uniform 

magnetic field is difficult to ascertain unless both 

the arc current and magnetic field are considered 

separately.

5. 1.1.1. AXIAL FIELD CONTROL

Interaction between the arc current and axial magnetic 

field is different when the arc column is an involute 

shape rather than a radial spoke. For an involute 

shaped arc column there are three component forces; an 

azimuthal or tangental force f F J resulting from the 

interaction between radial current flow (ir ) an axial 

field (Bz ) figure (5.1); an axial force (Fz) produced
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by the interaction between the azimuthal current flow 

f i e ) and radial magnetic flux (Bp); and finally the 

third component is a radial force (Fp) produced by the 

interaction of an azimuthal current flow M e ) and an 

axial field (Bz) • If the arc column is a radial spoke 

then there would only be one component force, F .

The axial magnetic field interaction with the arc 

current produces a Lorentz force per unit length of arc 

column which can be resolved into two components, 

azimuthal and radial. It is interesting to observe the 

change in this force acting upon an involute arc column 

along it's length. Near the inner rod elecrode where 

the arc current flows in a radial direction (76) there 

is only an azimuthal force. However, near to the 

surface of the cylindrical electrode this force is 

radial. Midway between these two positions the net 

force (Fq ) is a vector summation of two components (

+ £ J . Thus an element of plasma is forced away from R
the centre electrode and onto the cylindrical copper 

electrode by Fq .

The non-uniformity of the axial magnetic field when 

interacting with the arc current causes a similar non- 

uniformity in the Lorentz force. The radial increase 

in Bz is approximately 50% (section A.1.1.2) from the 

coil axis to it's surface and this is reflected in the 

Lorentz force which also increases radially.
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Consequently and element of plasma moving from the 

poker electrode to the outer electrode will be 

accelerated radially. From the end of the coil to the 

mid axial position, 6 7  doubles. When arc penetration 

occurs there is a corresponding increase in the Lorentz 

force causing the arc column to accelerate. Too much 

penetration beyond the mid position where the axial 

field is smaller, causes deceleration, retarding the 

arc column.

The force governing movement of the arc column in a 

magnetic field is:

dF = ( i X B ) . d l  (5.1)

However, the movement of the arc column into the coil 

volume is not only governed by the interaction of the 

involute arc column with Bz but also by the axial 

inclination of the arc to the field resulting in the 

force on an element of arc being,

Both the axial field and arc current are functions of 

time. The resulting change in the Lorentz force for 

any arbitary element of arc plasma is shown on figure 

(5.5) provided that the angle of inclination between 

the arc current and axial field remains the same 

throughout the half cycle. During this period the 

Lorentz force increases sinusoidally to a maximum at a

(5.2)

129



FI
G

U
R

E 
5-

2.
 

E
LE

M
E

N
T

A
L



time midway between the peaks of the arc current and 

the magnetic flux. After this peak it then decreases 

to zero at current zero. This implies that during 

arcing the arc plasma will be subjected first to an 

increasing Lorentz force followed by a decreasing 

Lorentz force so causing acceleration and deceleration 

respectively of the arc plasma element. The magnitude 

of this force is controlled by three factors, the arc 

current, the magnetic field and the phase difference 

angle  0. The latter will be discussed in section 

15.1.1.3). An increase in either peak current or peak 

magnetic field would cause a proportional increase in 

the Lorentz force during the whole arcing period. 

Reversing the current flow or the magnetic field cause 

the Lorentz force to reverse. If both current and 

field change direction then the net effect upon the arc 

column is uncanged. Figure (5.3) show these changes in 

the Lorentz force as a function of time. The duration 

of the negative Lorentz force is controlled by the 

phase difference angle and it's magnitude by the 

instantaneous value of current and field. Also shown 

is a general overall reduction in the peak magnitude of 

the Lorentz force from half cycle to half cycle because 

of the transient decay in both the arc current and 

magnetic field which occurs during the capacitor bank 

discharge used in the present experiment.
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5.1.1.2. RADIAL FIELD CONTROL

The interaction between the radial magnetic field and 

the arc current produces an axial force (figure 5.1). 

This force is directed into the cylindrical volume 

enclosed by the coil. Even if the arc column 

penetrates to the other end of the coil the radial 

field interaction with the arc current would produce an 

axial force which again has a direction into the coil. 

This apparent reversal in direction from one end of the 

coil to the other is caused by the change in the 

direction of radial flux component over that length.

At the mid axial point along the length of the coil the 

radial component is zero and therefore is the axial 

force.

The arc column under the influence of this axial force 

only is therefore directed into the mid way point of 

the cylindrical electrode and would remain there in a 

magnetic trap. In practise this does not happen 

because of other magnetic effects which are considered 

later.

The radial variation of this axial Lorentz force is 

similar to the variation of Bp. It is a maximum near 

to the surface of the cylindrical electrode and zero on 

the axis. This radial variation only changes the 

magnitude of the force and not it's direction because
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Bp and I maintain their respective orientations. The 

greatest axial force exserted upon the arc column will 

be at the end of the coil, near the surface of the 

cylindrical electrode.

It is interesting to note that when the arc penetrates 

into the coil there is an axial components of current. 

This component interacts with the radial field 

producing an azimuthal Lorentz force which is in 

opposi tion to the main azimuthal force (ir x £z)- This 

retarding force is a maximum where the main force is a 

minimum, near to the surface of the cylindrical 

contact. The net force here may be in the reverse 

direction but it's effect would be masked by the 

electrode effects. Closer to the axis of the coil the 

influence of this force deminishes whilst (ir x By) 

increases.

As well as a spatial variation in Bp there is also a

time dependent change similar to that for the axial

field. The Lorentz forces  (i X B ) and  (1 X  B ) will
~e R z R

vary with time causing maximum axial penetration and 

azimuthal retardation respectively at a point in time 

midway between the peak of the current and radial flux.

5. 1 . 1 . 3 .  CHANGE IN LORENTZ FORCE WITH THE PHASE 

DIFFERENCE ANGLE (§)

The time at which the Lorentz force is a maximum is
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controlled by the phase difference angle. One inherent 

disadvantage of increasing  <}> is that there is an 

accompanying decrease in f j .  x B) (figure 5.4) 

although Ip^ and Bp k remain the same. In practise 

there is an additional effect which caused a further 

decrease in B as <P is increased. This is associated 

with the methods of producing the phase delay which are 

by making the coil yoke thicker (figure 4.23) or 

increasing the electrical conductivity of the yoke 

(85). However such changes also produce a reduction in 

the field strength because of increased shielding 

effects. The Lorentz force is therefore reduced by two 

effects, i.e. increasing <p and increased shielding.

The time at which the Lorentz force reaches a maximum 

moves closer to current zero as Ip is increased. 

Correspondingly the arc velocity also reaches a maximum 

at a similar instant as will the forced convection 

losses. An advantage of a large # is that the magnetic 

field at current zero remains high (figure 5.4) 

and hence the rate of change of Lorentz force during 

the current zero period is constant for large phase 

angles close to 90°.

The magnitude of (i x B) is greater than for similar 

conditions of small ip's. The implication of this 

greater Lorentz force during the current zero period is 

that the velocity of the arc column will be maintained
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more than for small values of Ip.

5.1.1.4 DISTORTION OF MAGNETIC FIELD DUE TO CURRENT 

FLOW THROUGH THE POKER AND TEMPORARY MAKING STRAP.

To measure this magnetic field inside the coil without 

an arc present a temporary shorting is used is 

discussed in the previous chapter. The magnitude of 

the magnetic field generated by current flowing through 

the poker electrode and temporary making strap can be 

calculated using the volume integral of the Biot-Savart 

law (See Appendix 1, equation Al). These resulting 

fields are perpendicular to each other. Current 

flowing through the poker electrode gives rise to an 

azimuthal field which is a maximum at the surface of 

this electrode (9.8 mT/kA) but quickly diminishes both 

axially and radially to less than 0.6 mT/kA at a 6 cms 

axial position and 2.5 mT/kA at 3.5 cms radial position 

( figure 5.5).

Current flowing through the temporary copper strap 

gives rise to a field which would change both the axial 

and radial field components produced by the coil system 

but it's affect will vary from location to location.

The location greatly affected is near to the copper 

strap. This field quickly diminishes to less than 4 

mT/kA at the mid-axial posi tion ( figure 5.6).
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Both the additional fields add vectorially with the 

main field causing distortion of the axial and severe 

distortion of the radial fields. The greatest 

distortion occurs where these fields are largest at the 

poker end of the coil but rapidly diminish over a short 

distance.

5.1.1.5 MAGNETIC INSTABILITIES * 1

Arcs in magnetic fields are inherently unstable and for 

the present investigation the imposed magnetic field is 

relatively large. Schrade (77) investigated the 

stability of an arbitrary shaped arc with finite cross- 

sectional area whose dimensions are known. In section 

(2.4.6) his governing equation of stability is quoted 

in equation (2.4.4) as

> Stable
2 2

1 + P -  2A -  2cos oc = 0 indifferent (5.3)

< unstable

There are simplifications introduced into Schrade's 

analysis but it is applicable for any arbitrary shaped 

arc column with a known finite arc radius. If the arc 

radius is known then this eliminates the need for any 

energy considerations avoiding a knowledge of complex 

energy dissipation mechanisms and local temperature 

profiles. Consequently only the momentum transport 

from the current carrying arc column to the
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non-conducting gas needs to be considered which leads 

to the stability criterion (equation 2.4.4).

ft disturbance in the arc column will either grow or 

decay, so constitutuing unstable or stable behaviour 

respectively. The direction of most likely instability 

is axially into or out of the coil volume, however 

because the arc column is already inclined into the 

coil by the action of the radial field the 

instabili ties promoting further the growth of 

penetration beyond the mid coil point (despite the 

reversed radial field in this region).

Further development of Schrade's analysis is essential 

before determining the stability boundary for the

present set of arci

In equation (5.5) (3

pressure to magneti

P
P

Ì / 2 j i

Where; P = average

B = external

M = permeabi

X (equation 5.5) is

(5.4)

field to the applied magnetic field,

X  =  M1 
2ttRB

(5.5)
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Where, I = a r c  current (ft)

R = arc radius (m)

Equation (2.4.4) is modified after sustitution of 

equations (5.4) and (5.5),

> Stable

-2cos2a= 0 indifferent (5.6)

< unstable

Throughout the half cycle of arcing the arc radius 

varies in approximate sympathy with the current. Thus 

the current density can be assumed constant during the 

major part of the half cycle excluding the current zero 

period (figure 5.7) and also as the peak current 

increases. Introducing current density into equation 

(5.6) an expression for the critical stable magnetic 

field is obtained as a function of current density, arc 

current, static pressure and the azimuthal angle (OC) 

between the applied field and the radius of curvature 

vector of the local disturbance. If this latter angle 

is 0 or K then

B2 r  2pP - M2J I  (5.7)
2 n

Where B is the critical magnetic field boundary as a 

function of the other parameters. The critical 

stability boundaries for two static pressures (0 psi 

and 10 psi guage) arc shown on figure (5.8i).

For currents less than lOOkft, arc instabilities are

i/2i

-2 Ml
2n.RB
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dominated by the external magnetic field rather than 

self magnetic effects. The magnitude of this external 

magnetic field varies depending upon the background 

static pressure but for Opsi pressure a magnetic field 

greater than 500 mT would cause arc column instability, 

for a larger static pressure of 10 psi this critical 

magnetic field is 700 mT. For arc currents in excess 

of about 100 kA self magnetic effects may cause 

instabilities. The exact shape of the boundary is 

controlled by three factors, the static pressure, arc 

current density and arc current. To some extent the 

current density is not independent of the background 

pressure as an increase in pressure would cause a 

greater constriction of the arc column so increasing 

the current density. The stability theory as derived 

by schrade (77) appears to be only rigourously 

applicable to quasi stationary arc columns but it seems 

reasonable to assume that it should apply during the 

major part of the arcing half cycle. The steady state 

restriction maybe traced back to the non-time dependent 

form of the momentum equation.

