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5 iii
ABSTRACT

The energy relaxatibn and electrical conductivity
of an electron gas in one atmosphere argon arc dis-
charge has been examined theoretically and observed
quantitatively in an experimental arrangement. The
plasma column utilized for study is the type generated
in a fluid transpiration arc equipment in which the
argon working fluid is injected through a porous gra-
phite anode. The rate of forced convection is such as
to insure significant electron-heavy particle nonequi-
librium in the sample volume of interest. A simple
model of a developing arc column with internal heat
generation indicates that, with typical rates of argon
injection realized in practice, the development of the
column in the axial direétion from a constant radial
profile to a nearly fully-developed profile requires
several cm, of which the first cm or so may be charac-
terized as quasi one-dimensional in z. This region is
large enough to allow transient probings and spectro—
metric observations the results of which can then be
compared in a straight forward manner with a theoretical
one-dimensional model. An examination of the various
relaxation times in a three-component fluid (electron-
ion-neutral) reveals that the self-relaxation times are

short and the electron-heavy particle relaxation times
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are not negligible compared with the transit times through

the nonequilibrium volume. It is therefore proper to em-
ploy the usual two-temperature macroscopic model equations
obtained from the Boltzmann equation. Accordingly, the
electrical conductivity and the two-~temperature volume
rates of energy transfer have been obtained. The diag-~
nostic techniques utilized include (1) Hall-effect mag-
netic field probe for current density, (2) floating
electrostatic probe for electric field, (3) spherical
thermocouple heat transfer probe for heavy particle
temperature, and, (4) continuum intensity measurement

for electron densiéy and temperature, High-speed

motion pictures give qualitative measure of the plasma

volume and its reaction to a material probe.

The results indicate that while somewhat higher
electrical conductivities are observed the volume rates
of energy transfer show fairly wide discrepancy between
theory and experiment. Thus, although electron energy
loss is observed to be due to volume transfer to the

heavy particles the familiar current density compatibi-

lity relation, J = neeJBK(Te- Ts)/ms appears not to hold.
This is ascribed to the possibility that the collision
frequency for momentum transfer and the collision fre-
quency for energy transfer may not be the same. In

particular, the observed collision frequency for energy



transfer between electron and ion appears to be one
f£ifth of that magnitude predicted by current theories.
It is suggested that a modified theory is needed for

the particular condition of low ny (the number of

electrons within a Debye sphere) for ne¢32x1016 cm-3

4 o

and Te’feio K.



vi
APPROVAL OF DISSERTATION
ENERGY TRANSFER AND ELECTRON CONDUCTION
IN THE FLUID TRANSPIRATiON ARC COLUMN
BY
PIN-SENG TSCHANG
FOR
DEPARTMENT OF ELECTRICAL ENGINEERING
NEWARK COLLEGE OF ENGINEERING

BY

FACULTY COMMITTEE

APPROVED: CHAIRMAN

NEWARK, NEW JERSEY
FEBRUARY, 1967



vii
ACKNOWLEDGEMENTS

The author is indebted to Dr.M.Zambuto for critical
reading of the dissertation and for suggeéting numerous
improvements, to Dr.C.Sheer for advice and encouragement,
to Mr.M.Gelband for competent and valuable laboratory
assistance, and to Mr.C.Stojanoff for discussions parti-
cularly on spectroscopy and for his design of the photo-
multiplier tube setup.

The experimental work and the preparation::of the
dissertation were performed under contracts AF49(638)-
1395 for the Mechanics Division of the Air Force Office
of Scientific Research, and, AF33(615)-3165, AF33(615)-
1141 for the ThermoMechanics Laboratory of the Aerospace
Research Laboratories, Wright-Patterson AFB, Ohio. The
work was carried out in the Electronics Research Labora-
tories of Columbia University. The active cooperation
of the ERL staff, under the direction-of Prof .L.H.O'Neill,
is gratefully acknowledged.

The Newark College of Engineering Research Founda-
tion furnished partial financial assistance in the early
exploratory phase of this dissertation research when the
author was teaching in the College.



Chapter
1
2

3

viii
TABLE OF CONTENTS .

Page
INTRODUCTION « v veeuvovnoaocncasvroocannsas 1
BACKGROUND OF PRESENT INVESTIGATION......f 12
THEORIES OF ARC COLUMN e:ccscvecosocansaees 24
3.1 The Fully Developed Column........... 24
3.2 The Developing Column...cecveveecssss 30
3.3 The Nonequilibrium Column.......e.... 48

3.3.1 Basic equations .c..ccceeseeeeese 48

3.3.2 Calculation of electron
concentration..scevesecccecssceca €3

- 3%.3.% Nonequilibrium considerations.. 79

3.3.4 Loss of charged particles by
difquionl'..OQOO'...0..'.’...'. 86

3.4 Equation for the Two-Temperature

La e

column...‘. ............. @ & & 5 & 5 0 65 0 0 8o 93
EXPERIMENTAL TECHNIQUES..... B X
4,1 Calorimetry..... Ceececccacanseos ceaeo 110

4.2 Arc Column Current Density
Distributiontotootcﬁioul...oo....o... 116

4.3 Potential Distribution.......ce00e0.. 124
4.4 Gas'Temperature Digstribution......... 133
4.5 Electron Density and Temperature..... 150
4.6 High-Speed Photographic Observation.. 161
EXPERIMENTAL RESULTS . ..cceveen. cresences .. 168
DISCUSSION OF EXPERIMENTAL RESULTS AND



ix
Chapter Page
CORRELATION WITH THEORETICAL CALCULATION.. 181

7 CONCLUSION AND RECOMMENDATIONS............ 201
APPENDIX A PROOF THAT E IS RADIALLY INVARIANT...... 204
APPENDIX B SPECTROGRAPHIC EVIDENCE................. 205

APPENDIX C VOLUME IONIZATION OF ARGON BY
ELECTRON IMPACT. . ceeeeocessesccnsnscssss 208

APPENDIX D BASIC CONSIDERATIONS OF TRANSIENT
THERMOCOUPLE PROBE. . v v:vveveoccossreeess 210

REFERENCES............l................'.'........". 220
VITA ''''' ® o 0 0 9 0 0 0 0 s ® 6 O % 0 9 O S S B G S O s e ® ® s ¢ 0 08 00 225



FIGURE

1

10

LIST OF FIGURES

Page
THE DIFFERENT REGIMES OF IONIZED GAS
SHOWING THE DEBYE LENGTH, N\_p, AND THE
NUMBER OF ELECTRONS WITHIN A DEBYE
SPHERE, Dj.oeuevensorosnoneocnseocaseanaeanens 4

FEATURES OF SOME CONVENTIONAL ARCS........... 13
PHOTOGRAPH OF THE FLUID TRANSPIRATION ARC.... 20
SCHEMATIC DIAGRAM OF FLUID TRANSPIRATION

ARC AND TERMINOLOGY OF CALORIMETRY

PARAMETERS . v v vvvoneeesansosossnscsnssansanss 21
TRANSLATIONAL THERMAL CONDUCTIVITY OF

ARGON AT ONE ATMOSPHERE FROM AHTYE........... 30
ARGON ELECTRICAL CONDUCTIVITY VS. HEAT
POTENTIAL, 1 ATM.:vveesscccscsascosssaseocsae 31
COMPUTED RADIAL TEMPERATURE DISTRIBUTION

FOR FULLY DEVELOPED ARC COLUMNS AT 1 ATM,

ARGON. .o veeeeeeenorsasnsscososasonsovensasees 32
ENERGY BALANCE IN A SECTION OF THE

DEVELOPING ARC COLUMN.....evveeececoncrocesas 37
ENTHALPY VS. HEAT POTENTIAL FOR 1 ATM. |
ARGON. . .evuvneevnnnnennrnoesancanensnsesonanss 4O
COMPUTED RADIAL DISTRIBUTIONS OF & AT

VARIOUS AXIAL DISTANCE FOR 1 ATM.ARGON

ARC WITH INTERNAL HEAT SOURCE QQe.voceveoerss 46



FIGURE
11

12
13
14
15
16

17

18

19

20

21

22

23
24

25

26

xi
Page

EQUIVALENT TRAJECTORY OF A TWO-BODY

ENCOUNTER. « v e v e o vuvasescesnsnncannsnseensnees 53
SCATTERING OF PARTICLES BY A TARGET.......... 54
SKETCHES OF DISTRIBUTION FUNCTIONS........... 62
A SECTION OF STREAMPUBE. ...e.eucuvecnsncncnes 72
CHARGED PARTICLE BALANCE IN AN ARC COLUMN.... 87
MOMENTUM TRANSFER CROSS SECTION OF ELECTRON

IN ARGON DEDUCED FROM ELECTRON MOBILITY

17 G A -
VALUES OF THE COLLISION INTEGRAL FOR

ELECTRONS IN ARGON.u.ooveesvsensaseacencncenes 99
ELECTRON DENSITY AND PERCENT IONIZATION

OF 1 ATM. ARGON VS. TEMPERATURE..,...........101
ELECTRICAL CONDUCTIVITY OF 1 ATM. ARGON

VS, TEMPERATURE ... .0vvveerrnnsononacasnsesss 102
ARC VOLTAGE VS. ARC CURRENT.......evenees.0s.109
HALL-EFFECT MAGNETIC PROBE. .. ....0eveuess..s.119
RECORDS OF HALL PROBE OUTPUT. .. ......00000...120
D.C. GAUSSMETER CIRCUIT......e0eeveveseeas.es121
ASSEMBLY PHOTOGRAPH OF THE PNEUMATIC

PROBE TRANSPORT . « v e veverovonooesnsncasseenss 122
ELECTRICAL CIRCUIT FOR PNEUMATIC PROBE
MECHANTSM. « e v e veueeennenenncocncasassnsnsnes 23
LANGMUIR PROBE CIRCUIT......ceveeeusneneness.128



xii

FIGURE Page
27 RECORDS OF LANGMUIR PROBE OUTPUT......cc00....129
28 ARC FLOATING POTENTIAL DISTRIBUTIONS.........132
29 CALIBRATION CURVE FOR m = 0.2 gm/sec.........138
30 CALIBRATION CURVE FOR m = 0.35 gm/se€........139
31 SCHEMATIC DIAGRAM OF FLOW FIELD AROUND A

SPHERE ILLUSTRATING CORRECTIVE HEAT

TRANSFER IN VARIOUS ZONES....eeeeeveeeeseses 142
32 SKETCH OF VELOCITY AND THERMAL BOUNDARY

LAYER PROFILES SHOWING INFLUENCE OF

VARIABLE 7\, . cevvveveovvovannonannnoscanssenes s 144
33 TEMPERATURE CORRECTION IN ARGON FOR

Tg>-9000°K...................................146
34 PHOTOGRAPH OF A TYPICAL THERMOCOUPLE

PROBE ASSEMBLY ... .uvuvrveeerasenenaoenonnnnees 187
35 PROBE OUTPUT VS. TIME, ON AXIS 1.5 MM

FROM ANODE. 4 s s v sevevonrononseeensoneeneessss 148
36. PROBE OUTPUT VS. TIME, ON AXIS 10.5 MM

FROM ANODE. ..+ veesocecennnnnncsnsasasesesssssll9
37 ARRANGEMENTS FOR SPECTRAL INTENSITY

MEASUREMENTS . o o0 vevveonnnnneencocacesosssenssd52

38 TYPICAL SPECTRA OF:A 1 ATM.ARGON ARC
COLM..‘.............l.'....' ...... .Q"...‘.154
39 ORTICAL SCHEME FOR SPECTRAL INTENSITY

MEASUREMENTS.-...-...........-.....-.......0-155



FIGURE
40
41

42

43

44

45

46

47

48

49

50

xiii
Page

A 8X8 ABEL INVERSION SCHEME.......c.-00eeee. 156
CHORDAL AND RADIAL INTENSITY DISTRIBUTION

OF THE 50002 CONTINUUM, 2.75 MM FROM

ANODE. . i o ttceesusssasssasesesccsasssessnssseald?
CHORDAL AND RADIAL INTENSITY DISTRIBUTION

OF ! THE SOOOX CONTINUUM, 9 MM FROM ANODE......158
CALIBRATION DATA FOR THE EOOOX CONTINUUM

OF ARGON, .. vvvveerososecssaosesnssanneosoceesalB6O
DYNAFAX PICTURES OF A 150 AMP ARGONvARC

m=0.2 gm/sec, 5000 £PS.....cccveuun. ceeesee.162
DYNAFAX PICTURES OF A 150 AMP ARGON ARC

m = 0.35 gm/sec, 5000 fps........ ceeceeeseessl03
DYNAFAX PICTURES OF A 150 AMP ARGON ARC

m=0.5 gm/sec, BOOO £PS.....0eeeeeneeneos.s 16k
DYNAFAX PICTURES OF A 200 AMP ARGON ARC

m = 0.2 gm/sec, 5000 fps @ 15 Msec/frame.....165
FASTAX PICTURES OF A 150 AMP ARGON ARC

BEING YRAVERSED BY A HALL PROBE TIP,

10000 fps...... csecseseee st seesse e ceenne .. +166
FASTAX PICTURES OF A 150 AMP ARGON ARC

BEING TRAVERSED BY THE BULKY PROBE

STEM, 10000 fps..... e, veeseea167
RADIAL CURRENT DENSITY DISTRIBUTION AT

1.5.MM FROM ANODE., ....c0cctteesrsccasccccscsas .172



FIGURE
51

52

53

54

55

56

57
58

59
60

61

62

xiv
Page

RADIAL CURRENT DENSITY DISTRIBUTION AT

6.5 MM FROM ANODE. ... ccoesenscnssenscnssenssl?3
RADIAL DISTRIBUTION OF MAGNETIC FIELD AND
CURRENT DENSITY(=0.2)...cciuvirnersnnennnessdh
RADIAL DISTRIBUTION OF MAGNETIC FIELD AND
CURRENT DENSITY(&:O.z).......................175
EQUIPOTENTIAL PLOT OF A 150 AMP ARGON ARC
POSITIVE COLUMN....... ceeeas S & k4
AXTAL DISTRIBUTION OF ARC PROPERTIES

= CASE T..iuivnienenennnonaonnnananss ceereeeessl79
AXIAL DISTRIBUTION OF ARC PROPERTIES

-~ CASE Il......ccvuunn et Ceeas ....180
THERMOCOUPLE OUTPUTS VS. RADIAL TRAVERSE.....183
FLOW FIELD VISUALIZATION OF ARC COLUMN

WITH SMOKE INJECTION........... P £ 1.
SKETCH OF STREAMLINES OF AN ARC COLUMN..... ..186
ELECTRICAL CONDUCTIVITY CORRECTION .

ACCORDING TO SCHWEITZER AND MITCHNER...... .. .192
ARGON RESISTIVITY VS. CURRENT DENSITY

FOR A SIMPLE TWO-TEMPERATURE MODEL........ ...193

ENTHALPY OF 1 ATMOSPHERE ARGON...............196



- TABLE

Xv
LIST OF TABLES

Page
COMPUTED RADIUS, CURRENT and g, FOR A
FULLY DEVELOPED ARGON ARC COLUMN.....ccccevees 35
EXCERPTS FROM SPITZER AND HARM NUMERICAL
RESULTS . cvevveecccasasonsoseasssssssansssanses Ok
RELAXATION TIMES FOR TYPICAL ARC
CONDITIONS, ieveeessccocscesscesasssasasanasass 80
SUMMARY OF FLUID TRANSPIRATION ARC
CALORIMETRY - 23 gm/min of argon.......e......112
SUMMARY OF FLUID TRANSPIRATION ARC
CALORIMETRY - 41 gm/min of argon..............113
COMPARISON OF MEASURED AND COMPUTED
QUANTITIES = Ca8€ I.vveeeereeeeenoeennnnnsnas .197
COMPARISON OF MEASURED AND COMPUTED

QUANTITIES - Case II... oooooooooo ® e % 00 0o 0o 900" '198



Chapter 1

INTRODUCTION

During the past decade, the efforts to extend
ordinary fluid and particle dynamics into the regime
of the ionized state have produced a vasf output of
new works in magnetofluiddynamics, ion propulsion,
thermonuclear fusion as well as a greatly intensified
renewal of interests in laboratory gas discharges,
atmospheric discharges, particle dynamics and gas trans-

port processes.

The behavior of an ionized gas is truly complex.
For, all the complexities of ordinary gas, vis. as a
consequence of its deformability, compressibility,
shear(viscosity), energy transport(thermal conduction,
convection), variable state properties(density, energy
states), etc. are manifolded by the circumstance of
ionization. That is, in ionized media we must also
consider the interacting charged particles, their inter-
play with electrostatic and magnetic fields, multipli-
cation of types of particles and various éﬁantum effects

etc,

The complexity of ionized gases is of such a
degree that a treatment general enough to be valid

under all of the possible conditions of an ionized gas



would be impossible. To make the problem manageable
the discussion is limited to ranges of possible condi-
tions, so that for purposes of analysis a differentia-
tion between "domains" of ionized gas states is made,

generally on the following bases:

High energy - Low energy

Fully ionized - VWeakly ionized

Quantum - Classical

Kinetic formulation - Phenomenological
formulation

Continuam fluid - Rarefied(free-molecule)
gas

Multi-component gas - Single-component gas

Plasma(electrically - Non-plasma

neutral)
Steady state -~ Transient
Strong EM interaction -~ ‘Weak EM interaction

Also, theoretical approaches and experimental approaches
to the problem are generally considered separately and
their interrelations subsequently investigated and

verified.

Hopefully, restriction to a partial domain of the
ionized state would render the specific problem at hand
sufficiently tractable to be solved but not so simple
&8 to lose relevance to the general cases. The danger

ocf departing from such a baiance is ever present in
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researches in ionized gases.

In this dissertation we have directed our investi-
cation to some properties of a one atmosphere argon arc

column which may be éharacterized as:

A direct current, steady state, partly-ioniied,

moderately dense classical plasma of medium energy
and considered to obey a continuum fluid, kinetic

formulation with its multicomponents partially in

nonequilibrium, and, subject to a weak electro-

static force and a negligible magnetic field.

There appears to be no unique definition avail-
able of an arc discharge and we shall not try to supply
one. For‘the moment, it is convenient to consider an
arc as a low-voltage and self-sustained quasi steady-
state gas discharge of high temperature and capable of
conducting large curremts. In contrast, the glow dis-
charge occurs generally in a low temperature gas with
higher voltage and lower currents. The spark discharge,
on the other hand, is unsteady and of even higher

voltage.

