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PREFACE

Throughout this dissertation I have attempted to
create an understanding of the basic scientific principles
of the electric arc that drives an arc discharge hyper-
velocity wind tunnel. The large energy required for the
discharge has precluded significant previous investigation,
Therefore, I have approached the problem from fundamentals,
The data that was used and the assumptions that have been
made have been clearly stated.

The data, particularly the photographs of the arc
at 100 atmospheres and 50,000 kilowatts will probably be
the most valuable contrlbutxon that I have made. But the
photographs and- electrical data could not have been made
without the power. There are, therefore, many to whom I
owe much, I am sincerely grateful to the following people
who contributed so muchs:

Dean S§.S. Attwood, Associate Dean G.V., Edmonson,
of the College of Engineering, Prof, W.G. Dow, Chairman,
Electrical Engineering, Prof. W.C. Nelson, Chairman,
Aeronautical and Astronautical Engineering, and
Prof. W, Kerr, Chairman, Nuclear Engineering, for
assuming responsibility for the installation of
power supply and hypervelocity facility;

P.O. Hays for his cooperation in operating
the power supply:

The United States Air Force for supporting
the work on the extended electrode surface chamber
(Contract No, AF 40(600)-934);

J.T. Wilson and the Institute of Science
and Technology for supporting the arc photography
experiments;

H.C. Barly, member of my doctoral commlttee for
guidance, particularly in the early stages;

. Prof. J.A. Nicholls, Prof. W. Kerr, Prof, G. Hok
and Prof, E.A. Martin, members of my commlttee for
thelr constructive cr1t1c1sm of this d1ssertat1on

Prof, W,G, Dow, Chairman of my committee, for
his guidance, cr1t1c1sm help, patience, and hope,

Ann Arbor, Michigan William N, Lawrence
April, 1964
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CHAPTER 1
INTRODUCTION

The conduction of electricity by a gaseous medium
has been one of the phenomenon of nature that has intrigued
men practically since the beginning of time; Electrical
conduction by gases is an extremely complex phenomenon
which depends upon a multitude of factors of which only a
few can be controlled directly. The laboratory experi-
mentalist can control the current or voltage, but generally
not both; the gas composition, the pressure of the gas,
the electrode material and the initial geometric config-
uration of the electrodes. In addition, the experimentalist
may cause forces to be applied to the media of the arc
column through such methods as the application of a magnetic
field, a directed gas jet, or the effective change of the
gravitational constant by applying certain accelerations to
the vessel which contains the arc discharge, The laws of
physics, however, control the method by which the forces
are distributed throughout the volume,

Such factors as the mean free path, the collision
cross-section, the ionization potential, the atomic structure
the thermal conductivity of the gas, and the work function
and subsequent geometric configuration of the electrodes
after there has been some erosion, the interaction between

the contamination from the electrodes and the gas media and
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the velocity distributions of the various charged and un-
charged particles are among the factors which cannot be
directly controlled. Quite commonly there is an interaction
between all of these various parameters so that the analysis
of any one given situation in the broad realm of gaseous
conduction, is wrought with numerous difficulties,
The arc discharge had been subjected to very little
basic research compared to the amount of effort that
went into attaining empirical data prior to say 1950,
There was continuing interest in the electric arc as part
of the commercial development of switch gear and welding
equipﬁent° There has also been some work done in the
development of light sources{14) in which reasonably
large percentage of the effort has been spent in defermin-
ing the basic nature of the discharge. At pressures in
considerable excess of one atmosphere and electric currents
of thousands of amperes there was little experimental work,
and‘very little analytical work, done on the electric arc,
Subséquent to World War II, at least three major
technological fields have demanded the development of the
basic understanding of the physical processes involved in
the high energy, high power electric discharge. First,
the possibility of controlling the hydrogen bomb for the
production of electric power has led to a broad research

program for the study of hydrogen plasma(53) at extremely
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high temperatures. Second, with a parallel motive, there
has been an intensive effort in the field of magneto-
hydrodynamics where the ultimate goal is to take high
temperature gases and use the internal energy of the gas to
directly generate electricity. Third, the demand for high
speed military aircraft and the very closely related space
vehicles, has required the development of wind tunnels
capable of producing very high velocities,

Since the velocity of the gas in the wind tunnel test
section 1is directly related to the stagnation temperature
of the gas prior to expansion, it is necessary to preheat
the gas in order to attain hypersonic velocities within
wind tunnel test sections. The directly heated wind
tunnel uses air which has been heated by blowing it across
either a pre-heated pebble bed or electrically heéted
filaments. In order to develop even higher temperatures it
is necessary to heat the air with an electric arc, Two
basic types of wind tunnels have developed in this 1line,

A continuous running device is normally referred to as an
Yarc air heater” or plasma jet driven wind tunnel, The
other type is heated by an impulse of electrical energy in
a high pressure arc chamber. This is the arc discharge br
so-called "Hot Shot"(33) wind tunnel,

The simulation‘of hypersonic flight in an arc discharge

wind tunnel requires a high pressure, high temperature,
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stationary gas which is expanded through a nozzle to the
test section of the wind tunnel., The stationary gas
pressures are of the order of 10,000 to 100,000 psi at
temperatures which are generally in the order of 3000%K
td 5000°K, These conditions can only be reached in a
closed chamber on an interim or pulse basis.

The power suppl& for a hot-shot wind tunnel is a very
expensive piece of equipment for any university to install
because it not only requires expensive apparatus, but it
also requires a small building in which to house it, 1In
view of the fact that the supply could also be used to study
high power electric arcs and also that the equipment could
be used in association with controlled thermonuclear fusion
experimental equipment, the University of Michigan undertook
a program for the development and installation of the
required high power pulse equipment,

The power supply, which will be described in detail
later, stores energy in an inductance coil. The coil can be
discharged rapidly to generate power pulses up to 6,000,000 KW,
The power supply and its associated equipment became
operational in 1962, The equipment was used throughout 1962
and the first part of 1963 to develop the present interpret-
ation of the behavior of the electric arc in a closed
chamber in vefy dense gas.

The work that is presented here is the outgrowth of an

investigation of the behavior of the arc within a special
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arc chamber(18) which had been designed for possible use
with a hypersonic arc discharge wind tunnel, The original
investigation was intended to show the feasibility of
utilizing an arc chamber in which the entire interior wall
surface of the chamber could be used as an electrode,.
This was referred to as an "extended electrode surface"
arc chamber and was intended to reduce the metallic
contamination in the gas. Typical characteristics for
the arc discharge were as follows:

Currents 100,000 amperes, initial

Arc voltages 2000 volts

Time of discharges 6 milliseconds

Total Energy: 600,000 joules

Initial Pressure: 25 atmospheres or 400 psi

Final Pressure: 600 atmospheres or 10,000 psi

Throughout this text then, the term ®high pressuret",
unless otherwise modified, shall be used to refer to a
pressure in the range of 10 to 1000 atmospheres, and the
term "high current® shall refer to currents of the order
of 50,000 to 100,000 amperes, The background for this
dissertation, then, is based on the development of equipment
for a specific experimental projecf° It is the purpose
of this dissertation to.present some of the experimental
results that were attained and to attempt to correlate the

experimental results with a theoretical aspect of an



-6-

electric arc as it existed within this chamber, This
dissertation covers three main research tasks which may be
briefly summarized as follows:

1) High power pulse equipment was installed to pro-

duce electric arcs in the range of 100,000 KW to

400,000 KW in gas at pressures up to 12,000 psi or

800 atmospheres. The voltage, current and gas

pressure as functions of time were determined. The

erosion marks on the interior of the chamber were used
to infer the probable behavior of the arc.

2) The equipment was modified in order to take

high speed (14,000 frames per sec) photographs of

the arc and thus determine the size and shape of the

arc and also the velocity-with which it moved,

3) The data that was collected was analyzed in terms

.of heat transfer theory. The predominant heat

transfer mechanism in the early stages of the dis-

charge was found to be radiation with convectiom

and conduction playing relatively ﬁinor roles, The

theory, as presented here, has been derived specifically

for this case,.

The special experimental technique that was developed
for photographing the arc is a combination of old methods
which could be combined only because of the extremely high
intensity of the radiation from the arc. The chamber was

transformed into a pin-hole camera which put an image of
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the interior arc onto an exterior ground glass plate.
The glass plate image was photographed with a high speed
camera,

There has been some photographic work of high pressure
electric discharges but there has not been equipment
available previously to undertake a study such as this one,
It is possible to find information on electric arcs at

(44) (29) oy significantly

lower current , lower pressures,
shorter discharge times,(40) but there has been no

endeavor elsewhere to produce and scientifically study the
arc that was photographed here, The photographs that

appear in Figures 23, 24 and 25 are, therefore, unique.

The size and shape of the arc renders it possible to
analyze this arc in terms of heat transfer mechanisms which
constitutes the third part of this dissertation. It should
be emphasized early in this work that the mechanism that
controls the behavior of this arc is radiation, in contrast
to the situation normally encountered in the arc discharge,
where either conduction or convection heat losses can be
used to describe the behavior of the arc. The derivation
of the radiation characteristics of the arc which in turn is
based on previous work that has appeared in the literature,
However, the exact derivation as used here has not previously
appeared explicitly in the literature,

The background theory for the analysis of the electric

arc was formulated simultaneously by Suits(56,57,58,59) in
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the United States of America at the General Electric Co.
and by a group which included Steenbeck,(54’55) von Engle,(ls)

(27’28)and Foitzik(lé) among others in Germany at

Kesseling,
the Siemens-Konzern. Suits work was primarily concerned
with arcs where the heat transfer mechanism was free con-
vection arld he showed that the arc could be treated
as a solid bar under these conditions.

The German group was more interested in the arc where
conduction was the primary heat transfer mechanism, Arcs
were studied in a rotating chamber to eliminate convection

effects., Recent efforts by Maeker, (38,392 Schirmer¢20:912

and Goldenberg(22) have yielded excellent agreement

between theory and experiment for the conduction controlled
arc, Perhaps the most interesting aspect was the evolution
of Steenbeck's "™Minimum Principle"<55) which postulates

the principle that the temperaturé of the arc shall be
adjusted so that the voltage gradient along the arc shall
be a minimum,

Dow(11) extended the work of Suits to the case of forced
convection and combined the minimum principle into the
theory in order to determine the temperature. Thus the
temperature relationship which eluded Suits was incorporated
into the theory for convectively controlled arcs. The work
of Suits and Dow is summarized in Appendix A. The theory
for the radiatively controlled arc as developed in

Chapter VI follows along the lines that Steenbeck used to
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describe the conductively controlled arc and that Dow used

to describe the forced convection case. Steenbeck did derive
a theory which covers any general heat transfer mechanism,(SS)
but he used such general terms that it is not applicable here.
It was also limited in that it could not be used to evaluate
the individual parameters, such as arc diameter, because it
lacked the concepts of gas dynamics that are associated

with the mobility and the Saha Equation.

The minimum principle was stated by Steenbeck as a
postulate, He had much experimental evidence but no
theoretical argument on which to base it. This author
believes that the minimum principle is correct insofar as
it can be directly derived from the theory of irreversible
processes because the arc temperature-voltage gradient
relationship must be based on the laws of thermodynamics,

For this reason, a rather extensive discussion of the minimum

principle in terms of the stationary states of thermodynamic

systems is included.



Part 1

EXPERIMENTAL ASPECTS OF THE
ARC AND ARC CHAMBER FQOR A
HYPERVELOCITY WIND TUNNEL
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CHAPTER II
EXPERIMENTAL EQUIPMENT

DESCRIPTION OF POWER SUPPLY

(51)

The University of Michigan inductive energy power
supply stores energy over an extended period of time and
then dissipates the energy very rapidly into a load with a
very high power pulse., The operation of the system is shown
schematically in Figure 1. Electrical energy is taken from
a power line over approximately 20 minutes by a 150
horsepower motor. The motor, which is connected to a
magnetic clutch, drives a large fly wheel up to a maximum
rotational speed of 10,000 RPM. The fly wheel ié connected
to an Allis-Chalmers Unipolar generator which is capable
of transferring the kinetic energy from the fly wheel to a
large inductance coil over a period of about 3 seconds.