Rcopœu; I X B
(5.8)

Cq = drag coefficient

R = arc radius

p = density of imposed flow r00
U = incoming flow velocity
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If the arc column moves in the Lorentzian direction 

because the drag force is insufficient to maintain 

equality then a further term should be added to 

equation (5.8) which is a rate of change of momentum 

per unit length thereby transforming equation (5.8) 

into the form,

8_
6t

I X B (5.9)

Where  = mass of the plasma forming the arc column

Schrade's definition of this extra term is given in his 

papers (77,86) as 6M where M is the momentum per unit 

time per unit length of arc column. The change in 

momentum per unit time, 6M is equivalent to the added 

term appearing in equation (5.9). Schrade in his 

stability derviation considers 6M and has implied that 

his stability equation is not only for a steady state 

arc but also for the transient case and therefore can 

be applied to a rotating arc column.

The translational velocity of the arc column can also 

be transformed from being the incoming gas velocity to 

the velocity of the arc column relative to the 

surrounding gas simply by changing the frame of 

ref erence.
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The stability equation is further generalised by 

considering the arc column as a current carrying, 

gaseous channel whose axis assumes any configuration in 

a three dimensional space.

The stability criteria divised by Schrade has an 

application to other arc configurations and move 

interesting to a transient condition of arcing. Using 

equation (5.6) the stability of the rotary arc column 

can be examined in that direction of greatest 

instability.

Two specific cases are shown on figure (5.8i) for a 

peak current of 9 kft, peak magnetic flux of IT and 

phase difference angles of 4 7 °  and 80°. For the first 

case of if = 47 °  (label ft) the arc column is initially 

stable until just before the peak current when the 

magnetic field becomes greater than 700 mT. ftt this 

stage any kink which forms in the arc column would be 

unstable and will grow in the axial direction. ftrc 

column stability is re-established not by the reducing 

arc current but by a decrease in the applied magnetic 

field below 700 mT. In this case stability is 

re-established some 2 ms before current zero.

To highlight the effect of the phase difference between 

B and I, case B is for an 80° phase lag of magnetic 

field. ftt the beginning of the half cycle the arc 

column is unstable due to the magnetic field but
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becomes stable during the peak current period. However 

the column again becomes unstable towards the current 

zero period.

The magnitude of the applied magnetic field and the 

phase difference angle controls the time at which 

instability occurs. B determines whether instability 

occurs during the half cycle of arcing. controls the 

time at which this occurs, a small phase difference 

angle will cause the instability to occur near to the 

peak current, a large ^ promotes arc instabilities at 

those times when the arc current is small, that is at 

the beginning and end of the half cycle of arcing.

It is interesting to examine the direction in which 

instability would occur. The two most susceptible 

directions are axial penetration into the cylindrical 

arcing volumne and axial ejection from the coil volume. 

The mechanisms responsible for producing the original 

kink in the arc column are flow turbulence and the 

axial Lorentz force arising from current interaction 

with Bp.

Kinks formed by flow turbulence are likely to occur 

randomly because of the passage of the arc through the 

surrounding gas generating large random turbulent 

vortices. Both favoured directions have a similar
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probability of disturbance and the arc column can be 

equally injected or ejected. However, experimental 

evidence shows that arc movement into the coil volume 

is dominant.

The controlling mechanism which initiates arc column 

injection into the arcing coil volume is the 

interaction of the radial field with the arc current. 

This is a maximum at the same period in time for which 

the arc column experiences maximum instability.

Experimentally (figures 4 .3 1  -  4 . 55) penetration occurs 

during the peak current period for the case of a 47° 

phase difference angle. As expected an increase in B 

causes an earlier onset of instability and the duration 

is extended perisisting down towards current zero. A 

larger magnetic field causes a stronger instability 

which is manifest as a further axial penetration into 

the arcing volume as seen experimentally. Figure (5.8 

ii) compares experimental test information for axial 

penetration with that derived from equation (5.6).

Both the experimental and theoretical values for midway 

penetration agree very well. The time of the onset of 

instability increases as the magnetic field is reduced, 

and there is a critical magnetic field below which 

magnetic instabilities will not occur.
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5.1.2. ARC MOVEMENT AND CONTROL

The importance of those parameters controlling the 

arc's velocity and arc shape are identified from 

experimental results of one half cycle of sinusoidal 

arcing current.

5.1.2.1 ARC VELOCITY

During one half cycle of arcing the a r c ' s  velocity 

varies considerably. At the beginning of the half 

cycle the velocity of the arc column is zero but 

quickly rises with the increasing arc current and 

applied magnetic field. Figures (5.9) and (5.10) show 

two different cases for an 80° and a 47 ° phase 

difference angle respectively. Although there is a 

difference in both the magnitude of the peak current 

and the magnitude of the peak magnetic flux each is 

representative of the trend of arc velocity for each 

phase difference.

An increase in Lorentz force causes the arc column to 

accelerate to a maximum velocity occuring not at the 

instant of maximum driving force but nearer that 

instant at which the magnetic field is a maximum. This 

occurs at a time of 4.5 mS for if) = 80° and 5.4 mS for if) 

= 47° (figures 5.9, 5.10). This superficially curious 

result whereby the arc column continues to accelerate
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despite the Lorentz driving force decreasing, is 

explicable with equation (5.9).

Modifying this equation and eliminating the vector 

co-ordinates (by assuming mutual orthagonal fields), 

results in

SU iB RCdPc»U 2 U SM
St pA pA pA St

"L orentz" "drag" "mass change"

Where  M = ^  4 (per uni t length ) 

p = plasma density 

A = arc area.

and where i, B, p , A, R, pœ , M vary with time.

The important modification is to the Lorentz force 

where i/A can be replaced by the current density (J). 

This is approximately constant during the high current 

period of arcing (47). Although there is a small 

pressure increase during arcing (4.1.5) the parameter 

is approximately constant and the plasma temperature 

remains practically constant during the same period 

(47, 48). The remaining parameter in the Lorentz 

force B, therefore must govern the driving force which 

consequently will be a maximum when B is a maximum.

The other two terms of equation (5.10) are both 

functions of arc velocity. The first is the "drag"
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force which is also dependent upon arc dimensions, gas 

density and plasma density. During the quasi-steady 

phase R, Cq , p , change very little; however U2 may 

change significantly. U2 is a stabilising feedback 

term which increases the drag force resulting in 6U /6 t  

becoming zero for a given set of external driving 

conditions and plasma conditions. If 6 U /6 t  is positive 

then the arc velocity would increase because of the 

dominance of the Lorentian term.

The third term is the "mass change" term. The rate of 

change of mass that this term represents is small 

during the peak current period of arcing but can become 

more significant towards current zero. But towards the 

current zero period there are two opposite effects; one 

is the decrease in arc temperature making 6p/st 

positive; the second is the arc area decrease making 

6A/St negative. The effect of these two factors 

reduces the importance of 6M/St not only during the peak 

current period of arcing but also down to within 

micro-seconds of current zero.

Essentially the rate of change of velocity is governed 

by the difference between the Lorentz and drag forces.

The maximum arc velocity occurs when the difference 

between the two forces is zero which is when the rate 

of change of B is zero (i.e. a quasi-steady field),
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that is when B is a maximum. Figures (5.9), (5.10)

show this effect. An increasing b field accelerates 

the arc whilst a decreasing B field causes deceleration 

of the arc.

5.1.2.2 MAGNETIC CONTROL OF MAXIMUM ARC VELOCITY

Another effect of the magnetic field is shown by the 

analysis of the high speed photographic results shown 

by figures (5.11, 5.12). These graphs show the change 

in maximum arc velocity against maximum normalised flux 

density for two phase difference angles 47° and 80° but 

for the same peak-current. The trends are similar for 

each, despite a larger flux density causing a higher 

arc velocity.

Empirical analysis of these results allows the maximum 

arc velocity to be related to the maximum normalised 

magnetic field (B^).

For the case of an 80° phase difference this empirical 

relationship is described as

umi3 = 5.68X1 o \  - 155X1 03
(5.11 )

For the case of a 47° phase difference the empirical 

formula is;

U20 = 4.1 X 1 C>6 B - 104X103u max N (5.12)
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These empirical relationships together with 

experimental results are shown on figures (5.11, 

5.12).

5.1.2.5 ARC COLUMN ROTATION THROUGH IT'S OWN HOT WAKE

The evidence for the rotation of the arc through its 

own wake is reported by Kopainsky and Schrade (75). 

Their results derived from Schlieren photography of a 

rotating arc in sulphur hexaflouride indicate that the 

decay of the arc's wake by turbulence and thermal 

conductivity occurs only slowly (>> 10 mS).

Furthermore this experimental study proves that the 

wake contour changes only slightly during one arc 

revolution (~ 1 mS).

This experimental conclusion is consistent with an 

approximate thermal conduction model of the arc wake. 

The geometry of the model is shown on figure (5.15).

The arc column is represented by a circular cylinder 

and the wake by a uniform volume behind the arc. TTm, 

thermal power dissipation from the arc wake is assumed 

solely due to thermal conduction in the x direction 

(figure 5.15). The temperatures decay is governed by

1  5J  _ 62T
Ap 5t  -  sx2 1 5 - 1 4 )
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The solution is given by;

T 1 erf R - X " erf R + X ’
T0 " 2 £CM L 27Apt J

= average thermal diffusivity 

R = arc radius

T0 = wake temperature before thermal decay 

T = wake temperature after thermal decay 

x = radial distance

t = time for thermal decay from T to T0

Information reported by Kopainsky and Schade (73,74) 

allows extreme values of thermal diffusiuity to be 

estimated. This information relates to the temperature 

decay which during one revolution of the arc which is 

limited to 100°K (from 2000°K (74) to 1900°K). This 

leads to a value of ^p of 1.58 x 10-4 m^/s (Appendix 

2). As a result a thermal decay time (the time taken 

for the wake temperature to decay to 1900°K) may be 

determined. The results of such calculations at each 

instant during an half cycle (peak current 3KA) are 

shown on figure (5.14). The maximum decay time occurs 

at peak current when the arc's radius is a maximum.

This time is 13 ms for a 3kA arc. The arc column will 

rotate in its own wake after one revolution provided 

that the time taken for the second and subsequent
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revolutions (t) is less than the thermal time constant 

ie,

f  »  t (5.16)

Experiment shows that the observed times between 

successive revolutions after one complete revolution is 

much less than the thermal time constant.

The above analysis does not include the effects of 

turbulent mixing of heated gas with the surrounding 

cooler gas. This would of course reduce the 

dissipation time and lead to a more uniformly heated 

gas volume.

5.1.2.A ARC CURRENT CONTROL OF ARC VELOCITY

The influence of the arc current upon the rotational 

velocity is shown on figure (5.15) which compares 

experimental results (full curves) for the maximum 

recorded arc velocity as a function of peak current and 

peak magnetic flux as well as the empirical trend as a 

function of peak magnetic flux only (equations 5.11, 

5.12 dashed curves). These results show reasonable 

agreement between empircism and experiment at lower 

peak currents (<_lAkf\) but with increasing departures at 

the higher currents. They also suggest that the effect 

of phase angle is somewhat exage rated at the higher
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peak currents by the empirical description. It may 

however be more meaningful to interpret these changes 

in terms of arc velocity rather than peak current in 

which case the deviations occur at higher velocities.

It is possible that this trend may be associated with 

changes in the arc column aerodynamic structure as well 

as the thermodynamic properties of the surrounding gas 

which occur at high rational velocities.

5.1.2.5 ARC SHAPE

The arc shape was briefly mentioned in section (2.4.5). 

The formula derived from some broad assumptions 

describes the arc's shape as a function of distance 

from the inner electrode and a constant which is the 

ratio of arc velocity perpendicular to the arc and the 

angular velocity of the arc column.

Although the analysis reported by Adams (76) is 

applicable to steady state arcing, this may be extended 

to the transient situation of the present 

investigation. This extension simply involves 

modifying the constant C (equation 2.45) to represent 

the same ratio of arc velocity (U) to angular arc 

velocity (W).

C = U (5.17)
W
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Instead of calculating the arc velocity from the steady 

state equation it is determined from the transient 

equation describing the arc's velocity (equation 5.10). 

Examination of this equation shows that there is no 

analytical solution but that the arc velocity may be 

calculated by an iterative process.

Neglecting electrode effects, other Lorentzian forces 

and stability factors the arc will rotate in the anular 

gap with the same shape as that specified by Adams 

(equation 2.42). In other words the arc shape is 

independant of arc velocity but is dependant upon the 

distance from the centre of the inner electrode to the 

element of plasma under consideration.

