Theoretical Studies of Are Interruption

end Thermal Reignition

By

s He Fenlons; BeEes

Thesis submitted for the degree of Dogctor in Philosophy

in the Faculty of Engineering,

UNIVERSITY OF LIVERPOOL.

November, 1963



To my first teachers of listhematics,
Mother and Father and to Alice for

her continual assistances



CONTENTS

SECTION SUBJECT PAGE
i B Introduction 1
2. Preface to section 2. 12
2 Plasma Theory and its application to arcs 16.
2,1 Gas properties = Definitions 16.
2.2 The Boltzmammequation 19
2.3 The Conservation Equations 20
2.4 Current Density eguations. 23
2.5 The steady~state thermal positive column 2l
2.6 Central assumptions of the Plasma theory applied

to arcs. 26.
2.6.(1) First assumption 26.
2.6 (2) Second assumption 26.
2.6 (3) a. Third assumption 29.

2,6 (3) b. Particle assemblies not isolated from external
influence. 5.
2.6 (3) e. The Temperature of an Electrical Discharge in

2 gas. 33
2.7 Experimental evidence of temperature distribution

in steady-state arcs. 3L
2,8 Conclusions 37
3 Review of Published Work 11
3.l Gap reignition by Voltage Breakdowa 13
3.1 (2) Summary 18
342 Theoretical investigation of are interruption

and reignition 50
5 P The equations of Cassie and lMayr 57
3l Recent theoretical investigations 61
s Preface to section k. 67
Lol Examination of Gas properties for different gases and

the possibility of forming linear relationships
between them 70



l}--2

La3e
L.,
Ll-.l}-c
.?'.- .l}.

le5

(a)
(v)

445 (a)
he5 (b)

o6

AT
}-}-.8.

ke
L..10

4,10
L..10
L.10
1
L2
L.12
L.12
L..12
L2
L.12
L.13
holl

(1)
(2)
(3)

(2)
(b)
()
(a)
(e)

The derivation of an arc model and the
assumptions involved therein.

The Cylindrically Symmetric arc model
The steady state solution.

d.c. cose.

a.c. case.

A Transient analytiec solution.
Interruption.

Arc Reignition.

The Gross equation and General theory of
the Filled~tube model.

Sumnaxry

The method of Numerieal Analysis spplied to the

problem.of are interruption and reignition.
Free Recovery

Examination of the Computed data and the
development of empirical relationships from
Curve~Fitting techniques.

Determination of the Collapse time 6
Evalvation of the Power Losﬁ Voltage Vﬁ
Determination of Total Conductivity G(t)
The reignition of Freely recovering ares.
The theory of Thermal Are Reignition

The effect of arc constriction

The effect of Wall Temperature

The influence of' gas type

The effect of Linearly-rising voltages
Discussion of the theory

The theory of arc cores and their formation

Concludions.

81
89
90
90
93
97
97
99

100
107

108
11

117
117
119
122
123
126
129
131
132
133
134
136
143



TABLE ITe «ee
TABLE IXI¢ ooe

TABLE IV se

TABLE IX  eeo
TABLE X o

AT
15 LR

TABLE ZIT eee
TABEE XTTT <.

APPENDIX IIIJN
T

L]

INDEX

L

OF TABLES

L]

LR ]

129

(@) (2)
(5)s &)

(1)

(1)

(2)

o
(1)

138 (1-3)
141 Q)

149,151 156



ACKNOWLEDGEMENTS

The euthor wishes to record his indebtedness %o Dr. H. Edels,
under whose supervision this work was carried out, for his guidance
throughout and for many helpful discussions; and to Professor J.M.Meek
for his interest in the work and for making available the facilities
of his department.

The work could not have been carried out without the provision
of a most generous scholarship awarded by the Irish Institute for
Industrial Research and Standards, to whom the author is deeply
grateful.

Thanks are also due to Dr. Jackson, Dr. A. Young, Mr. A. Halder
and Mr. C. Kimblin for the many useful discussions in which their

suggestions were most helpful.




INTROD UCTION

This work is concerned with the mathematical anslysis of arc
interruption ani reignition which is of fundamental importance in the
field of circuit breaker desigﬁ- The satisfactory performance of g
circuit breaker depends essentially upon the successful interruption
of the arc, or other form of geseous discharge, which ensues upon con-
tact separation. At present circuit breakers can be.satisfactorily
designed to produce the required mechanical movement and mechanical
strength and materials can be chosen to give the required electrical
insulatione. However; the ability of a new type of circuit breaker to
interrupt a given arc discharge can rarely be predicted and such a
situation compares most unfavourably with that of electrical machine
design which is based upon a fully developed electromagnetic theorye