The region occupied by arc discharge im the ioni-
zed gas domain is depicted in Fig.1. The electron
energy is typically one or more ev(i ev corresponds

approximately to 7700°K in thermal kinetic energy)
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and, the electron density somewhere between 10 and

1017 em=3,

While this magnitude of energy is very small in
comparison with that of fusion plasmas it is signifi-
cantly higher than that released in any chemical reac-
tions. Remarkable also, is the relatively high charge
conceniration easily achieved in an arc. These are
the main reasons for the great importance of arc

technology of which more will be said later.

From the Debye lengths indicated in Fig.1i, we see
that for an arc of ordinary dimensions(e.g. 1 cms) the
Debye length of around 10~° cm is exceedingly small
and, accordingly, most of the arc column is in a pPlasma

state.

Though the arc region that has been singled out
0of the vast domain of ionized gas may seem small, arc
phenomena involve so many physical laws that the overall

picture remains highly complex.

To be sure, the physical laws related to arcs are,
for the most part, reasonably well established. One
might be tempted to say that knowledge in ares is repre-
sented by the sum of the individual disciplines involved.
One would therefore expect that advances in these disci-

plines should naturally lead to greater understanding



in arc physics. An example of this is the application
of the theory of gravitational particle dynamics deve-
loped in astrophysics to the interaction of swarms of
charged particles in plasmas. The same may seem to
hbld for experimentation as, for instance, in the case
of spectroscopic techniques so nicely passed on by

astrophysicists.

But, where so many disciplines are involved, the
converse is also true. Ali too frequently, one is
confronted during investigation by obstacles not nece-
ssarily in the main line of research which nevertheless
are quite effective in delaying accomplishments. Thus,
one who is interested in solving the arc equations will
find that reliable transpdrt coefficients are lacking.
Sometimes, conceptual difficulties arise and one is not
quite sure what equations to use or what experimental

techniques to rely on,

In the face of such uncertainties there is a
tendency to resort to refinements of pure theory which
may have little practical relevance, or, to practice
empiricism contributing little to clarification of

theory.

In order to avoid this pitfall in this dissertation

we shall strictly adhere to the following line of app-



roach:

(1) Production of a "laboratory-controlled" type of
arc in which the physiégi laws involved act
under cénditions amenable to a manageable
theoretical torm.

(2) Development of a suitable theoretical model from
which predictions are made about measurable
quantities.

(5)‘ Development of experimental techniques for
reliable and sufficiently precise measurements
of the above quantities.

(4) Comparison of theoretical prediction to experi-
mental results and conclusions about the degree

of validity of the theory.

Present day arc research is mainly concerned with
three prineipal areas of interest, namely, the arc
interaction with:

(1) Material boundary
(2) Magnetic field

and, (3) Fluid flow considerations.

In the first category belong the electrode pheno-
mena, important for the maintainance of the discharge,
and the effects of lateral material walls in stabilizing

and enhancing arc performance. The application of



magnetic field, of course, leads to the wide field  of

magnetofluiddynamics.

The importance of fluid flow concepts can best be
emphasized by pointing out that electrons and ions
(essential ingredients of an arc) may be considered as

fluid components. Their interaction with a third

fluid, e.g. the neutral atoms of the ambient atmosphere,

plays an important role in arc behavior. This is true
even though this third fluid may hot be intentionally
introduced. For instance, we see that the appearance
of a curvature in a long arc column is due to the
gravitational (natural) convection of the surrounding
gas, which is usually present despite the wishes of

the investigator.

Conversely, the forced convection of a "working
fluid" through the arc zone results in a whole genre
of arc phenomena with widespread implications in many
branches of technology. For example, forced convec-
tion is an important factor in arc heaters, MFD acce-

lerators and generators, circuits breakers, etc.

In accordance with our premises, we shall address
ourselves to the effects of arc behavior under a fluid
flow by forced convection., To simplify matters, we

investigate the arc column, away from any material



9.

boundary, and, in the absence of an applied magnetic

field.

In Chapter 2 several types of conventional arcs
will be described together with the concept of the
Fluid Transpiration Arc(FTA) and the manner in which it
can be used to allow controlled fluid convection in an

arc.

In Chapter 3 a detailed review of available arc
column theories is presented. From the results we
determine what further simplifications are available to
us because of the geometry and characteristics of the
FTA. Ve then investigate the physical limits withinwhich
such simplifications are valid, and re-write the basic
equations specifically for the special case considered.
This will give us a more manageable form of the basic

equations.

Results from the equations will be discussed and
compared with (A) available data in the literature, and,
(B) a number of specific measured characteristics of
the arc having to do with the transfer of macroscopic
momentum and energy observables. The two-temperature
model of electrical conduction in the arc column is

presented.

In Chapter 4 the various needed diagnostic methods

~
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are described.

In Chapter 5 the results of diagnostics are

presented.

In Chapter 6 we examine the extent of agreement

between theory and experiment.

Finally, in Chapter 7 we present the findings of
this dissgrtation. These indicate a qualitative agree-
ment between the theoretical and experimental aspects
of our work but point to the evidence of somewhat higher
electrical conductivity and that one of the long held
(but up to now not directly verified) processes of
energy transfer between charged particles does not

yield the correct rate in our arc regime.

In closing, we might mention that in spite of the
limited domain occupied by arc phenomena in the vast
spectrum of ionized gases the technological signifi-
cance of arc techniques in the modern world is exceed-

ingly great(see Reference 46),.

The intense radiation emitted by arcs was utilized

very early for image projection and in searchlights.

Because of thelr close resemblance with solar
atmosphere phenomena(see Fig.1) arcs are being used

extensively as solar simulators.
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Arc heaters are powerful and efficient devices for

obtaining ultra high temperature materials testing and

for chemical synthesis.

The potentialities of arc jet thrustors for certain

space flight missions have also been recognized,

0f late, efforts to raise the power output of gas
laser tend to make use of plasma phenomena closer and

closer to arc discharge of the nomnequilibrium type.

This research is motivated by the following hope:
If arcs have shown such versatility in the face of
admitted paucity in knowledge of basic arc physics,
a true understanding of this phenomenon would open up
the prospect of much wider utilization in science and
industry, to a degree that can hardly be foreseen.
With such a prospect the very considerable labor
expended towards the acquisition of basic data is amply

justified.
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Chapter 2

BACKGROUND OF PRESENT INVESTIGATION

Let us first look at some conventional arc con-
figurations as shown in Fig.2. The top figure shows
a horizontal arc under the influence of a vertical
“—buoyant force. The electric field is generally in the
same direction as the arc column and causes the drift
of electirons and ions towards the anode and cathode,
respectively, giving rise to the self-magnetic field,

-

B,

To be self-sustaining the arc must produce elec-
trons near the cathode and ions near the anode. These
are generated either by thermal ionization or ioniza-
tion due to the high electric fields that exist in

these electrode "fall'" spaces.

The arc contracts towards the cathode fall zone
and the resulting current density gradient produces a
magnetic pressure gradient that effectively propels the
constituents away from the cathode in the férm of a
plasma jet; a phenomehon known as the Maecker effect

(see Reference 23).

A similar jet can also be produced at the anode.

This occurs, for example in the high intensity arc,
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or "Beck arc" as 1t is sometimes called. 1In this type
of érc the efrect is produced by increasing the arec
current until the thermal loading at the anode is too
great to be dissipated by conduction and radiation.
This results in enough additional energy to supply the'
latent heat required for the vaporization of the anode
material. Under these conditions a vapor jet blowing
away from the anode is generated, the vapor necessarily
streaming through the arc column where it profoundly
intluences the arc characteristics. Of course, the
anode material is consumed in this type of arc, but

the condition can be maintained in steady state indefi-
nitely by feeding the anode forward at the appropriate
rate, and end-wide joining of new anodes as they are

consumed.

When the electrodes of a high intensity arc are
maintained in a collinear configuration, the anode and
cathode jets collide and can cause large scale fluct-
uations in the arc, generally aggravating the diffi-
culties of experimenta1 studies, By using the off-set
geometry shown in Fig.2(bottom) the anode and cathode
jets can be made to merge smoothlylto produce the
characteristic "tail flame" of the high intensity arc.
Even in this case, however, owing to the configuration-

al asymmetry required for smooth operation and the high

14.
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eurrent densities required for anode evaporation, the
flow field of anode vapor is distorted and turbulent

even quite close to the anode surface.

The main point is, in these foregoing examples
(and in nearly all other arc arrangements) where fluid
convection dominates the behavior of the arc, the lack
of a simple geometry requires complications in the
theoretical representation and renders the interpreta-

tion of experimental data quite difficult.

Ideally, a one-~dimensional arc should be sought
or, at least, a vastly scaled-up arc zone isolated for
study so that there is some local region within which
only one-dimensional changes are involved. Unfortunate-
ly, one-dimensional arcs do not exist and scaling up
the arc so as to enlarge a more or less uniform zone to
a convenient size for study is usually limited by power
ceiling and materials problems, not to mention the
notoriously non-linear and little understood arec

scaling laws.

In the past, most arc research involving forced
convection has been conducted with rotationally symme-
tric devices in which the arc column is stabilized by
means of a constraint of one form or another which

serves to immobilize the column against the forces of
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vigorous convection., This can take the form of a

narrow, water-cooled cﬁannel through which the columq
must pass. The channel walls maintain a cool, non-
conductive boundary layer, torcing the conduction
column to remain on the channel axis while appreciable
amounts of fluid are flowing through the channel. This

is generally called the "wall-stabilized" arc.

Alternately, the column may be stabilized by fluid-
mechanical means by establishing the column on thé axis
of a cylindrical chamber into which the fluid is fed
tangentially to set up a strong vortex, the column being
constrained by the ceniripetal pressure field to remain
on the vortex axis, The device is known as a "vortex-

stabilized" arc.

Stabilization against convection may also be accom-
plished by an electromagnetic constraint, in which a
D.C. column is spun rapidly in a strong magnetic field,
or in which an electrodeless discharge is established
in the form of an eddy current sheet by induction in

the interior of a coil energized by high frequency A.C,.

The resulting arcs exhibit good rotational symme-
try. In the case of the wall- or vortex-stabilized
arcs, a "fully-developed" arc column may under some

conditions be obtained characterized by cylindrical
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symmetry as well, In the latter case only radial

changes are involved and the system is to some degree
tractable to analysis(see Reference 22). However, even
in these instances, the radial gradients are so steep
that considerable difficulty is encountered in the
severe radial variations of the transport properties
(Reference 20). As a result such analyses are either
highly approximate or involve prohibitively laborious

machine computation.

In principle one can rely on probe and spectiros-
copic observations to obtain empirically the radial
distributions of plasma properties. But, because of
the smallness of arc core and the sharpness of radial
gradients in practical arc systems, considerable error
is usually incurred because of the fact that perturba-
tions produced by probe insertion extend over a region
comparable to that of the arc itself. Also, it is
nearly impossible to determine experimentally the radial
fluxes except those that reach the walls. In addition,
the flow field of the hot ionized gas withih a confining
tube is always difficult to measure experimentally or

to estimate on the theoretical basis.

As a result of these and many other difficulties
it is little wonder that in the long history of arc

research comparatively little in the way of arc
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discharge mechanisms has been uncovered, or defini-

tively analyzed.

In 1958, a new type of plasma generator(convective
arc system) was introduced by Sheer et al(References
50, 51). This possesses a number of features that
appear to alleviate some of the difficulties mentioned
above for the earlier systems, This system therefore
seems to represent a more suitable device with which to
study interaction phenomena between the working fluid

and the arc discharge.

Essentially, the technique consists of injecting
the flﬁid directly into the discharge via tramnspiration
through a pordus anode structure at the anodic boundary
of the discharge. The anode material is convectively
cooled by the injected fluid and therefore not consumed,
as in the high intensity arc. The rate of working
fluid injection can therefore be varied(above the mini-
mum required for anode cooling) independently of the
arc current over a wide range, and, after penetrating
the high gradient anode sheath; flows collinearly with
the arc current for a considerable distance into the
column with a fairly uniform mass flow distribution
radially. Several versions of this so-called Fluid
Transpiration Arc(FTA) have been constructed and

operated in the Electronics Research Laboratories of
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Columbia University. A representative photograph of

such an arc is shown in Fig.3. Construction details

are indicated in Fig.4.

The FTA has many interesting features. In the
first place, it has clearly separate anode and cathode
columns which apparently interact in only a limited

mixing region.,

Secondly, the FTA can be operated stably without
external constraintsrof any kind; in short, the anode
and cathode jets are self-stable. The operational
.stability has been found to persist, especially for the
anode column, despite vigorous convection - up to

2 gm/sec—cmg.

For this reason the FTA may be considered as a
"free-~burning" plasma generator, in which stability is
insensitive to forced convection, despite the absence
of external constraints, As a result of this property,
it is easily accessible to proiings and spectroscopic

observations throughout the entire discharge volume.

Thirdly, since the transpirant is introduced into
the column through micro-pores of the anode(average
pore size ~ 30 microns) the local mass flow in the

column is relatively uniform and can be estimated even

if actual measurement should prove not feasible. This
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last attribute is one of the most important experi-

mental features on which our study is based.

For our study, we have concentrated on that portion
of the positive column extending from the anode to a

distance about 1 cm away.

In a preliminary published paper(Reference 60) we
noted that the current density distribution in this
region seemed to be quite uniform radially. Since at
atmospheric densities the electirical conductivity
depends primarily on temperature it appears that in
this region the temperature, and other temperature-
dependent properties, should also be radially uniform.
Consequently, changes in arc properties should be
largely one-dimensional, along the z-~axis. Theoretical
considerations relative to a one-dimensional column

will be given in Chapter 3.

By means of the forced convection the gas in the
region of interest is made relative cool. In Fig.3,
for example, a cool dark space is seen extending to a
considerable distance from the anode. If the electrons
are assumed to be in equilibrium with the gas then it
can be shown theoretically that only a negligible amount
-0f conduction should be possible. The fact that elec-

trical conduction persists suggests that the conducti-
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vity might correspond to that given by ionization

equilibrium at an electron temperature appreciably
higher than the gas temperature. This zone, therefore,
appears to be suitable for the study of the so-calleg
two-temperature conduction law. Such nonequilibrium'

condition will be theoretically investigated in
Chapter 3.
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Chapter 3

THEORIES OF ARC COLUMN

In order to develop a suitable theoretical back-
ground for the present study we shall first consider
the theories of conventional(spatially nonuniform) arc
column in local thermodynamic equilibrium(LTE) and
derive some results which will be used in later
discussions. Then we shall examine the theory of the
nonequilibrium column leading to the two-temperature
model which will also be utilized in evaluating the

system under study.

3.1 The Fully Developed Column

In this section we treat the simplest case, i.e.
we derive the energy equation of a.rully developed arc
column at moderate pressure and without radial convec-
tion., The term "fully developed" signifies the condi-
tion —g%— = 0. This is found, for inStance, in that
portion of a long arc sufficiently far away from the
electrodes, where energy transport is in the radial
direction only. We assume, because of axial symmetry,
-53- = 0. Also, radiative transfer is geglected.
However, because of the —?;— = 0 stipulation, axial

convection is allowed but would not appear in the

energy equation, which is:
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-1 d dT 2
r 1(—1?—(7\.1'—&-1-:-) + SE° =0 (Eq.1)

where @ = <(T) is the electrical conductivity, and

.= A(T) is the thermal conductivity. It is char-
acoteristic of a fully developed column that E, the
electric field, is a constaﬁt*. This is simply the

heat conduction equation according to Fourier's law of
heat conduction, with a Joule heating source term,cTEz.**
In its general form, where U and /. are temperature-

*3%
dependent, Eq.1 is without closed form solution.*

It is convenient to use a new variable, the heat

potential:
T
g = ~(‘ AA(T)ar (T, constant)
Tg
wherein %g = %% %% = 7\(T)%§ which is substituted in

*Experimental measurements described later(see Figs.27
and 53) show that in the system under study E is appro-
ximately radially invariant.

* %
In arc literature, Eq.1 is generally referred to as
the Elenbaas-Heller equation.

* %% .
See Carslaw and Jaeger, "Conduction of Heat in
Solids", 2nd Ed., Oxford(1959). p.12.
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Eq.1 to give

2
d—g+r-1%£+ dE® =0 ; o= o' (8)
dr r
2 | .
or, E_g.+ x-igg + T =0 (Eq.2)
o :

where x = Er.

It turns out(see Reference 55) that for many gases
the function T(F) can be represented by a finite

number of piecewise-linear functions of &, i.e.

C(f) = Af + B, I FES N X
=Af+B ;B <8 < B
= A8 + By i P f Sy

which allows step-by-step construction of the solution
g = pg(x).

With the piecewise-linear representation of:j@b,

the complete solution of Eq.2, for A > 0, is

g(x) = -B /A +CnJ0(x/i;)+DnYo(xjk;) ' (Eg:3)
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For Ana 0 and An<.0, equally simple solutions can

be obtained in terms of elementary and modified Bessel
functions. These are of no interest here since for
the noble gases, @ is a monotonic function of x. In
Eq.3 Jo and Y0 are the zero-order Bessel functions of

the first and second kind, respectively.

By specifying the arc axis temperature, T, (and

ﬁo), and imposing the zero slope boundary condition,

we have,
x =0 : ¢=¢O
ag _
dx ~ 0
D, =0 (YO(O) unbounded)
CO=¢O+BO/AO

Hence, in the first region:

g, < # <8, 3 x 2% 20
g(x) = -BO/A0 + (¢O+BO/AO)J°(ij;) (Eq.%)

and Xy is given by:

, Jo(xifro)=(Ao¢1+Bo)/(Ao¢o+Bo)= d(ﬂi)/ G’(ﬁo)
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In the second region,

B(x) = -B,/A,+C 3 (x[A ) +Byy (x/K)) (Eq.5)
ag
From Eq.4, ¢1’ X, and, ax are known and we have from

1
the conditions of continuity of ¢ and %g @x=x,

' ¢=—B0/Ao+(¢°+BO/A°)JO(xifK;)--Bi/A1+01Jo(xljxi)

+D1Yo(x1j11) (Eq.6)

%g=(¢o+Bo/Ao)fK;J1(x1jz;)=/1i[51J1(xijzi)*D1Y1(x1/ziﬂ

(Eq.7)

where J1 and Y1 are the first-order Bessel functions

and from Egqs. 6 and 7, C, and D, are obtained:

1

6=t (8,08, /A Y, (2 JB) = (B yrmy/a,) (ag/a)
Ji(x1jz;)Yo(x1131{]

D=t [(B9Bo/A) (/A b, (x /K )3, (x,/E,) -



29.
(By+By/A)3 (xyRy) |

where
A= 3o(x,[R)Y, (xJA ) -9, (%, [A)) Yo (x,/A))

Equation 5 will hold in the region

X, Z2 X > X

where x2 is obtained from

By = -By/Ay+C,3 (x5 /A1) +D,Y (x5 /A))

In the above fashion construction of the solution
#(x) may proceed further until the entire range of

interst in @ has been covered.