However, if there is a radial variation of the axial 

magnetic flux; then a non-uniform Lorentz force is 

produced along the arc column and results in a varying 

velocity of each arc segment along its length. This 

results in the constant C in equation (5.17) becoming 

radially dependent.

Equation (2.42) is therefore modified viz
1 /2

. i L  - i 
|_cV) 1

cos-1 'c(r)"
r

Where  C (r) = u (r)  (5.19)
U)
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A radial increase in Bz is accompanied by a radial 

increase in the velocity of each element. The overall 

effect upon the shape of the arc column is to make it 

more radial in shape. Some typical shapes 

corresponding to a range of radial nonuniformities of 

the axial magnetic field configurations are shown on 

figure (5.16). Comparison between a 10% radial 

increase in magnetic field, a uniform field and a 50% 

radial decrease in field is shown on this diagram, with 

the arc becoming progressively more involute and 

longer. An average arc shape from experimental 

observation with no axial penetration is also shown on 

figure (5.16). There is a considerable difference 

between the experimental arc shape and the nearest 

calculated shape, (+10% shape). This is believed to be 

due to the influence of electrode effects which 

promote distortion in length close to the electrode 

(with a uniform magnetic field and polished electrodes 

Adams found that his theory predicts correctly the arc 

shape ).

5.1.5 ELECTRICAL INFLUENCES

During the peak current period of arcing the arc 

voltage exhibits some transient variations. Some 

phenomena which may give rise to these changes arc 

considered overleaf.
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5.1.3.1 ARC VOLTAGE AND ARC LENGTH CORRELATION

A typical example of corresponding changes in arc 

length and voltage are shown in figure (5.17) for a 3kA 

peak current arc with a magnetic field characteristic 

of 35mT/kA, 47° phase lag. Both parameters clearly 

exhibit the same general rise during the half cycle of 

current and superimposed upon this are rapid 

fluctuations. These fluctuations correlate well with 

each other, so implying that to a first approximation 

the electric field strength remains constant. For this 

particular case the electric filed strength is 

2.67kV/m.

At higher peak currents the frequency of these rapid 

fluctuations increases but the average length of the 

arc reduces to typically one third. Simultaneously the 

mean arc voltage increases by 15% (figure 5.18). These 

two changes taken together imply that the electric 

filed strength increases to 3.8kV/m for this particular 

condition. This third for the electric field variation 

may be qualified in terms of an average electric field 

at peak current: peak current characteristic with 

magnetic field strength as parameter (figure 5.19). 

These results indicate that the power dissipated in the 

arc (El) increases with peak current and increasing
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magnetic flux density. Both these changes reflect the 

effects of an increased arc velocity as indicated on 

figure (5.15). The accompaning shortening of the arc 

length and the greater forced convection produces the 

gradual rise in the mean electric field strength.

An approximate quantitative indication of the effect of 

velocity upon the convective losses is given by the 

fact that for a given peak current (e.g. 9kA) a 250V/m 

difference exists in the electric field strength for 

the two driving magnetic fileds and this corresponds to 

a doubling of the arc velocity figure (5.15).

5. 1.3.2 MAGNETIC FIELD INDUCED EMF IN THE ARC

The emf induced in a conductor rotating in a time 
o*yK

varying[magne tic field is given by

r' r
E(n<f = i  (UXB).dl § S . d sSI 15.201

The physical representation of the two terms on the 

right hand side of this equation are induction by 

motion only (motional induction) and induction by a 

temporal change in the magnetic field (transformer 

induction). Both these induced emfs are present for 

the rotary arc configuration and their effects need to 

be examined separately.
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The rotional induction produces an emf when the arc 

column "cuts" lines of magnetic flux. Because of the 

predominate rotary motion of the arc column and the 

relatively small radial variation of the dominant axial 

field the amount of flux "cut" by the arc is small. An 

estimate of the maximum value of this emf may be made 

from the maximum spatial variation of the magnetic 

flux and maximum arc velocity. Thus an arc column 

moving with a velocity of 1200m/s in a magnetic flux of 

240mT will induce an emf of 0.29kV/m which is only one 

tenth of the magnitude of the measured electric field. 

Furthermore since the direction of this emf is 

orthogonal to both B and U it opposes the driving emf 

( figure 5.20).

The second term representing transformer induction is 

dependant upon the rate of change of the magnetic 

field. Consequently this effect would be negligible 

during the peak current period but could be significant 

during the initial rise or final decay of the flux 

towards current zero.

The temporal change of the magnetic field will induce 

an emf in the arc column in opposition to the Ohmic 

electric field. The loop involved in this type of 

induction is defined by the moveable contact (poker), 

the arc column and the cylindrical coil electrode.
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Because of the arc's motion this loop is not uniquely 

defined so that the magnitude of the induced emf 

depends upon the arc position. This is apparent from 

figure (5.22) which indicates that there would be no 

net emf induced at positions U and  IV because of the 

opposite and equal emfs induced in the two loops 

defined by YWXU and YWVU. Maximum emf is induced when 

the arc column is at positions V and X and is given by 

the second term of equation (5.20).

ds (5.21)

For the relevant experimental conditions the maximum 

emf is 0.91 V/m which is several orders of magnitude 

lower than the Ohmic electric field which is itself 

greater close to current zero than during the peak 

current period (compare figures 5.19 and 5.21).

5.1.3. 3 ARC COLUMN INDUCTANCE AND INDUCTIVE VOLT DROP

During rotation the arc column can circumvent the outer 

coil surface more than once. If two turns of arc 

column exist within the arcing volumne then the arc 

column will itself have inductance. This may produce 

an emf which would be a maximum for high /ut which 

occurs during the approach to current zero.
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The inductance of the arc column depends upon its shape 

the number of turns and the self magnetic field 

generated. To simplify matters the arc is assumed to 

lie near the surface of the outer electrode and to have 

two turns separated by a small distance. The magnetic 

field generated by these turns is similar to that of a 

short solenoid, i.e.

B = mNI

J 4  r2+ l2
(5.22)

Where jj 
N 
I 
R 
1

permeability of the medium (H/m) 
number of arc turns 
arc current (Amps)
radius of circle ascribed by arc (m) 
separation of two turns (m)

Figure (5.23) shows a shematic of the geometery. The

total flux linkage (A) of these two turns is,

A -  ^  IA- (5.23)

vG rV F

So that the inductance of these turns becomes,

L =

v/4R2+ l 2 (5.24)

The maximum effect of the induced voltage will occur 

close to current zero when both the rate of change of 

arc current is large and the inductance of the arc 

column is a maximum.
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For an arc cross-sectional area of 3.14 x 10~6 m 2 , 

inter-turn separation of 2mm and two turns of arc 

column, the inductance is 5.6nH. As a result for the 

most severe di/dt, the inductive volt drop would only 

be aproximately 0.07 volts maximum for two arc loops. 

For four loops of arc column the inlfuc tance increases 

to lOnH with an equivalent volt drop of 0.12 volts.

These induced voltages are negligible in comparison 

with the purely Ohmic voltage drop of the arc column.

5.2 CURRENT ZERO PERIOD

5.2.1 PRE-CURRENT ZERO CONDUCTANCE DECAY

5.2.1.1 SHOT-TO-SHOT VARIATION OF ARC CONDUCTANCE

Experimental results for the arc's conductance during 

the last 3ps of the pre-current zero period for fixed 

length arc columns, (whether they are free burning or 

have enforced gas flows) show a statistical variation 

(87). Having an arc which also has a statistical 

variation in length considerably complicates the 

determination of the magnitude of the arc's conductance 

prior to current zero. This is demonstrated by figure 

(5.24). The arc conductance shown is for four separate 

tests with the same operating conditions. Each test 

shows the same trend demonstrating a linear decay of 

the arc's conductance towards current zero which is 

similar to that for fixed length arc's. However, the
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amount of scatter in the results represents both the 

statistical variation in the arc's thermal and 

aerodynamic structure and the statistical variation in 

the arc's length.

Before making any comparison of the arc's conductance 

between similar or dissimilar experimenal conditions 

the effect of arc length must clearly be eliminated. 

This may be achieved through a normalisation procedure.

5.2.1.2 NORMALISED ARC CONDUCTANCE

The normalising procedure must satisfy two criteria 

which are that it should take account of the arc's 

length and that this length should not change during 

the last lOus before current zero.

In section (5.1.3.1) a relationship between the arc's 

voltage and length was concluded and a direct 

correlation between arc voltage and length demonstrated 

(figures 5.17, 5.18). Image convertor photographs of 

the arc channel show that the arc length does not 

change during the lOus prior to current zero so that 

the second condition is satisfied.

The method proposed for normalising the arc conductance 

curves is to choose a particular length of arc column 

which corresponds to an arc voltage close to current 

zero. The point at which this voltage is measured must
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be within 10 jjs of current zero and the rate of change 

of voltage (dv/dt) should be zero.

The result of normalising the arc's conductance is 

apparent from a comparison of figures (5.24) and (5.25). 

The un-normalised results for a given di/dt (llA/fjs) 

show a large variation from test to test (figure 5.24). 

Following normalisation the difference between the 

separate tests reduces as shown on figure (5.25). Also 

shown on this figure is the conductance variation for a 

di/dt of 6.1A/fjs.

Clearly the normalisation procedure reduces the test to 

test variation so that behaviour under different 

operating conditions becomes distinguishable.

5.2.1.5 NORMALISED ARC CONDUCTANCE VARIATION FOR 

DIFFERENT dl/dT.

Figures (5.26) shows the normalised variation during the 

approach to current zero for di/dt values of 5 .9 /1 /p s ,  

7.5A/jjs and 11.5A/ps (constant peak magnetic field of 

610 mT and an 80° phase difference angle). These 

results show that the conductance and conductance decay 

rates both increase with di/dt.

Further analysis of these results may be considered in 

terms of the Mayr theory for which a knowledge of the 

normalised power input is required as a function of this
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parameter,

1 dG
G dt (5.25)

Figure (5.27) shows the results of figure (5.26) plotted 

in this manner. These results show that results for 

different di/dt fall onto a unique characteristic and 

that the parameter in equation (5.25) increases as the 

power input decreases. The characteristic may also be 

used to estimate the arc time constant as the inverse of 

the intercept of the tangent with the vertical axis.

This interpretation is consistent with the Mayr arc 

equation,

1 dG _ 1 
G d t  X

VI _ -,
l n 0

(5.26)

T = time constant, V' = normalised arc voltage, I = arc 

current, No = rate of energy loss per unit length.

The result of this procedure is a set of curves 

describing the thermal time constant as a function of 

time (figure 5.28). This curves decay linearly towards 

current zero with a residual time constant at current 

zero. These results show that the time constant 

increases with di/dt.

The implication of these results is that the arc 

recovery is independent of arc length and that therefore 

the thermal performances of the interrupter is also
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independent of arc length.

5.2.1.4 NORMALISED ARC CONDUCTANCE VARIATION FOR 

DIFFERENT MAGNETIC FIELD STRENGTHS.

The conductance variation towards current zero for the 

same di/dt and phase difference angle but various 

normalised magnetic field is shown of figure (5.29). 

There are three cases shown corresponding to peak 

magnetic fields of 410 m T , 597 mT and 850 mT. All 

curves decay linearly towards current zero but the 

conductance at a given instant increases as the magnetic 

field strength decreases. This behaviour is consistant 

with the greater power dissipation due to the higher 

velocities produced by the high magnetic fields.

The l/G(dG/dt): VI characteristics show a dependence 

upon the magnetic flux density as given of figure 

(5.50). The corresponding Mayr time constants derived 

from these results (figure 5.51) reduce linearly towards 

current zero. Although their magnitudes differ the rate 

of change of decay of the Mayr time constat-is 

approximately the same for all cases. However the most 

interesting point about these curves is that an increase 

magnetic field reduces the Mayr time constant. For 

example one microsecond before current zero the time 

constant for the lowest magnetic field is 1.5 ¡js and for 

the greatest 0.46 ys. This variation is probably caused

162



TI
M

E 
(p

sl



PO
W

ER
 

IN
PU

T 
(k

W
I



by differences in the thermal structure of the arc 

column caused by the decrease in stored energy by the 

increased convection losses.

5.2.1.5 NORMALISED ARC CONDUCTANCE VARIATION FOR 

DIFFERENT PHASE ANGLES.