When the current in the coil reaches a maximum, a switch
across a load is opened, causing the current to be diverted
into the load. The energy stored in the coil is dissipated
in a period ranging from 5 to 20 milliseconds, depending

on the load characteristics., The resistance between the
coil and the load serves to prevent current from passing
through the load prior to the opening of the switch,

The motor-generator-coil system is shown .in Figure 2.

The coil is shown in the background, the generator is on

-11-
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the left in the foreground. From left to right, the
items of equipment are the generator, the flywheel, the
gearbox, the magnetic clutch and, at the extreme right,
the 150 horsepower electric motor. The flat sheet resistor,
which in appearance resembles a metal fable, is seen in
the extreme foreground,

The generator and flywheel are shown in Figure 3,
The Allis-Chalmers Unipolar generator is rated at = 7200 RPM,
30 volts and 60,000 amperes. For pulse operation the rating
6f the generator is considerably higher than the nameplate
rfatings. For pulse operation the maximum speed of
10,000 RPM will produce a maximum terminal voltage of 45 volts,
The absolutely maximum current that could be drawn from this
generator has been estimated to be as high as 2,000,000 amperes.
The maximum useful current from the generator, that is, the
current that could be used for pulse operation without
danger of overheating or mechanical failure is approximately
500,000 amperes. The generator is currently installed in a
circuit which will produce approximately 300,000 amperes,
The generator differs from normal direct current generators
in that it uses liquid metal brushes instead of carbon
brushes to make electric contact with the spinning rotor,.
The liquid metal is a eutetic mixture of sodium and pot-
assium, NaK, which is liquid at normal temperatures since

the melting point is approximately 60°F,
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The unipolar generator and twenty megajoule flywheel

Figure 3.
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The coil has an inductance of 120 microhenries and
a DC resistance of 47 micro-ohms, The generator is electri-
cally analogous to a capacitor so that this circuit behaves
as a simple RLC circuit to a first approximation. The
resistance in the circuit is nearly the resistance for
critical damping. The peak current is, therefore, a
function of the cifcuit resistance, The circuit has a
total resistance of 100 micro-ohms, including the resistance
in the connecting bus bars and switch assembly. This is
somewhat more than the 70 micro-ohms in the circuit that
is used for the hypersonic wind tunnel, The slightly
increased resistance in this circuit reduces the maximum
current attainable from the generator to approximately
275,000 amperes. Inasmuch as the maximum current that was
used experimentally was only 100,000 amps, this reduction
was not a technical limitation during these experiments,

The switch that is required to transfer the current
into the arc chamber is a critical part of this system. The
development of switch gear was an important part of the
development of stored energy as reported by Early and
Walker(17,60)  prom the beginning of the development work
on inductive energy storage, the switch has always been
required only to transfer the current into a second device,
some form of fusable link, which actually performed the

switching, The fuse is replaced after each experiment.
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The transfer switch is considerably different from most
existing switchgear when considered from a theoretical
standpoint. A rather detailed discussion of the theoretical
aspects of the transfer switch was given in a report by
Dow, Lawrence, and Rozian.(g)° Briefly summarized here,
the switch may be céntrastéd to a standard circuit breaker
which would be capable of handling the currents involved
in this system, in the following manner:

In a normal circuit breaker there is a "race"
between the voltage recovery and the dielectric recovery
in the gap created by the opening switch, In the
case of the transfer switch the race can be controlled
by the operator to allow sufficient time for the gap
fo recover its dielectric strength sufficiently to
withstand the voltage required by the arc in the arc
chamber. The arc required less than 4000 volts
during the sequence of experiments when a fusable link
was used inside of the arc chamber. When an external
fuse was used a voltage of 8000 volts was attained.
From what is now known of high current arcs in the
type of chambers that are presently used, it is
reasonable to assume that approximately 5000 volts is
the maximum that will be developed by this system due
to the characteristics of the load. This voltage is
small compared to the voltages on power transmission

lines,
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Next, there is a contrast in the dissipation
requirement between the circuit breaker and the
transfer switch. 1In both systéms the energy dissipated
by the arc is related to the lead inductance in
the circuit; In the hot-shot system the loop inductance
is held to a minimum; In a typical transmission
line this loop may be extremely 1arge; It is because
of the size of this inductance in the transmission
system that such devices as current limiting fuses and
circuit breakers can stand severe faults because the
inductance itself acts as a limit to the current,

In this system the current is controlled by the
operator, not by a fault;

Finally, the transfer switch is designed to
operate under specific conditions, designed to
create a certain effect in the arc chamber; The
operator, then, can depend upon high currents whereas
in a power system the circuit breakers must be able
to operate under any condition from no load to
maximum rating, The obvious consequence here is that
magnetic forces can be used to assist in the operation
of the switch.

DEVELOPMENT OF THE TRANSFER SWITCH

Experience from previous work with inductive energy
storage coils played an important role in the design of the

fast acting current transfer switch and a fuse system. The
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largest current previously used was 5000 amperes which was
so much less than the 100,000 to 300,000 amperes that
would be used in the new system, that a new design in
switching apparatus had to be developed;

The transfer switch had to meet three basic

requirements with a fourth design consideration:

1) The switch had to be small to be fast acting and
yet give sufficiently low contact resistance so
that it would not melt during the charging cycle;

2) It had to be able to develop enough voltage to
transfer the current into a parallel load;

3) It had to develop substantiai dielectric strength
within some reasonable time after the current was
transferred into the fuse element in order to
withstand the voltage that appears across the
switch when the fuse melts.

4) It should be designed so that in the case of a
failure, with subsequent large energy dissipation
in the switch, the necessary repairs can be made
rapidly and inexpensively;

Several fypes of fast acting transfer switches were
considered, each with a minimum mass in order to attain the
fastest possible action; The maximum surface area for minimum
mass in the switch contact arm is attained in a knife switch

which utilizes the surface area on both sides of the blade
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to reduce the contact resistance and current density., The
Detroit Edison Company donated, from their warehouse supply,
24 knife switches to this program; Each switch was rated

at 2400 amperes and had been ﬁsed on 600 volt D;C; street
railway service in the City of Det;oit; The transfer

switch used herein is a modification of one of these switches.

Each of the requirements was tested prior to the final
design of the switch; The test instrument was the trans-
former coil in the Plasma Engineering Laboratory that was
built in 1957;(60) This coil has a primary winding of
117 turns with a two turn secondary, which yields after
losses a current ratio of approximately 50:1, The primary
is operated at up to 5000 amperes and 40,000 volts during
the transient; The secondary rating is 250,000 amperes at
800 volts.

The effect of joule heating in the switch is easily
calculated and, in the absence of the coil, calculations
would have been cqnsidered satisfactory for design,

However, it was a relatively simple task to connect 480
volts A;C; directly across the primary of the coil, giving

a primary current of 500 amperes and a secondary current of
25,000 amperes; The knife switch, which normally has three
blades, each three inches wide, was fitted with a single
blade two inches wide; The blade carried 25,000 amperes rms

for 2.2 seconds, which corresponded to a normal charging



-21-

cycle at 150,000 amperes peak current., There were no
adverse or unexpected events;

The voltage developed by the transfer switch was
measured on the secondary of the coil at 100;000 amperes.
The switch opened into a load of 160 micro-ohms and
0.5 microhenry in approximately one millisecond
developing about 60 volts; This switch opened due to the
self-magnetic force field alone in nine milliseconds,
there being no externally applied opening force.

A switch was specially constructed at this time to
perform the next two series of tests; It utilized the
fingers from one of the heavy switches, but used a smaller
blade since the current was relatively low. The switch
was actuated by an air cylinder which was preloaded and
trip-released by a toggle brace. An air blast was directed
towards the fingers to clear the arc away from the copper
contacts and increase the voltage on the air column., The
switch was tested first at very low current levels and
subsequently at 5000 amperes.

The transfer switch was intentionally allowed to arc
over in order to determine the magaitqde of the voltage in the
switch, and to, gain insight into the amount of damage that
could be expected if the switch shoﬁld arc over when used
with the large coil of the inductive storage power supply;

For comparison, Figure 4 shows oscilloscope traces for a
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normal switching operation, The current switched rapidly
into a fuse which held for about three milliseconds. The
voltage trace shown in Figure 5 was recorded during the
switch arcL It was determined that the switch would
develop nearly 1000 volts and since most of the voltage
appeared across the arc column, relatively little damage
was done to the swtich fingers and blade;

A series of switch tests were made toward determining
the rate of recovery of the dielectric strength once the
current goes to zero in the switch; The dielectric voltage
recovery tests were made on the primary of the coil at
currents of 5000 amps; The current was transferred from
the switch to a fuse which after a short.time would break
and apply the high voltage across the switch; The fuses
which were used could develop at least 50,000 volts, but a
voltage of 15,000 to 20,000 volts was considered adequate.
A ball gap was used to limit the voltage and dissipate the
energy after breakdown; The size of the fuse controlled
the time lag between zero current and high voltage on the
switch; An upper 1limit of one millisecond, and probably
léss, was established as the time for the switch to recover
sufficient electric strength to withstand 15,000 volts after
transférring 4500 amperes; Several attempts were made to
shorten the hold time of the fuse, but smaller fuses have

a higher resistance and the switching would not be complete
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Figure 4., Fuse current (lower trace, 2000 amperes
per division) and fuse voltage (upper trace, 10 KV
per division). A ball gap was used as the load. The
time scale is 2 ms per division

Figure 5. The experimental switch arc-over
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by the time the fuse blew up, resulting in continuing arc
in the switch blades without a current zeto; Knowledge
obtained during this series of tests led to confidence that
a knife switch with a suitable actuating mechanism could
reasonably be expected to operate at high'currents on the
large coil power supply.

The switch which was installed is shown in Figure 6,
This system ﬁSes an air cylinder both to accelerate and
decelerate the switch blade; The air cylinder is pressurized
prior to use but is prevented from pulling the switch open
by a toggle brace; The switch ¢pens when the toggle is
tripped by an electrically detonatéd squib (or blasting cap).
An air blast is directed at the point of last contact
-between the blades and fingers,

The entire switch assembly i§ shown'in Figure 7,
The switch is shown in the open position; The isolation
resistor plates extend to the right frpm the switch; The
chamber normally connects directly to the ends of these
plates; The air for the blast is stored (at 100 psi) in
the 30 gallon air tank seen at the left; The blast
is started 0;2 seconds prior to the switch actuation; The
air flow is limited by the seven orifices in the air-blast
"nozzle;” These orifices have a total cross sectional area
of one-half square inch, The pressure in the tank drops

to 60 psi in one second during this flow,
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The transfer switch.

Figure 6.
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The transfer switch assembly

Figure 7.
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The initial tests on the switch were made at 30,000
amperes., The current was transferred into a load of 250
micro-ohms on the first test. The load was increased on
subsequent tests to 1500 micro-ohms. The maximum}voltage
was attained when the switch transferred 38,000 amperes
into 1500 micro-ohms with a voltage of 56 volts. The
inductance associated with the switching losses was only
0.1 to 0.2 microhenries, and was associated almost entirely
with the switch blade. The inductive voltages were,
therefore, quite small,

This switch was used successfully at currents up to
100,000 amperes in the arc chamber test operations which
followed. Data shows that the switch hés regularly
cleared in 1.0 to 1;5 milliseconds,

One aspect of this switch mechanism is not considered
to be completely satisfactbry; When the switch opens,
it swings to the farthest point, being stopped by the air
pressure in the cylinder, It then swings back and recloses
about 0?08 seconds after it originally openéd and begins to
recharge the coil; It then reopens, but this time much
more slowly. The second opening probably causes éﬁout half
of the total damage to the switch blades, but othgrwise it
is not important. Inasmuch as only one set of blades has
been used for the entire program it has not been worth

the effort to modify the switch., Eventually, the switch
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will be modified so that it will not reclose. It might

be noted at this point that consideration previously had

been given to designing a switch system which would utilize

a reclosing operation ig the main switch, to limit the
duration of the arc? However, the electrical characteristics
of the two operations were not sufficiently similar to

make it practical,

USE OF PUSES

As applied to arc chamber technology, there are two
designations of fuses, the internal fuse which is inside
the arc chamber and part of the chamber design, and the
external fuse which is outside the chamber and may be
designed independently of the chamber; Both perform the
same task,of allowing the switch to clear., The internal
fuse breaks, and simultaneously initiates the arc and
causes the high voltage to appear in the same physical
location; The external fuse outside of the chamber causes
the high voltage but does not directly initiate the arc
within the chamber. Gas breakdown within the chamber can
be most conveniently accémplished in dense gas by using a
small wire inside the chamber which will explode. The
initiating wire wéuld-ﬁormally have only about 2% of the
cross sectional area of the internal fuse.