The thermal conductivity of partially ionized
argon at one atmosphere has been computed by Ahtye
(Reference 1) and is shown in Fig.5, from which ¢ has
been computed and plotted in Fig.6 against values of Q
computed in Section 3.4. Here, as in all later work,
the critical temperature Tc has been chosen to be
6000°K. Below this temperature, argon can be taken to

be electrically nonconducting.
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For our purposes, we see that only two straight

lines are needed to represent O from 6000 to 13000°K,

G = 1.188 + 14.0

-e

12.5 <8 < 36.0
SH

2,238 + 1.0 0 < 12.5

-e

o
Solutions for To = 9000, 10000, 11000, and 12000°K

have been obtained and the radial temperature distri-

butions plotted in Fig.7. It is striking to note that

the column radius, r defined as:

c’

- - o
T(r,) = T, = 6000°K

is rather insensitive to changes in the axis tempera-

ture.

The total current, Ic’ carried by the column can

be directly obtained by integration:
r

C

I, = 241;( r G(r)Edr
0

Hence, xi‘fxo

I =2% \J2¢0+BO/AD)X AoJo(xJKo)dxjxo *
0
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x2jKI e

f [ciJo(x[‘xi) + D1Yo(x4/-‘§1£| x A ax [,
%, /A

o <2 (B Bo/a0) 3y (2 [B )%y K, 464 [xp [y, (x K]
—x, A3y (xi'mi_)] +Dy [xz«/xﬂﬂ (x5./4)

- glﬁ1yi(x1[§1):[ (Bq.7)

From the computations as summarized in Table 1
we see that in the temperature range of interest the
total column current increases nearly four fold while
the canterline temperature varies from 9000 to 12000°K,
but the effective column radius, E,, undergoes only a
small increase(<.12%). Since in a fully developed
column E is independent of r (see Appendix A) we can

define the effective column conductivity as:

2
G = Ic/qrrcE.

Values of (j} in Table 1 indicate a marked increase

with centeriine teﬁperature.
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TABLE 1

COMPUTED RADIUS, CURRENT AND cr;

FOR_A FULLY DEVELOPED ARGON ARC COLUMN

Tos ' rc/E, cem/v/cm Ie/E, amp/v/cm Gy mho/cm

9,000 1.55/E | 61/E 8.1
10,000 1.57/E | 101/E 13.1
11,000 1.63/E 156/E 18.7

12,000 1.73/E 225/E 24,0
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3.2 The Developing Column

The developing column refers to that portion of a
long column sufficiently close to the point at which
gas is injected that local thermodynamic equilibrium
has not become fully established. 1In partieglar, axial
gradients are appreciable in this region and the simpli-
fication g%— = 0 does not apply. The details of
treating departure from LTE are given in Section 3.3
and here we examine the“feésibility pf the hope express-
ed earlier of isolating a special portion of the convec-

tion controlled arc displaying properties particularly

favorable for study.

This sample volume should possess the following

characteristics:

(1) Quasi one-dimensional change in properties.
(2) Sufficiently large in volume to allow prob-

ings without serious perturbation,

If we picture a section of the column as a source
of internally generated power, QE’ then in steady state
this power must be dissipated axially(Qz), radially(Qr),

and, radiatively(Qrad) as illustrated Fig.8, Thus,

Qg = Q; + Q + Qpaq
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QRap.

A-312-S-0182

FIG. 8 ENERGY, BALANCE IN A SECTION OF THE DEVELOPING
ARC COLUMN



or,

Qg = (A.aT)+mcpg£ (A.r )+Qrad (Eq.8)

where m is the mass flow rate density and ch is the
'specific heat at constant pressure. The convection
term (mcpa ) as well as the axial conduction term

must now be included since 35— £ 0.

One can see intuitively that for a fixed QE and
Qrad’ the relative importance of axial change versus
radial change hinges upon the magnitude of the para-
meter (7\/ﬁcp). If this number i# large then radial
change predominates and if this number is small then

axial change predominates.

It is important to know quantitgtively just what

38,

constitutes largeness and this requires the solution of

Eq.8, subject to the appropriate boundary conditions,
and cannot be decided solely on the basis of the mag-

nitude of the parameter. Indeed, it can be shown that

in most instances both Qz and Qr are important fractions

of QE'

The introduction of the heat potential, @, as

before, and the enthalpy:

T
h = f ar
Ty °p

C



will be found helpful. Using these variablés, Eq.8

becomes
%8, 18, 2F oh
L2 g +(ag0ree) - 53 = O (Eq.9)

As in Eq.1, for arc discharge QE is set equal to
( CfEa) and then ' is approximated by an expression of

the form
o T Af + B,

Similarly, h (see Fig.62, data from B.D,Adcock) can be

related to ¥ in an approximate fashion by

h=A4A §.

For argon, h is plotted against @§ in Fig.9 from

which we obtain the value

A, = 250 cm-sec/gm

good from 6000 to 11000°K.

When these substitutions are made we have

%8 24 2 )
§;g+r 1§g +%;¥g+E (Ad¢+B¢)—Ahm§g = Qrag (Eq.10)

39.
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in which we can show,a,fwaﬁubmathat the axial conduc-

32
tion term (-—g) is completely negligible. Hence,
0z

2, - . |
B—rgu- 1§g+E2(AC¢+B¢.)-Ahm§g = QUad (Eq.11)

which has all the appearance of a classical diffusion

equation with (g%) in place of the familiar (g%).

Unfortunately, there is an important difference.
Namely, E is generally varying with z according to the

Kirchhoff's law of current continuity,

Te

I, =hJﬁ21Tr S Edr = const‘ntfﬁ
0 . e

from which it is obvious that in sectionswhere the
average (O is high E will be low and vice versa. This
subsidiary condition, of course, does not arise when

é% = 0. In the general case an integro-differential

*
equation presents itself with dim prospect for solution.

*It should be pointed out that Stine and Watson(Refer-
ence 55) have succeeded in taking care of the z-
dependent E by allowing only one radial characteristic
solution to an equation similar to Eq.11. This is the
zero-order Bessel function Jo(J/AgEr). Their special
case is of noiinterest to us since we are interested in
"flat top" radial solutions which can only be formed
with a combination of characteristic solutions.

41.
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If it can be assumed, as experimentally indicated,

that the total internal heat addition may be édequately
represented by a constant Qo then the relative roles
played by radial conduction and axial convection in

dissipating.this amount can be obtained by solving

2
o) -1 x-) ..
- +r sg + QO - Athg =0 (Eq.:l.2)

A separation of variables can be made by the substitu-

tion of @(r,z) = u(r)exp(—<X?z) and o = r/rc in Eq.12

giving
a®u . ~1du . .2 2
+ p s tPuLQr =0 (Eq.13)
dp P ~
p2 = oa mr?

which is seen to be the zero-order Bessel equation.

Because #(0,z) is finite and g(r,,z) is zero,

the complete complementary function for Eq.13 is:

b = 2. 2o (ap)

n=1

where the ‘Bn's are the zeroes of Jo.

By = 2,802, P,y =55 , ...



Hence,
oD

Bo = )8udo(p P )exn(-%iz)

n=1
2 _ 2 2
o<n - ﬁ‘n/Ahmrc

The particular solution, ﬂp is

B, = Qra(1- p%)/a

Hence,
B = B8, =Qoro(1-p®)/u + Sa,3 (p, p)exp(-x2a).
n=1

By virtue of the orthogonal properties of JO, the

coefficients an's can be evaluated @ z = 0,

ﬁo [8Cp.0)-(1-pPrxday/u]a,( B, p)ap
0

bfifJ?,(/snf)d/"

%n

In our arc geomeiry, the transpiring gas leaves
the porous anode plane surface with a uniform radial
distribution of temperature., Therefore ¢(f>,0) may be

taken to be constant, say, zero, In which case

43,
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&, = _2r§Qo/ ngi(pn)

and,

| 23 (p f’)exp(-o(.?‘:z)
g = (r3q /4)[(1-p2)-8 o /mn n ]
cvo ;1 /B?lJi(Pn)

(Eq.14)

Since the values of the «{'s are:

e o .2, .2

<y = 2.4 /Ahmrc
g _ .2

°<2 - 505 /noo

°<2 = 8.652/000

(Y,
i

= 11.8%/...

{
©
i

= 14.92/- o

A
wn
I

* e e

the terms in Eq.14 with n greater than 1 damp out very
rapidly with increasing z, in relation to the dominant,
n =1, term. When °<iz is small and exp(-“iz) close

to unity, the higher n terms must be retained.
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Some values of (kﬂ/riqo) as function of P have

been computed with different values ofcii: as parame-
ters. The results are plotted in Fig.10 and from it

we obtain a quantitative picture of the extént of the
quasi one-dimensipnal region that was sought after.

We see that for cxfz = 0.1, this region extends

to approximately p= 0.8. As the gas moves down stream

(z increases) the effects of radial gradient propagate

2
1

region from the center top = 0.4 remains essentially

flat. For this value ofcxis and for Ah

towards the center. Thus, for <.z = 0.4, only the
= 250, m = 0.2,

r, = 0.5,

z = O.4Ahﬁri/2.42 = 0,9 cm

whence we conclude that as far down stream as 0.9 cm
the one~dimensional streamtube concept can be accepted

as valid,

Since m = 0.2 is the low end of the forced convec-
tion range*, and, a 0.4 cm diameter by 0.9 cm long
sample volume quite ample for probings and optical
measurements, we are satisfied that on theoretical

grounds our proposed scheme for studying the forced

*

We have, of course, assumed that fluid flow is uniform
and only in the axial direction. These appear to be
borne out experimentally. See Chapter 6.
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convective arc zone comprising the first cm of length

of the positive column of the FTA seems quite feasible.

Incidentally, from Fig.10 the prior assumption
that axial heat conduction is negligible can be easily
Justified. In addition, this is confirmed by experi-

mental evidence to be presented later(see Fig.54).
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3.% The Nonequilibrium Column

3.3.1 Basic equations. We now proceed to obtain

some relations that govern the motion and energy of the
electron working fluid in a one-dimensional model of a

gaseous conducting column,

For many applications where the charged particle
density and the neutral particle density are sufficient-
1y high, the electron-ion plasma and the neutrals can
‘be considered as components forming a continuum fluid
obeying fluid dynamic equations not so different from
thoée for ordinary fluids. To make use of these equa-
tions, however, the transport coefficients(thermal
conductivity, viscosity, diffusion coefficient, elec-

trical conductivity, etc.) must be known.

Experimental determinations of these quantities
are currently either lacking or incomplete. Consequent-
ly, theoretical computations must frequently be employed.
These invariably utilize the kinetic theory of gases
thoroughly expounded in the classical treatises of
Chapmen and Cowling(Reference 11) and Hirschfelder,

Curtis and Bird(Reference 31).

The very complex nature of kinetic theory calcula-

tions precludes a self-contained discussion, even one
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introductory in scope, from being included in this

dissertation. Suffice it to state that this is a well
established discipline which has been successfully
applied to the study of ordinary fluids. This is well
in evidence in the aforementioned references, whose
treatments show muéh‘promise of fruitful extension to
ionized gases; the present investigation being partly

an attempt to apply the theory in the latter regime.

In the following, the equations pertinent to our
goals will be given and discussed in sufficient detail
to convey their significance, and, not the least, to

define the notations.

Starting from somewhat different origins, there
exist what appear to be eventually equivalent kinetic
equations for describing the behavior of a large collec-
tion of particles. Central to all these is the one-

particle distribution function
£(v,¥,t)

giving the distribution of the various particles in
velocity, space, and in time, which, altogether form a
seven-dimensional space. The kinetie equation we chose
is the well-known Boltzmann equation expressing the

prineciple of the conservation of probability measure in
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such a space. This is generally written as

—— e WO wmmne ot 8 wssmmms 23 [ camn— (quis)
Jt dr ™1 dv \2ot/e

0 = P) ) o
o= F ay— + BT 4 8,
b abx bby abz

E/m, = external field force per unit mass

t = time

of
—1 = rate of change of fi due to effects of
ot Jc

oollision, the subscript 1 being used to identify a
certain species of particles as, for example, the

electrons.

As might be expected, the interparticle dymnamics
of
is contained in the term (5?1 ¢ Which is given by the

binary form appropriate to gases where collision

between two particles predominates:

n .
of
(5_171) o Ejﬂ‘fifi'fﬁi)g T34 (e,0)aflav, (Eq.16)
i=1
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where f! = I(Vi,?,t) and ?{ signifies the velocity of

the ith species after a collision. The unprimed quan-
tities refer to condition before collision. The mean-
ing of the differential collision cross sectioncjli(g,o)
is explained in thé following:

When two particles with masses m, and m, , and
initial velocities ?1, Vo, approach each other from a
great distance they eventually enter the force field of
one another and undergo an elastic "collision"(or, more
properly, an encounter)* throﬁgh their interparticle
potential V(r), (r El?2-Fﬂ ), as a result of which they
end up with velocities ?i and vj.

This type of encounters is more easily studied in
a coordinate system referred to the center-of-mass of
the two particles combined(see Reference 16, Chs.1i and
2) 1I'one is interested only in momentum and energy
exchange between the two particles. 1In this case the
problem is reduced to the motion of one particle of
mass mo=m1m2/(m1+m2) moving under a potential V(r),
with velocity(i.e. relative velocity)

E=Ve =V

*Here‘we consider only elastic collisions, i.e. those
resulting in no change of internal energy states, whichare
also not accompanied by radiative transfer.
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The trajectory is depicted in Fig.11 which also defines

the polar coordinates and the impact parameter b of the
two colliding particles. If V(r) is known then the
scattering angle .

0== 0(g,b)

can be determined.

Now, imagine a parallel stream of Ni particles per
3

cm” with relative velocity g incident on a target
particle. As shown in Fig.12, the individual trajec-
tories will vary because the incident particles have

varying impact parameters. Cjii(g’g) is defined by:

gNiCTiidf) = Number of particles with speed g
scattered into the solid angle
element d{2 , 6 radian from the

reference axis.
where g is in cm/sec, N; in cm"3, d) in steradian and
0,4 has the dimension of cmz/ster. and is called the

differential collision ecross section.

With this in mind, it can be shown that in Eq.16

dvldr ijifig O‘udﬂ dv,

is just the number of particles scattered, per unit

time, out of the element dVv,(dT, and

1
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= ()N + (850 +g2) w
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EQUIVALENT TRAJECTORY OF A TWO-BODY ENCOUNTER
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FIG. 12 SCATTERING OF PARTICLES BY A TARGET
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dvidrjjritig o‘udﬂ av,

is the number of particles scattered into the element,
by the ith species. The difference of these summed
over all species(&.e. Eq.16) is the net rate of change

of type 1 particles in d?ld?, due to collisions.

Many types of interparticle potential V(r) are
known theoretically, e.g. the Coulomb potential, and
they can be directly introduced into the kinetic
calculations. Others that are not as well known may‘
also be treated provided that measured values of their
collision cross sections are avallable. Examples of

both will be seen later on.

The concept of a collision cross section is not
limited to the elastic processes. Inelastic collision
such as ionization by electron impact can also be
similarly treated. Since the latter is usually much
-less frequent the very substantial increase in complexity
Of(géibc when it is directly included does not seem to
warrant the effort,. Effects of inelastic processes

may be inserted later into the macroscopic equations

derived from the Boltzmann equation,

Knowledge of f amounts to complete information on
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the gas as a whole. This is, in fact, much more than

needed. In general, 6ne is interested in not more than

the following three moments of f :
n(r,t) = jf("’r,’f',t)_di? (Eq.;7)
{v) = #i(‘f,t) =|ve(v,r,t)dv (Eq.18) -
<Kinetic Energ)?= -}xzfv%?(?,i’*,t)d‘v‘ (Eq.19)

which are the macroscopic density, mean velocity and

mean kinetic energy, respectively.

For gases in thermal equilibrium, a very special
state but one apparently reached in many practical

systems, the distribution function is:
£° = n(m/27x1)3/ 2exp{-m($-?ro)2/2kw} (Eq.20)

where T is the temperature and k the Boltzmann constant.

Equation 20 is, of course, the Maxwellian distri-
bution function corresponding to number demnsity n,
mean velocity A\ and, mean thermal kinetic energy*
3kT/2,Pa well known result of statistical mechanics

(see Reference 59, Ch.IV).
* lim [ (3-9) 210¥.
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A nonequilibrium gas when not acted upon by exter-
nal forces, iill, as time goes on-, relax to a Maqull—
ian distribution, The time required to achieve this
state is termed the relaxation time. The relaxation is
naturally dictated by the nature‘of the interparticle
collisions; forceful and frequent collisions give rise

Lvee 0

to rapid relaxation, and vice versa. i

¥hen the particles are acted upon by External
forces, their distribution function wiii;iﬂﬁzgneral not

be Maxwellian but may still be stationary.

If the departure from Maxwellian is not too large

,0
(i.e.,f-g

4
can be used. For instance,(see Reference 31, Ch.7) in

4 1) then some form of perturbation method

a first approximation:

£ =12+ 2% (Eq.21)

where the perturbation functionff can then be solved
for in accordance with the Boltzmann equation. Since
f is a multi-dimensional function of considerable com-
plexity V’is usually further aﬁproximated by a finite
polynomial series(Sonine,}Hermite polynomials, as the
case may be). Using only a few terms of the expansion,
methods for computing all the transport properties of

gases(and gas mixtures) have been established and all
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that is needed is the knowledge of the interparticle

force.

It can be shown that it is the asymmetry about,
or displacement from the origin in y7which accounts for
transport pheﬁomeha. In a homogeneous gas in which
diffusion, heat flux, and viscosity play no role, W
will be either zero or an isotropic function, at least
in respect to velocity, depending on whether thermal

equlilibrium exists or not.

In a multi-component homogeneous gas such as our
electron-ion-neutral gas in the presence of a weak*
external electric field ﬁ, the electrons and ions will
attain drift velocities in opposite directions., Because
of the much smaller electron mass, the electrom mobility
is much greater than the ion mobility; this results in
the arc current being primarily an electron current (in

the column)

Since E-J is the power extracted.from the extermnal
electric field, it follows that most of the power is
transmitted first to the drifting electrons.

*More will be said shortly on what constitutes a weak
electric field.
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We shall see that the electrons should quickly

thermalize(i.e. acquire equipartition of kinetic energy
in accordance with the Maxwellian distribution) through

collisions among themselves,

In Section 3.3.3 a comparison of the various
computed equipartiston times will be made. The
electron-electron relaxation time, for example, is about
10~11 gec. A typieal value for E is 10 v/cm and the
maximum electron drift velocity U, (for J=500wamp/cm2)
is about 5x105 cm/sec. Therefore, 5X106 ev/sec is
gained by an electron from the field bﬁt 1ev/10'1isec
11

10 ev/sec can be transmitted to the other electrons.