Conductance decay results for different phase angles, 

magnetic fields and di/dt values are shown on figure 

(5.32 - 5.37). Figure (5.32) shows a comparison between 

the effect of two phase angles (47° and 80°) for a di/dt 

of 5.2A/^s. The arc conductance decay is linear for 

both phase angles, the two curves having the same 

gradient. The difference between the results for the 

two phase angles in too small to allow distinct 

conclusions to be drawn.

The 1 /G(dQ/dt): Power characteristic derived from these 

results are shown on figure 5.33, the 1/G (dG/dt) values 

for a phase angle of 47° being greater than for the 80° 

case. The corresponding changes in the Mayr time 

constant during the current zero period are shown on 

figure (5.34). The results for the higher phase lag are 

greater than for the lower, but this difference 

diminishes towards current zero.

Similar trends for the three characteristics (G:t; 1/G 

(dG/dt): VI; X : t ) occur for a higher di/dt of 7.6A/ps 

(figures 5.35 - 5.37). However the Mayr time constant
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has a slower rate of decay than that for the lower di/dt 

(figure 5.34) resulting in an overall larger time 

constant at current zero for the higher di/dt.

5.2.1.6 COMPARISON OF NORMALISED ARC CONDUCTANCE FOR 

ARC EXTINCTION AND ARC REIGNITION CONDITIONS.

Small changes in the arc's conductance near to or at 

current zero can cause the arc column to reignite after 

current for a given rrrv. Figure (5.38) show two 

results of identical arcing conditions, for one test the 

arc column reignited after current zero whilst for the 

other the arc extinguished. The difference in the arc's 

conductance is not large and could be attributed to 

test-to-test variation. However although these arc 

columns have similar (although not identical) 

conductances they may well have different 

cross-sectional areas and/or temperatures.

The 1/G (dG/dt) characteristics are similar for both 

arc's (figure 5.39) increasing with the decrease in 

power input. Consequently, the Mayr time constants for 

both cases are also similar but not identical. The time 

constant for this arc which reignited is larger than for 

the clearance case.
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5.2.1.7 GROWTH OF ARC CONDUCTANCE DURING THE

REINGNITION PERIOD

The conductance rises rapidly after arc reignition 

(figure 5.41). Each case shown is for the same 

conditions. The arc's conductance during the first two 

microseconds after current zero could not be detected. 

Subsequently the conductance increases rapidy leading to 

reignition within four microseconds following current 

zero which is consistent with thermal reignition trends.

5.2.2 THERMAL PERFORMANCE CHARACTERISTICS

5.2.2.1 INTERPRETATION OF THE DV/DT: DI/DT 

CHARACTERISTICS

The traditional manner of presenting the thermal 

performance characteristic for axial flow symmetric 

arcs is used for presenting similar results for the 

non-symmetric rotating arc column (figure 4.50). But 

for the latter case changing the di/dt for each coil 

also changes the magnetic field strength proportionally. 

Of course this increase in the magnetic field represents 

a change in an important arc controlling parameter. To 

isolate these two effects, lines of constant magnetic 

flux are drawn onto figure (4.50) as shown on figure 

(5.42), only the flux line representing 442 mT is shown. 

The point of intersection of a constant magnetic flux 

curve and a thermal performance curve gives a set of

165



uniquely defined values of dv/dt and di/dt. These 

values can be plotted onto a graph which is of dv/dt: 

di/dt for constant magnetic flux densities and one phase 

difference angle.

The results of this recasting is shown on figure (5.43). 

As expected the thermal performance degrades as di/dt 

increases. For a given phase difference angle (for 

example 80° phase lag) the performance curves are 

parallel for various magnetic flux density values. For 

all cases the d^v/dt? is zero for each curve. A larger 

magnetic flux density promotes a better rrrv value for a 

given di/dt.

The influence of the phase difference angle is more 

readily shown through a comparison of curves "C" and 

"0". Curve "C" represents the thermal performance of an 

arc column in a magnetic flux density of 605 mT, a phase 

difference angle of 4 7°, curve "D" is for a magnetic 

flux density of 535 mT and a phase difference angle of 

80°. Although condition D is for a smaller magnetic 

field the thermal performance over this range 

investigated is much better. A larger phase angle 

improves the withstand voltage of the arc column after 

current zero for a given di/dt, particularly at higher 

values of di/dt.

Another difference between curves "C" and "D" is that
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the gradient of each is different. The smaller phase 

difference curve has a steeper gradient, so that the 

thermal performance degrades much more severely than for 

a higher phase angle.

The form of the thermal performance curve is related to 

the thermal condition of the arc column at current zero 

which in turn depends upon the conditioning of the 

column during the whole of the arcing cycle by the 

magnetic filed both in terms of it's magnitude and 

phase. These factors are discussed later.

5.2.2.2 EMPIRICAL ANALYSIS OF PERFORMANCE 

CHARACTERISTICS

The recent results shown on figure (5.43) allow some 

empirical relationships to be established which should 

be useful for future design considerations.

The performance characteristic is of the form,

dv
d t = KB

crit

ì f  di
ldl

-b (5.27)

where the indices a , b and the C O nstant of

prop ortio nality k are all fun cti ons of the phase an gl e

( <j) ). Fo r a 47° phase di ff er enc e angle these val ue s ar

2.3, 2.5 and 3.9 x 1026 re spe cti vely and for the la rger

CO O o phase lag 1.8, 2.0 and 1 . 7 x 1q 17 respective! y (k

has uni ts of V/AT) .
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I t  i s  interesting to note that the indices of the di/dt 

is different for each phase difference angle reflecting 

the v a r io u s  gradients of performance. This phenomena is 

an end product of the delay in the arc's velocity and 

the delay in the forced convection losses. The power to 

which the magnetic field is raised is also altered by 

the change in the phase difference angle, this decreases 

with an increase in phase difference angle. The effect 

of magnetic field is to increase the magnitude of the 

critical dv/dt. The constant K is reduced by the 

increase in phase difference angle.

5.2.2 .3  PARAMETERS CONTROLLING THE PERFORMANCE

The arc properties at current zero is governed by the 

conditioning produced during the previous half cycle of 

current. This conditioning is most conveniently 

monitored in terms of those parameters which are easily 

measured (I , B, U, rrrv, arc length etc). Although the 

influence of those parameters upon the thermal structure 

and electrically conducting area of the arc column is 

diff\ <uW to assess for this particular case information 

from other experimental investigations can be used to 

provide a better understanding.

The similarity between the trends in the parameters 

which control the arc's velocity, rrrv, Mayr time 

constant and arc conductance is self consistent and
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correct from an arc physics point of view. It is 

clearly advantageous to have the minimum possible energy 

storage in the arc column at current zero. This storage 

of thermal energy may occur either as an increase in the 

a r c ’s temperature or as an enlargement of the a r c ’s 

area.

In the rotating arc the energy loss is strongly 

influenced by the a r c ’s velocity u(t). This is a 

maximum after peak current because the Lorentz force and 

the already decaying area of the arc column reducing the 

retarding drag force. The strongest external influence 

upon u(t) is provided by the magnetic field B(t). The 

evidence of figures (5.34, 5.11, 5.12) indicates that 

for a fixed peak velocity the thermal performance 

improves as the instant of peak velocity moves nearer to 

current zero over the range monitored. For similar 

magnetic fields and rates of change of current, the 

performance is better for the larger phase angle, 

despite the maximum arc velocity being less and the 

conductances before current zero being similar.

It is believed that this behaviour is due to different 

arc column structures produced by the different 

convective influences.

5.3.2 CONCLUSION

A number of features need to be considered before

169



attempting to interpret the results reported above.

These include the complex interaction between the 

spatial and temporal variations in the magnetic field 

and the possible orientations of the arc column. As a 

result a highly complex set of Lorentian forces are 

produced which continually change with the arc's 

orientation.

It has been shown that the arc column moves rotationally 

and axially into the coil. The depth of penetration is 

governed by both magnetic trap considerations as well as 

electromagnetically induced instabilities.

The velocity with which the arc column moves is governed 

by many factors which include the magnitude and phase of 

the magnetic field, the gas density and to a lesser 

extent the arc current. The extent to which this 

velocity controls and finally conditions the arc column 

is reflected in conductance variation prior to current 

zero and in the Mayr time constant during the current 

zero period.

These parameters are highlighted in the empirical 

description of the thermal performance of the arc 

column. The most influential of these parameters is the 

magnetic field.

In order to give a deeper appreciation of the 

interrupter behaviour, a theoretical assessment of the 

arc column is undertaken in the next chapter. This
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6. COMPUTER AIDED MODELLING

The degree of complexity introduced into a theoretical 

description of an arc column with a finite radius of 

curvature makes the solution of energy and momentum 

equations difficult if not impossible from a purely 

theoretical treatment. To obtain reasonable solutions 

to such equations and an estimate of the arcs behaviour 

recourse is made to a mixture of detailed theoretical 

analysis and approximate empirical formulation.

An approximate solution of the arc column's behaviour 

for a set of input conditions should be able to predict 

the arc column area, temperature, velocity, electricial 

conductance and electric field with some reasonable 

accuracy.

The overall ideal design package is shown on figure 

(6.1). It consists of three sub-groups which deal with 

field related computations, arc modelling and circuit 

influences which subsequently lead to a description of 

the interrupter's performance. These three sub-groups

can be further sub-divided. For instance, the field 

calculations can be sub-divided into three groups 

concerned with aerodynamic, magnetic and electrical 

influences (figure 6.2). The aerodynamic and thermal 

fields are used to predict pressure transients and gas 

flows produced by the arcing. Experimental results have
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shown that over the current range investigated such 

pressure transients are small so that to a first 

approximation they may be neglected. The second section 

concerns the magnetic field calculations and the 

distribution of the magnetic flux within the arcing 

volume. Such calculations were made by Chen and Turner 

(85) for the present arcing environment. At present 

only an approximate model with an average magnetic field 

(no spatial variation) is considered as a simulation of 

the true situation within the arcing coil. The third 

section deals with both the electric field associated 

with the arc during arcing and also system induced field 

distribution following arcing and the subsequent 

1ikelyhood of dielectric breakdown. The case of 

dielectric breakdown studies was outside the scope of 

the present investigation. Consideration also needs to 

be given to the mechanical strength requirements for the 

field producing coil when subjected to the compressive 

action of the self produced field. Field calculations 

(e.g. Chen and Turner (85)) consider the shielding 

effect of the annular arc contact (which also acts as 

the yoke); the eddy current flow in this contact and the 

delay in field growth and produced by these eddy 

currents. Consideration also needs to be given to 

geometric and material influences.

The second sub-group that of the computational package

173



deals with aspects of the arc modelling (figure 6.3).

The modelling involves calculating the velocity of the 

various arc plasma elements, the geometric shape of the 

arc plasma column, the stability of the arc column, the 

energy conservation in the arcing environment, the 

response of the arc column to network stimulii and 

particularly it's thermal recovery behaviour. ft series 

of such calculations allows the conventional Rate of 

Rise of Recovery voltage: current decay rate 

characteristic to be determined. Since the estimates of 

arc velocity and arc shape are closely related they are 

more conveniently treated together.

fts discussed earlier the arc column rotates with a fixed <*nni*\our

velocity having a finite radius of curvature therefore

with individual plasma column element having identical

velocities. However, disturbing influences may be

produced by electrode phenomena which for instance may

produce arc elongation. Since these electrode regions

form only a small fraction of the arcs length, losses

associated with this region are neglected in the present

approximate model (31,33,34,36). Furthermore

experimental verification of the uniform nature of the

arc column as provided by the correlation between the

arc length and voltage as well as the fact that all

elements of the arc column have identical velocities

allows the modelling to be made per unit length of the
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a rc  column.

At this approximate level of modelling arc instabilities 

are ignored, since the inward movement of the arc column 

relative to it's major velocity component is small and 

consequently the convected loss attributable is 

neglected. Although such instabilities elongates the 

arc column the correlation between arc length and 

voltage is not violated.

The equations governing the behaviour of the arc column 

are formulated in the following sections. These will 

describe the arc column during the peak current phase of 

arcing and the current zero period. The thermal 

reignition behaviour after current zero is also 

investigated.

The third modelling sub-group deals with the 

interactions with the external circuit (figure 6.4).