The techniques of using an external fuse to switch a

coil were initially developed some time ago in order to



-29-

switch the current from the primary to the secondary of the
transformer coil. Fuses were used for currents in the range
of 1000 to 5000 amperes and were required to develop up

to 50,000 volts; The fuse cartridge was an oil filled
cylindrical tube of glass reinforced plastic. The fuse

wire was 15 inches long with a bore not exceeding one fourth
inch. A piece of copper wire varying in size from #22 to
#18 depending on the current, and about 18" long. The oil
fuse developed the high voltage in a very short time. A
fuse that held for two milliseconds would develop 40,000
volts in 0.2 to 0;3 milliseconds.

EXTERNAL FUSE DESIGN

During the initial design of the 6 megajoule energy-
storage power supply it was assumed that an external fuse
could be used to accomplish the switching, although the
exact form of the fuse was to be designed later. Data that
was then available(z) together with a short investigation
of fuse characteristics indicated the following sfatements
were empirically true for fast-acting fuses:

1) The length of time the fuse will hold is inversely

prOportional to the square of the current density;

2) The length of time required to be destroyed (the

blow-up time) is proportional to the time the

fuse carried the current;
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3) The shape of the voltage trace from the time the
voltage starts to rise is approximately exponential;
4) The energy that is dissipated in the fuse is pro-
portional to the maximum voltage, to the initial
current, and to the time that the fuse takes
to blow;
The first statement leads to, and is supported through

exploding wire technology,(l) by the expressions:

/Jedt = Const. (1)

Since the current is generally constant in time in this

work, as will be shown later in this chapter;

J* t, = 35x/0° amp2-sec. (2)

in?

current density, amperes/meters2

it

where J
ty, = time the fuse holds

This expression has been found to be correct within 10%

throughout all of the fuse work that has been done,

The second statement can be expressed as:

- 3
t—A "t (3)

where

ty = time from the start of the voltage rise to

the maximum voltage.
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This statement is a first approximation, with the value of
Ky varying from 10 for a two to four millisecond fuse to
15 for a much slower 20 or 30 mi%lisecond fuse. The number
will only be valid, however, as léng as the blow-up time
is short so that confinement of the arc can be maintained.
The third statement expressed mathematically is
(4)
v o= \é @Xp(——b—t,;t )
‘)(or fhé _t < tl»)+tb

where
v = the time-varying voltage across the fuse
V% and T are constants of the operation which will

be explained below.

This last equation describes the rise in voltage from
the time that the fuse wire reaches the melting point until
the fuse reaches its maximum value, at which point there is
some form of electrical breakdown, either within the fuse
itself, in the case of a failure, or within the arc chamber
if the arc is properly struck. The constant, V, may be
interpreted as the v oltage drop across the fuse wire when
the wire has just attained its melting temperature, but
prior to any change of phase. Because of the heating in the
wire, this voltage drop is considerably higher than the volt-

age drop across the fuse initially, but is still low compared
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to the voltage that the fuse will generate. Typically,
this voltage will not exceed 100 volts; The time constant,
T , that describes the rate of rise of the voltage, has
no simple physical meaning; The physical process is
extremely complexl Onée that any part of the fuse changes
phase to the liquid state, it immediétely flows because of
pinch forces, which will then cause the formation of a
short arc column between the liquid droplets that are
created by the pinching action of the current; With each
instant additional Sections of the wire break up forming
droplets and short arcs; The number of -such arcs probably
increase exponentially and each short arc probably has
approximately a constant voltage across it; Therefore
is characteristic of the rate of the random change from
solid to ionized vapor of the individual parts along the
fuse wire.

The voltage rises to many times the initial voltage,
typically from 50 to 300 times the voltage at the beginning
of the fuse actioh, and this infers that an interval of
from four to six times T is required to develop the voltage.
There exists, then, one appréximate empirical relationship

that

.. (5)
t, =K,
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where K2 has been found experimentally to have a value of
about five for the type of fuse that was employed in the
present project.

Finally, the last statement may be written as

= (6)
'VV; %<é xé;ax [; tb

W= K, Vie L 8, 7

ey

where 1. is the initial current in the fuse, and Vvi

is the total energy dissipated in the fuse. There is the

ten to one ratio between t. and ty by equ. (5). The value

h
of the constant K, is approximately .05 for the fast
acting oil filled fuses that have been used, subject to
a variation of + 20%.

There is a theoretical basis for equ. (2) which is
based on the fact that the electricalljcule heating of the

metal is equal to the thermal heating. For a unit volume,

this may be expressed as

(J7c)dt=cmdT ®)

where
0" = conductivity, mhos per meter.
c = kilogram calories per kilogram, °K
m = mass, kilograms

T = temperature,%K
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Since the specific heat and conductivity are functions of
temperature only, this simple differential equation may be
written in the form

T4t = ccm dT 92

Both sides may be integrated easily so that

L "
/J'?c/t =/ gcm JT (10)
(o]

To
If the final temperature, T¢, is the melting point the

time, t Qécomes the hold time, t,, for the fuse wire,

| ?

The temperature integral can be evaluated by either
numerical methods or by approximating the resistivity with
an analytical function. Either method yields a value,

which has been checked experimentally, of

J—zth = a3 &5x,0'° (2)

There is also a theoretical basis that relates the
two equations

v = \/O&X‘p(_t_%_'_tb_) (11)

and

(12)
Vi Lot

The energy dissipated in the fuse is dissipated in two

steps. Some energy is dissipated in the form of joule
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heating, raising the fuse element to the melting point
temperature. Additional energy is dissipated in the
melting of material and the arc formation as the fuse

blows up. Expressed mathematically this can be stated as

- (13)
W-;C- \/%m'f'Mc

where
We, = energy required to bring the fuse to the

melting temperature,

er energy dissipated in the fuse during the blow-

up time.

The term, Wg¢,, includes the effects of whatever changes of
phase, from solid to vapor to ionized vapor takes place.
Fortunately the first term in this equation, the energy

lost in melting, can be calculated quite accurately utilizing

the elementary equation

T=/060"
14
/. = cm dT (e
Fim .
T =20

where c is specific heat, m is mass of copper heated,

AT is temperature rise. The temperature rise is the

change in temperature from room temperature to the melting
point of copper which is approximately 1060°C, The specific
heat is tabulated in HANDBOOK OF PHYSICS AND CHEMISTRY

and while not constant over this entire range, does not

vary by more than about 5% having a mean value of ,095
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in cgs units. The mass in the fuse length can either be
determined by calculation from the product of density and
volume or by direct measurémentl For analytical purposes
the mass may be written in the following form

m=pdA

(15)

where

H

/O

1

density, kilograms per meter3

length

i

A = sectional area.

It was noted earlier that the square of the current
density times the time that a fuse takes to reach the melt-
ing point is approximately a constant which may be

written as

2
16
J—th ) L}i%—_ = 385x0'° (16)

This may be rearranged to the form

) (17)
A= W LVE :

where K5 is a new constant,

The length of the fuse wire will normally be held to
a minimum so that the transfer switch may be operated
with as little back voltage as possible;’ For any given

voltage requirement there is a minimum fuse length that

must be used in order to obtain the required voltage to
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transfer the current into the load when the fuse blows up.
This may be stated as an equation using still another

constant, K6:

(18)

4KV,

ax

On substitution of eqns. (18) and (17) together with (15)
back into (14), one comes to the conclusion that the total

energy dissipated in melting can be expressed as

Yo

G Vo LVE, -
where K7 has an obvious meaning.

The form is interesting in that this says that the
energy that goes into melting is a function of the required
fuse voltage, the current that it hés to switch, and the
square root of the time that the fuse has to hold; It
will be shown below that only a small error will be involved
in assuming that the melting energy will vary linearly
with the time as equ. (4) indiqated;

The energy that goes into the fuse destruction can
be written as the time integral of the product of voltage

and current in the fuse which can be written as
ht s
T ‘ 20
\/\/,c==f\/Io¢/t (20)

or

W, = \éffexp(t_t*’)c/t (21)
t
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This requires an elementary integration which takes the

form
Wi = U I[axp (t, /2)] % 22)

if the value of the lower limit is neglected because it
is negligibly small, By use of the definition of the maximum

voltage this is given the form

(23)
M =TIV =

e © "max

It was noted under the discussion of fuses that the time
to blow up is'approximately 5 time constants yielding a

final form for the energy in the explosion of

W, -0z IV, t=cozLV¥, ¢ (24)

max © Moy })

The combination of these two sources of energy

dissipation takes the final form of

% =0.02 _2;\410)(7;7(/ + VK'ti’) (25)

The value of-5§ for a 2 ms, 40,000 volt 5000 ampere fuse
calculates out to 1.6, The value would be decreased for
a lower voltage or longer time, but the variation in the
total fuse energy is not great with the final result

that equ. (7) yields adequate accuracy if K, is given a

value of .05,
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APFLICATION OF FUSE EQUATIONS

These equations can be used first to gain an insight
into the feasibility of using fuses in the operational
system, and, second, can be used quantitatively in the design
of a fuse. The first conclusion to be drawn, specifically
from equ. (7) is that for any system the fuse time must
be held to a minimum and, therefore, the transfer
switch must open, clear, and develop dielectric strength
in the shorteét possible time; The transfer switch on
the transformer coil was designed to operate in two
milliseconds at 5000 amperes and the transfer switch
on the large coil used in the present project has
operated in four milliseconds at 100,000 amperes in order
to comply with this criterion,

It should be noted, from equ. (7) that the energy
dissipated in the fuse is. proportional to the current,.

The stored energy in the coil is prdportional to the square
of the current; The fraction of the energy lost varies
inversely as the current; Thus, if an external fuse can

be constructed which will use one third of the energy at
50,000 amperes, it should be possible to build a fuse

which uses only one sixth of the energy at 100,000 amperes,
and only one eighteenth, or approximately 5% of the energy
at 300,000 amperes, providing that the time and voltage

conditions remain unchanged.
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The necessity for fast acting switches is further
indicated by equ; (3) which shows that it is not possible
to build fuses which will hold for a long time but blow in
a short time, unless something can be done which will sig-
nificantly alter the shape and correspondingly the rate
of voltage rise of the fuse for the voltage as given in
equ. (3). More will be said about the possibility of
attaining this 1ater?

If equ. (7) indicates a fast switch requirement, and
inertial effects pIACe a limit on the switch m§tion,
then a compromise must be made. As examplés, for 5000
amperes, 40,000 volts, a hold time of 2 ms, the calculated
energy lost in the fuse is 20 kilojoules. The transformer
coil stores 200 kilojoules at 5000 amperes so that the
fuse energy is 10%; A fuse which holds for 5 ms would
consume perhaps 25% of the energy. It would then be
feasible to consider using a 5 ms fuse, but a shor ter fuse
time would be highly desirable,

On the 6 megajoule coil, a test was made to prove
the feasibility of an external fuse as a swifching device,
The actual conditions in the test were 8,000 volts,

42,000 amperes,.and 4 ms hold time which calculated o ut
to 67,000 joules into the fuse out of an original stored
energy of 105,000; An integration of the voltage trace

indicated 25,000 amperes and 40,000 joules remained in the
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circuit and was dissipated in the arc chamber after the
fuse went out, which was excellent qorrelation.