From this we see that all electrons must be essentially
in equilibrium. Hence, we can speak of an electron

temperature, Te'

Similarly, the self relaxation times of the heavy
specles will also be shown to be small in comparison
with the cross relaxation times., Again, the heavy

species will possess a temperature,

Furthermore, because the electrons are rather in-

efficient*in imparting kinetic energy to the heavy

The energy transferred in each collision is proportion-
al to my/M, the ratio of electron mass to heavy particle
mass. This for argon is about 1/73500 and isindesd;wery
small, when compared with that involving equal masses.
However, as Allis(Reference 2) aptly points out, many
such collisions may render the net rate appreciable,
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species, considering a typical transit time through the

sample volume it may not be long enough for electron-
heavy particle relaxation to be completed. Thus we
come to the oconcept of a simple two-temperature non-

equilibrium,.

In this connection, we observe that the mean

thermal velocity given by

(vy= (8k1/mrm)®

is 2x105 cm/sec for argon atoms and 6x107 cm/sec for

4 OK. These velocities

the electrons at a temperature 10
are much greater than the typical drift velocities of

the respective species for Ex10 v/cm. .

In the case of the electrons the existence of a
drift velocity of such a small magnitude represenfs 3
small anisotropy in the electron distribution function.
Hence, in the interest of tractability, we take it to
be of the form given by Eq.20. That is,

-m (Ve-ﬁe)z

- 3/2 e
t, = ne(me/2¢rkTe) exp

(Eq.22)
2kTe

-

where Ue is essentially the electron drift velocity

relative to the heavy particles.
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In Section 3.4 we show that the electrical conduc-

- tivity of a fully ionized plasma computed from Eq.22
differs from that given by a more rigorous theory by
about a factor of 2. Hence, Eq.22 is probably only
approximately oorrect when it comes to the Ue repre-

sentation.

However, one of our main purposes is to determine
the transfer of random kinetic energy. That Eq.22
should be adequate in this respect may be seen with the
aid of Fig.13 which demonstrates the relative flatness
of £, (large random velocity, small mass) and the
delta-like feature of fa and fi (small random velocity,
large mass). The £, that would prevail with non-zero
U, is also showh for comparison. The displacement from
the origin of the maximum of the actual electron distri-
bution function had to be graphically exaggerated to be
seen., Since it is the relative thermal motion of the
electrons with respect to the heavy particles that
determines the random kinetic energy transfer the shapes
of the various distributions as depicted in Fig.13 lead
us to believe that with a minute Ue the very small
departure from an isotropic distribution in fe should
have but negligible effects on energy transfer from the

electrons to the heavy particles.
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We wish to point out that Cahn(Reference 10) in an

elaborate calculation has shown that in a discharge
where ne,>1012 cm™? the electron distribution should
be Maxwellian., Recently, Lymgn(Reterence 38) has also
come to the same conclusion specifically for a low

voltage electrical discharge.

In the well-known work of Spitzer and Harm(Refer-
ence 54) in computing the electrical conductivity of a
Iully ionized gas the perturbation of Ie is assumed to
be:

£°D(x) cos ©

where D(x) is the isotropic part of y’ and x =
v(me/2kTe)% is the nondimensional speed, © the angle
between the velocity vector and the direction of the
applied electric field. A small portion of their
numerical results is shown in Table 2., The third-

column, D(x), is for

10%® cu™3  ana E = 10 v/cm.

A = -0.002, ne

From it we can see clearly the extremely small depart-

ure from the Maxwellian distribution.
The parameter

A= -EkTe/ﬂreBnean\ (esu)
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TABLE 2

EXCERPTS FROM SPITZER AND HARM NUMERICAL RESULTS
(REFERENCE 5%4)

x D(x)/A D(x) for A=-0.002
0.1 0.0008 0.0000016
0.32 0.08 0.00016
1.04 1.65 0.0033
3.20 26.0 0.052
~EkT,
A= ‘ - (esn)
4(e3ne_1n.l\.

1n/\. is a slowly varying function of order 10
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can be used as a criterion for the validity of the weak
field assumption, Accofding to the above example,

10 v/cm easily passes the test.

Once the form of the distribution functions has
been chosen they can then be inserted into the appro-
priate Boltzmann equations and the moments correspond-
ing to momentum and kinetic energy taken to yield the
macroscopic equations of transfer of momentum and

kinetic energy, respectively.

- This is done in accordance with standard methods
from the kinetic theory of gases(Reference 11, 31) and,
though very tedious, does not present any fundamental
difficulty. This very problem, in fact, has already
been treated in several recent works(Reference 40, 57,
7). As it turned out, even for the Maxwellian distri-
bution function the evaluation of the ccllision inte-
grals becomes exceedingly tedious for which the inter-
ested reader may refer to the cited references for the

details.

Using subscripts e, i, and a to denote electron,
ion, and neutral atom, respectively, the macroscopic
equations of transfer of momentum and kinetic energy

in a three-component fluid are: (see Reference 40, 57)
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DUe - ZZ -
mene;:— = n,6E +Vp, - 4 m.n, Ves(Ue"Us) (Eq.23)
DT D(n_m_) 2m
2 e © e
mn— = 2 —2 8 _ nn 1 |—2—(T_=T)
eep. 3€ Dt Zs‘ e'e esme_ms e s/
mm .
- % s |y v |2 (Eq.24)
m+m
00
where 2
4T (m m ) 7/2 ;f o’ ™8 ag
'ﬂes = 3/2 5/2. nS
3me(2ﬂk) k (ms+me)(muTe+meTs)
K = mems/zk(Tems+Tsme)

U;}s(s) = J,(:l—cosg) G’es(g,o) an

where U is the mean velocity, n the particle density,
m the particle mass, e the electronic'charge, E the

electric field, p the scalar pressure, k the Boltzmann
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constant, g the relative velocity of impacting bodies,
T the temperature, ﬁ%— the convective derivative,
cjﬁs the momentum transfer cross section, pgs the
collision frequency, and, s = e, i, a for electron,

ion and neutral atom, respectively.

Equations 23 . and 24 are written for the electrons
and they are, in gemneral, complemented by two other

sets of equations for the ions and the atoms,

For our purposes, considerable simplification is
possible., First, only one spatial coordinate will be
involved; V= %;. Next, in dealing with stationary

state only, the convective derivative

In addition, it can be easily shown that in our appli-
cation, ﬁi and ﬁa may be assumed to be zero in compari-
son with ﬁe‘ By virtue of the smallness of mé/mi’a
only T, remains, excepting the term invelving (Te-Ts)
in Eq.24. Finally, the electron inertia term on the
left hand side of Eq.23 can be shown to be completely
negligible; that is to say, the lightweight electron

fluid is resistance~ and not inertia-limited.

Carrying out the above stated simplifications,



68.

one obtains:

dpe
neE = - — + :E: m,n, 1@3“9 (Eq.25)
dz S
aT
e 2m T dn 2m
e e e e
mnU = 1] - ;Ej mn 1) [—(T -T.)
ee e, 3 4z e e es[ms e 's
8
2. 2
5/2 o
~=/m 2
I I - es 5 -Kg
7)es T3, Tr(k'l' ) ng ° Oy &7° dg
e
0
K = me/m:'re

We remind ourselves that Eqs.25 and 26 are strict-
ly the results of manipulating the Boltzmann equation
in which inelastic processes are not taken into account.
This is quite permissible in the case of momentum trans-
fer since the weak field regime that we are in insures
that the low value of drift momentum will not give rise

to inelastic process.
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There is less,a—fnéﬂi certainty about this for the
energy equation because of the possibility of electron-
ion recombinations. Now, recombination processes in
such dense and active discharge are most certainly very
complicated in view of the multiplicity of competing

and cascading processes.

Certainly, however, with each electron-ion pair
recombined the ionization energy eEi (Ei = ioniiation
potential) must be released. In pure radiative recom-
bination this energy is carried off by a photon. If
the plasma is not optically thin the photon may be
reabsorbed and reemitted many times before being lost
to the surroundings. More likely, the electron and
ion will recombine to form an execited atom, either
radiatively, or, through a three-body collision in
which the electron potential energy difference is
imparted to the second electron, thus allowing the

first electron to be captured into a lower energy state,

In this fashion a fraction of eE1 will be trans-
ferred to the free electron gas. This energy we denote
by eE" (E*S:Ei). Since E; is 15,755 v for argon and
one ev is equivalent to the kinetic energy of a parti-
cle at 7730°K it appears that, even if only a small
fraction of Ei is dumped into the electron gas, this

might constitute a sizeable energy flow, Recently,
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Gusinow et al(Reference 28) have given a value of

*
E =1.5 v for argon.

As for radiative energy loss, Emmons' radiometric
measurements inares(Reference 21) indicate ~100watt/cm3
@ 10000°K and ~300 watt/cm’ @ 11000°K, as compared
with several kw for the elastic collisional energy loss
(see Tables 6,7). Therefore since in the nonequilibrium
zone Te is around 10000°K radiative loss will be a small
fraction of the elastic collisional energy loss. Emmons
indicates that radiative loss can be explained by con-
tinuum radiation theories. This has also been indica-

ted by Sheer(private communication; see Appendix B).

One way of including E* is to add a term:
* on |
-( 2‘1‘ + eE ) €
27e 2t/ Recomb,

to the left hand side of Eq.24, Equation 26 is then

amended accordingly, viz.

5 4T, dn | o = g* I,
m.Ue ang -Te +(§Te+kﬂ' =
dz dz “ 19t / Recomb.

2
Z mene ﬂes[;fg(Te—Ts)— meUe} (Eq'27)
S
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We now have in Eqs.25 and 27 a reasonably tracta-

ble description of the arc zone in question., It is not
a complete description, however, since the number of
dependent variables outnumbers the number of equations;

i.e,, variables

versus two equations, to which we now add the charge

conservation equation
- on
ee ot /Recomb,

In Fig.14 we indicate the derivation for a quasi one-
dimensional, i.e. a streamtube, situation and the

result is:

(=Y

on On dU
-1 e =1 e 1 e 1 0A
(neUe) <)t‘>Recomb.'ﬁeaz "U,0%z "A 0z (Eq.28)

where A = cross sectional area of the column, A=A(z),

and z is the axial coordinate,

Rather than dealing at once with a system of three
sets of equations for the three species, we may assume

T, to be given(e.g. experimentally determined) and that

.



72.

1 ,,
: / A + 3A dz
A I
U, (ﬂ‘_‘) : — s Ue + Y
\9t-/recoms. 9z
Ne \ on
\ Ne +—2dz
\ dz
N

ane 9Ue 9A 47 _ c_(ngLon g2
(n,+ 32 )(Ue+ 3 dz)(A + P dz) neUeA = (A+ 3 3z dz 31
: : RECOMB

AFTER RETAINING ONLY THE FIRST ORDER DIFFERENTIALS AND REARRANGING ,

-l

__l_(«z_) L 9ne 13U 1A
NelUe \0t /oecomg Me 92 Ue 0z A 9dz

A-312-5-0188
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n;, = ne(i.e. single ionization and quasi neutrality)

and that the atom: density is given by the perfect

gas law:

n, » 2ne = p/kTa

Now, only one more equation relating n_ to Te

e
will be required. Preferably this should be in the
form of an algebraic function, i.e, in analogy to the
usual equation of state concept, without involving
another set of differential equations. This will be

discussed in the next section.

3.3.2 Calculation of electron concentration. The

physical picture of the ionization of a gas by the
various processes is very complicated. Thus, the
electron concentration is determined by the condition
under which the net rate of ionization equals the net
rate of deionization(ion-electron recombination and

possibly ion diffusion - see Section 3.3.4 below).

The ionization processes may include the following:

(1) A+e+ E —> At + 2e (ionization by
electron impact)

(2) A+ h —— AT + e (photoionization)
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A+A+E, —sA+ At + ¢ (ionization by
atom impact)
AV 4 A — s a4t (charge transfer)
A+ e+ Eex——a-A* + e (exeitation by
electron impact)
AY v+ ¢ — = A+ hy (radiative recombi-
| nation)
At i e+ X —» A+ X + KE (three-body recombi-
nation)
«ro @tC,

In principle then,from a knowledge of the rate

coefficients,the net rate of change of each species

can be solved for.

As an example, considering only the reactions (1),

(2), (3), (6) and (7) we have the following equations:

dn
dt

dn
dt

2|2
W

2
- - - 04 -
Ninena <><2nan7t 2 3na oisn

2 2
<, n N+ o<2nank+ O(Sna" o<6ne-o<7nenanx

2
ena+ o(6ne+ 047nenanx

ni for single ionization; n.= ...
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[}

where the «'s are the rate coefficient. o x<(T).

In steady state, the time derivatives are set to
zero and only a system of algebraic equations resuits.
If the coefficients are known solution of this system
will yield the concentration of different types of
particles at equilibrium. In practice, this is a
formidable task, made virtually impossible by the gross
lack of knowledge about many of the coefficients,
especially those for the photon processes and the

recombination procésses.

The above indicates the difficulties encountered
if the computation of particle densities is approached
from the point of view of kinetic theory. This is
because the application of kinetic theory requires

complete and accurate particle description.

The statistical mechanics' approach to the
problem often proves more tractable. In accordance with
elementary quantum mechanics, there exist discrete
energy states fof a particle, and, when there is thermal
equilibrium, the probability, P(éEi), that the particle
occupies the emnergy state, ei, when the total energy
and the volume of the whole system are fixed, is the

Maxwell-Boltzmann equilibrium distribution:

- €
P( 61) = constant . e 1/kT
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When the energy is identical for several quantum states,

then,

_e
P(éi) = constant . g, e 1/KT

where - the number of states with energy €, , is known

as the order of degeneracy.

The partition function Z evaluates the probability
that all of the allowable degénerate states of energy

Ei are occupied and is defined as:

- €,
Pe Toy o W
i

It is often more aptly called the "sum of states".

In general, there is more than one type of energy
state. When the energy states of different types are
independent of one another, the total probability is
the product of the probabilities corresponding to the
different independent types of energies. Thus, when
translational, rotational, vibrational, and electronic

excitation levels are relevant,

P

= Ztrz

rotzvibzelec *

For argon atoms or argon ions, only the translational
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. *
and electronic excitations need to be considered, and

we have
Z = Ztrzelec *
Ztr is the partition functionqcorreSponding to the
three degrees of translational motion, and can be shown
to be: (see Reference 18, p.374)
Z,. = (2 mkt) 3/ 2y /03

where m is the particle mass, V the volume, and h the

Planck constant.

Let us consider the reaction

A + Ei S — Af + e

where Ei is the ionization potential. From the defini-

tion of the partition function and equilibrium considera-

tions(see Reference 18, p.380) one obtains

NeNi/Na = zezi/za

‘mm—

*Only molecules with two or more atoms have rotational

and vibrational excitation. Neutral argon rarely forms
molecules., Argon ions tend to form clusters, but only

at very low temperatures., We are, of course, referring

only to conditions in arecs.
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where N stands for number of particles.

Assuming that each species possesses temperature

(see Section 3.,3,3), the partition function for the

electrons is

- 3/2 3
Zy = 2(27 m kT ) V/h

where the factor 2 is due to the two possible spin

states.

Similarly, for the ions and the neutral atoms

N
§

= (2 ﬂmikTi)3/2 v Zi / hd

elec

and, Z_ = (2% makTa)3/2 V Zg /h?

elec

Therefore,

2.,3/2 2,3/2
NN, _ 2(27 m kT /h%)7/ =¥ (2'ﬂ'mik'l‘i/h )2 cv Zietlec
Na (21r1118‘1:'.1"_11/112)3/2 V Za, .0
or, 3/2
nn m_.T. 23 ,
el _ 2(2Trmek're/h2)3/2<—3—1- ——elec (Eq.29)
n, maTa Zaelec
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where n stands for particle density, cm™7,

From Eq;29, assuming quasi neutrality (ne=ni)
and given the electronic excitation partition func-
tions for the ions and the neutral atoms, n, can be

computed. This is done in Section 3.3.3.

There are two important factors affecting the
validity of equilibrium concentration calculation from
statistical mechanics. The first has already been
mentioned, namely, thermal nonequilibrium., The second
is the loés of charged particles by diffusion, i.e.
arising from spatial inhomogeneity. This is elaborated

in Section 3.3.4,

3.3.3 Nonequilibiium considerations. Although it

is difficult to state with any certainty the exact con-
dition under which departure from thermal equilibrium is
truly characterized by assignment to each species its
own temperature, even with as simple a system as
A-at-oe, yet there exists a definite scale in relaxa-
tion times favoring the equilibration of one reacting

pair over that of another.

Based on available theories of energy equilibration
(Reference 53 for Coulomb interactions, Reference 40 fer

equivalent hard-sphere interactions), Table 3 has been
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- TABLE 3
RELAXATION TIMES FOR TYPICAL ARC CONDITIONS
t,,P , Formula Condition t“p,sec
‘ tﬂ’/tee
_ 1016, =3
1.4 '1‘3/2 ne = 10" "¢cm 10-1.1.
teez e* InA.~10
ne(1856) inA 4 o 1
'1‘e = 10 K
' _ 16 __=3 -
11.4(40)¥ 73/2 My = 1077em 7 6x10710
ty,= o i 1n/\ ~10
n, 1ln
i T, = 10* %k 60
' T _
6 72x10—2' n, = 10 m- | 7x10 10
¥ia™ 3— (mke) Tor=1071° n®
N, Jer T3 4 o 70
a T, =100 K -
— 1028 =3 '
6. 79102 n, =107 " m ~ | 5 5x90~9
t, .= — (mks) 0% o =3x10"19n?
n T
‘a Yaa “a Ta = 104 oK 250
16 =3
n = 10" "cm -7
5.87x40(1836)¥13/2 | 10
toi= ~ InA. ~10
n. 1ln :
e T, - 0% ok 10,000
' 24 -3
n_ = 10" nm -6
271x1,16x10™2 a 3.2x10
t = (mks) | g =10"20 2 ‘
°8" n oy, T o8 20,000
aea "o ‘l‘°=101* o 320,
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constructed which gives the expressions for t°<p

(o¢, p = e,i,a) and the numerical values under typical

arc conditions,

A striking feature to note is the extremely short
tee and the 1 to 320000 ratio between tee and tea'

Since the electron transit time through the sample

volume is about 21:10"6 sec and that for the heavy

particles is 500x1€)-6 sec it follows that on the basis
of the computed relaxation time scale one would expect
the electrons to most rapidly attain a defined tempera-
1'.ure(10"11 sec), then the :lons(60x10"11 sec), and findlly

the atoms(250x10~11 sec) .