Despite the lack of a complete theory of arc interruption, many
important developments such as the de-ion grid and the gas and oil blast
circuit breakers have been effected. However the cost of such investiga-—
tions at full rupturing power, the problems associzted with synthetic
testing and the constantly increasing size of conventional circuit
breakers signify that a more concentrated effort must be directed
towards the solution of some of the outstanding conduction problems
associated with switchgeare The essential function aof the circult
breaker is to interrupt the arc formed by the separation of current

carrying contacts; to remove the arc products and to replace the hot
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conductive gas (formed by rapid vapourisation) by an insulating medium
of electric strength sufficient to withstand the full circuit voltage.
The interruption of the arc may be induced by self-generating processes
within the circuit-hreakerjas in oil switohea’or by externally generated
forces as in gas-blast switches. Irrespective of the means employed,
it will be appreciated that arc interruption is essentially a removal of
high gap energies associated with the arc discharge. If the arc is
considered to be isolated from its source of power, any interrupting
force operating for an unrestricted period of time will quench the arc
and produce full recovery of the electric strength of the gap. Recovery
under these special conditions is termed "free recovery". However, under
actual switch conditions the gap is not free to recover unhindered, for
the opposing effects of the connected circuit and power source cannot be
ignored. It is precisely because of these effects that the fundamental
difficulty of arc interruption arises.

It is of interest to consider the operation of a circuit-breaker
connected in an inductive a.c. circuit. If the contacts are opened at
some time, t, before current zero, an arc will be formed in the gap.
Usually the arc thus produced will be maintained until the current reaches
zero, although the arc voltage will tend to increase shortly before current
zero owing to the low values of arc current. If the arc conditions are
intantaneously removed at current zero, a voltage of reverse polarity will
appear across the gap having a natural frequency dependent upon the
inductance and capacitance of the connected circuit. Since the arc

!
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conditions cannot be removed instantaneously this voltage can produce
current flow and hence cause post-zero energy input into the gap. It
is clear that if the arc is not to be re-ignited by the presence of
the voltage, the high gap temperatures and arc products must be
removed at a rate appreciably greater than the rate of energy input due
to the voltage. The gap is thus subjected to a condition of dynamic
energy exchange, upon which the success or failure of arc interruption
depends. It is also clear that the recovery of the electric strength
of the gap and the voltage across the contacts are not independent but
must be considered simultaneously in any theory of arc interruption.

In the period of 1928-30 Slepian,(1) in the United States proposed
a theory of arc interruption in which these two parameters were independ-
ent. This theory described as "a race between electric-strength
recovery and restriking voltage™ has the advantage of simplicity and
often approximates closely to true conditions pertaining in circuit-
breaker operation, but its fundamental assumption is erroneous and
hence the theory has been rejected.

Considering the complexity of the problems of arc interruption,
it is understandable why a fundamental circuit-breaker design does not
yet exist. The only way to progress towards such a design is to base
it upon a knowledge of gaseous discharge properties and the interaction
of such discharges with circuit conditions. Now it is known that the

extinction of an a.c. arc occurs when the current passes through zero.
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Immediately prior to current zero, the instantaneous values of post

arc current are so small for higher loads that only a smell volume of
plasma is present in the gape This is shown by photographs taken by
K0pplemann(2) P Mason(3 ) and by Ter Horst and B.utgers(l"). It is also
known that a similar plasma is formed by a direct current arc carrying
only & few amperese Consequently much work has been performed with
low current dece arcs (less than 50 amps) in the hope that it will be
possible to obtain an spproximate picture of the processes oceurring in
an aece arc in the region where the current passes through zeroe
Working with dece arcs Edels and Crawford(5) used an initial rectangular
current discharge and a step-function restriking voltage. They defined
reignition voltage as the lowest voltage of a constant voltage gener-
ator connected instantaneously across the gap which will cause an arc
discharge to occur within a finite time.  This technique was far
superior to any previous one used, since the wave forms were more easy
to reproduce, and a better insight into the recovery mechanism was made
possible using this method.

In the work of Edels and Crawford it was found that during the
early post-arc periods the reignition current tended to rise rapidly
to very high values, in which case, due to the high internal impedance
of the generator, the terminal voltage was no longer constante An
application of the restriking voltage at these short delay times

resulted in & continuous decrease in the voltage waveform indicating
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a tontinuous breakdown", so that it was impossible to determine
whether or not a true breakdown had occurred. Furthermore, the
voltage reduction allowed enhanced recovery processes and increased
the probability of incomplete reignition.

As shown by Ettinger(6) the continuous breakdown region exhibits
a resistive nature, and therefore reignition is likely to occur when
the losses are more than balanced by the energy input. Since the
losses from a recovering gap after arc interruption are mainly of a
thermal nature, a thermal breakdown rather than a voltage breakdown was
assumed to occur during the early periods mentioned.

In order to determine the recovery characteristics during the
period immediately after current zero, Ettinger developed a constant
voltage generator. He then measured reignition in terms of current
breakdown, by determining the minimum voltage that caused a full arc
reignition which in this case was indicated by a rapid increase of the
reignition-current to infinity. In this way his definition was
analogous to that previously defined by Edels and Crawford for reigni-
tion voltage, but in Ettinger's case current breakdown was measured
rather than voltage breakdown. Thus a distinction must be made
between the main modes of reignition i.e. between spark breakdown,
glow=-to-arc transition and thermal breakdown.