From these two examples it becomes apparent that
for the various inductive systems that are presently in
existence the switching must be accomplished in a very
few milliseconds in order to use an external fuse. An
external fuse system should not even be considered for
use in conjunction with a switch that requires in excess

of 10 milliseconds to clear.

FUSE FILLERS

0il filled fuses have been used extensively to
accomplish the switching of the transformer type of coil.
However, it was deemed worthwhile to investigate alternate
fuse fillers; Fuses have been used for some time and
have reached a high degree of reliability. The most
common fillers in standard fuses are quartz, or sand
of fairly fine size, and boric acid. Boric acid is normal-
ly considered to be an effective filler because the arc
inside of the fuse will break down the crystal structure
and release the water of hydration. Quartz, or sand,
apparently merely acts as an extended surface heat sink
which causes a relatively high voltage. Extensive work
on both types'of fuse fillers has been reported;(z)

A series of tests were made with the transformer coil

using a fuse that was filled with boric acid. Both wire
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and copper tape were used as fuse elements. The rate of
voltage rise in these tests was considerably less than
the rate of rise using an oil filled fuse,

Another series of tests was made to i nvestigate the
possibility of using a sand or quartz filled fuse; A
commercial 2500 volt, 100 amp fuse was procured and was
tested for this application., The fuse contained about
30 very fine, estimated no. 26 silver wires in parallel,
The wires were embedded in a fine clean white sand. The
fuse was tested at 3500 amperes and was found to hold for
approximately 20 milliseconds with the rate of rise being
quite rapid, about 3 milliseconds, to a voltage of about
10 kv, The fuse was dismantled, rebuilt, using 10 no; 26
copper wires, which gives a total cross section that is
slightly larger than one no. 18 wire, The fuse was then
inserted in the circuit and tested. The voltage rise on
this test was quite similar to that obtained with the
original fuse wires, At this point it appeared that it
might be feasible to utilize a sand filled fuse instead of
the o0il filled fuse even though the rate of voltage
rise was not quite as fast as with an oil filled fuse,

Further experimentation with the sand filled fuses
indicated that the peak voltages that were attainable for
this type of fuse were considerably less than the voltage

attainable with an oil filled fuse for the same length,
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Typically, a sand filled fuse about 2 feet long would
develop from 8 to 10 kilovolts, A similar o0il filled fuse
could be expected to generate nearly 100 kilovolts.

The length of the fuse would need to be quite long, and
the number of parallel wires seemed to be excessive. 1In
order to obtain the required voltage it was finally con-
cluded that it would be most advisable to utilize the oil
filled fuse for initial tests; However, if the blast
flame from the oil filled fuse should pose a particular
hazard it will be possible in the future to perform

tests directly on the large coil and determine the feasi-
bility of using a sand filled fuse,

STAGED FUSES

The o0il filled fuse has a large capacity to recover
its dielectric strength as soon as the arc is extinguished
within the fuse. According to equ; (7 ) above the energy
dissipated in the fuse is directly proportional to the
maximum voltage and the time the fuse has to hold. If
either factor can be significantly reduced, the energy
dissipated in that fuse will be correspondingly reduced.
The feasibility of using a system of fuses and ball gaps was
investigated; The transfer switch was used to transfer the
current into a fairly large fuse, that is, one that had
a long hold time; When this fuse blew it generated a

voltage only sufficient to break down a low voltage ball
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gap. The current then transferred into a fuse with a much
shorter hold time? The first fuse would recover its
dielectric strength while the second fuse carried the
curréntﬁ When the second fuse blew it would cause the
required high voltage; As the hold time was only that
necessary f or the oil filled fuse to recover its dielectric
strength, nof the time required for the transfer switch

to recover its dielectric strength, the total energy
dissipated in the tﬁo fuses could be made less than the
energy required to accomplish the switching using one f use
The voltage trace from an experiment utilizing two fuses

is shown in Figure 8; The first fuse was a boric acid
filled fuse and the second was an oil filled fuse; The
voltage generated by the first fuse is probably not in
excess of 2 k ilovolts and it reéovered its dielectric
strength in about 43 milliseconds to sufficient e xtent

to withstand a voltage of approximately 12 kilovolts.

A similar experiment was performed utilizing two o0il
filled fuses at 5000 amperes with the second fuse holding
only for approximately 0.8 millisecond; Even though the
first fuse only generated approximately 2 kv, it withstood
an estimated 15 kilovolts 0;8 of a millisecond later.

Thus, it was shown that there is an alternative method to
accomplish the switchiﬁg at high currents and high voltages

that does not consume as much energy as indicated in
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Figure 8, Voltage trace for staged fuses at 3000
amperes, The first fuse filled with boric acid with-
stood the voltage from the second fuse which was o0il
filled. The sensitivities are 5000 volts/div. and

1 ms/div.
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the equations above if a system of fuses is used instead of
one single fuse,.

ARC CHAMBER

The arc investigations have been made in an arc
chamber(ls) that was designed to réduce‘the contamination
of the gas by utilizing extended electrode surfaces. the
chamber is shown in Figures 9 and 10, in assembled and
disassembled conditions; The chamber is composed of two
copper canisters which are held in place by two larger
steel canisters which are in turn held in place by an
external bolting mechanism. The upper a nd lower halves
of the chambers are held together by two hydraulic pullers,
each rated at 160,000 1bs of fbrce; The current is brought
info the chamber on two parallel copper plates, each
% inch thick and 12 inches wide; The use of'the sheet
conductors min%mizes the inductance between the arc chamber
and the transfer switch and thus reduces the load on the
switch,

The basic concept of this design was that the self-
magnetic field of the high current arc would be sufficient
to drive the arc rapidly over all of the internal surfaces
of the chamber so that arc spots would not burn craters
into the electrodes, providing that the aspect ratio, that
is, the ratio of length to diameter, weré correct. The

aspect ratio is approximately 2% to 1 for this chamber
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ended-electrode surface arc chamber

Figure 9,
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The component parts of the arc chamber

Figure 10,
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The values used in the design of the arc chamber
were based primarily on a maximum allowable pressure. The

thermodynamic conditions used in calculations were,(24)

Temperature: 4000°K

Initial pressure: 1470 psi

Density ratio: 100

Final pressure: 22,500 psi

Internal energy: 120,000 joules/mole
Specific volumes 220 cc/mole.

While the University of Michigan energy storage coil
will store 6,000,000 joules, the chamber was designed to hold

1,000,000 joules. This determines the size of the chamber.

Number of moles: 8.3

Volume: 110 cubic inches or 1,830 cc.
Diameter of cavity: 3.80 inches

Length of cavity 9.5 inches

Ratio, length/diameter 2;5

The walls of the copper liner are approximately % inch

thick. The liners are cut from standard copper bar stock.

Nominal O.D. 5 inches
Finished 0.D. 4.970 inches
Length stock 10 inches
Finished length, each 4-3/4 inches.

The chamber walls were cut from 4340 steel, a nickel,

chromium, molybdenum alloy which was heat treated to the
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maximum strength which would leave the material machinable,

No heat treatment was used after machining.

Hardness:z Rockwell C30
Nominal tensile: 130,000 psi
Nominal yield: 120,000 psi

For the design pressure the required minimum allowable

yield strength of the metal based on each of the following

conditions is,(4)
Inner surface at yield, yield strength is 56,000
Outer surface at yield, yield strength is 33,000
Bursting, minimum yield strength is 30,000

To withstand tensile forces, yield strength is 42,500

Maximum allowable stress based on maximum

strain theory,(sz) yield strength is 50,000
Safety factor to equipment 2.0
Safety factor to personnel 4.0

The insulator is NEMA grade G-10, which is made of 182
glass cloth and epoxy resin, It meets military specification
MIL-P-8013; The copper plates are hard rolled,

Minimum dry tensile, plastic 43,000

Nominal yield, copper 40,000

Minimum yield points for copper and plastic plates,

allowable

Inner surface yield, minimum yield is 48,000

Outer surface yield, minimum yield is 23,000
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Bursting (estimated), minimum yield is 20,000
Safety factor, equipment: 2.0
The chamber mount is constructed from the following
materials:
Pullers, Simplex 803B, 80 ton each
Studs, 1112 steel, 3 inches diameter, 4 threads per inch
Nuts, 1015 mild steel, 3 in.-4
Cross bars, 2" x 6", 1018 cold drawn steel
Loading blocks, 1015 hot rolled steel

The chamber was originally fitted with a pressure
transducer and a gas inlet port so that the chamber may be
pre-charged to any specific density. Experiments have been
made with densities that range from 10 to 100 times
normal atmospheric density.

The flat plate leads connect onto the transfer switch
through the assembly which was shown in Figures 2 and 6.
This assembly consists of six pieces of flat ¥ x 4" aluminum
bus bar in parallel leading to the chamber and six pieces of
1 x 4" stainless steel in parallel for the return line,

The stainless steel is the resistor shown in Figure 1 which

prevents the charging current from preheating the fuse,



CHAPTER 111
GROSS CHARACTERISTICS OF ARC WITHIN THE ARC CHAMBER

The experimental program to determine the behavior of
the arc in the spilit chamber was carried on at the same time
that the experimental equipment was given its initial tests
so that experimentation started at a relatively low energy
1eve1; The first experiment was made at 30,000 amperes in
the coil which stored approximately 54,000 joules of energy.
The chamber was pressurized to 400 psi, approximately 25
atmospheres, with pure nitrogen. The arc chamber was
fitted with an internal fuse that was cut from copper plate
1/8 inch thick and had a cross sectional area of ,024 sq. in.
The fuse was designed to hold for a period of approximately
20 milliseconds, ‘he fuse was bolted into t he two halves of
the arc chamber wifh bolts which were sealed to prevent
leakage of the gas.

Following the discharge the chamber was disassembled and
the upper half of the chambér, the anode was photographed
immediately upon disassembly. The amount of contamination
within the chamber was very slight, consisting mostly of
a very fine brown dust believed to be primarily condensed
copper vapor as shown in Figure 11, The fuse was almost
totally destroyed, Figure 12 indicates that the fuse was

only slightly damaged by the magnetic forces and that most

-52-
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Figure 11, The anode, the upper half of the chamber,

after the first experiment at 30,000 amperes
and 54,000 joules

Figure 12, The cathode after cleaning with soap
and water,
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of the fuse destruction was caused by heating effects.
This was anticipated because calculations indicated that
the magnetic forces should}become effective only if the
current was above about 40,000 amperes,

After cleaning the chamber halves it was found that
except in the immediate vicinity of the fuse attachment
there was very little damage to the arc chamber, There were
surface marks thét were very shallow and easily removed
with emery paper. On the anode in particular there were
a number of very fine marks not over a tenth of a millimeter
in width, These ran in the general pattern to indicate
that the arc moved away from the insulation, perhaps with
multiple anode spots,

A second test was made at approximately the same
current level and the effects on the arc chamber are shown
in Figure 13, The arc apparently blew directly across the
chamber from the initial starting point and attached to the
opposite wall. It moved, again leaving the extremely fine
marks that are shown in the Figure., The contamination was
relatively small, The fuse had been modified slightly for
this second experiment., The cross sectional area at the
break points was the same, but it had been designed with
three notches. The purpose of the notches was to insure
that only short sections of the fuse would be melted. Long

sections would be thrown out of the arc region by the
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Bigure 13, PFine traces on the anode atter the
second test at 31,000 amperes,

Figure 14, The cathode after 45,000-ampere
experiment
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magnetic forces without adding significantly to the
contamination in the gas.