After these early epochs of self-relaxation the
fastest of the cross-~relaxation then sets in to be

followed by the next and so forth.

It is, of course, the cross—relaXaiions that we
are mostly concerned with. In this regard, it is
interesting to note that the i-a equilibration(70x10”11
sec) is an extremely fast one due to the high probabi-
lity of a charge transfer process, This is one of the
important reasons for assuming the ion ground state
to be in essential equilibrium with the atoms. The
fact that the e-a equilibration rate is om the bottom
of the scale(320000x10-1isec) provides the justification

in postulating a nonequilibrium state characterized by
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two temperatures, namely, T, and Ta(or Tg).

There is, of course, still T. to be considered in
order that Eq.29 may be used to determine the charge

concentration.

For a long time workers in the field of gaseous
electronics have been puzzled by the discrepancy of as
much as two orders of magnitude that existed between
observed values of recombination rate and that predicted
by the quantum theory of radiative recombination. The
explanation, until very recently, was thought to lie in

the mechanism of dissociative recombination,
KE + Ay + ¢ ——>= A + A

wherein}a molecular ion is dissociated with high proba-
bility by electron impact into two excited atoms, the
ionization energy and the electron kinetic energy being
translated into excitation energies., This point of view
was reinforeed by the observed presence of AE in gas
discharges(Reference 37) and the extraordinarily low
rionic mobility sometimes observed. Recently, D'Angelo
(Reference 15) has suggested the following three-body

recombination as being active in dense plasmas:

+ *
A +e + e ——> A + e + KE
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These, as well as the ionization by electron impact,

are all functions of Tos but this alone does not provide
the full justiricatioh. The key lies in what become of
the excited atoms. They may be re-ionized by electron

" impact,

*
KE + A + e —» A" 4+ 2e

or, excited to high level by electron impaect,

* *%
KE + A + e —a» A + e

or, de-excited by electron impact(superelastic collision)
*
A +e —» A+ e+ KE

or, de~excited by emission of radiation,

A* _— A3+ hv .

It has been shown by Byron, Stabler, and Bortz(Refer-
ence 9) that for hydrogen atoms in excited states, the
rate of radiative de-excitation from a state with
principal quantum number n to the next lower decreases
very rapidly with the value of n, while the collisional

de-excitation rates increase rapidly with the value of
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n., This results in a marked minimum in the total rate
(sum of radiative plus collisional) at a certain prin-
cipal quantum number n*. Since chénges involving
An>tr1 are either forbidden or much less probable,
the minimum at n* acts as the weakest link in a chain
reaction and effectively limits the overall rate of
de-~-excitation. In this way, the states above n* are
in essential equilibrium with the electrons, leaving
those below to be in equilibrium with the ground state
atoms. The same argument could be applied to the ions
and the picture emerges of the electrons and a small
number of highly excited atoms and ions partitioned off
by the minimum rate gap from the lower state atoms and

ions.

This prolenged reasoning now tells us that Eq.29
should be evaluated by assuming T; = T, # T, for the
ground states, and Ti = Ta = Te for the higher excited
states.

For argon, Bond(Reference 5) has given the follow-

ing partition functions:

Zierlec = 4 * 2e-2062/T+ 2e-156560/T+ 8e'190550/T+...

and,

1+ 609-162500/T +

Zaglec =
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Using the above partition functions and taking

m, =m, Ti = Ta’ Eq.29 can now be put into use,
-2062/T
n_n . 4e2e e
el zo e'eEl/kT°(21TmekTe/h2)3/2
Ra | 1+600-162500/Te

where, of course, the partition function energies have

been referred to one origin(at atom ground state).

For quasi-neutral plasma(nec:ni), and leaving off

higher order terms in the partition functions,*

o2 3.27x10'7’1‘a 2(4+2e'2062/Te)T3/2 -183000/T
e e

1+608-162§007 Te e

n

1-o Paj

p2
A+ 1

(Eq.30)

where «¢ = n_/(n_+n_ ) is the fractional ionization

/B = ne/na

Pgi = (né+ni)kTa

*For arc temperatures encountered higher order terms

are quite insignificant. It appears that some equa-
tions similar to Eq.30 are found in the literature that
de fiot seem to have the correct degeneracy factors, and,
probably can give quite different results.
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3.3.4 Loss of charged particles by diffusion.

Consider a cylindrical element of the arc columh as
shown in Fig.15 where the main stream of electrons and
ions are moving axially in an electric field and in
opposite directions. Because of the charge density
gradient between the column and its surroundings, the
electrons diffusé out radially and drag along the much
slower ions, In a steady state, the radial electron
flux must equal the radial ion flux and the overall
diffusion rate is given by the ambipolar diffusion
coefficient, D, , which is approximately twkce the value
of éﬁe ion diffusion coefficient. Even though ambipolar
diffusion does not result in recombination within the
arc column its tendency to upset the charge cencentra-

tion equilibrium can be seen as follows:

Charge conservation requires

L %y, 3y, ony
V-Ji = + T e ——
or oz 2t
(Eq.31)
. 0dg,. aaez . . om on,
V-Je = + e A
or dz >t ot

where Jir and Jer_are the ambipolar diffusion current
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dengities, hence,

(]
||
C

ir er .
Consequently,
oJ od
iz ,_ez _ 9 (Eq.32)
oz oz
and therefore,
Jiz + Jez = constant
Iiz + Iez = constant.

Now, multiplying Eq.31 by 27 r and integrating from 0

to P the radius of the arc boundary, we have

Te Yo
2mrr J (r )-2m J dr +251495=:é2ﬂrn dr
c i,er‘"c i,er i 3t e,i
o o
(Eq.33)
If J1 or is negligible within the column except in %he
9
interval Ar = r, - r', then

c c
2”[ Ji,erdr = 2ﬂ/Ji,erdr = 27T Ji,er(rc) Ar
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and it appears as a second order term compared with

27Tr,d; o(r,) and may therefore be neglected. Equation
b

33 may then be interpreted as:

dX ‘
(Ambipolar diffusion flux/unit length) + —i28®
dz
= (Recombination/unit length),
dIi ez
In consequence of Eq,32, ——2— will be nearly zero if
dz

the applied electric field is the principal driving
force of the electron and ion currents such as when the
axial density gradients are small. Under this condition
the effects of ambipolar diffusion losses are equiva-
lent to recombination within the arc column. The pre-
vious calculation of electron concentration must there-
fore be subject to the condition that ambipolar losses

be small.

To establish a criterion for its smallness we
compute the diffusion flux in the radial direction.
Whereas within the arc zone the electrons continually
receive energy from the applied electric field and then
pass it on to the other constituents of the arc, outside
the arc column the electrons are in decay - receiving
no energy but losing their initial energy and recombin-

ing with the ions.
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The appropriate equation for the decaying plasma

is: (éee Reference &)

V2n = -I%‘- n2
' a

where X is the electron-ion recombination coefficient
(normalized for two-body recombination) and D, is the
ambipolar diffusion coefficient. In a cylindrical

coordinate system, and assuming é% = L = o,

0z
2 1
2 d ' n dn A 2
ar2  p 9r D,

which is a nonlinear differential equation possessing
no known closed solution., If the first derivative term
can be neglected, as when r is appreciable, then the

resulting(still nonlinear) equation may be integrated

to yielad:

n = (Eq.34)

r-r, 1 2
(fﬁnaﬁx Jn, :)

where re is the radius of the active column with charge

density n,. In Eq.34, in contrast with the usual calcu-
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lations of arc radial profile, no material boundary

condition is applied. Instead, we have imposed the

condition
n=20 @r = oo
which, in turn, implies also %% =0@r=mwmas a

consequence of the positiveness of the quantity n.

The radial flux is now simply

dn 3/2
o, 3B - o(p o /6)} n3/
~ 2 1 10

which for typical values of D, = 1 cm sec —, & T 10~

3 ! anda n_ = 1017 cm-3, the loss is roughly

secC c

cm

1017 particles/cmzsec.

This order of loss rate may seem startlingly high
when one compares it with the rate of ionization by
electron impact which can be shown to be: (see Appendix
C) -
4naneABc -

(B 2° .
r} = T= L;; + ¢ |exp(-E;/Be

2
) (Eq.35)

which gives a rate only comparable to the diffusion loss.

However, the values of cross section data used in
Eq.35 were obtained from ordinary atomic measurements

at low density and room temperatures where multi-step
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ionization involving excited states was not accounted

for. The production of excited states in argon, e.g.
at 9000°K, is about 500 times that of ionization and in
high density plasmas is most likely going to lead to
ionization from excited states yielding a total rate of
ionization orders of magnitude greater than that indi-

cated hy this simple calculation.

Because of the lack of precise data on a multi-
step ionization process we will not pursue this line
anyifurther but will henceforth assume it te overshadow

the diffusion loss mechanism.

“-Po the support of this assumption, we cite the
fact that a 1017 per second loss rate would amount to
only 16 milliamp of current and would seem to be
insignificant amount in comparison with the 100,000

milliamp or so of arc current.
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3.4 Equations for the Two-Temperature Column

—

With Eqs.25, 27, 28, and 30 we shall see what is
to be expected of the two-temperature plasma. These
equations will not be solved in the usual sense ;prima-
rily because of the uncertainties in boundary conditions
and in the values of some of the parameters, However,
using empirical results we shall check their consis-

tency.

From the momentum equation (Eq.25) we observe that

the drift velocity U, is proportional to

or (E+Ep) where
—kTe( ar, dne>
Ep = +
e Tedz nedz

is the equivalent field intensity (v/cm) due to inverse

temperature and concentration gradients.
For an isothermal plasma,

e e —
Ep = e n_dz
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in agreement with the well-known Einstein relation:

1)e//ae = k'I‘e/e . (/ue = mobility)

A very important property of the arc column, one
that is easily correlated with experimental results,
is the ordinary electrical resistivity which may be
derived from Eqs.25 and 26:

Zme_‘)es
)7= _.?" = > 2

e n
e

To evaluate it one needs only o‘:‘ae and o’f{a .

Since electrons and ions interact through Coulomb
force and it is well-known that this gives rise toan
infinite momentum transfer cross section, various means
have been used tv render it finite(as seems only
reasonable). An oftca adopted approach(see Reference
49) is to limit the sphere of interaction to within a
shielding length, A“D’ which is the radius of the so-
called "Debye sphere":

Ny = ( GOkTe/neez)%

This yields:
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4 2.2 4
q';i = e ln/\ /4T €M

where the Coulomb logarithm is:

In/\A = 1n E.zTr( eokTe/ez)B/z/ni]

From the above, we obtain the electron-ion collision

frequency:

neel’ln-/\- 1

Vpy = (Eq.36)

3e2(er k)3/2m2 Tz/z

and, from which the electron-ion resistivity:

2
7781 = my Vey/e ng

mg e 1\ 1
B 56(2)(217‘1:)575 ';272

128.5 1n A /'1‘2/2 , ohm-m (Eq.37)

Egquation 37 is identical to the formula given by
Spitzer and Harm(Reference 54), except that their

numerical factor in front is 65.3 - almost half of ours.
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This is, in part, due to the form of the te assumed

ihich is not expected to give as accurate a result in
drift velocity(i.e. electrical conductivity) as in
kinetic energy transfer. For this reason, the more or
less accepted results of Spitzer and Harm(the 65.3
factor) will be used instead.

The electron-atom interaction force is not'ga';eil
known as the Coulomb force. It is well known from the
measurements of Ramsauer and Kollath(Reference 8) and
subsequent works that the cross sections for argon,
krypton and xenon increase with decrease in electron
energy, reach a maximum around 10 ev, then sharply
decrease to a minimum which for argon is around 0.5 ev.
The transparency to low energy electrons is usually
explained quantum mechanically by the diffraction of
the electron wave by certain feature of the argon
potential(Reference 30). However, others(Reference 27)
thought it could be explained classically. At any rate,
the argon minimum occurs precisely in the energy range
of most interest to us(i.e. in the range of 3000 to
12000°K) and no really reliable measurements of the
cross section have been made in this energy range. In
the usual practice, an equivalent hard-sphere(i.e.
energy-independsat) cross section of the order of 1.0"16

cm2 is used.
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Recently, Engelhardt and Phelps* repor ted the

cross section from 0.02 to 20 ev. which they obtained
through fitting of drift velocity data. Their results
are reproduced in Fig.16. Since we are interested in

cﬁ;a only in so far as it affects the integral for

the collision frequency ﬁea’ that is:
00
M, = o8 5 e'Kggd
ea OMm & g
0

This integral has been numerically evaluated by us for
a range of electron temperatures. The results are
shown in Fig.17 where the values of integrals using
several hard-sphere cross sections are also inéluded.
It is interesting to note that the behavior for the
two types of cross sections are rather different. For
the hard-sphere the integral varies as Tz while for
the Engelhardt and Phelps cross section the integral

may be represented accurately by:

M., = 9.81x10“‘('re/1oooo)’*'3 (mks) (Eq.38)

for 2000°K g, < 12000°K

*
Engelhardt,A.G. and Phelps,A.V,, Tech.Rept.20, Physics
Dept., Westinghouse Research Labs., Pittsburgh 35, Pa.
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Now, using Eqs.26 and 38, the electron-atom colli-

sion frequency for argon can be expressed in closed
form:
. -1

o = 2.92x10 na(Te/10000) sec

(Eq.39)
and, the electron-atom resistivity:

_ -6 1.8
77;a- 1.04x10 " (n,/n ) (T,/10000) ohm-m

(Eq.40)

The total electrical resistivity is given by the
sum of Eqs.37 and 40. The value of n, needed is first
evaluated by means of Eq.30, as plotted in Fig.18. The
resistivity (plotted as eonduetivity to facilitate
comparison with works by others) as a function of

temperature at 1 atm pressure is shown in Fig.i19.

There are many reported results of computations
for the electrical conductivity of partially and fully
ionized argon. For recent works we refer to that by
Ahtye(Reference 1) and by deVoto(Reference 17) who
solved the Boltzmann equation by the usual Chapman-

Enskog procedure which is known to be quite tedious,
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These results have also been plotted in Fig.19 for

eompafison. It is seen that below 10000°K Ahtye's
results are considerably below that of deVoto's. This
is not just due to the order of approximation since the
2nd approximation of deVoto is even more different from
that of Ahtye. In view of the highly complex nature of
their computations we refrain from commenting on the
possible cause of the deviation but it is apparent that
our relatively simple calculation appears to be in good
agreement with that of deVoto. While this may possibly
be a coincidence, still, it constitutes a desirable
indication of the theoretical accuracy of the approach
involving the Maxwellian distribution with superimpoéed
drift for the electron distribution function as a start-

ing point for computing the electrical conductivity.

DeVoto has compared his results with experimental
results of Lin, Resler and Kantrowitz(Reference 36) and
Pain and Smy(Reference 43,44) showing good agreement
above 10000°K but very poor below. Since these results
were obtained from shock-tube measurements, they are
generally regarded as suspect at low temperatureswhere
the more energetic atoms* are out of equilibrium with

¢co00l electrons.,

% .
In shock-tubes energy is imparted from the atoms to the
electrons as opposed to the situation in electric ares,
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Turning our attention to the energy equation,

Eq.27; the first term on the left is clearly the change
in the electron kinetic energy as the electrons traverse
a temperature gradient. .The second term represents the
fluid-mechanical volume work dome by the electrons. The
third and fourth terms‘give the energy yielded by volu-
me recombination. These are balanced on the right by
the kinetic energy transfer due to differences of temp-
eratures of the different components. The last term:
Zi?ene z@sUg =ZE:E§E§- Ves 3

8

e n
s e

= Jg)?

is immediately recognized to be the Joule heating.*

Thus, excepting radiative transfer, Eq.27 accounts
for the different energy sources and sinks, Also, the
left hand side is independent of any original assump-

tion about the electron distribution function fe.

If the plasma is homogeneous and there is no
recombination then the Joule heating is exactly ®dalanced

by heat transfer due to temperature differences. This

*Or, J(E+Ep) if a pressure gradient is present.
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demands:

Or,

w
[}
(=1
on

J2/ezn§ (Eq.41)

and if the heavy particles have the same masses and

temperature, this gives:

J =ne i/_:';k_('—‘l‘e-"l" s')7""m s (Eq.42)

which is the compatibility relation first used apparent-
1y by Vliasov(Reference 64) and by Kerrebrock(Reference

*
32) for the two-temperature model of electrical

conductivity.

*With S in place of the factor 3.



106 L]
It is important to note that Eq.42 is independent

of thé collision frequencies and therefore also of the
collision cross sections. This is a consequence of the
cancellation of ﬂes in the numerator and denominator of
Eq.41 which, in turn, stems from the fact that the

kinetic calculations give the same collision frequency

for energy transfer and momentum transfer.

We write down for future reference the two-
temperature energy transfer rates between the electrons
and atoms, Pea’ and between the electrons and ions,

Poi- These are obtained from the term involving (Te-Ts)

in the right hand side of Eq.26.

In general:

Pog = 21, 1‘)eﬁs(me/ms)%'k(Te'Ts)
and in particular:

1.65x20*1n n_(1,/10*)1-8(2 -1 )  (mks)

pea

(#q.43)

2.03x10777n2 ln/\(Te—Ti)/Tz/z (mks)

(Eq.44)
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Chapter 4

EXPERIMENTAL TECHNIQUES

The FTA generator used was one of proven reliabi-
lity. Details of its construction are indicated in
Fig.4. The anode material used for our investigation
was porous graphite(National Carbon Co., either NC50
or NC60 grade) which is a material that works consis-
tently in the FTA scheme. The pore size distribution
of NC60 graphite has- a bimodal distribution with broad
peaks at 15 and 33 microns. The permeability to gas'
flow is high and flow rates of any practical magnitude
up to 200 gm/min—cm2 could be ashieved with less than

about 100 psig source pressure.

The arc is sustained by a Lincoln Electric Co,
SAE 300 arc welding a.c. motor-generator. With this
power suppl&, currents as high as 250 amp can be obtain-
ed. For conveniently long arc gap, e.g. 3 cm(to facili-
tate diagnostic studies) the maximum current is about

200 amp.

Although . not part of the present study, it should
be pointed out that the physical processes occurring in
the FTA anode sheath are not fully understood. Since
the function of the anode, aside from collecting elec-

trons, is to provide near it (i.e, the sheath) a source
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of positive ion production essential for the neutrality

of the arc column, it is intriguing that, depending on
the amount of fluid transpiration, the surface tempera-
ture(determined by optical pyrometer) ranged from about
5000°C down to less than 1000°C. At such low tempera-
tures, thermal ionization seems unlikely to provide the
requisite ion production. Yet, sheath ionization due

to electron impact is not obvious in view of the small

sheath voltage drop observed.