The phase shift between the coil exciting current (i) 

and the resulting field is important when considering 

the momentum conservation equations. The problem of 

multiple loop arcing where two or more loops of arc 

exist in the coil volume to produce additional current 

carrying turns has been over come by considering a 

representative length of arc column and the induced 

voltage from such multiple loops can be shown to be 

negligible (section 5.1.3.3.).
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The third section considers the asymmetric fault 

currents whereby a D.C. component is superimpsed upon 

the alternating current component so leading to 

alternate major and minor half cycles of current.

Finally the modelling of the restrike voltage produced 

by the power circuit needs to be incorporated for 

performance predictions.

These sections can be brought together in a computer 

package to highlight the effects on thermal performance 

of charging one or more parameters. Since the crucial 

focus of this computer package is probably the arc 

modelling with its diversity of requirements particular 

attention is given to this aspect in what follows.

6.1 PEAK CURRENT ftRC MODEL

6.1.1 SIMPLIFIED ARC MODEL

Major problems in realising a model of the magnetically 

rotated arc arise from the increased number of variables 

compared with for instance stationary axisymmetic arcs 

and also the reduced amount of experimental information 

which is available for such non-axi symme trie arcs. The 

first requirement is therefore to reduce the number of 

variables by attempting to eliminate the spatial 

variations and replacing them with averaged quantities. 

This approach may be applied by considering two spatial 

zones. The first zone is within the arc column itself
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where the arc current is conducted, where temperatures 

and conductivity are high and gas density low. The 

other zones represent the cooler ambient region through 

which the arc rotates, where temperatures are low, the 

conductivity negligible, the gas density relatively 

high, no current is conducted through this region.

A major difficulty with this two zone type of model is 

the absence of a boundary layer region between the two 

zones which determines the transfer of energy from one 

zone to the other. Such a boundary region represents a 

transition between a highly conducting arc region to a 

non conducting ambient region. Consequently, it is 

essential to utilise a three zone method to describe a 

rotating arc column. This is the approach used here.

Each zone can be described by a set of energy, balance 

equations, ohms law, radiation and momentum conservation 

equations. However, each zone is dependent upon the 

other two reflecting the complex interaction between 

the arc and the ambient gas. Because of this 

interaction and lack of experimental information it is 

impossible to calculate precisely all the parameters 

needed to construct a complete picture fo the arc's 

behaviour. Where possible empirical descriptions 

derived from experimental results presented here and 

also by other authors has been used to add extra detail 

to the arc model. The assumptions used in each region
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together with the empirical laws are now discussed in 

relation to each region.

6.1.1.1. ARC CORE REGION

The arc core refers to the highly conducting region 

which carriers the arc current and is therefore 

subjected to ohmic heating as a power input phenomena 

which can increase the internal energy of the gas. The 

power input is balanced by power losses.

The radiation loss is the gross loss (without 

absorption) by the surrounding gas but may be estimated 

empirically from a knowledge of the theoretical 

radiative properties such as those published by Lowke 

(89). Such theoretical values refer to the pure plasma 

and do not include contamination caused for instance by 

the injection of copper vapour from the electrodes into 

the arc's core. For the high current conditions the 

rotary arc investigated is contaminated by copper vapour 

which is present within the arcing chamber as indicated 

by deposits of copper metal found on the inspection 

window after one half cycle of high current arcing.

Thus to obtain a more realistic value of the emission 

coefficient for the prevailing high current arcing 

conditions adjustment needs to be made to the pure SF£ 

values given by Lowke. The adjustment factor can be 

calculated from the core energy balance equation and
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experimental information about temperature and pressure 

for axial flow arc's with copper contamination (48).

The magnitude of the new emission coefficient for copper 

contaminated SF6 is found to be twice that for pure SF6 . 

This new estimate can be used for the high peak current 

modelling.

The other important loss from the arc is by thermal 

conduction. In general it is difficult experimentally 

to identify separately this loss from other loss 

mechanisms. However an order of magnitude estimate of 

this loss may be made using results obtained for wall 

stabilised arc columns where the dominant loss is known 

to be by thermal conduction. Freeman (90) has 

investigated the transient behaviour of such cylindrical 

arc columns, resulting in a theorectical description of 

the conduction loss for particular cases.

The thermal conduction term in cylindrical co-ordinates 

may be written as the sum of two terms

k dT 
r ï ï r and

( 6 . 1 )

kdir ( 6 . 2 )
d r2

Where the thermal conduction coefficient (k) is choosen 

to be an averaged value across the entire arc column.
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These two terms which are derived from the overal 

thermal conduction term represent losses which are 

dependent upon the temperature profile but differ from 

each other because (6.1) represents a loss which is a 

function of the gradient of the temperature profile 

whilst (6.2) is a function of the rate of change of this 

gradient.

To position these two terms into the energy balance 

equations, there influence on a particular region has to 

be assessed. This is done by assuming a triangular 

temperature profile for the arc and choosing a position 

of maximum temperature (on the axis) (6.2) would 

dominate because (dT/dr = 0). Therefore (6.2) can be 

assigned to the energy balance equation describing the 

core region and (6.1) assigned to the energy balance 

equation describing the boundary region because d^T/dr? = 0

In general the radial temperature profile in the arc 

column may assume any one of a complex distribution 

particularly for the rotary arc case it is nonetheless 

interesting to consider the case of a representative 

profile in order to establish typical values for the 

thermal conduction loss. A reasonable but nonetheless 

mathematically tractable temperature profile is the 

parabola.

T(r) = T - M r 2 (6.3)
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(6.4)

The first differential gives
dT _ 2 r & T
3 r  "  "  r 2‘o

and a second differentiation gives

d2T _ 2 g T
r l r 2  r - 2

N o te  th a t  th e  first term increases with arc radius from 

zero at the arc axis whilst the second remains constant. 

This then provides an approximate estimate of the 

magnitude of the thermal conduction terms when taken in 

conjuction with (6.1 and 6.2).

In addition to the radiative and conduction losses 

consideration also needs to be given to convective 

losses as well as energy storage due to themal capacity. 

At this level of approximation being considered the 

convective losses within the arc core are neglected (but 

are included in the boundary region; section (6.1.1.2). 

The stored energy may be expressed in terms of the 

enthalpy of the plasma and its rate of change determine 

whether it contributes as a power loss or input.

An appropriate time dependant energy conservation may 

then be written for the arc core and assuming radially 

invariant plasma properties as:
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STORED  = OHMIC -  GROSS -  CORE

ENERGY HE/] TING RADIATION CONDUCTION

pA 6h _ 
6t (¿) £A 2 AT k 

r 2'o
V

Where;

p = average mass density 

A = average arc area 

G= average electrical conductivity 

h = average enthalpy 

I = arc current

£ = average emission coefficent 

T = core/Boundary temperature differences

It should be noted that the radiation loss dominates 

over the conduction loss within the arc core so that the 

approximate nature of the conduction term may be 

tolerated without serious error.

6.1.1.2 BOUNDARY REGION

The boundary region is taken to represent the transition 

between the electrically conducting arc core and the non 

conducting ambient region. Losses from the arc core 

appear as power inputs into the boundary region. In the 

case of radiative transfer part of the radiative power 

is transmitted unimpeded across the boundary region 

whereas the remainder is absorbed and then ultimately 

dissipated by convection, boundary conduction and the
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heating of any mass entrained. Thermal conduction 

losses from the core are also dissipated in a similar 

way. Any imbalance is stored as thermal energy, which 

is manifest as a change in arc area.

The net radiative loss across this boundary region may 

be described empirically using the laws derived 

experimentally by Strauchan et al (93). It is proposed 

to apply these empirical laws for the radiative power 

loss to the rotary arc case in order to further simplify 

the modelling.

The radiation loss may then be written as a fraction 

of the electrical power input (I2R = I?/ GA ) ;

.2
Radiation loss = Ççl_ (6.7)

crA

where experiment indicates that(X= 0.2 - 0.4

The effect of convection although neglected in the arc 

core makes a major contribution to the overall losses 

and in the present model is incorporated in the 

description of the boundary region. The convection term 

is modelled using the Nusselt number which gives

Convection loss = N uknAT (6.8)

Nu = Nussett number 

k = thermal conductivity

A T  = temperature difference between the boundary and the 

ambient region.
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The Nussett number may in turn be related to the 

Reynolds number (Re) using experimental results obtained 

for a rotating arc column is mutually or thoganol 

magnetic and flow fields (92). This relationship is

Nu = 0.2 Re (6.9)

The Reynolds number is in turn related to the gas 

properties according to

Re = 2pUA, /2
jm 1

(6.10)

p =  a v e ra g e  mass density of the incoming flow, 

u = flow velocity 

ft = arc area

JLI = average viscosity coefficient of the flowing gas

The energy loss per unit length of arc 

convection may then be written.

Q = 0.4TI1 /2 A /2 kpU & T

M

column due to

(6.11 )

So that the loss of energy due to convection can be 

estimated from known parameters and properties of the 

arc and SFg. But this empirical loss also represents 

conduction losses when the arc column is moving. When 

the arc velocity is zero this hidden conduction in this 

empirical term also dissappears. Provision has to be 

made to assess the magnitudes of this empirical 

convection loss term and the following thermal

184



conduction term and then ommitting one term when the 

other dominates.

Thermal conduction across the boundary region is 

believed to be an important parameter. Consistent with 

the approximate modelling being proposed this conduction 

loss has been described using results derived by other 

authors (90).

As already indicated the conduction loss is rigorously 

given by (Freeman and Jones 90).

Rc = boundary radius.

To reduce the complexity of equation (6.12) the 

conduction term can be rewritten in terms of the heat 

flux potential (S) yielding

/"Re
( 6 . 1 2 )

^  cond (6.13)Sr

Rc = Arc boundary r T

S = heat flux potential k dT

For a wedl stabilised arc Freeman and Jones (90)

S = S, + (6.14)

x normalised radius (r/Rw)

S0 = value of s when o= o

X̂  — r i /Rw
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Differentiating (6.14) denormalising and substituting 

into (6.13) the expression for the loss due to thermal 

conduction becomes

^cond (p)n. (6.15)

(3 = the first Bessel zero

Equation (6.15) represent the magnitude of the thermal 

conduction at the arc's boundary. In the same way as 

equation 6.5 was used to describe the approximate 

thermal conduction in the arc core equation (6.15) is 

used to describe the approximate conduction across the 

boundary region.

The variation of the temperature due to excess energy 

input in the core also effects the boundary region since 

the temperature increase causes a mass density variation 

within the column. This term is given by;

A h 5 £  (6.16)
St

This term represents a mass transport across the 

boundary region due to a temperature variation alone and 

does not include any convective induced effects.

It remains to consider the effect upon the energy 

storage of changes in the arc column a r e a .  A r c  column 

expansion occurs into the cooler surrounding gas and
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energy is expanded in this heating which can be written 

as

^(h -  h,)5£_ (6.17)

The processes discussed above as represented by the 

terms (6.7 to 6.17) may be assembled to form the 

boundary region energy balance equation.

~ h,)5A _ £A _ Ah 5£ _ «f _ 2(Sq- S^pJ^pJrc _ 0.4a1 /2A /2kpUAr 
^  aA jx

(6.18)

All quantities in (6.18) are known or can easily be 

calculated.

6.1.1.3 C0RE/B0UNDARY EQUATIONS

Whereas equations (6.6) represents the power 

conservation within the arc core equation, (6.18) 

represents the power conservation within the boundary 

region. The overall power balance is therefore 

represented by the algebraic sums of the terms in these 

two equations, ie.

S( pAh) = ,2 _ a|2
6t ~ Conduction - Convection + ^h.6A

N 6t

(6.19)

Where conduction is defined by equations (6.2, 6.5 and 

6.15) and convection is defined by equation (6.11).
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The computer package involves the simultaneous solution 

of equation (6.6) and (6.18) to represent the overall 

arc column behaviour.

6.1.1.4 ARC VELOCITY EQUATION

In order to achieve this solution it is necessary to 

relate the rotational velocity of the arc column to the 

driving and retarding forces through the momentum 

conservation equation as embodied in equation (5.10) of 

section (5.1.2).