For the next experiment, the current was increased to
45,000 amperes. At this current level the fuse sh owed a
tendency to break rather than melt because of the increase
in magnetic forces. From this point on two sections of
fuse were invariably found within the chamber indicating that
the three notches all broke at approximately the same time,
Oscilloscbpe traces obtained at a 1 ater date indicated that
three notches would break within approximately one half of a
millisecond of each other, The arc, however, aﬁpears to have
anchored to the cathode rather than moving directly up the
cathode wall, The damage caused by this is shown in Figure 14,

Thé experimental program continued on up to the level
of 100,000 amperes without any significant delays. At this
level a series of tests were conducted at various pressures
in order to determine the effect of gas density upon the
erosion and on the voltage and current characteristics. At
currents in the range of 50,000 to 100,000 amperes the very
fine arc tracks that were seen initially were no 1oﬁger
observed. Those tracks that were left in the copper indicated
that the surface underwent considerable melting. All arc
tracks were relatively difficult to remove, requiring the
use of a small hand grinder in order to remove the tracks
sufficiently to proceed to the next test. The overall

erosion, however, was not particularly severe, In Figures 15
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Figure 15. The cathode marks at I = 100,000 amperes,
P, = 1500 psi. .The anode for this test
is shown below,

?igaxe 16, The anode marks,
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and 16 the cathode ahd anode are shown after an experiment
at 100,000 amperes with initial gas density of 100 times
normal atmospheric density, The cathode spot appears to
anchor in one 1ocation and then move, probably discontinu-
ously to another position, never moving very far up the
side wall of the arc chamber. ‘The anode appears to move in
a more continuous fashion. The initial pattern, that is
the pattern nearest the insulator or end of the copper liner,
shows a broad pattern of surface erosion. The anode spots,
however, appear to have moved up almost to the endAwallo
Tracks have been found on the end wall of the anode.

Even at the higher current levels the cathode spot still
anchors to the fuse termination, as shown in Figures 17
and 18, The effects of the cathode anchoring are greatly
affected by the pressure or density of the gas. In Figure 17
the photograph was taken after a test at 100,0007amperes
with an initial pressure of 1500 psi. Figure 18 was taken
after an identical discharge except that the initial pressure
had been 150 psi., There is a difference by a factor of ten
in pressure between the two experiments, but all other
variables were held constant, Note in the upper picture
that the spot is most severly eroded close t o the nut that
holds the remains of the fuse in place, but that the region
of severe erosion probably is not more than one and one-half

inches in diameter. Part of the apparently erqded area,
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Figure 17, The cathode spot at the fuse terminal

at I, = 100,000 amperes, P, = 1500 psi,

Figure 18, The cathode spot for I, = 100,000 amperes,

@Q = 150 psi,
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that near the outer edges, is due t o spraying of the
melted metal rather than actual erosion. In Figure 18
the nut was almost completely melted away and the damaged
area is perhaps twice the diameter or four times the area.
The density of the gas within the arc chamber plays an
important part in the determination of the voltage character-
istic of the arc dufing the discharge, in addition to
affecting the amount and character of erosion on the surface
of the copper liner, In Figure 19 there are three sets of
traces that were recorded on a Tektronix 551 dual beam
oscilloscope. The first set of traces was recorded during
a test where the initial pressure was 150 psi. The next
set of traces was recorded on a test where the initial
pressure was 400 psi and the third set of traces was
recorded during a test where the initial pressure was 1500 psi.
The voltage fluctuations are much more severe in the lower
density discharge, The rate of rise to the first voltage
peak is also much slower in the low density discharge, 1In
the very high density case, the voltage appears to be almost
a square function, This contradicts the original concept
involved in the design in the arc chamber, where it was
assumed that the small column associated with the high
density discharge would behave much more erratically than
the larger diameter and more diffuse column of a low

density discharge,
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P, = 1500 psi

The voltage across the arc chamber for
three initial densities at I, = 100,000
amperes. Each voltage is reCorded with
two traces, the upper at 3500 volts per
division and the lower at 700 volts per
division,.
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The average voltage during each of these discharges has
been calculated for the duration between the time when the
voltage reaches it's first maximum and the time when the
voltage begins to trail off, that is, gradually drop towards
zero. A plot of these average voltages versus the cor-
responding initial pressure are given on Figure 20. The
graph indicates that the initial density in the gas has a
small effect on the average voltage during the discharge,

The data indicates that the average arc voltage
increases as the current level during the discharge is
increased. Figure 21 shows the average voltage during the
central portion of the discharge plotted as a function of
initial current in the discharge for three different
initial pressures., The slopes of the curves}for 150 and
400 psi initial pressure are positive, indicating that the
voltage 1is increased when the current is increased. This
was partially anticipated in the design of the chamber when
it assumed that the magnetic forces would tend to drive
the arc through the air with sufficient velocity to
increase the arc voltage., The results obtained here tend

to verify this assumption,
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CHAPTER IV
ARC CHAMBER MODIFICATIONS FOR PHOTOGRAPHIC INVESTIGATIONS

The initial investigations had clearly shown that a
magnetically self-driven arc existed inside of the split arc
chamber during the discharge. Fur thermore, it was
reasonably well established indirectly from the voltage
traces that the arc diameter was a function of gas density
and that the velocity with which the arc moved was a
function of arc diameter or gas density. However, t he
only direct indication of arc behavior was determined from
observation of the tracks left on the anode and cathode as
the arc swept across the extended electrode surface,
Information was being taken from the anode and cathode
spots which is of value in the study of contamination,
but it is the motion of the arc column that is really of
interest from a thermodynamic standpoint,

Several probing techniques were considered in order to
determine the position and motion of the arc and the diameter
of the column, There were two most promising techniques,
The high magnetic field of the arc column should induce a
voltage into a pick-up loop located inside the arc chambero(zg)
The transient voltage generated by the arc moving past the
loop would indicate the arc behavior, The alternative was

to attempt to locate a window in the chamber and try to
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photograph or observe visually the size, shape and motion of
the arc., The former technique would have been simpler, but
would have been subject to extreme difficulties when it
came time to analyze the output of the magnetic probe,
The photographic system was certainly the most desirable,
but was at the same time the most difficult to install,
There was also question as to whether a reasonable photo-
graph of the arc column could be obtained through the dense,
hot gas between the arc column and the observation window,.
Calculation of the expected intensity of the light from the
arc column indicated that a system could be used which would
incorporate a very high f-number f or the overall photo-
graphic system, perhaps somewhere in the range of f100, and
still obtain an image on the film of a Fastex camera which
exposes 14,000 frames per second. The possibility of using
this very high f-number gave some hope that a reasonable
depth of field and thus an adequate picture of the arc inside
the chamber could be obtained,

The photographic system that was used was what is
best described as a two stage optical system. The optics
are shown schematically in Figure 22, The combined require-
ments of extreme depth of field and high f-number permitted
the consideration of a pin-hole camera which in theory has
an infinite depth of field., <‘he image of the arc was pro-

jected on a ground glass plate., This image then was flat
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and represented a picture of the arc coming from a volume
with virtually an infinite depth of field. The high speed
camera was focused on the ground glass plate, The camera
photographs an image which has zero depth of field and
therefore could be operated with a large lens aperature,
In the final series of photographs it was found that the
Fastex camera could be operated in the range from f4 to f8
and that at these aperatures there was sufficient light to
expose the film,

The window is a piece of fused quartz, 1 inch thick and
2 inches in diameter. “‘he actual orifice to the chamber is
4% in diameter, The pinhole was drilled in a small piece of
brass shim stock and has a diameter of ,042 inches. The
ratio of the pinhole diameter to the distance to the
ground glass projection plate is the reciprocal of the f-
number of the pinhole optical system, <dhe magnification
of the system is thevrafié of fhg distance to the arc from
the pinhole to the distance of the,pinﬁole to the gréund
glass. The total magnification of the system is defined by
the size of the source and image., The inside of the chamber
is approximately 3-3/4 inches in diameter, and was imaged
on one frame of a normal 8mm exposure which is the height of
4 millimeters, The f-number, then, Wili be effected by the
location of the ground glass. As the distance from the pin-

hole to the grbund glass is increased, the effective f-
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number of this part of the system is correspondingly in-
creased, but to maintain the same overall magnification
requires that the Fastex camera be removed to a distance
farther away but its f-number is not a function of its
position. In operation, the ground glass was located
approximately 3 inchgs from the pinhole and the Fastex
camera with a 3 inch telephoto lens was located approxi-
mately 2% ft. away from the image on the ground glass.

The window was designed to withstand a maximum pres-
sure of 10,000 psi. Prior to any electrical tests the
chamber was filled with o0il and pumped up to a pressure
of 13,000 psi, as measured with a dead-weight tester.

This was, in fact, the highest pressure to which the arc
chamber has ?et been subjected.

Subsequently a series of tests were made at various
current levels and various initial densities starting
with a current of 30,000 amperes and finishing at a maximum
of 70,000 amperes. The optical system worked quite well,
The initial parts of the discharge were recorded in all
cases with quite satisfactory results.

Some of the individual images have been reproduced in
Figures 23, 24 and 25. In Figure 23, the initial pressure was
1200 psi, while in Figure 24, the initial pressure was 150 psi,
In both of these tests the initial current was approximately

65,000 amperes. In Figure 25, the initial pressure was
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400 psi, but the initial current was only approximately
45,000 amperes. The pictures were obtained for approximately
the first 3 milliseconds of the discharge. It was character
istic of the series of photographs, the best of which have
been reproduced here, that the duration during which the
image could be photographed was considerably shorter at
higher current levels,

For a specific case which is to be used in the analysis,
the frames in PFigure 23 were carefully measured. The current
was 66,000 amperes and the initial pressure was 1200 psi in
nitrogen. The fourth frame has been redrawn in Figure 26 to
indicate the approximate position, shgpe and size of the arc,
relative to the arc chamber, If one assumes that the
visable cross section of this arc is approximately the
conducting cross section of the arc so that the luminous
part of the column can be considered the actual arc column
diameter, then the diametef of the arcis just under three
centimeters., The arc length, at this particular time, is a
little bit more difficult to estimate, but careful scaling
of the shape of the arc on the previous frames and on sub-
sequent frames indicates that the arc length must be between
10 to 16 centimeters with a length of 13 centimeters being
the pest estimate of the true length.

The speed of the camera was approximately 14,000 frames

per second at the:- time this picture was taken and this picture
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is the fourth frame, Therefore, the time from the instant
that the voltage started to rise until the arc had assumed
this position was approximately 0.2 milliseconds. If the
remaining frames are treated in a similar manner it is
possible to determine the size of the arc, the arc column
diameter and length, the volume which it occupies, and the
velocity with which it is moving.

One of the interesting aspects of this series of pictues
is that the arc moves as an entire column, It does not
leave behind a luminescent slowly decaying plasma column,
nor, on the other hand, does the column appear to slice
through the air with a very sharp edge as one might
anticipate observing, if the arc column were perhaps a
millimeter in diameter., The column apparently moves fairly
uniformly, maintaining approximately a circular cross
section and as soon as the trailing part of the plasma
column cools sufficiently to cease conducting it apparently
ceases radiating as well, The concept that the visual dia-
meter are approximately equal in size has been developed quite
fully by Elenbaas(14) for the high pressure Mercury arc,
The arc in this chamber appears to behave as a unit moving
almost as a spoke through the very dense gas. 1In all cases
there was sufficient contamination generated to obliterate
the image on the ground glass after the first several frames.

The contamination appears to come from the fusable 1link,
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In all cases there was sufficient contamination generated to
obliterate the image on the ground glass. The individual
images which have been reproduced in Figures 23 and 24 show
the arc for the first 3 millisecond. In all cases the total
duration of the arc discharge was some six to eight milli-
seconds, As these images appear reproduced here individually
it is difficult to determine what caused the arc to

"fade out",

However, when the original films are run through a
movie projector, the cause of the failure to get an image
after the first millisecond becomes clear, In each case
the arc initiation is clearly observable as the fusable link
breaks, Starting at the chamber wall where the fuse breaks,
what can only be described as a black cloud can be seen to
roll up the wall of the chamber towards the window and this
cloud eventually rolls across the top of the arc obliterat-
ing the image. It appears almost certainly that this cloud
is condensed copper vapor from the copper that is eroded
from the base of the arc, The vapor is forced away from
the cathode spot quite violently by the forces on the
cathode spot. When the vapor strikes or mixes with the
cool surrounding air, it condenses into microscopic copper
dust particles, These then continue to blow across the
window, obscuring vision, The chamber has always contained

a fairly large volume of extremely fine dust after each shot,
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The source of this dust, then would appear to be the copper
that is evaporated from the cathode and anode spots.