In the work reported by Edels and Crawford, consideration was
given primarily to the spark and glow regimes, for owing to the limit-

ations of the supply circuit thermal breakdown could not be measured
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satisfactorily. Ettinger's constant voltage generator system over-
came this difficulty and took measurements at variable delay times

up to 100}55303 after arc current zero. Although very useful data

on the variations of total gap resistance, power loss and reignition
voltage were obtained and some indication of the importance of reigni-
tion power was observed, it was not possible to obtain a completely
satisfactory energy balance and an energy criterion for the reignitionm,
owing to the lack of knowledge of the transient losses in the reignited
disgharge.

About the same time as Ettinger was performing his experiments,
Frind(Y) in Germany was doing some theoretical work on the determina-
tion of arc time constants for the period of thermal reignition.
Similar studies were being carried out in America by Yoon andJBrawn?é(B)
to try and find some agreement between the experimental results and
the possibilities offered by arc theory, but apart from these invest=-
igations no research was being directed towards the fundamental
problem of reignition. As a result the work presented here sets
out to trace the development of theoretical investigation applied to
the problem of arc interruption and reignition from Slepian up to the
latest studies of Frind(7). An attempt is made to show how the
theoretical development progressed in step with the experimental
evidence available, and ultimately how the investigation is narrowed

down to the thermal arc regime. A brief outline of the thermodynamics

P 5 et ol i
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of non-uniform gases is provided in order to state the assumptions
upon which arc theories have been based, and how such assumptions
may be justified within certain limitations by the available experi-
mental data. This theoretical background is then used to propose
a physical model of a cylindrical arc in thermodynamic equilibrium,
which is an attempt to describe the wall stabilised arc. Whereas
Frind's analysis was directed towards the understanding of free decay
alone, this work is concerned with a more exact approach to the problem
together with the extension of the model to describe the phenomenon of
the thermal reignition. Some differences are introduced in the form-
ation of the fundamental energy-balance equations and these are dis-
cussed in detail at a later stage in the text. Furthermore, the
logical deductions of Frind's analysis are considered and reasons
provided for the limitations of this theory in predicting thermal
time constants as well as in dealing with interruption and reignition.

In particular the work describes an analytic and computational
investigation of the free recovery and thermal reignition of the
positive column of a wall=-stabilised cylindrically symmetric d.c. arce.
The arc column is assumed to be in local thermal equilibrium and the
energy losses are taken as solely by thermal conduction. By including
the variation of spatial distribution, and by allowing movement of the
arc boundary within the tube enclosure, it is shown that the limita-

tions of previous analyses can be overcome, as already mentioned. 1In




Be
fact it is possible for the first time to predict the thermal recovery
and reignition characteristics of a suddenly interrupted arce

Computation gives the free recovery characteristics af'ter sudden
interruption of 3 to 100 amp arcs, and from these characteristics a
collapse time O is defined which gives the period for the collapse of
the conductivity to zero. Further computation on the effect of reap-
plication of unit function voltages at delayed times after interruption
enables reignition voltage VR and power-loss voltage VL characteristics
to be determinede From the computed results relatively simple analytic
functions have been determined for both 6 and VR-

By extension of the analysis a theory of interruption is proposed

which yields an expression for D, the critical-rate-of'-rise for

reignition namely,

212 E3
S,
/ 1 He Tl
k e:@\ T y Log((‘l-i- 2-51:81 )

D is thus a function of the arc voltage E, the current I, and the power

E.I, together with the type of gas (k, 31). Consideration is given to
the manner in which the theory agrees with practical experience in
circuit breaking.

It is to be appreciated that a theoretical snalysis of thermal arc
reignition is most complex, since account must be taken, for example, of

many diverse forms of emergy loss,; the different nature
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of the recovery which occurs at the electrodes and in the gas, and

the fact that the connected circuit and transient arc cannot in a
practical case be separated. In order to make progress at all,

many assumptions had to be made and following the work of earlier
authors, the transient arc is considered uninfluenced by an external
circuit and only the recovery and reignition of the gas column of the
discharge is discussed. These limitations, together with the assump-
tion that the properties of the gas arc thermodynamic, and that trans-
port occurs through the gas in accordance with the concepts of non-
uniform gas kinetic theory, make the analysis a direct descendant from
the early theories of Gassie(g) and Hayr(10), but at the same time
enable considerable progress to be made and help to throw new light
on this very difficult subject.