The parameter in equation (6.20) which represents the 

mass density of the gas through which the arc column 

rotates f\eeds to be specified. In section (5.1.2.3) it 

was established that the arc column may rotate through 

its own wake after only one revolution within the 

driving coil and that the maximum temperature of this 

gas would be 1900°k (86). Of course the temperature of 

the gas through which the arc rotates initially is 

ambient (300°k). The ensul™ temperature and mass 

density variation may be modelled by allowing them to 

change exponentially so that after one approximate arc 

revolution the gas temperature is 1900°k as well as a 

change in mass density.

SU _ iB RCDPooU
6t pA pA

2 U_ 5M 
pA 6t ( 6 . 20 )
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The value of the drag coefficient which also appears in 

equation (6.20) is between 1.5 - 1.7 (86) for a rotating 

arc and remains constant throughout the half cycle of 

arcing. The other parameters in equation (6.20) are 

determined by the external circuit or by the energy 

balance equations (6.16, 6.17).

6.1.1.5 BASIC MODEL

There are three main equations describing the arcs 

behaviour, these are the core and boundary energy 

conservation equations and a momentum conservation 

equation. The model neglects any arc length variation 

and assumes that there is no axial variation in the arcs 

properties. Electrode effects have been nelgected.

The model gives no details of the arc's thermal 

structure but only provides information about the 

average values of relevant parameters such as arc area 

and temperature. Expensive use is made of empirical 

relationships derived from the results of other workers.

6.1.2. PROPOSED SOLUTION METHOD FOR THE ARC EQUATIONS

The set of differential equations describing the arc's 

behaviour need to be solved simultaneously. The 

procedure is first used to satisfy the differential 

equations at a starting point before incrementing the 

time by one interval. Initial input conditions
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therefore need to be defined.

6.1.2.1 INITIAL CONDITIONS

At a time equal to 25 jjs which is taken as the initial 

time, a set of starting values are choosen for arc 

temperature, area, <$p/6t and 8A/8t. The set of 

equations (6.6, 6.18, 6.20) are subjected to a 

mathematical relaxation routine for n iterations until 

the previous values for temperature, area etc are within 

a specified error margin with the next set of relaxation 

solutions. When this specified error margin is 

satisfied this is taken to represent the set of starting 

conditions for the simulated half cycle of arcing.

6.1.2.2. TEMPORAL SOLUTION

A forth order Runge-Kutta method is used to calculate a 

set of values for the arc at the next time interval. To 

eliminate error due to size of the time interval a 

relaxation routine is used at the end of each interval 

to adjust the values calculated until successive 

relaxation values are within the specified error.

This procedure continues throughout the arcing half 

cycle until current zero.

6.1.2.5 COMPUTER ANALYSIS

The number of relaxation iterations and Runge-Kutta time 

intervals required make the entire calculation
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labourous. An IBM 4341 and an IBM 3083 main frame 

computers were therefore used to these equations by the 

above method.

Figure (6.5) shows the flow chart for the computer aided 

analysis. The computer program is constructed in a "Top 

Down" method. Subroutines for various calculations are 

called from the main program. This method makes the 

program flexible so that it may be easily extended or 

amended as future developments demand.

The use of relaxation routines make the differential 

equations relatively insensitive to the size of the time 

interval provided it is smaller than the greatest rate 

of change of the arc's parameters. For this particular 

investigate the time interval is choosen to be 0.5 us.

To further ensure the stability of the differential

equations for this particular time int er va 1 a st ringent

error margin is imposed in the reUixation ro utines of

better than 1 part in a milli on.

The up da ting of temperature dependent qua ti ties such a

density , thermal conductivity etc, is cont rolled by a

subrout ine which can extrapol a ti on the req ui red value

between to da ta points in the da ta fil e de ri ved from

(89, 94 ).
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FIGURE 6 5. FLOW CHART FOR COMPUTER SOLUTION 
UPTO CURRENT ZERO



6.1.3 RESULTS OF COMPUTER SIMULATION

The input condition for which the arc equations are

satisfied must encompass at least the same range over

which the arc column was investigated. Several input

values are chosen for the arc current, the magnetic

field strength and phase difference angle. The input

values were changed over the following ranges; the peak

arc current was set to either 3kA or 18kA; the .
ZS-„rJkB -  I >3 mT/fcA ?

normalised magnetic flux density \_was either 47° o r  80°. 

The choice of these values coincides with those used for 

the experimental investigations. The results for an 80° 

phase difference angle are presented in detail for 

illustrative purposes.

6.1.3.1 LOW PEAK CURRENT ARC SIMULATION

6.1.3.1.1 80° PHASE DIFFERENCE

Low peak current conditions refer to a 3 kA peak 

sinusoidal current. Figures (6.6, 6.7), show the 

results of this simulation for a normalised magnetic 

field of 35 mT/kA and an 80° phase difference angle. 

Figure (6.6) clearly shows the change in the arc's 

temperature, area and conductance over one half cycle of 

sinusoidal current.

During the first 200 ¡j s  of arcing the temperature of the 

arc rises rapidly from below 10,000°k to 13,000°k and
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subsequently rises less steeply reaching a maximum of 

15,000°k at peak current. During the peak current 

regime the temperature variation is slight. This rise 

in temperature reflects the increase in stored energy 

within the arc due to the imbalance between ohmic input 

and power losses.

After peak current the arc temperature begins to 

decrease moderately until 250 ps before current zero 

when there is a more rapid decrease. This reflects a 

substantial loss of stored energy from the arc column 

which is increased as current zero approaches.

Apart from these variations at the beginning and end of 

the half cycle, the arc temperature is relatively 

insensitive to the change in instantaneous current 

(therefore power input) throughout the remainder of the 

arcing period.

The arc's area changes in sympathy with the current 

although it is not a true sinusoid. The maximum area of 

3.20 x 10~4 m2 occurs at peak current consistant with 

experimental observation. The increase and subsequent 

decrease in area shows the rise and fall in the level of 

stored energy within the arc column.

The electrical conductance of the arc per unit length 

changes in sympathy with the input current and is a 

sinusoid with a peak value of 1.85 mho/Matpeak current.
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The arc conductance changes are of course consequent 

upon both the arc temperature and area variations.

Figure (6.7) presents results for the arc's velocity, 

current density and electric field over the half cycle 

of arcing.

The arc velocity is of course zero until the magnetic 

field has increased sufficiently to cause acceleration. 

Once the arc begins to move it accelerates rapidly upto 

a maximum of 150 m/s which occurs at 3.A ms during the 

arcing cycle. This maximum velocity occurs between the 

Lorentz maximum and the magnetic flux maximum. 

Subsequently the arc's velocity rapidly decreases with 

the onset of current zero.

The current density reflects the deviation of the arc's 

area away from  a t r u e  sinusoid. During the first 200 jjs 

of arcing the current density rises rapidly to 8.9 x 10& 

A/M2 , after which the increase is less rapid and the 

current density reaches a maximum of 9.4 x 106 A/M2 at 

peak current. Following peak current the current 

density decreases more rapidly and has a smaller value 

than for the same value of instantaneous current prior 

to peak current. This difference is due to the extra 

convection losses caused by the arc's movement. 200 ys 

before current zero there is a rapid fall in current 

density similar to the rapid rise within the first 200
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ps of arcing.

The electric field during most of the half cycle is 

approximately constant at an average of 1500 vim.

However there are rapid rises at the beginning and at 

the end of the arcing cycle. During the initial 

increase the electric field reaches a maximum of 1680v/m 

at a time of 200 ps, but then this decreases to the 

approximately constant value.

The second rapid change in the electric field occurs 

during the last 200 ps of arcing. The electric field 

decays from 1500 to Ov/m within this period. These 

rapid chages are a result of the highly transient nature 

of the arc at these times.

Increasing the magnetic flux density from 35mT/kA to 

55mTIkA does not cause  a substantial change in the arc's 

electrical behaviour as shown by figures (6.8, 6.9).

The transient nature of both arc column is similar and 

only the magnitudes alter by a small amount. The arc 

temperature has increased to 15,100°k, the arc area has 

decreased to 3.17 x 10~4 m2 , the conductance reflects 

these changes and reduce to 1.82 mho/m, the current 

density rises to 9.46A/M2 at peak current, the electric 

field is approximately the same its average value 

changing by 20C v/m and the arc's velocity increases to 

190 m/s.
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Increasing the magnetic field further produces a similar

additional changes in the above quantities figures (6.10 

and 6.11). These changes are summarised on figures 

(6.12, 6.13). Doubling the magnetic field increases the 

arc's velocity from 150 m/s to 220 m/s but the arc's 

temperature, area, conductance, electric field and 

current density change very little.

6.1.3.1.2 47° PHASE DIFFERENCE SIMULATION

Figures (6.14 and 6.15) are results obtained for a 3 kA 

peak current arc rotating in a 113 mT/kA normalised 

magnetic field with a 47° phase difference angle. There 

is no significant change in any of the arc parameters 

except the arc velocity. This has increased 

substantially to 318 m/s and because of the change in 

the phase difference angle this peak velocity is reached 

3 ms after the beginning of arcing, between the maximum 

of the Lorentz force and the maximum of the magnetic 

field. The onset of arc movement commences 1.18 ms 

after beginning of the arcing cycle and rises rapidly to 

a maximum.

6.1.3.2 HIGH PEAK CURRENT ARC SIMULATION

The high peak current computer simulations are for 18 

kA. Several normalised magnetic fields are investigated 

with two different phase angles.
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6.1.3.2.1 80° PHASE DIFFERENCE ANGLE

Figures (6.16 and 6.17) show the results of an 18kA peak 

current arc rotated by a 35 mT/kA normalised magnetic 

field with an 80° phase lag. These results have the 

same distinctive features as those for the 3 kA peak 

current results but differ in magnitude.

The arc temperature has risen from 15,000 to 15,600°k 

and has a flatter profile than the 3kA case. The arc 

area has a more sinusoidal character and has a maximum 

of 1.8 x 10~3 m2 value at peak current. The arc's 

conductance has risen from 1.8 mho/m to 11.5 mho/m at 

peak current.

The current density nolonger remains constant during the 

half cycle but has a negative slope towards current 

zero. The average current density is 1 x 107 A/M? but 

varies over A ms of arcing by 2 x 10& A/M?. The

electric field has an average value of 1.56 kv/m but has 

a transient peak of 1.9A kv/m at the beginning of the 

cycle. The arc begins to rotate earlier at 2ms into the 

arcing cycle and peaks at 3.A ms with a increased 

maximum value of 630 m/s.

The results from other arcing condition with different 

flux density are shown on figures (6.18, 6.19), (6.20, 

6.21) and correspond to normalised flux densities of 55 

mT/kA and 75 mT/kA respectively.
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Figures (6.22, 6.23) are a summary of the high current 

simulated arcing. There is little change in the arc's 

parameters at peak current except that the arc's 

velocity increases over the flux density range. Also an 

extinction peak becomes increasingly apparent on the 

electric field curves as the flux density increases.

6.1.3.2.2  47° PHASE DIFFERENCE ANGLE

The same trend is repeated for these conditions as for 

the 80° phase difference results from a low magnetic 

flux density of 35 mT/kA to a high one of 113 mT/kA the 

arc's parameter remain constant except the velocity and 

are similar to those results for the 80° phase 

difference angle. The arc's velocity varies over this 

range from 760 m/s for a 35 mT/kA normalised field to 

1100 m/s for a 113 mT/kA field. The onset of this 

velocity is at the same point in time as for the 3kA 

simulation and reaches a maximum at the same time midway 

between peak Lorentz force and peak magnetic flux.

6.1.3.3. MAGNETIC FIELD INFLUENCE UPON THE ARC'S 

BEHA VIOUR

For a given peak current the magnetic field variation 

over the range 35 mT/kA - 113 mT/kA for both phase 

difference angles did not change the arc's parameters by 

any significant amount except for the arc's velocity.
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However, there is a change in these parameters when the 

peak current is increased from 3 kA to 18 kA reflecting 

the rise in ohmic heating of the arc core. Changes in 

the magnetic field at this higher current cause no 

effect upon the arc's parameters except for the arc's 

velocity.

6. 1.3.4 COMPARISON OF SIMULATED RESULTS WITH 

EXPERIMENTAL RESULTS

6.1.3.4.1 LOW CURRENT COMPARISON

Figure (6.24) compares the predicted and measured arc 

areas for an 80° phase difference are condition and 35 

mT/kA magnetic field. The experimental area is an 

average one corresponding to an average value for the 

whole length at individual times. Both sets of results 

show the same trend throughout the half cycle although 

there is a small difference in the magnitudes. 