Some consideration was given to the possibility that
the black cloud could be a propagating shock wave with suf-
ficient turbulence behind it to destroy the image of the
arc column, However, assuming that this shock wave is pro-
pagating into air at 3009, its velocity must be in excess
of 1000 ft/sec, and yet at this velocity of sound wave, it
would take no more than 1/3 millisecond to propagate suf-
ficiently to cut off the view of the arc. 1In some cases the
image of the arc can be séen for 10 times this duration, and
in all cases for at least twice this duration. It seems
safe to conclude, then, that the limitation of the optical
system as designed is in the contamination generated within
the arc chamber a nd not an inherent limitation of the gas
dynamics of the hot air - cold air interface.

The photographic experimentation produced two sig-
nificant results, First, the velocity of t he arc traveling
through the air could be established quite accurately by
determining the time in terms of the number of frames on the
film that it took the arc to move from one side of the arc
chambgf.to the other. 1In some cases it waé possible to
determine where the arc moved and how fast it moved after
the first contact with an opposite wall, This can be

determined most readily from the series of pictures shown
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in Figure 23 where observation of the moving film has indi-
cated that the arc travelled across the‘arc chamber in a
period of approximately 0.4 milliseconds where the distance
is approximately 3-3/4 inches., The velocity, then, comes
out to be approximately 800 ft/sec which is very close to
the velocity of sound in air of a temperature of 300%.

In the work of Early and Walker(61) the arc was found
to move at a velocity of 145 ft/sec when the current was
4.9 amperes and in applied external field of‘6006 gauss was
perpendicular to the current. The velocity of this arc is
about three times as great as the velocity measured by
Early, but when one considers‘thaf the current involved is
of the order of 1000 times as great and.the magnetic fields
associated with the high current arc must be even'léfger
than the magnetic fields that they used, this is a éurpris—
ingly small increase in the Velocity of the arc, In none of
the films that were observed was there an indication that
#ny aré velocity was significantly greater,

One is very tempted to suggest that the velocity of
this arc might be increased as the temperature of the gas
goes up with the addition of energy inside the closed
chamber. However, the general theory of arc mofion due to
a magnetic field, is not'clear. It should prove most
interesting in the future to bui1d another arc chamber

designed explicitly for photographing the arc under its
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self-magnetic and perhaps externally applied magnetic
fields. It would then be possible to establish the relation-
ships between the current, magnetic field, and velocity as
a function of gas density and temperature on an experimental
basis. Once the experimental effects were available it
should be possible to develop a theory that would adequately
explain the motion of the arc,

The diameter of the arc is one of the more important
parameters that determines the arc characteristics as will
be shown in a later section., The photographs give a
reasonable indication of the approximate size of the diameter
when one considers that the arc chamber has an inside
diameter of 3-3/4 inches and the arc is small compared to
this dimension, At the other extreme the arc is very
definitely not a filimentary, microscopic or hairlike arc
as might be anticipated-at the high pressures. It is
reasonable to assume that at the range of 50,000 amperes
and pressures of the order of 100 atmospheres the arc
diameter is of the order of one inch, judging by the large

group of pictures that have been developed here.



PART 1T

ANALYSIS OF THE EXPERIMENTAL
RESULTS AND EXTENSION OF THE
THEORY TO THE RADIATION CONTROLLED ARC
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CHAPTER V
AN ENERGY BALANCE

first five frames of the photographs in Figure 23

can be wed to determine an energy balance for the switch

period of the discharge. The equation for the energy

balance can be considered in terms of a power balance

first to

equation

where

el <
n i n

W =

P'rad

Peonv®

Pcond=

The
frame of

the area

evaluate the important factors, The power

is
. 44U d Wk
VI = G5 * 72 tha R thang 29
arc voltage

arc current, amperes
internal energy of the plasma column, joules

work done by the column, joules

= total power radiated by the column, watts

total power lost by convection, watts

total power lost by conduction, watts

components can be estimated in terms of the fourth

Pigure 23 where the volume of the arc is 100 cm3,

is 65 cm?, the lapsed time since initiation is

.21 ms, the voltage is 850 volts, the current is 63000

amperes and the pressure is about 100 atmospheres. The

input power is:

-8~
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\/[: L€_4 MW (27

The time rate of change of internal energy can be estimated

as

JU _ U dv (28)
dt Vv dt

As will be shown later, the energy density in the arc is
about 70 joules/cm3 and the volume change from zero to
65 cm3 in .21 ms about 3 x 10° cm3/sec. The product

of these numbers yields

ay (29)

This is a little bit lower than the actual value but
indicates that this factor is significant.
The power radiated can be estimated from the Steffan-

Boltzman black body radiation law,

- 4 (30)
Fod =% T

where
g = 5.67 x 108 watts/m2/(%K)4,
the Stefan-Boltzman constant.

If the temperature is taken as 12,000°% and the area as

65'cm2,

Eac/ = /2 Mw (31)
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which is a significant heat transfer rate. A slight
difference in temperature will cause a much greater
variation in this factor, of course,

The work done by the expanding column can be

estimated from

W ~ . dv (32)
P =Pat

The pressure is about 100 atmospheres and the rate of change
of volume is 3 x 107 cm3/sec, 8ince one atmosphere—cm3

is near enough .1 joules,

?:./.._b_//_f = 3 M (33)

This term is rather small compared to the radiation losses
and will be.neglected as an effect on the arc but it should
be pointed out that it is probably a significant factor in
the process of distributing the energy throughout the chamber
which leads to thermal equilibrium when the arc
extinguishes.

The loss due to convection cannot be easily
estimated., The loss depends on particle transfer which is
not readily estimated. The effect can be calculated by
the method in Appendix A. This is done in Chapter VI
and depends on the thermal conductivity of the gas, If
the thermal conductivity is t aken as .02 watts/cm?/°K

the power loss is estimated to be
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£ 0/5 Mw (34)

cony

Finally, the conduction loss can be estimated in
terms of a reasonable maximum temperature gradient. For
an arc temperature of 12,000°K and an ambient temperature
1.0 cm from the edge of the arc, the gradient is

12,000°%K/cm. Then,

P 2002 Mw (35

The conduction and convection losses are completely
negligible,

The following process will be used to determine the
energy balance, First the diameter and the approximate arc
length will be determined from each picture. <1he diameter
can be scaled in terms of the size of the imagé in
relationship to the diameter of the arc chamber which is
3.8 inches. The length of the arc is somewhat more
difficult to determine accurately because the camera tends
to look along the length of the arc. However, reasonable
estimates of the minimum and maximum arc length can be
determined. From this data then the volume occupied by
the arc and its surface can be calculated.

The framing rate was 14,000 frames per second so there
is 0.7 milliseconds between each frame, The electrical data

that was recorded has been used to determine the voltage and
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pressure as functions of time, The voltage rises linearly

to a peak value of 2,400 volts in 0,6 milliseconds so that
the rate of voltage rise is 4 x 100 volts/sec. The pressure
was known to be 1,200 psi at the initiation and rises at

an approximate rate of 2,600 psi per millisecond. The
initial current was 66,000 amperes and this decreases
slightly during the period in which these exposures were
taken., An average value of 63,000 amperes will be assumed
for the value of the current during the first 0.3 millisecond
of this discharge,

The electrical input to the arc column in terms of
total power can be readily determined from the experimental
data. If the voltage is assumed fto rise at a rate of
4 x 106 volts per second and the current is constant at
63,000 amperes, the total electrical input can be

expressed simply as

P = (63 000)(4x10°¢t) (36)

The integral of this equation is the total energy that has
been dissipated in the arc chamber,

(25)

The real gas tables can be used ‘'t o obtain a
reasonable approximation of the total energy that is stored
in the plasma, While it might seem surprising at first, the
energy that is stored in the plasma is almost independent

of the temperature of the gas column, The internal energy
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of the gas is much more a function of the pressure., The
value of the internal energy as a function of both pressure
and temperature was calculated, and it was established from
the tables that the pressure is the significant variable
if the arc column is assumed to be anywhere in the range
of 10,000% to 15,000°K.

The relationship between the i nternal energy and the
pressure can be shown in terms of the perfect gas law for

a monatomic gas by the simple relations that,

3
_3 (37)
J > nKkT

and,

pv=nkT (38)

The ratio of these two equations will eliminate the number
of particles and the gas temperature with the result that
the internal energy stored in the plasma per unit volume

is directly proportional to the pressure of the gas, or

o 2 (39)
> 2 P

The actual dependence of the energy density is constant with
temperature. Thus it is relatively easy to calculate the
value of the energy stored within the plasma column without

requiring detailed knowledge of the temperature or temper-

ature distribution within the arc column, if the dimensions
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have been reasonably well determined.

For the balance that is made here it is assumed that
radiation is the only mechanism which removes a significant
amount of energy from the column., It is further assumed at
this point that the temperature is 12,000°K., The enérgy
balance consists of measuring the total energy that has
beeﬁ dissipated by the arc and baléﬁcing this against the
energy that has gone into creating the plasma plus that
which has beeﬁ radiated. All other effects are neglected.
The results of the balance are listed in Table 1,

The results of the energy balance have been drawn on
the graph, Pigure 27, There is a slight discrepancy as-
sociated with the calculation for the second frame at the
instant 70 microseconds after the initiation of the arc,
Otherwise, the correlation is extremely good, indicating
that approximately 3/4 of the energy is used to raise the
internal energy of the gas and that about 1/4 of the
energy is radiated. Furthermore, the assumed temperature
of 12,000%K seems to be a very realistic value for the arc
temperature, As will bé shown in the next chapter, there is
a good theoretical reason for choosing the value of

12,000% ,



Exposure Diam Min
(cm) Length Length Length

Exposure

ENERGY BALANCE

Max

Just initiating

1.9 6.5 7.5
2.2 8.0 12.0
2.5 10.0 16.0
3.0 14,0 20,0

Pressure Energy

psi at.

1200 82 50
1450 97 60
1700 115 70
1950 131 72

TABLE 1

Est,

7.0
10.0
13.0
16.0

Energy
density Stored
Kjoules Kjoules Watts

1.0
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Volume

21
38
65
110

Elec.
Input

.65
2.6
5.9

10.4

t(ms) '
0 0
.07 280
.14 560
.21 840
.28 1120

Radiation Energy

Power Radiated
Kjoules

5.0 0.2
8.4 0.6

12 1.4
18 2.4
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CHAPTER VI
THE STEADY STATE RADIATION-CONTROLLED ARC

It will be shown that the characteristics of the electric
arc inside of the pressure chamber are adequately described
in terms of a steady state arc that is controlled by radiation
mechanisms of heat transfer. The arc is subject to extreme
changes during its ten millisecond lifetime because the
current starts at a maximum and decreases almost linearly
to zero while the pressure starts at a moderate value,
typically 25 atms, and rises to a final value, depending on
the total energy, in range of 300 to 800 atms. (4,500 to 12,000
psi). In order to make a comparison between experiment and
theory, data as used in the energy balaqce will be used for
comparison, Parameters such as current and pressure will
be cpnsidcred as constants which have been measured. Cor-
rections for the effects due to energy storagy in the plasma
will be considered prior to comparison,

The physical behavior of the arc in the steady state
is controlled by the conductivity of the gas and the method
by which ' the eneréy is removed from the column, These are
functions primarily of temperature, but are affected by
pressure, current, sometimes by magnetic field, and by the
composition of,the gas, It is possible to write a complete
set of equations which describe the arc behavior in terms

of these parameters., For simplicity here, the radiative

-90-
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loss will be considered in terms of an arc which radiates
as a perfect black body.