Much work remains to be done in an attempt to extend the present
theory beyond its inherent limitations, but it is hoped that the work
presented in this thesis may serve as a stimulant to show how much is
possible with the theory as it stands, and to direct future workers in
the field towards those areas not covered here. As our knowledge of
arc phenomena grows these rough and simple pictures will give way to
more complex models which can be used to give faithful predictions

and it is in this spirit that the present work has been conducted.
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PREFACE TO SECTION 2

Before passing on to the development of the essential plasma
theory the connection between the arc and the plasma must be firmly
established. As discussed by Edels(1), considerable information on
arc structure and properties can be obtained by the determination of
voltage/current and voltage/length characteristics. At low currents
the voltage falls with increasing current (negative characteristic),
but at higher currents the voltage tends to rise slowly (positive
characteristic). The voltage characteristics indicate that a finite
voltage still exists across the arc at zero length. Furthermore for
gap lengths greater than 1-2 m.m. the potential distribution in the are
is uniforme. In this condition the arc column is usually cylindrically
symmetric, and is divided into three main regions; a positive column
extending over the major portion of the arc path and having a constant
field strength, a cathode-fall region close to the cathode (about lonkbm)
and supporting a voltage of approximately 10 volts, and an anode fall
region of similar size and voltage drop.

Since experiment shows that the field strength is constant for a
cylindrically symmetric column, then Poissons law states that the net
space charge is zero. This indicates that the concentration of
positive R, and negative n_, charges must be equal. The positive
column therefore satisfies the definition of a plasma and this is

true in general for all column configurations. The current flowing
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through the column will have two components, an electron current
- >
J_ and a positive = ion current j+.
The total current density is
->
4 J 1S e(n_ V +n v ) ne (V + V ) (2a)
Where Y and V‘ are the drift valocitles produced by the field. The
drift of the charged particles is impeded by collisions with neutral
and other charge carriers and so this represents a resistive phenomenon.

Sinoe'€_>o> 3; the total current is carried predominantly by electrons.

Thus

Jad=n eV =nef =c% (2v)

where ¢ is the electron mobility and ¢ the electrical conductivity,
which is a funetion of the gas composition and temperature. E is the
electric field strength.

Equation (2b) is of fundamental importance in the theory of the
arc column and will be referred to again at different stages in the
text.

Having indicated the relationship that exists between the positive
column of an arc and the system which has been called a plasma it is
appropriate at this stage to attempt a definition of the two phenomena.

According to Edels(1) a suitable definition of a fully developed
arc may be given as "a steady-state discharge having a positive column
in thermal equilibrium and a cathode fall of small voltage and high

current density". This definition of the arc excludes transient
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discharge forms such as the spark which at high currents has character-
istics approximating to those normally associated with the arc dis-
charge. The idea of thermal equilibrium was used in the definition
and the extent to which thissapproached in practical cases will be
dealt with later in the section.

On the other hand as Linhart(z) says, Plasma physics is concerned
with the behaviour of systems of many free electrons and ionised atoms
where the mutual coulomb interactions cannot be disregarded. 1In a
restricted sense then such systems of particles consist of nearly
equal numbers of positive and negative charges.

Now all states of matter represent different degrees of organisa=-
tion to which there correspond certain values of binding energy. If
the average kinetic energy per molecule exceeds the binding energy, the
crystal structure of matter breaks up either into a liquid or directly
into a gas. A similar law operates in the case of liquids and in order
to change a liquid into a gas a certain minimum of kinetic energy per
molecule is required to break the bounds of the Van der Waals forces.
Matter can exist as a plasma, i.e. in its fourth state, when the
kinetic energy per particle exceeds the ioising potential of the atoms,
which is usually a few electron volts. Thus the average kinetic
energy per particle determines the state in which matter exists.

Now that the connection between the arc and the plasma has been

established it will be assumed from this point that the arc can be



15,

represented almost completely by its positive column, as this extends
over most of the region of the discharge, sc that in order to propose
a theory which can be applied to the study of arcs, it is necessary
to develop the essential details of plasma theory and discuss their

relevance to the case in question.
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2. PLASMA THEORY AND ITS APPLICATION TO ARCS :

This section is concerned with a statement of the basic theory
of the plasma and the development of the plasma equations in their
most general form. From these equations special plasma types can
be considered and in particular the present work shall be principally
concerned with the thermal plasma. The equations will enable an
examination of the manner in which deviations from the plasma defin-
ition of zero net space charge occur and this will be discussed at a
later stage. As any development of plasma theory involves a study
of the theory of non-uniform gases reference is made to the extensive

(3)

work of Chapman and Cowling which was of great assistance in the

presentation submitted here.

2.1s - Gas Properties - Definitions @

The behaviour of a plasma essentially involves a study of certain
equations concerned with the macroscopic properties of a fully ionized
gas. As the gas for most practical cases consists of electrons and
positive ions, the term 'fluid model' is used to designate the gas
mixture. If the flow is such that adjacent particles have vanishingly
small velocities relative to each other the major portion of their
total velocity being therefore in the direction of the flow, then the
flow is called "single stream flow" and can be treated appropriately in

ordinary configuration space, i.e. normal space as distinct from phase
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spaces This description is still adequate for a multi-stream flow
provided the component streams are not in any way coupled eege Dy
collision between particles composing these streams, and is the one
adopted in this accounte As shown in this section many of the prop-
erties of the gas mixture depend upon the mean velocities associated
with the particle assemblies. Consider one species of particle having
a concentration of n particles per unit volume, then in general this
assembly will have a velocity distribution which is also a function of
position r and time t. If (£e dE-) is defined as the number of
particles having velocities in the renge G to G + dC at any given

position at time t then

->
B jf.dc (2; 1)
and the mean velocity is

: 1 = -> -
C = ;‘jf-CdG (2; 2)