Nonetheless the overall agreement between the measured 

and calculated areas is good.

Since no temperature measurements are available for the 

rotary arc a comparison can only be made with results 

for other SF£ arcs. These comparisons show a similar 

trend and the maximum averaged temperature is 

reasonable.

The conductance per meter length of arc rises and falls
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as the power input into the arc increases and decreases 

this is observed both in the predicted values and 

experimental values. Experimentally a typical value for 

the conductance at peak current for the same conditions 

is 1.4 mho/m, compared with the predicted value of 1.92 

mho/m. The agreement between these conductances is 

therefore reasonable.

Figure (6.25) compares other parameters for the same 

conditions as for figure (6.24). The predicted current 

and the experimentally observed current densities show 

reasonable although not complete agreement. Agreement 

at the beginning and end of the arcing cycle is not so 

good.

This descrepency arises from two problems; the first is 

that there are situations where it is difficult to 

determine from records the luminous boundary of the arc 

column due for instance to turbulance and swirl effects. 

The second reason is associated with the approximate 

nature of the arc modelling and simplified description 

of the arc's boundary.

The electric field of 1550 v/m predicted at peak current 

is somewhat low compared with the experimental value of 

2550 v/m. This is probably due to an over estimation of 

the arc's temperature during the half cycle. The 

experimental electric field indicates that this 

temperature should be 12,000-15,000°k which would appear
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somewhat low compared with values for axisymmetric arcs.

There are also differences between the predicted and 

experimental arc velocities, although the trends are 

similar. The differences between experiment and theory 

are firstly manifest in the time at which the arc begins 

rotating. This is later for the predicted velocity 

probably due to the transient magnetic field within the 

arc coil (Section 4.1.1) which is ignored in the arc 

modelling . Secondly the rate of rise of the a r c ’s 

velocity is more pronounced for the theorectical 

simulation possibly due to the neglect of hot and cool 

gas mixing within the arcing environment. Thirdly the 

maximum predicted velocity is reached sooner possible 

due to an overestimate of the surrounding gas 

temperature.

Results for arcing condition of 3 kA, 113 mT/kA and 47° 

phase difference angle show similar trends to those at 

80°. The same discrepencies are apparent arising from 

the same approximate assumptions.

6.1.3. 4.2 HIGH CURRENT ARCING

Figures (6.26, 6.27) show the simulated parameters for 

an 18 kA, 35 mT/kA, 80° phase difference angle together 

with experimental data.
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Similar trends in the comparison between theory and 

experiment exist at high current as existed at lower 

currents. Figure (6.26) shows good agreement for the 

two arc areas but the arc's conductance is over 

estimated by 3.0 mho/m. However at high peak currents 

there is better correlation between the current 

densities over the whole of the arcing cyle. The 

electric field is underestimated at peak current being 

1.6 kV/m compared to an experimental value of 2.7 kV/m. 

Using the experimental electric field and current 

density the temperature of the arc column can be 

estimated as again being 12,000°k-13,000°k this is lower 

than that predicted.

The arc velocity prediction shows similar trends as at 

the lower current. However the magnitude of the 

predicted velocity is lower than that observed 

experimentally possible due to underestimating the 

surrounding gas temperature at this high current.

6.1.3.A.3 CONCLUDING COMMENTS

Although some parameters are somewhat over or under 

estimated the complex problems presented by a 

non-axisymmetrie rotating arc column in a nonuniform, 

out-of-phase magnetic field have been broadly overcome 

with the result that an approximate model is established 

which can predict general trends and produce reasonable
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results.

Before the computer model can be improved further 

information about the temperature of the surrounding gas 

and the turbulent effects of mixing requires 

experimental investigation.

6.2 CURRENT ZERO MODEL

To investigate the reigntion behaviour of the arc after 

current zero for various dv/dt values, the formulation 

of the equations governing the arc's behaviour must be 

changed from a current controlled input to a voltage 

input. Essentially the differential equations remain 

the same but the power input now becomes a function of 

dv/dt.

During the current zero period it becomes even more 

necessary to monitor the magnitudes of the empirical 

convection and the thermal conduction. In the current 

zero region the dominance of the convection losses will 

decrease and conduction losses will dominate. This 

change in the type of loss is attributed to the 

reduction in the arc's velocity prior to and during 

current zero due to the rapid decay in the Lorentz 

driving force principally caused by the decay in arc 

current. Figure (6.28) shows schematically the 

approximate domains of convection and conduction losses.
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This schematic also shows what happens when the arc 

column reignites and once again convection becomes the 

dominant loss between the two.

The solution of the same differential equations for the 

time period after current zero shows the versitility of 

the initial equations and this method has the potential 

to predict the thermal performance behaviour of the 

rotating arc interrupter.

The dv/dt from the synthetic testing circuit is 

simulated by a linear rising voltage after cyrrent zero. 

The response of the arc column during this period is 

monitored.

6.2.1 MODIFICATION OF DIFFERENTIAL EQUATIONS

In order to describe the current zero period one 

modification is required to each differential equation. 

For the core equation the modification is to the power 

input term which changes using ohm's law from

to

V2cj A ( 6 . 2 1  )

This is the power input per unit length of arc column.
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The modification to the boundary equation is similar and 

affects the net radiation loss term. This changes from

<xl
aA to <xV2<y A ( 6 . 2 2 )

This now represents the net radiation loss per unit arc 

length controlled by the voltage across the arc column.

The differential equation for the arc's velocity is also 

modified. The input term is changes from

II to VcrB
pA p (6.23)

The three modified arc equations are therefore recast in 

the following form.

CORE: = V 2cr
6 t

BOUNDARY :#(h -  h .)SA = £
St

-  2 (S 0 -  S1) p j / p ) a

VELOCITY: 6U _ V(jB _
St

6.2.2 COMPUTATION

-  £A - 2 AT fc;
r2'0

(6.24)

_ Ah 5p _ (xV2a A
St

, M 1/2
0.4T11 /2 A kpu  A t (6.25)

P
:dP»u 2 _ U SM (6.26)

pA pA St

The computer program consists of two sets of equations. 

The first set describes the arc's behaviour prior to 

current zero with the power input control by the 

inputted current, and the second set describes the 

behaviour after current zero with an imposed voltage
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ramp simulating the recovery voltage from synthetic 

power circuit.

Computationally the analysis is identical upto current 

zero. fit the time when current zero is reached the 

power input into the arc is zero (I(t) = 0). At this 

point the second set of equations are used to calculate 

the arc's behaviour. At this time of transfer the power 

input into the arc column is zero for both sets of 

equations, that is as well as I(t) = 0 so too V(t) = 0. 

Thus the current zero arc condition determined by the 

current control form the initial condition for the 

voltage control calculation. The same method of 

solution is adopted as for the set of current controlled 

equations. The flow diagram (Figure 6.29) shows the 

computational sequence. This flow chart is used 

sequentially after that shown on Figure (6.5).

The aim of this section is to examine the response 

of the arc column to various dv/dt's after one half 

cycle of arcing in order to determine the thermal 

performance of the arc column in terms of the rate of 

change of current before current zero and the rate of 

rise of recovering voltage after current zero.

6.2.2.1 DEFINITION OF REIGNITION

Using a linear voltage after current zero to simulate 

the rate of rise of recovery voltage in the experimental
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circiut causes problems in determining whether the arc 

has reignited. This is because reignition may still be 

possible 5 us after current zero when the simulated 

voltage is larger but the experimental rrrv is 

oscillating and has decreased. To uniquely specify 

reignition the time for reignition to occur should be 

the same as the experimental condition. Experimentally 

no reignition was observed with the experimental system 

after 3 us of current zero. This 3 us is therefore the 

limit allocated to post current zero arc simulation for 

reignition to occur. If reignition occurs after 3 us 

and before 5 us then this is adjudged to be a clear but 

with post arc current flow. Reignition is shown by an 

increase in the arc's area.

6.2.3 CURRENT ZERO RESULTS

For each set of results there are two graphs. The first 

shows the arc's temperature, area, conductance and the 

current whilst the second shows the arc's velocity, 

electric field, current density and current flow. Two 

arc currents are investigated in detail 3kA and 18kA 

peak, for normalised magnetic fields of 35 mT/kA, 

55mT/kA, and 75mT/kA and a phase difference angle of 

80°.

6.2.3.1 LOW CURRENT ARCING

Results are presented for a 3kA simulated arc in three
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magnetic fields and one phase difference angle.

Different rates of rise of recovery voltage have been 

applied at the end of the half cycle of arcing and the 

arc's response monitored.

6.2.3.1.1 35mT/kA NORMALISED FIELD

Figures (6.30, 6.31) show the arc's behaviour under free 

recovery conditions ie dv/dt = 0. When the power input 

has ceased the temperature decays slowly over the next 

6 j j s  to 6300°K before arc extinction is complete. Both 

the arc's area and conductance decay approximately 

linearly before the arc extinguishes. At current zero 

the arc temperature is 8000°K, the area is 4.5 x 10~6m2 

and the arc velocity is 12m/s.

When a voltage ramp is applied after current zero the 

arc behaviour is modified as shown on figures (6.32, 

6.33). These results are for a rrrv of 550v/ps applied 

after current zero. Arc reignition does not occur 

within 3 ĵ s  although there is significant post arc 

current (5 amps, 3 ps after current zero). There is no 

rise in temperature, increase in arc area nor 

conductance during this period but there is an increase 

in the arc's velocity and a rapid increase in current 

density. This condition represents a clearence with 

post arc current. If the voltage ramp is maintained 

then reignition does occur, the arc current increases
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rapidly, the arc's temperature, conductance and area 

increase and there is a marked increase in the arc's 

velocity.

A higher dv/dt after current zero promotes arc 

reignition which occurs within a shorter period. 

Previous to this point of reignition the arc shows no 

indication that it will reignite (figures 6.3A, 6.35), 

the arc's temperature, area and conductance decay as 

previously. The increase dv/dt to 650 v/^is 

significantly increase the power input during the post 

current zero period. Reignition occurs A ps after 

current zero shown by an increase in the arc's 

temperature, area and conductance. Although reignition 

occurs it has not done so within 3 ps, s o  that for 

present purposes the arc is described as having 

marginally cleared but with post arc current.

A further increase in the dv/dt to 750 v/ps reignites 

the arc within 3 ps of current zero figures (6.36, 

6.37). This condition represents arc reignition and is 

classed as a failure. For this condition as in the 

other two conditions the arc's temperature following 

current zero increases at an earlier instant than its 

area. This phenomenon has been noted for axisymmetric 

arc's (91) and provides additional confirmation of the 

validity of this approximate arc model.
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An increase in the ds//dt to 800 v /\js causes the 

reignition to occur 0.5 ¡js earlier (figures 6.38,

6.39). Reignition is similar to those described above. 

Thus for this particular arcing condition the 

simulation yields a critical dv/dt of between 650\’jys 

and 750 v/ps (di/dt = 2.1 A/fjs).

6.2.3.1.2 55mT/kA NORMALISED FIELD

The results for a 55 mT/kA normalised magnetic field 

show similar characteristics to the 35 mT/kA results. 

Figures (6.AO, 6.A1) show the arc's behaviour during 

free recovery. The arc extingushes 2.5 fjs after 

current zero during which time the arc's temperature, 

area, and conductance decay more rapid than for the 

previous condition.

Imposing a l.A kV/ps voltage ramp after current zero 

c a u s e s  post arc current (figures 6.A2, 6.43). This 

current reaches a maximum of 2.0 amps and flows for 3.5 

fjs before the arc completely extingushes. The rate of 

decay of temperature, area and concuctance decrease 

during this flow of post arc current. An increase in 

the dv/dt to 1.6 kV/fjs causes the arc column to 

reignite within 3 us (figures 6.AA, 6.45). Again the 

arc's temperature increases before its area. After 

reignition the arc current increases rapidly.
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The critical dv/dt for this simulated arcing condition 

is between 1.4 kV / ps and 1.6 kV/fjs.