The arc column is described in terms of the current or
current density, voltage gradient, diameter, and the
temperature, The temperature will be assumed to be constant
across the arc diameter, which is usually nearly true
providing the diameter is taken as the electrical conduction
diameter, This last statement is reasonable because the
electrical conductivity depends upon an exponential term in
the Saha equation so that a decrease of a few per cent in
temperature will decrease the conductivity by a large
amount,

The concept of arc diameter is somewhat more nebulous,
It will be defined as the diameter within which current flows
but will be measured in terms of the part of the arc that
radiates in the visible spectrum, Since the diameter is the
least_accurately determined parameter this should introduce
no significant additional error,

The equations can be written starting with the heat
transfer equations in terms of the Stefan-Boltzman equation

for the idealized case of unit emissivity,

- 4 (40)
/D"oc./ - O‘B T

For a cylindrical arc column the power input per unit
length is here assumed to be equal to the radiation power

per unit of length so that
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E,[=7700‘é7—4 (41)
where
E = voltage gradient, volts/m
D = arc diameter

The radiation towards the column from the surrounding
medium is neglected.
The current conduction equation is
J = £ (42)
where T = electrical conductivity, mhos/meter
or for the total crossection if the electrical conductivity
is assumed to have a constant value across the arc diameter

I =£/—Derf

(43)

The conductivity is a function of temperature, It
can be calculated in terms of the electron density and
electron mobility, which are both functions of temperature.
The more important of the two is the electron.density, Ne.
The electron density can be calculated from the Saha thermal

ionization equation which is given in its general form for

£ C .. (40)
irst i1onization by V‘
hi Ne =P B(7) (?p‘mﬂgT)/e_%‘T”’ (44)

where

n, = electron density, per meter3
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o
i

positive ion density, per meter3
n, = neutral particle density, per meters

q, = charge of electron, coulombs

=
i

mass of electron, kilograms

Boltzman constant

=y
i

<
]

ionization potential of the gas

w&, = Planck's constant

B,(T) partition function for the atom

B;(T) = partition function for the ion

The partition functions, B (T) and B31(T), are constant up
to temperatures near 50,000°%., The fraction of ionization
for this arc is small and neutral and the perfect gas low
holds reasonably well provided the number of atoms, not
molecules, is used since the gas is almost completely
dissociated, Thus the simplified version of the Saha

equation in MKS units

2 5 _LW
Ne Sl -3 (45)
e = 2425/07 T % 4 kT
This equation also appears in the literature(4) in the
logarithmic form
2
n SO40 3 ‘ (46)
—e = - / 7—-7'-

The value of neutral particle density is relatively

easy to estimate but quite difficult to evaluate exactly
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because it is implicitly a function of the pressure as well
as temperature and ionization potential., The exact solution
can be obtained by using the real gas tables in a computer
solution, but a physical picture is the object of this
discussion and a simplifying assumption will be made in
order to obtain a closed solution,

If the pressure and ‘temperature are known, the real gas

(25)‘can be used to determine the condition of air,

tables
which is very similar to nitrogen. Thé state of the gas

can be determined in the following manner, The tables are
tabulated in terms of pressure, p, temperature, T, mass density
ratio'/0/¢%, and compressibility factor, Z. They also

contain information on the internal energy, enthalpy, and
entropy. The‘density, 2 , is the density of air at

273% and one atmosphere, The compressibility factor is

defined by the equation, for one mole of gas,

Z - /?E’;f: (47)

where

]

pressure in atmospheres

R

universal gas constant

The equation of state for a real gas is in one form,

/@o - Z(_E_Y_%:_) (48)




If Z has a value of unity, this is the perfect gas low,

The form of the equ. (48) is particularly informative
because Z represents the deviation from the perfect gas low
for a given mass density. Another way to say this is that
once the number of moles or kilograms is established in
a closed volume, the non-linear (or real gas) effects in the
pressure temperature relationship are defined in terms
of Z. For application in this problem, Z will include
the effects of dissociation and ionization,

An example taken from the real gas tables yields the

following conditions

19.74 atmos,

T = 15,0009
(49)
ko = -158
Z = 2.27

The value of Z indicates that each original diatomic
particle is dissociated and that about 13% of these particles
are ionized. This is a good indication of the condition of
the gaslét the range of pressure and temperature that are of
interest here., Even if the pressure is increased to 600
atmospheres at 15,0009K the factor Z will still be greater
than 2.0. At 12,000°K and 100 atms Z is 1.95, still in-
dicating almost total dissociation and 2% ionization., Thus,
the approximations are made thats

a) the neutral gas particles are totally dissociated

atoms,
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b) the number of electrons (and ions) is small
compafed to the neutral gas particles, or the
partial preésure of the neutrals is equivalent
to the total pressure

The neutral particle density then is given by the perfect

gas law,
) 223 (50)
Ny = éé?/3~—7=—
where
&f= Loschmidt number,
(51)

2.687 x 1025 atoms/meter?
The neutral particle density can be used in the Saha

equation to yield an expression for the electron denmsity.

2 () T3 W
or _ g VA
= 4 2x0%7 T*‘p‘é e X7 (53)

The electron mobility is a function of the mean free

path of an electron in the gas and the random velocities

of electrbn. The mobility is of the form(lo)
Y (54)
?e = const, x 3&—’%—
Me C

where

g, = mobility of electron meters2/volt sec

(55)
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H

electron mean free path, meters

y
e
Ce

W

average velocity of the electrons that

cross a plane in one direction

The constant of proportionality h as a value nearvunityn It
depends on assumptions, The value of 8/3T was computed
by Compton(6) and is used hereafter, If the electrons

have a Maxwellian distribution of velocities and, cor-

respondingly, a temperature, then
— _!{8/(7" ’ (56)
Ce T T me

The mean free path of the electrons is more difficult
to define because it is more properly described in terms of
the collision probabiiity which is a function of electron
energy. The lack of information a bout the collision prob-
ability in a high gas density situation places a severe
limit on the accuracy of the mean free path, Since the value
used for the electron mean free path in air wether measured
in terms of Van der Waals effects, viscosity effects, or low
density direct electrical measurements agree within roughly

(31), the standard of comparison mean free

thirty per cent
path will be used here and a temperature, or energy vari-
ation will be neglected, The standard of comparison mean
free path is defined as 4'}/5_7 times gas particle mean free
path in soi%d elastic spherés, and varies according to the

perfect gas low relationships, The relationship is

expressed as,



o ~ A (57)
'Ze -—,2’7 "’Zno e 273
where
A47= standard of c omparison electron mean free path
(58)
.la5=standard of comparison electron mean free

path and 1 atmos., and 273%K.

The term,,Z;CDhas a value of 4 x 10™% meters a 1 mm Hg
or 5.3 x 10”7 meters at one atmosphere,
It is now possible to rewrite the mobility equation,

It takes the form,
( /p,o 7— r me (592
7e 377' p<273 )V 8K T

The electrical equations can now be combined so that

J _ (60)
E 9 T Ve9e 9e

The substitution of equs. (53) and (59) permit the elimina-

tion of the electron density and mobility

. C./(_/ T (61)
I AR L2mrm k éi_ ﬁL
-—-:.~77’Dc;é of?-(%e T‘F/D :,77~ ,,,’6 /gxg-;;,
This equation can be written in a simpler form by

evaluating the constants

V;
- 950' DT A2 ,"5’%7“ o
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The heat transfer equation was

ETr=pDa, T (63)

The current and pressure are measured or controlled parameters

and all the other terms are constants of mature. Thus there

are three variables, E, T, and D which remain. The
final relationship is the Steenbeck Minimum Principle(54’55)
which is expressed as
JE - ) (64)
o7

The expression will be discussed at length later. For now,
it means only that it is assumed that the temperature will be
adjusted to create the minimum possible voltage gradient.

The diameter, D, may be eliminated by substitution
which yields an explicit solution between the voltage

gradient and temperature. The diameter is given by

_£I (65)
D - 77,0_87—4-

and when this is substituted in the conduction equation

the result is

RAZ
I . ERT* 3 =% (66)
?-S,Sxm(zo, T8 T/o »
This can be solved for the gradient so that
20 %V
Fe. 33”0:«-/9 7+ 5 TIZTF (67)

7 -2
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or 29 % kf
7

- e e ] 7- /-E- __/, +
E = (” Ceo S _Z"% /Oe/e &k (689

‘The minimum of the voltage gradient is determined by
taking the derivative of the function of temperature. <his
is readily accomplished. with the result that the minimum
occurs when

7“ = .f&;kzm (69)
Gk (.?.%)
/2

The value of ionization potential, V for nitrogen is

i?
14.48 volts and using a perfect black body radiation law,
the temperature of the arc is 11,500° according to
these calculations,

This value of temperature can be used to evaluate
the other parameters. For a specific example, values
cited perviously will be used here. The initial current was
66,000 amperes and initial pressure in nitrogen was 1200 psi.
The time was taken as 0,21 milliseconds after the arc
initiation. At this instant the current was calculated to
be 63,000 amperes and the pressure had risen to 1700 psi or
115 atmospheres. These values predict that the voltage
gradient should be 2400 volts/meter. The measured arc
length was between 10 cm and 16 cm with the value of 13 cm

being t he best value which predicts an arc voltage of

310 volts,
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The power requirement is 1.5 megawatts/cm which
compared well with an experiment value of 1.0 megawatts
per cm, Finally, the arc diameter can be calculated for
the same 63,000 ampere case., From equ, (65) the diameter is
calculated to be 4,05 cm, This is too large by a fraction of
only 30%.

The theory that is outlined here can be used to cal-
culate the gradient, the temperature, and arc diamter with
reasonable accuracy. The errors involved appear to be
negligible for temperature, a factor of about 30% in the
voltage gradient and 40% in the diameter., While the
accuracy leaves something to be desired, it does indicate
that the basic concepts are probably correct and that it is
the idealized laws and models that lead to errors. After
all, the arc that is being subjected to this analysis was
designed to héat air for a wind tunnel, not to be a perfectly
controlled experimental arc., There is no spectroscopic
information to indicate the temperature or the temperature
distribution across the arc nor was the fact that the
experimental arc was required to store energy in the plasma
given more than first order consideration. In the next
section, the possible effects of some of the correction

factors will be considered.



CHAPTER VII
ADDITIONS TO THE RADIATION THEORY

NON-RADIATIVE MECHANISMS

The electric arc characteristics for lower current
and pressure, that is, the more commonly encountered arcs,
are controlled by the convective or conductive heat transfer

(16)

mechanism, The work of Foitzik with a rotating chamber
indicates the extremes that are necessary to prevent convective
effects, Elenbaas(l4) illustrates also that the purely
conductive case produces a very wide'arc coiumn. As
demonsfrated in Appendix A, Suits has shown that natural
convection and Dow has shown that forcéd convection can

account fof the heat transfer in arcs‘that operate at

about one atmosphere and at currents up to some 10,000

(13,40)

amperes, There is also work reported r the

solution of the Elenbaas-Heller equation in the form

O‘Ez “S(T) + d/)/(K, ?rac/ 7"): O (70)

where the term S(T) accounts for small radiative losses
from the arc column,

It is the purpose of this section to show that the
convective or conductive heat transfer mechanisms cannot
account for any appreciable fraction of the energy that is

dissipated in t he 60,000 ampere high pressure arc. The

-102-
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work that has been done experimentally on electric arcs in
which conduction is the primary mechanism has used apparatus
that is expressly designed to eliminate confection loss,
Natural convection losses are caused by gravitational forces
and, thus, convection can be eliminated by containing the

arc with walls or by containing the arc in a rotating chamber
so that the time average gravitational force is eliminated.
Experiments with a rotating chamber have generally been
limited to currents of the order of 10 amperes. Thus, the
general mass of experimental evidence indicates that the
convective mechanism is the dominant process in high current,
unconfined electric arcs,

The convective losses are increased if the gas flow is
increased. around the arc, or for a given geometr&, the forced
convection heat transfer is greater than the natural con-
vection heat transfer, and even though there are small
geometric changes in an arc under forced convection, it is
well established that the arc voltages must be higher for
a wind blown arc than a stationary arc. Indeed, this is the
process that is utilized in circuit breakers to increase the
switch voltage.