- From an intuitive point of view, one would expect
the working fluid flow rate to exert a profound influen-
ce on the arc terminal_characteristics(i.e. érc voltage
vérsus arc current). Although marked changes are obser-
ved at very low flow rates(approx. 0 to 6 gm/min-cmz)f
the arc characteristics are quite insensitive to flow
in the working range of interest to us. Figure 20 shows
the V-I characteristics for three values of argon flow
rate, Evidently a more than doubling of flow rate
resulted in only 2 v increase in terminal voltage
while in outward appearance there were very definite
changes in the arc, e.g. a widening of the dark space.
For instance, at high flow rate the dark(semi-luminous)
space extended as much as 1 cm away from the anode
while at low flow rate the distance might be only 1 or

2 mm.
*See Reference 50,
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At high flow rate, simple energy conservation

alone could tell us that the neutral gas temperature
would be thousands of degrees below that of the elec-
trons. From this we might gather that not only must

the electron temperature be high in order to explain

the very substanﬁial electrical conductivity but that

the electron gas must be energetically only slightly
coupled to the neutrals in order to explain the appar-

ent relative immunity of the arc to blowing.

The above conjectures were examined during a
comprehensive program of diagnosties involving the

following measurements:

Calorimetry

Arc column current density distribution
Potential distribution

Gas temperature distribution

Electron density and temperature

High-speed photographic observation

4.1 Calorimetry

This experiment is intended to provide background
information on the energy dissipated in the electrodes.
From a measurement of the electrode dissipation and a

knowledge of the total power input, the arc column
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dissipation can be estimated.

The technique is the conventional one of monitor-
ing the coolant(water) flow rates and temperature rises
in the cooling circuit of the electrode structures. In
this case, the flows are measured by elapsed time and
volumetric displacement., Water temperatures are obtain-
ed by means of flow through Tee sections fitted with
Chromel-Alumel thermocouples and using a Rubicon
potentiometer for thermal emf readout. Anode surface
temperatures are measured by a Leeds & Northrup optical

pyrometer.

The results of two series of runs are summarized
in Tables 4 and 5. The interpretation of results will
be facilitated By referring to Fig.4 which contains a
sketch of the areas of relevance and definition of some
parameters., The anode dissipation, PA’ is taken to be
the sum of PAi(primarily from conduction across the back

contact surface), and P the power transferred to the

g’
‘gas, Since the contact bushing and the peripheral cool-
ing jacket are both at relatively low temperatures, and
the boron nitride insulation in between relatively
thick, the perpheral cooling circuit and the back
cooling circuit are approximately isolated from one
another. This is a good indication that the anode back

is cool compared with the average temperature of the
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curved surface. This is in qualitative agreement with
previous one-dimeﬁsional transpiration cooling analysis
(Reference 52) and is a remarkable demonstration of the
effectiveness of the fluid transpiration scheme, consi-
dering the mere 0,125 in, thickness of the anode avail-
able for internal heat transfer.

In Tables & and 8§, the arc gap, Bq) is defined
as the axial diétance between anode and cathode tip with
the latter set approximately 0.5 cm below the lower edge
of the arc column. This arrangement, made possible by
the special cathode, removes the cathode far enough from
the main discharge to make it reasonable to regard Pk
as the true cathode dissipation, rather than to have to

include heat transfer back from the arc jet.

The efficiency given in the tables takes into
account only losses in the electrodes, radiative power
being regarded as useful. It appears that the effi-
ciencies of the runs are naturally separated into
groups, each having more or less the same value, by the

arc gap parameter. N

In anticipation of probe measurements of the
temperature of the effluent anode gas, the power trans-
ferred from the anode to the transpiring gas, Pg, is

approximated by the following relation
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Pg =ec,m T, C,/100 watt

where Ty is the anode temperature, CA tpg(apparent)
coverage of the anode face by the arc termination.
The volt equivalence of anode power is then obtained

by using the relation
Vy = (Pyy+ Ppo + Pg)/I .
The anode sheath voltage is approximated by

vs - VA - 4.5 volt
in which 4.5 ev is taken to be the anode work function.
We note that V_, appears in the neighborhood of 4 to 5 v.

(1ast column, Tables 4 and 5).
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The current density, J, is crucial to an interpre-
tation of arc energy and momentum transfer phenomena;
however, it is in general not easy to measure. A direct
means of measuring J does not exist and it can only be
deduced from the spatial distribution of self magnetic
field. The basis of its determination can be traced to

the following Maxwell equation:

VX-B.= /uo-J.

in the limit of zero displacement current.

Thus, in a cylindrical coordinate system,

/u"i 1aB -bBr aBr;aBz ( ! iB_r_
R 0z dz Or ’rbr " T 2

or, when there‘is rotational symmetry in 3,

J={O, 0, Jz}

OB B
=,u;1{o, 0, -a-r—g- + ;—9-§ (Eq.45)

The local J is therefore derivable from the local B and
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its spatial derivatives. For arc currents in the range

of several hundred amps thé local B is quite small, e.g.
100 gauss, or 0,01 weber/mz, and considerable difficulty
in measurement is to be expected. This is particularly
so when the probe dimension must be kept small to avoid

undue perturbation of the arc column.

There are four principal methods of measuring

magnetic field:

(a) magnetic resonance(electron, ion or nuclear)
(b) magnetoresistivity
(c) magnetic induction

(d) Hall effect

Method (a) can be eliminated because of the elabo-
rate arrangement required. Method (b) can be minia-
turized but is basically useful for high B only because
of low sensitivity and high temperature coefficient.

For example, Bismuth has <sn/no¢=0.1 at 0°C, 2000 gauss,
dropping to about 0.005 at 100%c,

Method (e¢) is, of course, commonly used, For
time-varying B field, Faraday's law insures induced
voltage for a étationary coil. For stationary field,
induction must be obtained by relative motion of the
coil probe with respect to the B field. Three configu-

rations, viz.
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Linear motion transverse probe

Rotating probe

Current transformer(linear motion)
have been explored in considerable detail and found to

be impractical in our case.

The last (d) method turned out to be the most
efficaeious largely due to the availability of the
Hall element made of semiconducting Indium Arsenide
(InAs) which possesses very high Hall coefficient,

reasonable temperature coefficient, and small size.*

Even with commercially available Hall elements
(see Fig.21a) probes of-aceeptable size(see Fig.21b)
could be made. Typical probe outputs in the arc are
shown in Fig.22 and they indicate the clean quality

of the traces which are repeatable.

Figure 23 shows the circuit for the gaussmeter.
The high-speed probe transport mechanism and its
associated controls are shown in Figs.24 and 25, The
same transport is used for all the other probings to

be described subsequently.

X

Preliminary results on the Hall probe determination of
arc plasma current density have been published by the
author (Reference 60),
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(a) Hall Element

(b) Probe Assembly

Fig.21 Hall-effect Magnetic Probe
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4.3 Potential Distribution

While in ordinary conductors or in electrolytes
electric potential mapping is a straight-forward matter,
in plasma such is not the case. Langmuir and Mott-Smith-
(Referenee 35) reported back in 1924 the theory and
prodeduréfoi obtaining the potential, temperature and
charge density in a plasma with charged particle mean

free path,

mfp 3> sheath thickness o, probe dimension,

This was the beginning of what is now generally called
the Langmuir probe. The essential features of the

method are: (see Reference 37)

(1) A variable voltage applied between the electro-
static probe and a reference electrode, both
immersed in the plasma, gives rise to a current-
voltage relation.

(2) At largé negative voltages the probe current
saturates to a value related to the positive

ion density by:

I, = An, (8kT/4Tm )%
isat 1 . 1



(3)

(4)

(5)

(6)

At large positive voltages, similarly,

I = A n_(8kT/4Tm )*
®sat e : e

At small negative potentials,
e/k

d(1ln I)
avo

The knee of the positive branch is at

plasma potential,

The floating voltage Vf, referred to V

where Ie = Ii’ I =0, is

:EE_ ln(mi/me)

<
1

2e

the true

plasma’

(Eq.46)

Note: Vf is always negative with respect to

the plasma potential.

Such a scheme is simply too good to be abandoned

- even for work in denser plasmas in which the original

key stipulation of large mfp is no longer satisfied.

Not surprisingly, we have seen in recent years new

treatments of the Langmuir probe problem in dense,

125.
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diffusion and mobility controlled discharge. Cohen(Ref-

erence 13), Su and Lam(Reference 56), among others, have
made numerical calcﬁlations which confirmed the general

features of the original scheme, with the following

modifications:

(1) The plasma potential is at the inflection point
of the V-I curve, rather than at the knee of the
positive branch,

(2) sSaturation of currents do not generally occur

robe radius

except for large Debye lengih" The knees are

not well-defined,

(3) The currents are proportional to
n vthl/rp

where 1 is the appropriate mfp, r_ the probe radius

P
and Vih the thermal speed. Thus, the currents are
proportional to the random current of the plasma but

attenuated greatly by the véry small length: ratio.

Quite recently, Grey and Jacobs(Reference 25) gave
experimental confirmation of a simplified interpretation
of a cooled Langmuir probe., They reasoned that the probe
will be surrounded by a diffusion and mobility control-

led layer. But, approximately one Debye length from
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the probe, electrostatic field effect dominates and,

though in this layer the charged particles suffer
several hundred collisions, that is not sufficient to
cause departure from the collisionless case. Thus,

all the original attributes of the Langmuir probe are
recovered except that(mot explicitely stated by the
authors, but evident in their results) the currents are

to be modified by the ratio 1/rp.

Using the circuit of Fig.26, we obtained some V-I
traces by inserting a spherical platinum probe of about
0.05 em diameter into the center of the arc column for
about 50 ms duration, For the most part, our probe is
therefore cool as in the case of Grey and Jacobs.
Furthermore, our electron temperature(about 10000°K?,

16 cm-3), and ambient press-

electron density(about 10
ure{( 1 atm) are almost the same as theirs. Hence,

their reasoning should apply in our case.

Figure 27 gives the outputs of probings at dis-
tances of 1, 3, 5, and 7 mm from the anode. It is seen
that most of the traces fall on the negative regime
because the very high electron saturation currents were
beyond the capacity of the signal generator driving the
probe. Since the signal generator was set at 1000 Hz
the multiple traces indicate low frequency fluctuation

of column properties. The floating voltage(I = 0)
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Fig.27 Records of Langmuir Probe Output
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fluctuates by 1 to 2 v and the ion saturation current

fluctuates by as much as a factor of 2,

In spite of the fluctuations, the average potential
and charge.density should still be useful since they
enter the model equations in a mostly linear fashion,
From some of the better. curves the electron temperatures
were extracted. The indicated temperatures were about
11000°K - in fair agreement with spectroscopic data.
This would suggest that the fluctuations were primarily

caused by density and potential variations.

Since Fig.27 does not yield sufficient information
on either the saturation electron current or the inflec-
tion point, we rely on the floating potential to give
the plasma potential. According to Eq.46 the floating
potential is depressed by about 4 v from the plasma
potential. This is proportional to the temperature
(slowly varying) and therefore does not critically
affect the final results. This seems well borne out
in Grey and qggob's experiments., In our case, based on
the sheath voltage taken from calorimetry data, the

depression should be about 6 v,

Profiles of the floating potential were obtained by
rapid radial traverses of a spherical probe across the

column at various axial stations. The probe output
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was connected to the input amplifier of a Tektronix 502A
oscilloscope(106 ohm input impedance), thus insuring
essentially floating condition. The traverse position
was monitored by the output of a conductive plastic
£film linear motion potentiometer. Typical results are
shown in Fig.28. These permit the determination of

the axial electric field, E.

YR
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4.4 Gas Temperature Distribution*

In the section touehing upon nonequilibrium éonsi-
derations we tentatively concluded that the electron
velocity distribution should be Maxwellian and similar-
ly for the heavy particles, but with a lower tempera-
ture. Furthermore, in the calculation for charged
‘particle :density, the various electronic excitation
temperatures of the atomic and ionic bound states have
been identified with the electron temperature. Even
if the excitation temperatures were not exactly equal
to the electron temperature they may deviate even more
from the translational temperature of the heavy parti-
cles. This possibility deprives us of one of the most
valuable means of determining the heavy partiele temp-
erature -~ i,e, the spectrometric measurement of either

the absolute or relative intensities of spectral linesf*

Insertion of a temperature sensor probe(i.e. a ther-

mometer) into the arc and then reading the steady state

*The material discussed in this section and in Appendix
D is contained in a separate paper submitted to the
Journal of the Electrochemical Society, in Nov.,1966,
for publication.

**on the other hand, line and continuum radiation ori-
ginating from the higher states should provide informa-
tion on the electron temperature. The continuum, in
particular, will be utilized because of available pub-
lished data on its intensity as function of Te(see Sec-—-
tion 4.5)
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temperature is clearly out of the question because even

the heavy particle temperature in the coolest region of
the column, i.e. near the anode surface, is beyond the
temperature limits of all existing temperature semsing
materials including thermocouples, resistance thermo-

meters, thermistors, etc.

The applicafion of a highly internally-cooled, gas
enthalpy sampling probe and calorimeter system has been
developed to a reasonably reliable state, notably by
Grey and his coworkers(Reference 24), wherein the temp-
eratures of arc plasma jets have been successfully
probed. Such cooled probes, however, because of the
need for coolant and gas sampling passages, are quite
complicated in construction and limited in the extent to
which they can be miniaturized. 1In a private communica-
tion, it has been brought to the attention of this
author that the insertion of such a highly cooled probe
into a current-carrying plasma column results in rather
gross distortion of the arc column and erroneous probe
readings. As a result of this and the complicated
auxiliary equipment involved, thé sampling probe also
seems to be impractical for the conduction column,.

»*

Messrs E.Soehngen, Director, and P,Schreiber of the
Thermo-Mechanics Lab., Aerospace Research Laboratories,
Wright-Patterson AFB, Ohio.
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In a previous study(Reference 61) as well as more
recent work with new experimental findings(Reference 62),
the measurement of extremely high gas temperature by a
transient thermocouple probe has been investigated by
the author in some detail. In Reference 61 it was shown
that certain published works(References 48, 59) pertain-
ing to what at first glance appear to be quite differ-
ent techniques of transient probings were, in fact,
completely equivalent to what the author called the
single-insertion, single-probe, heat flux ratio tech-
nique. In Reference 62 the efficacy of the ratio tech-
nique was shown to be limited to the temperature domain
below approximately twice the maximum allowable probe
temperature., At the same time, the feasibility of an
absolute flux technique—;;s shown to hold promise up to
9000°K or even higher temperatures. The interested
reader is referred to Appendix D for a short account of
the basic considerations pertaining to the use of the

transient probe.

For the present purpose, where radiation and
conduction losses can be shown to be quite negligible,

the heat transfer to an unshielded spherical probe is:

aT
T =R M.d__p.t + T (Eq.47)
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1/Aph is the boundary layer thermal resistance.

where Rt

A
P

h = surface heat transfer coefficient

probe sufrace area

M (probe mass 'X-heat capacity), thermal mass

In heat transfer literature h is often correlated

in experiments through the Nusselt number:

Nu = hl/y

We have found the correlation compiled in a recent book
by Kutateladze and Borishanskii(Reference 34) to be

satisfactory:

Nu = 2 + 0.35pr0°3%Re0:58 | 0.03pr0:33pe0 54

(Eq.48)

where Pr

M

Re = ﬁléuis the Reynolds number.

/chA\ is the Prandtl number

viscosity

Using Eq.48 and the values of gas transport proper-
ties (Amdur and Mason, Reference 3) at the £ilm tempera-

ture

)

Tj_’ = *(Tg + TP
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a series of calibration curves for argon has been computed.

For m = 0.2 and 0.35 gm/cmzsec, the two flow rates of es-
pecial interest, the curves are shown in Fig.29 and Fig.
30. As will be shown later, these apparently work satis-
factorily up to 9000°K, beyond which a correction is

necessary.

The need for corrections at higher gas temperatures
is manifested by the fact that the indicated gas tempera-
tures from probe measurements become higher than that of
the electrons, as obtained from continuum intenéity meas-—
urements. This is clearly impossible not only by the na-
ture of the arc discharge but also because this results in
violation of energy conservation. It turned out that the
transport pfoperties of Reference 3 were computed without
the contribution of charged species. Results computed by
Ahtye (Reference 1) show that at about 8000°K ionization
effects are prominent and cause greatly enhahced values
for N, in particular. The use of T, = %(‘1‘p + Tp) thus
may fail to properly correlate heat transfer through the
boundary layer because of the large variation in trans-
port properties along the temperature gradient. A sim-
ple procedure for correcting the calibration curves was
then arrived at specifically to take into account the
outer boundary layer where the aforementioned ionization

effects take place.
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We first noted that for argon at high temperature

the Prandtl number becomes small, e.g. ~0.4. Therefore
according to boundary layer theories(see Pai, Reference
42, pp.42, 170) the velocity boundary layer and the

thermal boundary layer are no longer similar. Since

_S_u N(PI‘)%
o

where Su and ST are the velocity and thermal boundary
layer thickness, respectively, we see that the thermal
layer should extend considerably beyond the velocity
layer. That is, the velocityilayer should exist in the
cooler(wall) portion of the thermal lmayer and the high
temperature portion of the thermal layer exists more

or less in a potential flow field.