The distribution function £ in the special case of a thermal assembly
is the Maxwell Botzmenmdistribution, but in the general case con-
sidered here, f not only demotes the effect of random thermal motion,
buk also includes the effects of directed forcese If only random
motion exists then % = O but with directed forces the mean velocity

b e o
if finite and will be denoted as C = Ve This allows the definition of &

random velocity Tsuch that its mean ¥=0and hence,

- > -
C=V+V (25 3)
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-
relative to another velocity Vo the particle velocity is,

> > > > >
Bz BT =¥ sk (2: 1)
0 ]
and the mean relative velocity is,
V=V-7 (2: 5)

Using positive and negative suffixes to denote the positive ion and
electron components together with the suffix "a" for the neutral com-
ponents then a number of defining relations exist for the mixture as

follows :=

Total concentration n=mn +n +n = ZIn (2: 6)
Total Mass density p=nn +nm+nm =3 nns=lp (22 7)
Velocity of centre of gravity i + &
o nnV +nmV +nmnV =1 -
Vs it saaa TV, (28)
P
Net space charge o = 2
Pe § nszaes § Pes (2: 9)
-> ->
Total current density J = % S (2: 10)

Where zs is the possible charge multiplicity.

Using equation (2:5) to expand equation (2: 10) it can be seen that,
S 10 = 7] -
J'Epesvs"g (pesﬁsq-pesvo)

=5 -
% pevo > Es pes c;
The first term is the mass flow or convection flow current density

(2; 13)

-50 whilst the second is the current density relative to the mass flow

and is the effective conduction current . Naturally in a true plasma
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the convection current flow is zero and the total current density is

simply the conduction current.

22+ = The BoltzmsnnBguation

It is clear the the description of plasma processes in terms of
the density f is appropriate only if there are enough particles per
unit volume to give f a meaning, but making this assumption the develop-
ment of the plasma equations depends upon the ability to detexrmine f.
This can only be accurately achieved by the solution of the Boltzmann
equation which states that if the rate of change of f at & fixed point
ieee D f is due only to collisions between particles then

af  rar ar .
5—1: +. Ccé-; + ﬁ- 31 (2’ 12)
-3

When F denotes the force per unit mass and is not a function of -5.

Bt =
The solution of this equation is fully dealt with by Chapman and Cowling(3 )
but it is of interest to consider one small point before applying the
Boltzman equation to the development of lMolecular propertiese It will
be appreciated for example that if f is independent of r and if the
particles are not subject to external forces, so that they possess
kinetic energy only, then the solution of the Boltzmann equation for f
gives the simple Maxwell-Boltzmanpdistributione This distribution is
descriptive of the steady state and is effectively a first approximation
to the general distribution functione In this enalysis however, the

mein objective is to develop the conservation equetions of mass,
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momentum and energy, which are based on Boltzmann's equation and which

will now be discussed.

2¢3s = The Conservation Equations
&

The present anelysis is principally concerned with the mdero-
scopic properties of the plasma i.e. averaged quantities and these, as
has been mentioned may be determined from a modified form of the
Boltzmann equation. If ¢ is some particle property e.ge the velocity of
the ions and electrons or their energy, then let it depend on on ?J the
velocity of the particlese In order to obtain equati ons concerning ¢
the Boltzmann equation is multiplied by ¢ and then integrated over the
velocity space. The average per particle will be found by dividing
the integrated eugation by n, the number of particles per unit volume ;
where n is given by equation (2; 1) and hence the average quantity

depending on r and t only is
% = %f:ﬁ £dCe (2; 13)

Multiplying equation (2; 12) by ¢ and integrating over the velocity
(3)

space then as discussed by Chapman and Ceowling the Boltzmann

equation assumes the form :
A - { .8 y 0 ) -

7% () + ¥+ (aBT) -nl—"% + T + BE J= b (25 1)
Where A&S is the rate of change of :-i: due to encounters. Three particular
cases of this equation are of importance corresponding to special values

->
of namely ¢ and¢= 1, m C andg (energy), since for each of these values

n Ap = O corresponding to the conservation of mass, momentum and energys
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of the systems. These are now put down as three special examples
for the case of a gas mixture and are fundamental to any study of the
plasma. In all cases where the total differeatial form is obtained
the velocity of reference will be taken as that of the centre of

-
gravity Vo so that the mobile operator used in the transformation is :-

e Y 3 )
o 3% + VO-V (2~ 15)

The Equation of Continuity (Gonserlg.:tion of Mass)

4 . O _S 4 . e
In this case put ¢ =1 then ¢s_1, s 0O and 1prs_ msnSMs
is the rate of generation of mass density of species S then for con-
servation 3 Aps = Oy Hence for one component and the total
s

mixture respectively :-
d Py

T + Ve (ps§s) = Aps (2: 16)
2L 4. (pV) =0 (2: 17)

The Eguation of Motion (Conservation of Momentum)

-

] -
In this case with ¢ =mc¢ or ¢ =mV if P is the rate of
8 s s 8 s s
change of momentum of species S produced by collisions with other
= -> - -» >
species then P_= zPsr with P, =P and ZP3 = Q.