6.2.3.1.3 75 mT/kA NORMALISED FIELD

Figures (6.46, 6.47) show the arc's behaviour under 

free recovery conditions for a still higher driving 

field. Complete extinction of the arc is reached 

within 2.5 fjs after current zero. The decay in the 

arc's temperature, area, conductance and velocity 

follow the same trends as the previous results for 

lower magnetic flux densities.

The critical rate of rise of withstand voltage for this 

condition is 2.9 kV/fjs (figures 6.48, 6.4 9).

Reignition for this case occures 2.5 ^s after current 

zero, the arc current, area and temperature rising 

rapidly.

6.2.3.1.4 113mT/kft NORMALISED FIELD AND A 47° PHASE 

DIFFERENCE ANGLE

The results for the critical dv/dt with a driving 

magnetic flux of 113 mT/kA are shown on figures (6.50, 

6.51). The results exhibit the same trends as for the 

80° phase difference conditions. It is particularly 

noteworthy that during reignition the a r c  t e m p e r a t u r e  

shows a tendency to increase before the arc area.
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6.2.3.1.5 SUMMARY OF LOW CURRENT RESULTS

The simulations for low curent arcs for various 

magnetic flux conditions show similar trends to

those observed experimentally. An estimate of the 

arc's area at current zero from image converter 

photography is 3 x 10~^m2 which compares well wifU the 

theoretically simulated values for the same condition. 

There is a similar agreement between the conductance of 

each type of arc and also agreement between the 

simulated arc temperature at current zero and that for 

axisymetric arcs (48).

An increase in magnetic field strength lowers the arc's 

temperature/ area, velocity and conductance at current 

zero figure (6.52), the decrease in conductance and 

area being particularly pronounced. It is expected 

that there would be a decrease in the arc's 

temperature, area and conductance because of the 

increased velocity during the high current phase of 

arcing which increases the convective power losses from 

the arc column. The lower arc velocity which is 

recorded for a higher magnetic filed at current zero is 

d'xe to the increase in the rate of change of mass 

within the arc column and is manifest by the smaller 

arc area and lower arc temperature at current zero. A 

similar trend is exhibited by the 47° phase difference 

results.
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6. 2. 3 .2 HIGH CURRENT ARCING

The behaviour of the arc at current zero following 

higher peak current arcing has been simulated in the 

same way as for the low current arc. Similar trends to 

those observed for the low current arcing conditions 

were apparent except there is a difference in the 

magnitude of the arcs parameters. ft sample of the 

current zero results are presented for one condition 

(55T/kft and 80° phase difference angle) for two rates 

of rise of recovery voltage (free recovery and critical 

rrrv). On figures (6.53, 6.54 and figures 6.55 and 

6.56).

6.2.3.2.1 FREE RECOVERY CONDITION

Under free recovery conditions the arc extinguishes in 

5fjs after current zero (figure 6.53). Although the 

stored energy at this current is larger than for the 

lower current case the loss of energy from the arc 

column has increased and this is manifest as a higher 

arc temperature and arc area. There is an increase in 

core radiation loss because of the increase in 

temperature and an increase in convection losses due to 

a higher arc velocity during this period.

Figures (6.53, 6.54) show the variation in the various 

arc parameters during current zero. The trends are
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similar to the previous low current conditions in that 

the arc temperature, area, conductance and velocity 

decrease towards current zero but have a finite value 

at current zero. The decay in these parameters 

continues after current zero until arc extinction. The 

remaining parameters of electric field, current density 

and current of course decrease to zero at current zero.

6.2.3.2.2 CRITICAL RATE OF RISE OF RECOVERY VOLTAGE

Figures (6.55, 6.56) show the effect of a critical rate 

of rise of recovery voltage on an arc with 18kft peak 

current, 55mT/kft normalised magnetic field, an 80°phase 

difference angle and 1 . 3 v / ^ j s  rate of rise of recovery 

voltage. The response of the post arc current is 

immediate, rising rapidly to 2 amps in the first 

micro-second of current zero. However, the arc 

temperature does not increase for a further 

micro-second followed by an increase in the arc's area 

yet another micro-second later. During this period the 

arc's velocity and current density both rise rapidly.

6.2.3.2.3 SUMMARY OF CHANGES AT CURRENT ZERO

ft summary of the arc parameter values at current zero 

are shown on figure (6.57) for an 80° phase difference 

between exciting current and magnetic flux density. 

There are similar trends as exhibited for the lower 

current condition except there is a rise in arc
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temperature with an increased normalised magnetic 

field. The smaller arc area at larger magnetic fields 

is a result of more efficient arc conditioning during 

the high current phase of arcing by the increase arc 

velocity. The lower arc velocity recorded for a larger 

magnetic filed at current zero is due to the larger 

rate of change of mass and also because of the small 

mass of the arc at this point in time. One 

micro-second before current zero a higher arc velocity 

is recorded with a higher magnetic field.
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7.0 CONCLUSION

The behaviour of a rotating arc discharge through 

stationary SF$ is a complex interaction of many arc, 

areodynamic and thermodynamic parameters. Experimental 

investigations highlighted some of this complex 

interaction and identifies the most influential 

parameters.

One important parameter is the magnetic flux. This is 

highly non-uniform within the arcing voluming and has a 

temporal variation which has a transient exponential 

component. At any instant in time the magnetic field 

can be resolved into three components, each component 

is mutually orthoganol to each other. The axial 

component is the most dominant and has the most control 

over the arcs movement. However, the radial component 

does have some influence upon the arcs movement and is 

responsible inpart for moving the arc column axially 

into the arcing coil. Another mechanism for producing 

axial movement arises from instability considerations. 

When an arc column is placed in a strong enough 

magnetic field movement of the arc column can occur, 

under certain conditions, in the same or reverse 

direction as the imposed magnetic field. This 

instability together with the Lorentzian axial force 

can move the arc column beyond the mid-axial position 

of the arcing coil to the other end of the arcing coil.
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This has the overall effect of lengthening the arc 

column during this time. Coupled with the rotational 

force the arc column becomes a spiral or helical shape 

within the arc volume.

A simple model is used to predict the arcs shape for 

the dominating magnetic field when all other forces and 

instabilities are negligible. The results show that 

the electrode effects the arc's shape considerably. 

However, this model shows the behaviour of the arc's 

shape for changes in the magnetic flux non-uniformity

and highlights those changes which can be made to the

magnetic field to obtain a de sired arc shape.

The arc' s velocity is also re lated to the interact i on

of the magnetic field and the arc curr en t. This is

con troll ed largely by the pri ncipal ma gne tic field and

the inhe rent phase di ffer enee between the exciting

current (arc current) and the resulting ma gnetic flux.

Empirica 1 relationships show the large dep endency upon

the stre ngth of the magnetic field and the phase

dif f eren ce angle and the smal ler influence of the arc

current. This is also shown by the model used to

describe the arcs vel ocity. The model i s based up on

the rate of change of momentum caused by an imbala nee

be tween the dominant L orentz force and the areodyn ami c

retarding forces.
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This model demonstrates the influences which the 

areodynamic properties of arc column have on its 

velocity. The thermodynamic properties of the 

surrounding gaseous medium are also investigated.

These two sets of properties are important factors in 

determining the arc's velocity by controlling the 

retarding force acting upon the arc column.

Experimentally the a r c ’s velocity is measured by high 

speed photography, disc re ts ,  voltage probing and fibre 

optic techniques. The results from all three sets of 

measurements were consistant. The empirical 

relationships derived from these results a re  i n  

agreement with the equation describing the arc's motion 

over the current, magnetic flux and phase angle ranges 

investigated.

Investigation of the current zero behaviour of the arc 

column identified those parameters which influenced the 

arc's thermal performance criterion during this period. 

The important parameters during this period are shown 

to be the magnetic flux density and the phase 

difference angle. An empirical equation shows the 

relationship between the critical rate of rise of 

recovery voltage as a function of the rate of change of 

arc current, magnetic flux density and phase difference 

angle. Results show that a large magnetic flux density 

increases the critical withstand voltage after current
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zero for a given di/dt, similar an 80° phase difference 

angle for given di/dt and magnetic flux density enables 

the arc column to withstand a greater rate of rise of 

recovery voltage after current zero.

Photographic evidence during this current zero period 

shows that the arc shape changes very little during one 

event but there can be considerable shot to shot 

variation manifest as an increase in arc length and 

shape. Despite this fluctuation the critical rate of 

rise of recovery voltage is independent of the arc 

length.

Beyond current zero if reignition occurs the arc 

rapidly decelerates and accelerates in the reverse 

direction when the Lorentzian driving force reverses 

(as a consequence of the reverse flow of the arc 

current). Photographs show that the arc column becomes 

extremely twisted by this reversing process, but 

quickly re-establishes an involute shape in this 

reverse direction.

With the information gained through the experimental 

work here and from the experience of other authors, an 

approximate model of a rotating arc is presented. This 

model is based on theoretical equations describing the 

arcs energy, momentum and radiation conservation during 

one half cycle of arcing and has sufficient detail to
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describe the arcs behaviour during current zero. To 

model the arc column from a purely theoretical angle is 

extremely difficult and recoarse is made to reduce the 

number of unknown parameters which experimentally are 

extremely difficult to measure by using a blend of 

theory and empirism.

The model considers the arc column and its interaction 

with the surrounding gas. The results obtained from a 

computer solution using mathematical relaxation 

routines and a fourth order Runge-Kwtta analysis, show 

reasonable agreement with the experimental results 

during the half cycle. The model can predict the arc's 

area, temperature, velocity and critical withstand 

voltage for a given set of input conditions and is able 

to compute reasonable values for at least the 

experimental range of investigations.

From this work it is possible to use an approximate 

model to predict the behaviour of a rotating arc 

discharge in S F H o w e v e r ,  this model at present 

cannot be purely theoretical but recoarse has to be 

made to experimental empirism. It is possible to 

obtain reasonably accurate results from such an 

approach as presented here.
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9. APPENDIX.

Nomenclature Symbol Definition

Thermal 0» Jo (1 -p /p o o )  2 - n r d r
Displacement öd Jo* (1 — pv/p<x>Voo) 2 - n r d r
Momentum 0 m J® { p v 2/ p * v * 2) ( i - v n / v )  2 - n r d r

Magnetic Ob Trri2 ex p [ - 2  ft  ( B / B i)2 ( r /n )  d(r
Enthalpy Oa J “  (p h / p * h*) (1 - h œ / h )  2 n r d r
Enthalpy flux 6u J® (p v h / p * v * h *) (1 -hao/h) 2 - n r d r

Kinetic energy Öko J® ( p v 2l p * v * 3) (1 - v * > 2/ v 2) 2-nr dr
Radiation Oq f? ( Q I Q * )  2 - n r d r
Conductance Oc J “  (a /c *)  27rrdr

Table A1.
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APPENDIX 1

MAGNETIC FIELD CALCULATION

The magnetic field at a point P from a current 

con due ting cylindrical copper bar is;

B =
r r

J l J X r 
4a r2

dv A 1

J = current density (A/m2 )

B = flux density at P (T)

jj = permeability of medium (H/m)

? = unit vector from element to P

r  = distance from dv to P (m)

dv = infinitesimal element of volume (m3)

For R then
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dv = r'd̂ dr'dl A2

Substituting A2 into A1

B = JL 
4 a

r \  r ri r 2"
dl dr ' JsinG r'd<j>

1 o o

A3

B =
4 a

r ]2
I sinGdl

1,

A4

Making the following substitutions into A4

sinGdl = rdG R = rsinG

B = JiL
4aR

02
sinGdG

B =
4aR

-cosG 02

01
A5
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APPENDIX 2

AVERAGE THERMAL DIFFUSIVITY FOR 5F<

The solution of equation (5.15) for the region -r < x < 

r (where -r and r represents the arc's boundary), is

At/R2 = f [ x ]

fC x ]  is obtained by graphical means (figure A2 ). For 

this particular case T/jO i-s 0.95 and  f [ x ]  = 0.15.

From Kopainsky and Schade the most pessimistic  A, can be 

calculated from their experimental results.

The time for one arc rotation is 0.158 mS for an arc 

radius of 4.25 x 103 m. The thermal diffusivity is 

calculated as 17.0 x 10~3 m^/s.

T ! T r

___ x_____
Arc Radius

The subsequent calculation of the time of the wake 

temperature to decay from 2000° k to 1900° k is

t  = fC x jR ^ t)
A
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