The potential motion of fluid around a sphere is
given by Prandtl and Tietjens(Reference 47, p.151)
whose figure indicates that near the sphere surface
the streamlines are nearly parallel to the surracé
except in the forward and rear stagnation zones. Since
ourside the velocity(viscous) layer the energy equation

becomes simply

VAT = &-V(e,T) (Eq.49)
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where the left hand side gives the éonduction heat
transfer and the right hand side the convection heat
transfer. Now, referring to Fig.Si, we see that the
forward stagnation zone(FS) receives convection heat
while the rear stagnation zone(RS) loses* convection
heat by virtue of the fact that - VT is directed radial-
ly away from the sphere. Around the remaining surface
of revolution(N), due to the orthogonality of A and
VT, heat convection vanishes. Since (N) is likely

to be more extemsive than (FS) and (RS) together, and,
the heat convection to the latter . tend: to cancel out,
in a rough approximation, for purposes of estimating
effects of N\ variation in the outer thermal layer, we

may simply use the conduction equation
N:NVT = 0

which, in a spherically symmetric temperature field is:

d, 2, 4T
-a-}-(r AE) =0

*It is known from practice that the rear stagnation zone
is usually turbulent or possesses secondary flows and
heat is not necessarily convected away. This is, in
fact, one major difficulty of treating flow around
spheres.
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A-334-5-0034

FIG. 31 SCHEMATIC DIAGRAM OF FLOW FIELD AROUND A SPHERE
ILLUSTRATING CORRECTIVE HEAT TRANSFER IN VARIOUS ZONES
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Now, referring to Fig.32 which is a sketch of the

velocity and temperature distributions, we supposeat

T.. = T(r

or _ starts to increase significantly;

or)
then, for the same total heat Q transferred to the
sphere, the free stiream temperature must be lowered by
an amount é’l'g from 'I'g if the latter is obtained assum~
ing N\ = 7Ler = constant. It is easy to show that for

the solid curve(/\. = constant):

- T)

O
[}

7% 7\01,(1'g

and for the broken curve( A\.= A(T), # = heat potential)
Q = Mrr[ﬂf(‘l'g-STg)-ﬂf(Tcr)] .
Equating the two equations and recalling that,

Ny = —

cr

we have,

=20

| (T Tor) = B(Tm57,) = B(1,)  (Ea.50)
cr

which allows the determination of $Tg in a simple

geometrical fashion from a plot of ¥ vs. T. This is
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demonstrated in Fig.33. - The eritical temperature Tcr is

taken to be 9000°K because experimental checks indicated
that up to that temperature the use of Eq.48 in conjunc-
tion with T, = i(Tg+Tp) appears to be quite}adequate.““
We see, for example, a correction éT9= 900°K must be

subtracted from the calibration curves at 12000°K.

Application of this simple correctional scheme

will be shown and discussed later.

For probing of the arc column a three-—-element
spherical thermocouple probe of Pt-10%Rh/Pt/Pt such
as shown in Fig.34 was used. The differential output
of the probe enables the use of high common~mode
rejection differential amplifier(Reference 61, 62) to

discriminate against stray signals in the arc column.

Two typical probe output traces are shown in Figs.
35 and 36. The slight fluctuation of probe output near
the anode(Fig,.35) as compared with the smooth curve away
from the anode(Fig.36) is due to actual difference in

arc column conditions, not to stray signals.
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4.5 Electron Density and Temperature

It is well known that as the temperature of a gas
is increased the thermal radiation emitted increases
rapidly. When the gas becomes appreciably ionized it
is, in fact, a riéh source of not only line but also
continuum radiation, The emission thus can be utilized
to determine the temperature of the gas(see Griem,
Reference 26) as long as a state of local thermal equi-

librium exists.

In a nonequilibrium plasma, the excited state
populations may not be uniquely related to one tempera-
ture and it is questionable which line emission will be
indicative of which temperature. The continuum emission,
primarily due to the electron-ion free-free and free-
bound transitions, is indicative of the electron temp-
erature and the electron density - as long as the elec-
trons posses a Maxwellian distribution(Chen, Reference
12). The theoretical basis for this was first provided
by Kramers(Reference 33) and by Unsold(Reference 63),
for hydrogenic ions. They showed that the continuum

emission intensity was given by:

I =2C ;;—( 1 - o= MV/xTy) (Eq.51)



where C depends on some atomic constant. For argon,

the "constant" C has not yet been computed but in mahy
experiments ii was found to vary only slightly with
wavelength, and, the ni/Tz variation was amply confirm-
ed. In particular; Morris, Bach and Yos(Reference 39)
have measured Iv for argon in the 2500-6500 R region
| as a function of temperature in a wall-stabilized
(equilibrium) arc. Their data will be accepted as a
calibration for spectrometrically determining n, and

Te'

First, in order to select a suitable wavelength
region which is réasonably free of line emission, we
converted an Ealing 26-380 spectrometer into one capa-
ble of recording the arc spectra. The arrangement is
shown in Fig.37. Wavelength recording is obtained by
means of a 25-turn potentiometer directly attached to
a shaft of the spectrometer wavelength leadscrew,
Intensity readout is obtained by means of a EG&G SD-100
silicon photodiode. éonnections to a low-noise ampli-

fier and a EAI 1130 X-Y recorder completes the scheme.

In use, a cross section of the arc column can be
focused on the frontslit of the spectrometer by the use
of an achromat lens and the lens can be traversed in

the two traverse directions. A linear motion poten-
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"tiometer attached to the lens enables the chordal scan of

the column intensity to be recorded also.

A typical spectrum of the column may be seen in
Fig.38 and most of the significant argon lines can be
identified. Quite observable contiﬁnum emission is
evident which, in fact, predominates in the short wave-
lengths. The continuum around 5000 R was chosen for

more detailed scans.

For ease of measurement, an interference filter
(Baird Atomic Type B-10) having about 60 & bandwidth
was used in conjunction with a RCA 7326 photomultiplier
tubétas shown in Fig.39, for higher sensitivity. Spec-
tral calibration of the entire system was made using

a NBS certified tungsten ribbon lamp as a source,

To convert the chordal intensity distribution to a
radial distribution an Abel inversion must be performed.
This is done simply by numerical method(Nestor and Olsen,
Reference 41). For rapid checks, a simplified 8-point
scheme has been computed by us as illustrated, together
with the inversion matrix, in Fig.40. A separate 50-

point computer program has also been set up and used.

Figures 41 and 42 show results of chordal scans
and the inverted radial distribution, for two axial

stations in the arc column.
*Photomultiplier instrumentation designed by C,Stojanoff.
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The calibration curve is shown in Fig.43 and is

derived from data of Morris, Bach and Yos,* as stated
earlier. Note that the off-axis peak of Fig.41, which
may be real or due to experimental errors, would account
for an increase of only 300°K from the axis temperature

and therefore is not very significant.

*
With revision kindly supplied by P.Schreiber of ARL.,
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4,6 High-Speed Photographic Observation

A Dynafax Model 350 camera capable of taking 200
frames at speeds up to 35000 fps, with exposure time
as short as 5 microsec. per frame, was used to observe
any fluctuating features in the arc that might escape
visual detection. Some typical frames are reproduced

in Fig.44, 45, 46, and 47.

A slower 8 mm Fastax camera(up to 18000 fps) but
with 100 £t.film capacity was used to record more
extended events, such as the arc column being traversed

by a probe as reproduced in Fig.48 and Fig.49.
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Fig.44 Dynafax Pictures of a 150 Amp Argon Arec
m= 0.2 gm/sec, 5000 fps.
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Fig.45 Dynafax Pictures of a 150 Amp Argon Arc
m = 0.35 gm/sec, 5000 fps.
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Fig.46 Dynafax Pictures of a 150 Amp Argon Arc

m = 0.5 gm/sec, 5000 fps.
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Fig 47 Dynafax Pictures of a 200 Amp Argon Arc

m= 0.2 gn/sec, 5000 fps @ 15 /usec/frame
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Fig.48 Fastax Pictures of a 150 Amp Argon Arc Being
Traversed by a Hall Probe Tip, 10000 fps.
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Fig.49 Fastax Pictures of a 150 Amp Argon Arc Being
Traversed by the Bulky Probe Stem, 10000 fps.
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EXPERIMENATAL RESULTS

It was possible to operate the fluid transpiration
arc over a considerable range of externally controllable
parameters - i.e, arc gap, arc current, gas flow, A
complete diagnostics program covering each set of para-
meters generally requires a very substantial investment
in time and risks, given the unpredictability of hazards
of local probings of the arc column, the lengthy spectro-
metric measurementits, and, the high cost of its associated
data reduction. As a result, in our investigation, many
individual diagnostic measurements(e.g. thermocouple
probe) were carried out over a wide range of parameter
variations in an effort to check the validity and to
understand the behavior of the arc to that particular

type of probing.

Out of these individual measurements two complete
sets of data have been assembled for the following arc
conditions:

Arc gap = 3 ¢m

Arc current = 150 amp

Anode diameter = 1.1 cm

Anode material = NC60 porous graphite
h = 0.2 gm/cm®sec (Case I)

m = 0,35 gm/cmzsec (Case II)
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The bases for the choice of these conditions are.as

follows:

After numerous runs it was our experience that the leng-
th of arc gap; beyond about 2 cm, had little or no bear-
ing on the nonequilibrium portion of the positive column.
The 3 cm gap was considered ample to allow probe and
spectrometric measurements, even though with the power
supply available more than 6 cm arc gap had been achiev-
ed. In the latter case the extra arc column was found
to be nearly fully developed and therefore was of no

use in the present study.

The arc current of 150 amp was chosen on the basis
of anode coverage and column size. Although currents
from 60 to 250 amps had been achieved, it was found that
in the 60 to 150 amp range the column size merely in-
creased with current without exhibiting marked changes
in its other aspects. Fastax motion picture recordings
showed that f§r the lower currents the column diameter
in relation to the Hall probe(the least miniaturized of
the probes) was such that as the probe entered the column
vary noticeable displacement of the discharge resultéd.
For a 150 amp column, the perturbation by Hall probe is
negligible as shown in the sequence of Fastax pictures
reproduced in Fig;ks.. We see that the entrance of the

slender probe tip(where the sensor is located) causes
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no visible change in the arc. In a later sequence of

the same probing event, Fig.49, the much bulkier portion
of the probe stem enters into the column. One can clearly
see the resulting abnormal bulging of the column at first
and the deflection of the column completely to a position
above the probe finally. Notice also the hairpin bend in
the mixing zone as a result of probe perturbation upstr-
eam. For lower current arcs even the slender probe tip

. . *
could cause such perturbation.

Abofe 150 amp the extent of the anode dark space
decreased and became invisible to the naked eye., Fig-
ure 47, reproduced from the Dynafax pictures of a 200 amp
arc, shows that, in reality, the nonequilibrium zone is
punctured by a number of smaller bright columns undergo-
ing rapid motion. This we surmise to be due to possible
anode surface phenomena sinde above 175 amp the anode
surface was completely covered and the column could not
further extend its coverage when the current was again
increased. Also, as will be discussed later, at 200 amp
the eiectron temperature near the anode was higher and
this favors the formation of a filamentary structure

rather than a homogeneous nonequilibrium column.

The choice of m was guided by the general observa-

tion that at very low flow the nonequilibrium zone was

*¥The significant data are taken only during immersion of
the slender probe tip,which, at 150 amp, causes no
noticeable disturbance,
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too small to be conducive to insertion of probes and

spectrometric measurements. At very high flows, on the
other hand; streaky structures can be seen to issue forth
from the anode - possibly indicating gross thermal and
électrical inhomogeneities on the anode due to the mass-
ive blowing. The qualitative change of the dark space
with m is demonstrated in the Dynafax pictures repro-
duced in Figs.44, 45, 46 for m = 0.2, 0.35, 0.48, res-—
pectively. Note the diffuse nature of the dark space
for m = 0.2 and, ineidentally, the apparent lack of
perturbatioh by the presence of a bulky potential probe
(the 1/16 in diameter insulator as compared with 1/32

in for most other probes). In Fig.45(m = 0.35) the dark
space is considerably extended but still not marred by
excessive streaks., 1In Fig.46(6 = 0.48) streaks become
much more noticeable and the dark space is much distort-

ed.

Some Hall probe results are shown in Figs.50, 51,
52, and 53, Also shown are the current density reduced
according to Eq.45 by numerical and graphical means. In
all the cases the total current integrated from the
current density distribution deviates not more than
+10% from the total are current measured with a 5%
current shunt and millivoltmeter. This degree of accord

tends to support the general validity of the J measure-—
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ments., It is evident that near the anode J(r) approach-

es a flat-top distribution quite well and therefore
substantiates the claim of quasi one-dimensionality.
Further away from the anode the flat top vanishes al-
though the extraordinarily sharp peak on the axis as
shown in Fig.53 is probably not real. The disappear-
aﬁce of a flat distribution as one moves away from the
anode is; first of all, to be expected from the theo-
4retica1 analysis leading to Fig.10. The Hall probe
results indicated that more is involved tham that.
For, aside from the tendency for the hot column to
attain a non~-flat radial profile the charged particles
also have, in.addition, a tendency to converge as one

goes away from the anode.

The above mentioned effect is strikingly demons-~
tradted in Fig.54 which shows the equipotential lines
replotted from a series of potential probe radial tra-
verses at different axial positions. From this we see
that the peaking of current density at the axis away
from the anode can be explained by the focussing effect
of the electric field(lens) distribution. Also, notice
the high electric field(closely spaced equipotential

lines) near the anode as versus further down stream.

The axial distribution of these axis properties
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are collected in Figs.55 and 56. Also shown are the
spectrometrically determined Te and n, and the probe
determined Tg. In the case of '1'g the corrections due
to abrupt thermal conductivity variation as discussed

earlier are also included.
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Chapter 6

DISCUSSION OF EXPERIMENTAL RESULTS

AND CORRELATION WITH THEORETICAL CALCULATION

The results can now be interpreted in order to

answer the following specific questions:

1, How uniform and one-dimensional is the actual
arc column? Is it, or part of it, describable by
the proposed streamtube analysis? What is the
filamentary structure sometimes observed?

2. How does the highly convectively-cooled arc column
maintain its electrical conducting property? What
are the magnitudes of the conductivity?

3. If there is electron-heavy particle nonequilibrium,
is the two-temperature conduction "law" in eviden-

ce? In short, are the following relations valid?

5, 2
a. 7? = .

e
ne

with n, given by Eq.30 - ionization equili-
brium at temperature of the electrons

and,

b. The compatibility relation
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J = nee[zyk(Te-Ts)/ms]% (Eq.42)

4, What are the dominant modes of energy transfer?
Is energy balance observed? What are the observed

rates of temperature relaxation?

In answer:

1. The thermocouple probe radial tranverses shown in
Fig.57 indicate that the neutral gas column preserves
its exit column diameter and a flat temperature distri-
bution to a remarkably long distance, in agréement with
the simple analysis of Section 3.2, Because of the
manner of gas injection into the column, m should also
be uniformly distributed. Since it was impractical. to
determine mass flow rate in an arc environment for such
low flow rates(e.g., use of pitot tube requires dynamic
pressure measurement as low as 0.005 psi), a flow
visualization method was employed to see if the flow
was convergent or divergent and to see if there might be

entrainment of the surrounding gas.

A photograph of such a study is shown in Fig.58
where smoke particles have been injected outside of the

arc column, First, notice the clehi—éut edge of the
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FIG. 57 THERMOCOUPLE OUTPUTS vs. RADIAL TRAVERSE
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Fig.58 Flow Field Visualization of Arc Column with
Smoke Injection.
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luminous column showing the arc in its first 1.5 em to

be perpendicular to the anode surface, The smoke stream
just outside of the column widemns slightly as it moves
down stream; indicating the extent of viscous mixing
layer. We feel that on the basis of such studies the
zone along the arc axis up to 1.5 cm from the anode
should be essentially that of a one~dimensional gas
flow. Since visualizing & smoke stream ;s sometimes
difficult under such a strong arc light(mostly from the
equilibrium portion of the arc), fine powder of Mgo0
which emits a characteristic green iight has been found

to be of help.

From the potential and current density probings we
found the J distribution to be somewhat peaked away from
the anode. Therefore, the electrons and the gas stiream
lines should be as sketched in Fig.59. The nonuniform
nature of the J distribution is compenéated by the
following:

(a) J can be measured.
(b) In restricting the interpretation of data to
the region near the axis, a locally one-

dimensional change can still be assumed,

In the dark space the relative visual mniformity

exhibited in Figs.44 and 45 indicates that the columm
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charge concentration is well-behaved. The streaks

visible should be interpreted with the understanding that
the arc light is largely due to continuum emission, and,
hence varies as ni. Thus, a 4 to 1 ratio in intensity

is due to only a 2 to 1 ratio in n, and a very small
change in Te' Granted that potential probe results often
show fluctuations which might suggest the existence of
small filaments of concentrated currents, possibly in
local equilibrium with the gas. In view of Table 1,
however, unless accompanied by large e}ectric fields
(Note: E was never observed to be more than 15 v/em in
any case, including those depicted in Fig.47) and by a
temperature of at least 11000°K(not evident), such fila-
ments could not account for any but a tiny fraction of
the total arc current. We feel confident, therefore,
that the homogeneous streamtube approach of interpreting

the data along the axis will be valid in these columns.

2. To one familiar with conventional "thermal" arcs,
any reference to the subject most likely will evoke a
vision of ultra high arc gas temperatures and intense
arc luminosity. If, further, the question of local
thermal equilibrium(LTE) is brought up, the statement
that the arc was running at one atmosphere is generally
all that is required to subdue initial doubt about LTE

in such a discharge. Thus, just as the glow discharge at
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low pressure has been accepted as a nonequilibrium(high

T,) and low thermal gas(low Tg) entity so the atmospheric
pressure arc discharge has often been endowed with the
properties of LTE and high enthalpy, as a matter of
confidence. While these notions were supported by facts

in most instances they are mot the necessary conditions,

From a kinetic theory point of view, the require-
ment for any gaseous discharge is, first of all, the
maintainance of a sufficient concentration of free
electrons, The conductivity is then given by the

general relation
T'(T) = n (T ) ENT,)

where the second factor, (D(Te), is directly proportion-
al to the free eleotron mobility and inversely propor-
tional to the sum of collision frequencies,

O(Te)“lf‘c Vp = %y +

ea

For the Coulomb part of the conductivity we see that,

from Eq.37, in the first order,

. -3/2
Vei oC neTe
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and therefore the Coulomb contribution is not sensitive

%
ton and, increases with Tz/z.

e’

The neutral contribution, however, from Eq.40, is
, vea S< naTZ/Z

and this part is directly proportional to ne/na but

decreases with T2/2. Thus, if ne/na were arbitrarily

"frozen" at a high level then O’ would increase with T,.

Conversely, if ne/ha were frozen at a low level, g’

would decrease with Te' Intermediate between the two

cases, O’ would not be appreciably affected by Te'

In low density discharges collisions are infrequent
among the species and approximately frozen flows of
electrons can in facf occur. So, in many instances, ’.l'e
may not be a particularly useful parameter for descri-
bing conductivity. 1In some cases Te might not even

exist.

In high pressure discharges, on the other hand, the
existence of Te is usually well founded. If the dis-
charge is furthermore in LTE then equilibrium statis-
ties(i.e. Eq.30) can be brought in to supply the value

of n,. For pure gases(e.g. H, He, Ne, Ar, etc.) poss-

*This is often considered to be the distinction between a
"conductivity" and a "mobility" controlled discharge.
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essing high ionization potentials, the n, vs. T, curve
(e.g. see Fig.18) shows why thermal arcs usually do not

exist under 7000°K.

The question of how a highly convectively;cooled
arc column maintains its conductivity, therefore, boils
down to how well the electrons are insulated from, but
exist in the same volume asg; the cool gas. Figures 55
and 56 indicate that the electrons having started from
the cathode side with about 12000°K and then traversing
a highly nonequilibrium 10 mm distance, are only cooled
to about 9000°K. This unmistakable degree of insulation
is the main reason for the ability of the column to

carry current.