The equations of motion of one component and the total gas mixture are:=-

] -» — -> -> -
=t (psvs) + Ve (pSCSCs) pg F =P, (2 : 18)
-
DV *
o + VP = F 2 =0 o
P - JEm AT (23 19)
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Where Fs is the external force per unit mass exerted on the species and

p is the total pressures

The Equation of Energy Change (Conservation of Inergy)

The energy equation is particularly important for arc studies
because plasma properties are often greatly controlled by the energy of
the losses to the environment. If £ is the total internal energy of the
gas mixture per unit volume and us is the total kinetic energy unit volume
then :

?a_t' ( + u) + ?{E + ﬁo (h+u)] - ‘3 ps-F’sj;s =0 (2; 20)
Where h = p + & is the enthalpi per unit volume and E is a thermal flux
vector given by q = -2:;1{3 vT; Ks being the thermal conductivity and T the
temperature of species S. With electriec, magnetic and gravitational
forces of potentials v, A and & respectively, the equation becomes -

g—-E(E-bu) #ig% + & g% + V{q+vo(h+p§+u) + jv] +( =0 (23 21)
where { is a stress tensor.

The supplementary ecuation to equation (2; 21) is -

g:d-V(uV)-i-V.Vp-V.EpFaO (2; 21a)
Thus if there is an accumulation of both charged and uncharged particles
in the volume, the rate of energy increase is the sum of the increases in
internsl, gravitational and electric-potential energies. The net
increase is the result of the differences between the input of energy
;o(jv) and the losses due to the net outflow of the thermally con-
ducted energy end outflow of particles with enthalpy and gravitational

potential energye.
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2els = Current Density Equations

The current density equations are of interest principally because
they illustrate some of the assumptions which will be made in the simp-
lification of the plasma equations for the purposes of solution.

As shown in section (2.1) the current density can be represented
as in equation (2: 11) and hence if the current component due to con-

vective flow is neglected, the conduction current is given by

B =
d=32p, ¢’ (23 22)

-

Following Edels (1) it is true to say that the velocitiesC’ are not
easily determined for complex gas mixtures, but in the special case of
a two-component mixture 3' can be shown to be directly proportional to
the velocity of diffusion, of one component into the other. The
binary gas mixture adequately represents the following two important
cases i=
Fully ionised gas :-

3= B Ln_e (E+7V_x3B)+ ?@] (2: 23)

is the mobility in a binary mixture and D_ +is the

eD

Where p_

alt

coefficient of diffusion.
Weakly ionised gas : In this case the two current components are

taken as diffusing separately into the un-ionised gas, so that

3_:;.:_ n_e (‘E’+;f’_x-ﬁ)+v p_} (22 24)

-

J,=n, [n+e (E + ;; x E) - v (—;1 ) } (2: 25)
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eD a eD a
= +

and g =
- KT K™ &7
mobility and diffusion into the neutral gas of the electrons and ions

Where p

3D and D are the coefficients of
-0 +8a

respectively. With constant total pressure and uniform conditions

and with B = 0 then i~
> -

J_=nep E+e ¥ n, (2: 26)
= -»>
Jjy=nep E=eD Vn (25 27)

With the further assumption of no concentration gradient, equation (2b)
(page 13) results. Equation (2b) is the one which will be used in
practice but it is of importance to realise that the complete picture
of the current density for most arc studies is as represented by
equations (2: 26) and (2: 27).

To complete the electrical description of the conductive gas
Maxwell's equations are a necessity, together with the continuity

equation for electric charge, so that i=
(&) v--ﬁzp

->

aB
(b) VXE= er

(o) | (vl =0

3D
(@) vxHB= 3+ ot (2: 28)
(e) E = =¥Y¥x
ap #4
(£) ate RS, g

2+5. The Steady State Thermal Positive Column
The equations set down in sections (2,3) and (2.4) are adequate

for the analysis of the gaseous arc phenomena presented in this thesis,
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and as an illustriation of their applicability it is useful to consider
their form in the steady state, to describe an arc positive column in

thermal equilibriume Thus for a mixture of ions, electrons and atoms:

p_i‘_ = n_e (-ﬁ + ?_xB) -p_ V&
> > = -

pE, = Inge (E+V+ x B) - p e (2; 29)
a :

PFs =

and from equations (2; 19), (2; 20) and (2; 24) it is scen that

- - >
Vp-p E-JjxB+pV2=0 (2; 30)
- - =
V.{q pa 1= (h+pd+u) + j v} (2; 31)
- -? -> - =
i J_=u [n_e(“?m _XB) + VP_] (25 32)
For plasma with Py = O then if Vﬁﬁo and Vn are all zero then n :-
»
jo E =V, (=RVT) (25 33)
- -
and je =0 B (23'3%)
.. a Ezz v. (""KVT) (2; 35)