The high conductivities measured are quite above
the computed values as shown in Fig.19. At higher
temperatures the lower limits as indicated would result
if the sharp peaks in J on the axis are smoothed off.
Even then, this does not bring the conductivity com-

pletely in line with theory.

: | .
Very recently, Schweitzer and Mitchner discussed
the correction to the Spitzer and Hirm conductivity when

iInA. is small, in accordance with the so-called unified

*Schweitzer,S.and Mitchner,M., ATAA J., &, 1012-1019,
(June, 1966), _
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theoryf The correction is indicated in Fig.60. Note

that at 1n/\ = 2.48 the conductivity is infinite. When
the correction is applied to our points at 12000°K
(In/\. = 3.8) better agreement between theory and experi-

ment is obtained.

3. Regarding the two-temperature conductidn law, we see
that Part(a) is verified for the first time in a high
current arc discharge in pure gas. To discuss Part(b);
we plot in Fig.61 the computed 7] as function of J and
parametric in '1‘e and Tg. Also plotted are the experi-
mental points of 7) vs E(the E lines dn Fig.61 have -1
slope; those for E = 5, and 10 v/cm are shown). It is
seen that Eq.42 is far from being met., To meet Eq.42
the arec current density and electric field must be about

10 times greater than observed.

It:is clear that neither the J and E measured;
nor the temperatures could have been subject to such
large errors. We may conclude with some assurance that
the relationship given by Eq.42 is invalid. This does
not mean, however, that energy comnservation is not

observed - as will be seen in the following.

4, In the energy equation, Eq.27, the recombination

*%ihgr?;T. and Aono,0.,J.Phys.Soc.Japan, 18, 837-851,
1963) .
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term turns out to be quite insignificant since the ion
flux from the anode is definitely limited by approxi-

mately the neutral gas velocity(the ion drift velocity
due to E is much smaller) which is about 2000 cm/sec.

From this; the maximum recombination in the entire arc
may not be more than

A 1.6x10"19%101%x2000x1

e(niUiA)anode

2~ 3.2 amp.
Or, the total recombination power(max.):
3.2 x 1.5 £ 5 watt.

The remaining terms on the left hand side of Eq.27 can
also be seen to be negligible when the values of n,,

T, as given in Figs.55, 56 are used,

Thus, we can say that either Eq.%2 holds or energy
balance will be grossly violated. The fact is, energy
balance is closely satisfied because the convected:

energy of the gas,

, aH 4T
p, = mn — —£&
& ar_ dz



- 195.

where —— is given by Fig.62, and the electrical energy
-dT
input, g

pe=EJ

as shown in Tables 6 and 7, are quite closely in agree-

ment, Also tabulated are Poa and Poi from computations.

We see that a good fraction of energy transfer from the
electrons to the ions(and neutrals) can be accounted for

by Pea*

We must emphasize, the extremely large Pej computed
from theory is nowhere in evidence. From this we must
conclude that the commonly used formula for‘pe

i
appears to be invalid under present conditions.

. (and Iéi)

Since reasonably good check is obtained for the
conductivity, we further conclude that the collision
frequencies appear to be different for momentum and for
energy transfer. This is why Eq.42 is not satisfied
because it is based on the same 7 , for both types

of transfer.

In reviewing the literature, we note that all
existing theories for dense plasmas are only applicable
to the order of the Debye screening theory(see Refer-

ence 53, p.73) while in the present setup(very low 1ln/\)
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the-number of electrons in..a Debye sphere(see Fig.1) is

as low as about 3. It would seem, the concept of screen-
ing loses validity and the encounter of an electron with
an ion beébmes much more complicated. Present results
indicate that the ions are energetically rather well

insulated from the electrons.

The electron-ion energy relaxation rate has been
checked as a link in shock ionization of argon in the
shock-tube work by Petschek and Byron(Reference 45).

In that case, however, the energy transfer is from the
ions to the electrons, It might not be directly compa-
rable with the present case - even though the usual

theory gives the same rate for both directions,

Dougal and Goldstein(Reference 19) employed micro-
wave techniques to the study of electron-ion energy
relaxation in low pressure afterglows. The agreement
with theory is better than one dérder of magnitude.
Significantly, they too observe noticeably longer

relaxation time for the run with the lowest np.

For noble gas seeded with alkali metal vapor, the
two-temperature model of electron conduction appears to
have been confirmed(see, e.g. Reference 14). However,
because of the ysual low temperature(}OOOoK), low seed
concentration{0.005) and low ne/na; even at n, = 1013

cm'B,Coulomb collisions are secondary to electron-atom
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collisions, and, no definite conclusion can be drawn

as to the correctness of the Coulomb rates.
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CONCLUSION AND RECOMMENDATIONS

A. The postulated forced-convection-dominated,
quasi one-dimensional arc column has, within a good
approximation, been realized in a reasonably large
region and verified by the experiments. 1In partieular,

this has permitted the steady-state measurement of the

rates of energy equilibration among the nonequilibrium

species.

B. The departure from local thermal equilibrium
is shown to be significant and appears to follow the
two~temperature(displaced Maxwellian distribution)
model. The energy flows from the applied electric
field to the electron gas and is then volume-transferred
to the heavy particles through which it is finally

convected down stream.

C. Present data indicate that the volume rate
of energy transfer by electron-ion collision is consi-
derably weaker than is commonly accepted. This we&k
coupling observed explains the case with which high
degree of electron-heavy particle monequilibrium can
occur even in a dense arc discharge. Since existence of
LTE has often been theoretically established on the basis

of commonly accepted formulas, a re-examination of the
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numerical criteria based on these formulas seems

indicated.

In the present work, the theoretical electron-atom
equilibration rate for argon, based on the Engelhardt
and Phelps reduction, accounts for up to 50% of total
of the experimental values. This can be quite different
from that computed from a hard-sphere model - as has

been done in the past,

D. Cross checking of experimental evidence confir-
ms the essential correctness of the various techniques.
This should lend more confidence to the use of transient

probe techniques for dense plasmas.

E. 1In looking ahead, several interesting exten-

sions of this research may be recommended:

(1) The same basic experimental setup may be
applied to the study of other relaxation
phenomena, as for example, electronic excita-
tion of atoms or molecules.

(2) In the dark space some population inversion
in the excited states must exist. This region
therefore could conceivably be used to generate
laser action. Because of the geometrical con-
figuration, it appears that such a laser may

indeed not possess optimum efficiency, but,
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by the same token, it offers diagnostic con-

veniences that could further understanding of
the laser mechanism at one end, and of energy
transfer in plasma at the other end.

(3) Because many plasmas of engineering importance

| lie in thé low 1nA region, an appropriate

plasma kinetic theory should be developed.
This problem may not be easy. The number of
interacting charged particles at any instant
is neither just two nor infinitely many but a
thorny "few" -~ enough to require solution of
the many-body problem., O©On the other hand,it
is inviting to design a scheme of generating
nonequilibrium plasma of even lower 1ln/\ and
to see if the electron-ion interaction actually

approaches zero(superconducting) in the limit.
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APPENDIX A

PROOF THAT E IS RADIALLY INVARIANT

From the Maxwell equations for steady state, one

obtains:
73 = 0
VE= €l(n,-n)e
o i e
From J = O‘(T)-_ﬁ, and the above equations:
V-3 = V- ( O(T)E)
= o(1) V-E + E- Y O(T)
=€, o‘(T)(ni-ne)e + E- YT =0
ar
Hence,

E VT = —(ni-ne)%eo-a%(ln a(T))

When there is charge neutrality, the right side is
zero and the electric field is orthogonal to the tempera-
ture gradient. In a fully developed column VT is radial.

Hence, E must be axial,and radially invariant(‘:\?xﬁ=0).

*This derivation was apparently first shown by Thiene,
P,G. in AFOSR-TN-59-947, Plasmadyne Corp.(25 Aug.,1959).
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APPENDIX B

SPECTROGRAPHIC EVIDENCE

Interesting confirmatory evidence for some of the
conclusions reached in this study may be seen in spec-
trograms taken of an argon FTA positive column under
conditions quite éimilar to those used in this study.
Figure Bi shows a portion of the spectrum emitted by a
thin axial increment(0.imm) of the positive column at a
distance of 12.7 mm from the anode. The Abel inversion
of a chordal scﬁn of the 69653 line intensity showed the
gas temperature im this volume element to be 9650°K,
while the continuum intensity at 50003 indicated an

electron temperature a few hundred degrees higher,

An impressive qualitative feature of the spectro-
gram is the unusually high continuum intensity relative
to the line intensities in this region. The appearance
is more characteristic of argon ércs at high pressures
than of a 1 atm. argon arc. The continuum arises main-
ly from electron-ion encounters of two types, namely
free-free(Brehmstrahlung) and free-bound transitions
(Kramers' radiation); Both types are proportional to

the charged particle number density.

The appearance of the spectrum therefore implies

mm——

* ,
From unpublished data supplied by C.Sheer.
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an abnormally high electron(ion) density. This is

borne out by calculating the ratio of the ion to neutral
atom densities from the ratio of intensities of selected
ion and neutral lines(marked in Fig.Bi). The lines
selected were among those of the argon spectrum for
which the transition probabilities and other spectro-
scopic constants are known, The results of two such
calculations showed the charged particle density to

be some five times greater than predicted from the
measured temperature. This tends to confirm the
abnormally high electrical conductivity as reported in

this dissertation.
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APPENDIX C

VOLUME IONIZATION OF ARGON BY ELECTRON IMPACT

For a Maxwellian electron gas the speed distri-

bution is a Rayleigh distribution:

4n 2 9
8 - e ¢ _a2 /=
£7(e) = T 32 exp(-c~/c )

-2
where G = 2kT_ /m, and ¢ = speed of electron.

It Qi(c) is the ionization cross section of argon
by electron impact, then, since the motion of argon
atoms is negligible compared with that of the electrons,

the rate of ionization in a unit volume is:
00

0 r’i b/[‘na c Q,(e) £%(c) dc

0

0o

4n n e " ‘
‘“J%ani(c)(-;)exp-(c/E)z d%—

0

(Eq.€1)

For argon, the experimentally determined Qi(c) *

can be represented by:

@ = 0 , ¢ < E,/B

—

*Brown,S.C., Basic Data of Plasma Physics, Technology
Press of MIT - Wiley(1959), p 110.




2 2
Q; = A(Be®- Ej), em® , o® 2 E,/B
(Eq.€2)
where A = 27x1018
B = 2.85x10"10
E, = 15.755

When Eq.€2 is inserted into Eq.€1 and the lower
limit of integration properly taken care of, then r’i

can be evaluated analytically by using the relations:

00
2 2
V/r w e du = *‘g(xz~|-1)e"x
x |
w .
2, .2
and ,}f w e W did = (%x4+x2+1)e x .
x

As a result,

4n _n ABc | E ~E; /o=2
rﬂ = —2C —i + 52 e I/Bc

Y Jr |28

Note that Eq.€35 can be used to evaluate the rate of

,cm_Ssec—i (Eq.C3)

any collision process, e.g. electronic excitation of
atoms, whose cross section may be approximated by the

form given in Eq.C€2.

209,
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APPENDIX D

BASIC CONSIDERATION OF TRANSIENT THERMOCOUPLE PROBE

Basically, all temperature probes are governed by
heat transfer to and from the probe body, as schematic-
ally shown in Fig.D1. In steady-state probing, the
probe temperature attains a value, (Tp)oo,'which is
generally different from the true hot gas temperature,

T This difference is accounted for by heat balance

g
at e probe, involving conduction across the boundary
layer and along the thermocouple wires and support,
convection(since in general the hot gas is in motion
with respect to the probe), and radiation interchange
at the probe surface., A properly designed steady-state
probe minimizes the boundary-léyer thermal resistance;
Ry = (hA)'i, and maximizes the conduction loss thermal

resistance, R along the thermocouple stem. In addi-

o’
tion, radiative exchanges may be reduced by means of
radiation shields. In practice, the various transfer
coefficients from which the thermal resistances are
evaluated are needed only to give small correétions

and exact knowledge of these factors is generally

unnecessary.

In contrast, referring to Fig.D2, transient prob-
ing of a high temperature gas requires the withdrawal

of the probe at some time tg, at which Tp is still



——

D

CHECKED J APPROVE

_

DRAWN

1

211,

HOT GAS
BEING /

THERMAL MASSY
=M

ABSORBED EMITTED
RADIATION RADIATION

A-312-S-0017

FiG. D1 SCHEMATIC REPRESENTATION OF HEAT TRANSFER BETWEEN
PROBE AND ENVIRONMENT.




TEMPERATURE , K°

: IDEAL ASYMPTOTIC
: PROBE RESPONSE

Gy,

ACTUAL ASYMPTOTIC !

212,

TIME , SEC. —e

A-3i2-S-00I3

FIG. D2 |IDEAL AND ACTUAL PROBE RESPONSE CURVES




213,
sufficiently low to avoid thermal destruction; this g
defines the boundary of the large forbidden zone which
cannot be utilized. To extract temperature information
from such a limited probe history, the transfer coeffi-
cients assﬁme paramount importance. It is therefore

unavoidable that, in the transient measurement, the

probe is used primarily as a heat-flux gauge.

If the material of the probe tip has sufficiently
high thermal diffusivity that we may assume isothermal
conditions to prevail at an instant, then we may relate
the gas temperature, Tg’ to the probe temperature, Tp’

by means of the heat transfer equation in the following

form:
T aT T
£ - M2 +(l + & )T_ - == + Radiative Transfer
B, at "'‘BSM R R,

(Eq.D1)

By using long slender lead wires and insulator, the
conduction heat loss along the probe stem can be made

negligible, so that Eq.D1 reduces to:

3

il

=

=
25

+ Tp + Rf(Radiative Transfer)
(Eq.D2)

Equation D2 shows that Tg may be deduced from the meas-
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ured quantitites, Tp and dTp/dt, if the thermal resist-

ance of the boundary layer, Rf, the thermal mass of the
probe, M, and the radiative heat transfer are known.
The radiative transfer term is usually made negligible
by the usge of a radiation shield. Since this would add
undesired bulk to the probe and defeat one of the prime
objectives of probe miniaturization, the use of a shield
was not considered in this application. ‘At moderate
pressures(~ 1 atm) and within the temperéture range
investigated (3000 to 12000°K) the radiative heat trans-
fer is nearly always minor compared to the. convective
heat transfer. This may be due in part to the low
absorptivity of the platinum probe. In any case,
examination of experimental probe outputs shows that,
under host of the conditions prevailing, the radiation

term may be neglected.

The thermal mass, M, is readily available from the
probe dimensions, density and speeific heat, all of
which are accurately known for the probe material (Pt)
used. The quantity of importance in determining Tg
from Eq.D2 is Rf(or the heat transfer coefficient of
the boundary layer, h). It is apparent that in deduecing
Tg with the aid of Eq.D2 we are using the probe to meas-
ure absolute heat flux. The infrequent use of heat flux

gauges for obtaining gas temperatures is perhaps a reflec-
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tion of the general state of uncertainty in the know-

ledge of h. As was shown in this research it is not
always the case, and under appropriate conditions,

the transient thermocouple probe may be used as a heat
flux gauge to measure plasma temperature with acceptable

precision and speed.

Because of our initial uncertainty as to the wvali-
dity of estimating the required values of h, in the
first application of the transient thermocouple probe,
it was used to measure the ratio of the heat flux at two
suécessive instants of time during its immersion in the

plasma. Thus, neglecting the radiation term we have

3
I

(RgM)y (Pp)y + (7)) (Eq.D3)

3
i

(Rg)y(E ), + (),  (Eq.Dk)

where the subscripis,1 and 2 denote two successive times
on the probe response curve, e.g., just after insertion
and just before withdrawal, respectively. Solving

Eq.D3 and Eq.D4 for Tg, wve obtain:

(i),

| Kyp (7))
. (7)), P

(Eq.D6)

az
i
~
'-30
~

—E2 2 -
Kia (Tp)2
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Z

= (1), (Eq.06)

z - 1

where z = K12(Tp)1/(Tp)2 = Tg/(Tg-(Tp)2). It is evi-
dent that z is the critical parameter in the determina-

tion of Tg. This may be emphasized by taking the varia-

tion of Tg with respeet to z, arriving at

AT _/T 1

_Aﬂz z -1

The result is shown in Fig.D3 with -@ATg/Tg)/QAz/z)
(appropriately labelled the "error amplification", Ez)

plotted against (Tp)2/T and parametric with Tg/T

ref ref?

T being any convenient reference number in kK. Since

ref
we have made (Tp)1 = 0, (Tp)2 represents the temperature

difference (call it 4512) between the two instants of
time at which the measurements are taken. We see then,
that, at small (Tp)g’ i.e. at small 4112, errors in z
are amplified much more than at large (Tp)g' In fact,

lim (Ez) = o, and 1lim (¥;) = 0., It is not surpris-
AN mal® Dip—>Tg

ing that as more of the forbidden zone is opened up for
data taking the determination of Tg becomes correspond-
ingly more accurate. It is importaht to note that Ez

is a figure of demerit of the flux ratio process of
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data reduction and because it ranges from 0 to oo the

accuracy of the flux ratio method can be either more or
less than that of the absolute flux method, To locate
the break-even point, let z;(nf,m,ip) be the combined
error in RfMTp in Eq.D2 and, the temperature error, for

the absolute case

AT _ Aty
T R MT
€ labs fM p
Now, 4
(R MT_)
z = —+ P 1
(RfMT-p)2
and, at beqt
Az _
= = €

whence we gather that when Ez is somewhat less than
unity the two methods will have comparable accuracy.
Admittedly, this does not include the effects of radia-
tion error but this can be shown to degrade the ratio
method even further at the transition point. There-
fore, to favor the ratio method a little, we take

E, = 1, which makes z = 2, and observe from Eq.D6 that

(Tp)2 =—%(Tg)
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represents the dividing point.

Thus, as far as transient thermocouple probes are
concerned, the proper domain of the absolute flux me-
thod(i.e., data reduction by Eq.D2) is above twice the
melting point of the probe material. On the other
hand, some advantage is gained by using the flux ratio
method (Eq.D5) in fhe domain between the probe melting
point and twice this wvalue. It therefore follows that
the absolute flux method, which involves the simplest
data reduction process, is in fact the preferred method
od measurement over almost the entire temperature range
of interest(3000 to 12000°K). O0f course, at very high
temperature, e.g., > 12000°K, a practical upper 1limit
is imposed on the absolute flux method by the fact that
energy transfer processes become increasingly complex

in this range and are presently not well understood.
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