Since K and T can be determined as functions of temperature,
equations (2.34) and(2;35) together with the equations allow a
complete determination of the solumn properties of the arce
Now V-E_—. 0=V, (cE) = EVo + oV E = B Vo (2; 36)
80 that the gradient of electrical conductivity and hence of temperature
must be orthogonal with -ﬁa Thus one can visualise a current flow and
isothermal distribution coincident with the field distribution. The
temperature distribution may be found through equation (2; 35) and the

distribution of current density from equation (2; 34) and by integration,
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the voltage current characteristic and temperature distribution of
the arc in the steady state.

Having made these few observations on the steady state equations
it is now necessary to review very briefly the main assumptions which
render the plasma equations applicable, and secondly the assumptions
which will be made to simplify them for the purpose of obtaining

solutions for the more general transient condition.

2.6, = Central Assumptions of the plasma theory applied to Arcs
The principal assumptions which are made in practice are :

(1) That the arc is considered in isolation from the electrode system
and as a pure plasma.

(2) For a pure plasma it is defined that there is no net space charge
or that p = Oe

(3) That the arc is in thermal equilibrium.

(2.6 ‘lj Considering the first assumption it is true to say that for

long arcs it is quite reasonable and simplifies the analysis considerably.

(2.6 '2') With regard to the second assumption, one of the most striking
characteristics of a plasma is its tendency towards electrical neutrality,
for any local deviation from neutrality is soon eliminated by an inflow
of the appropriate neutralising charge. However, such a local deviation
from neutrality could not arise in the plasma without some energy being
converted into the stored energy of the electric field created by the

excess of one type of charged particle. 1In the absence of external
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sources of energy, the only energy available for this conversion, is
the thermal energy of the plasma itself. The volume within which a
spontaneous deviation from neutrality may occur is also the region in
which the plasma equations are no longer applicable. Thus it is
possible to define a critical spherical radius at any point in the
plasma known as the "Debye shielding distance“xo'which defines the
dimension below which the fluid description cannot be used.

Spitzer'™ gives this distance as A = 69 (%)% and this divides
as it were the description of plasma into two fields, one concerned
with the processes active in a region whose one dimension is smaller
than A, and the other concerned with processes that admit an adequate
description in a volume whose dimensionsare larger than 10.

As far as the study of arcs is concerned the description using the
density concept f belongs to the latter field. Thus the study of the
arc discharge using the fluid model of the plasma is an essentially
macroscopic problem, as was mentioned previously.

Looking again at equation (2: 36) it is true to say that in practice,
since the arc column is only quasi - neutral the small net space charges
produce field effects which destroy the simple orthogonal relation
between Vo and E.  The large space-charges in the electrode-fall
regions will modify the effective electrode confirguration : neverthe-
less the electric field is quite often closely Laplacian. For example,

with a small separation between spherical electrodes, the arc column
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has a typical dipole field asppearance. With large separations the
column eppears rcughly cylindrical, principally because the majority
of the current flows along the central portion of the field where both
£ ando are greatest.

It is important to realise thet it is the non-uniformities in the
arc column itself which give rise to small net space charges, and that
particularly near the electrode regions where the column becomes con-
stricted the pattern of neutrality must perforce break-down. Consider-

ing equation (2. 36) again it is seen that :-

EeVo
= - =€ —=IZ ;
Py : . (2; 37)
Thus, whenever a field component exists in the direction of the elctrical
conductivity gradient a space charge must bet set up.

In a cylindrically symmetric arc ¢ normally has a radial gradient

only and T is axial, end it would therefore appear that Pe will be zeroe
This is not the cases however, owing to the different rates of diffusion
of electrons and ions, and the necessity to maintain 3' = -.]:_ in a

radial directione In other words these eifects necessitate the
presence of a radial field which is first sufficient to accelerate the
ions and decelerate the electrons to make -.;_ = -5+- This necessary
radial field ﬁr is produced by the formation of a space cunarge such that
V.ﬁr = _;_a_ and then using the equations for current demnsity (2; 24) and

(2; 25) it is possible to show that

E, = e % log m (238)

€
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In a thermal plasma n and ¢ are functions of temperature and the state

p P
of quasineutrality may be designated by the condition, = g G 2 <o
+ —-—

The arc can thus be termed guasineutral. It is to be noted
that the mean free path reduces with increasing values of n_ and n_
causing a greater number of collisions per unit volume per second which
thus prevents the unhindered accumulation of field energy and as a
result quasineutrality is not un-connected with this effect. Thus
the smaller'3£2 the more unlikely is the production of energy dis-

+
turbance.

2.6 '3' (a) The third and most fundamental assumption is concermed
with thermal equilibrium and the extent to which this is present in the
arc discharge. As this problem is associated with the definition of
temperature it is useful to discuss this idea first as it is done by
Edels(B). It is possible to assume the existence of a gas assembly,
containing a large number of identical particles having kinetic energy,
which at some instant have been contained within a closed boundary
which neither gives energy to, nor accepts energy from the enclosed
particles.

Using the kinetic theory or quantum mechanics, it can be shown
that an equilibrium distribution of energies of the particle will be

set up. It is with this equilibrium distribution of energy or

velocity known as the Maxwell Boltzmammdistribution that the temperature
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of such an assembly of particles is intrinsically connected. In
the analytical derivation of the equilibrium distribution, it is
found that a quantity defined as the temperature of the particle may
be related to the most probable particle velocity in such a way, that
this gquantity, when multiplied by the Boltzmanmgonstant, is equal to
the most probable kinetic energy of a particle in the assembly. This
definition of temperature at once ascribes a Maxwell Boltzmanadis-
tribution to any assembly to which a temperature value is given.
Furthermore, if a particular value of temperature is given to the
assembly, the exact distribution of energies is consequently stated.
The next step is to assume the existence of a finite number of
different particle assemblies, each assembly possessing initially a
different total energy. If such a set of assemblies were contained
within a boundary with properties as outlined, different final con-
ditions would result dependent upon the conditions of collision.
In the first place, if it were assumed that collisions could not take
place between the different types of particles, but took place between
similar particles, different temperatures would be obtained for the
different particle assemblies when equilibrium was reached.
Bach particle assembly would have its own temperature dependent upon
the number of particles and the initial total energy and would be un-

affected by the existence within the same boundary of other types of



3.

particle. Secondly, if all the particle types could collide with
each other a single final distribution would be obtained and a single
temperature could be ascribed to the system dependent on the sum of the
initial total energies of the separate assemblies. Under this final
condition the different types of particle may be described as being in

"Thermal Equilibrium". The use of such a term will then adequately

describe the condition in which a system of particle assemblies may be
given one single temperature value. It implies also that the inter=-
collision processes taking place between the different types of particle
are sufficient to give rise to a single equilibrium distribution of

particle energies.

2.6 '3% Particle Assemblies Not Isolated From External Influence

It has been assumed up to now that the particle assemblies con-
sidered were unaffected by external influence. This hypothetical con=-
dition never arises in practice and it remains to discuss the conditions
under which a Maxwell Boltzmanndistribution may exist when energy flow
takes place across the boundary of a real system.

It is clear that in so far as the boundary receives energy from
the system, a steady state condition can only be maintained within the
system if some part of the boundary is distinguished from the rest, by
its ability to give energy to the system in like gquantity. Normally
in an assembly which is accepting energy from, and giving energy to its

boundaries, all parts of the assembly will be subject to directional



32,

energy flow. This consideration of a section of the assembly, contain-
ing sufficient particles for equilibrium conditions to be set, up, iwith
the assumption that at any instant the average energy being transferred
is small compared to the total energy of the section, will permit a
Maxwell Boltzmanm equation to be obtained. This arises from the con-
sideration that due to the relatively small amounts of energy being
transferred, the collisions between particles not directly connected
with the energy transfer is predominant and will maintein the distribu-
tion. Under these conditions, the assembly may be considered as being
made up of a succession of sections, each having a Maxwell Boltzmann
distribution with a specific temperature. For all practical purposes,
the change of temperature may be considered as continuous and the
temperature atamy point defining the distribution at that point.

The discussion so far may be interpreted as an indication that the
distribution of a section of the system will differ from Maxwellianm if
the temperature gradient across the section is so large that the energy
transfer is comparable with the total energy of the section. This type
.of condition will be most probable for sections of the assembly close
to the boundaries where the temperature gradients may be high.

Further, if the energy source is a field of force, as distinct from a
thermal solid body source, the assembly may be gaining energy over
relatively large distances. In such a case a region exists in which

a section of the assembly is continuously gaining energy by movement
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in a given direction. Under these conditions, the distribution may
not be Maxwellian and strictly speaking no temperature may be ascribed
to this section. In the steady state such a section will be in
dynamic equilibrium and exhibit a particular distribution. By analogy
it is possible to define the "temperature" of such a section as a
measure of the most probable energy of a particle of the section. If
such a temperature is used, the conditions of definition. should be

clearly stated.

The Temperatures of an Eléctrical Discharge in a Gas :

Following Edels (5) one can summarise the Temperature conditions

which might be expected in an electrical discharge as :=-

(1) At all pressures the electron temperature will be higher than

the other component temperatures. In particular at low pressures

the electron temperature will be very much greater than the other
temperatures. These conclusions result from the fact that because

of their relatively small mass the electrons acquire much greater
velocities in the field than the heavier particles.

(2) At all pressures the electron temperature at the electrodes will
be greater than the electron temperature in the discharge column, this
is principally due to the fact that the field strength is much greater

near the electrode than in the column of the discharge, and consequently








































































































































































































































































































































































































































































































































































































































