There are two methods of producing forced convection
in an electric arc, Either an air blast may be directed
along or across the arc or magnetic forces on the arc may

be used to move the arc through stationary gas. The self-
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magnetic forces of the arc are adequate to move the arc very
rapidly when the current is as high as it was in these
experiments, It is postulated that the magnetic forces

are sufficient to cause convective heat transfer but it can
be showﬁ that the convective losses cannot account for any
reasonable fraction of the power that was dissipated in the
chamber,

Consider a case of convective heat transfer where the
arc column moves through still gas due to magnetic forces.

If the gas temperature is taken as 12,000°K and the pressure
as 1 15 atmospheres the real gas tables indicate that the
density is 1.3 times the density at 273°K and one atmosphere
or 1.65 gr, per liter., The velocity of the arc was measured
to be 800 ft/sec or 24,000 cm/sec. With these measured
parameters, thé heat transfer due to forced convection can
be estimated through the use of the theory in Appendix A.

The heat transfer under forced convection is a function
of the Reynolds Number, For the velocity and density above,
the mass flow is 40 gr/sec/cmz. For an arc diameter of 3cm
and a viscosity of 5 x 10'3(8’31’34) at this temperature, the
Reynolds Number has a value of about 25,000, The correspond-
ing value of the Nusselt Number is about 150 where the Nusselt

Number, Ny, is defined as

_ ha D (71)
M = T
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where
h, = mean value of the heat transfer coefficient
D = diameter
K¢ = mean film value of the thermal conductivity

The Nusselt number is a dimensionless quantity,
The power balance can be written for the forced

convection effect as

g-_Q_ = ‘ (72
d ZL )conv 77 D }”m T )

when the temperature of the ambient is small compared to

the arc temperature, The term (dQ/dt) represents the

conv
heat loss. *his can be written

d4e - (73)
dt >wa =7 TKJ'A /\{VM

The value of the thermal conductivity can be estimated from
either McAdams(34) by extrapolation, or from an estimation
of the viscosity, Prandtl number and specific heat at
12,000%, Either yields a value of .020 watts/cm/ K.

The power loss becomes

4Q [
T T xI2000 x— x /5 (74)
(d'{- ey 2¢ 5.()" Q

= 150,000 watts per cm of arc length

This value for convection loss is based on a value of

thermal conductivity at 12,000°K rather than an averaged
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value. The resultant loss even so is quite small compared
to the measured value of 1,000,000 watts per cm, and the
value used here for thermal conductivity is twenty times as
large as the thermal conductivity which has been estimated
for the mercury vapor discharge(14).

Thus, it would seem that the convective losses from
the column are relatively small and can be neglected in the
analysis of the arc. This should not infer, however, that
the magnetic forces are unimportant in the o peration of
the hypersonic tunnel chamber. The turbulence created by
the magnetic field is instrumental in distributing the energy

after the gas is heated.

MODIFICATION OF THE RADIATION EQUATION

The results obtained through the use of the black body
radiation equation, conductivity and minimum principle are
sufficiently accurate to indicate that the physical principles
are basically correct for the arc that was analyzed. The
total power input was measured quite accurately and the
power per unit length is known within an error of + 20%.

The calculated diameter was approximately equal to the
measured diameter when based on the calculated temperature.
The calculated voltage gradient seems to be slightly

higher than would be indicated by the measured power.
Overall, this appears to be a good example of an arc
discharge that is completely described in terms of radiation

losses,



-107-

The statement was made above that convection is
usually found to be the controlling heat transfer
mechanism in unconfined arcs., Some attention should be paid
to the "near black body" case where the arc column may not
be optically thick and yet the radiative losses may still be
large compared to convection 1losses. The author estimates

(46)work that

based on past experience and based on Peters
this regime probably occurs in air at pressures of 10
atmospheres, currents of 10,000 amperes as an example,

The theory as developed here showsthat the temperature
is given by,
= Je Vi (75)

EK(r)

where the value of r = 29/12 corresponds to a perfect
black body. The ionization potential decreases in a very

(40) but should remain a constant of 14.48 volts for

dense gas
nitrogen. Thus, the temperature will have a higher value
when the exponent, r, is lower.

It should be clarified here that the exponent, r, was
dependent upon two assumptions. The first was that the
radiation power varied exactly as the fourth power of the
temperature., The second was that the radiation came from
the surface of the arc, not from points throughout the

volume of the arc. If the radiation originates uniformly

throughout the volume of the arc, then equ. (65) should read
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_£EL (76)
L= 75mr)
where /D,_(7_> = power radiated per unit

volume of arc
It is interesting to note that if equ. (76) is sub-
stituted into the conduction equation, equ. (62), the

result is »/

2 =
E%=33x07°R(T) T"“/oéf%# n

The arc voltage is to a first approximation independent

of the current. 1In the experiments where the pressure is

a function of the total energy ( or integrated power) that has
been dissipated, as in the arc chamber experiments, the
pressure increases with current. The change in pressure is
approximately proportional to the joule heating of the gas

or as the square of the current. Thus. equ. (77 ) should
indicate implicitely that the voltage increases with
increasing current., In arc terminology, then, this arc

should show a positive volt-ampere characteristic, This

situation has been found experimentally and reported without
explanation previously(9 ), even for the case where the black
body situation presumably occurs.

With this much insight into the problem, it seems
worthwhile to pay closer attention to the "near black body"
radiation condition, The first step is to consider the

effect of gas density on the type of radiation that eminated
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from a plasma. At low density the radiation is found to
have a line spectrum which originates from essentially
isolated atoms., The atoms may have been excited by either
condition in very low density plasma or by collision pro-
cesses. As the density is increased the spectral lines tend
to be broadened and a low intensity continuum will appear,
arising from electron transitions from free to a bound
state, If there are temperature gradients, there may

be re-absorption and the intensity of the central part of
the line will be reduced. As the gas density is increased
further the lines become bro;der and the background continuum
becomes stronger until finally in the limit the radiation
distribution obeys Planck's law.

The intensity of the lines within a line spectrum are
related to the temperature of the gas particles.(8 )’The
actual determination of gas temperature from line intensity
is quite difficult because of extraneous effects such as
re-absorption, etc, In the black body continuum case, the
temperature is related to radiation terms of the Planck rel-
ationship, Except for first order corrections, such as the
determination of temperature from the Doppler line broading
effect, in between these two extremes according to Loeb(Bl)
the theory is not adequate to relate the gas temperature to

the shape of the radiation distribution curves,
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An experimental verification of the transition from a
line spectrum to near-black-body was carried out by Peters.(46)
He used a pressufe chamber which confined a water stabilizeé35’36)
arc at pressures up to 1000 atms., Currents were between
100 amps and 200 amps. The hydrogen lines were well defined
at 80 atms., At 300 atms, the intensity of the continuum
between vestigal 1ine5'attainedl20% of the black body inten-
sity for the corresponding temperature. At 1000 atms the
radiation was within 20% of the corresponding black body
distribution for a temperature of 12,000%K.

Therefore, on the assumption that the radiation

characteristic deviates from a black body, the radiation

power can be expréssed as
_ 4 ) . (78)
Fz;cf B (QEE 7_ ff(7:)

where the function, F(T), is a measure of the deviation from
black body conditions., It must have a value less than
unity. The existence of this function also infers that the
arc is, to some small extent, transparent, or that the light
that leaves the surface may have b een generated at some
finite distance below the surface which constitutes a volume
effect., However, since this is nearly the black body
condition, the volume effects will be neglected and the

function, F(T) will be treated as a surface modification,
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The modified equation for the diameter becomes
- 4 (79)
D=EL/e, T F(T)

and substitution directly into the conductivity equation

gives

9 Vr (80)

4 -2
E = 985 x/0 7?0_ ,7., F-‘ﬁ”)) 7_4'}0 2 4 @

the minimum principle yields a temperature for the arc in
terms of a temperature derivative of the function, F(T), At
this point only the maximum value of F(T) is known. Nothing
is known about its functional dependence on the temperature,
and so the derivative is equally uncertain,

As a first approximation to F(T), let it be of the

form

F(7) = A, T3 (81)

This permits the temperature to be calculated in the form

% V/

- (82
7 G/( 29+ 25+ 88 )

From thermodynamic considerations,s,must be negative
which will yield a higher temperature,
If the conduction equation is rewritten as

£~ \__p__'é;___) z., %—' (83)

9s%/0”
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this equation can be used to evaluate the temperature.

This results in a sitvation where the experimental arc
gradient and diameter should predict a value of temperature
and that temperature should depend only on the relationship
between the radiation power and temperature which also

can be measured experimentally. There is no data

available at the present time to check this hypothesis.



CHAPTER VIII
INTRODUCTION TO THE THERMODYNAMICS OF IRREVERSIBLE PROCESSES*

The concept of true thermal equilibrium is one of the
most valuable tools of physics. The attainment of perfect
thermal equilibrium is a rarity. To be more specific, many
processes, including chemical reactioms, biological life
processes, heat transfer in stellar atmospheres and electric
current flow through an ionized gas are of great interest
but cannot be described by equilibrium thermodynamics. In
between the extremes are a number of cases of engineering
importance that can be approximated by the concept of local
thermal equilibrium., The electric arc is a case of a
borderline condition where local thermal equilibrium is
assumed in order to calculate the electron demnsity, but
which requires the use of the laws of irreversible processes
to determine the gross characteristics, This Chapter is
devoted to a brief introduction to the concept of entropy
production, which will in turn be used to devel op the

"minimum principle® of Steenbeck.

* The theory that is presented here is taken from the works

of Prigogine with some modifications by de Groot. The
material has been organized by the author for inclusion at
this point for two reasons., First, a rudimentary knowledge of
the thermodynamics of irreversible processes is manditory
prior to reading Chapter IX, Second, this theory is not

the common knowledge among electrical engineers that it is
among thermodynamicists and this dissertation is primarily

for electrical engineers,

-113-
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The field of non-equilibrium thermodynamics is the result
of a successful attempt by L. Onsager(43) to show that
individual particles in a statistical distribution obey a
principle of "time reversal invariance®, The principle
follows from the fact that the equatioﬁs of motion are
symmetric with respect to time, whichuis another way of say-
ing that the particles will re-trace their trajectories if
all velocities are reversed. There is then a reciprocal
relationship associated with a distribution function.

The second majbr accomplishment was due to I. Prigogine(47)
sixteen years later when he applied the Onsager reciprocal
relations to nonequilibrium chemical reactions and succes-
sfully demonstrated that entropy production could be a
controlling factor in the rate of chemical reaction.

The major portions of the theory were developed in a
remarkably short time, probably less than ten years. In

1955 Prigogine published his first book(48)

on the subject,
with the second edition appearing in 1961 without major
revision, Major contributions were made by S.R. de Groot
and P, Mazur particularly during the early 1950's and they
culminated their work by collaborating to write a book(ZB)
which was published in 1961, References to virtually all of
the work in non-equilibrium thermodynamics can be found

in these two texts.

The analysis outlined here will follow the text of

Prigogine because it presents the fundamentals clearly and
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in a readily understandable fashion. The text by de Groot
apd Mazur is without a doubt a much more rigorous and
complete presentation of many of the derivations in terms of
statistical mechanical methods, but for these very reasons
is beyond the scope of this introduction,

Entropy is a function of state of a gas in thermal
equilibrium in a closed system, according to the principles
of classical thermodynamics, It is defined in terms of the

differential equation,

JS = 48 (84)
where
dQ = incremental heat added to a closed system
by any reversible processes, kilogram calories
dS = incremental entropy, kilogram calories per

degree Kelvin
The change in entropy of an entire system can be written

in two parts;

dS=dfS + deS (85)

where
d:S = incremental change in entropy due to

the internal behavior of the gas, and

Q.
72}
il

incremental change in entropy due to interaction

of the gas with the surrounding part of the system,
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There are many apparently different statements of the
second law of thermodynamics but perhaps the simplest

formulation for a system is,

JZE? (86)
c/SaT

The equality holds for reversible processes and the inequality

for any irreversible process. This can be written as

o (87)
i S+ deS 2 —79—

and since T is the temperature of the gas
¢ T
so that
(89)
d;S 20

for an insulated or adiabatic system. Examples of internal
entropy production may be found in chemical reactions,
mixing of gases, electric joule heating of a media, etc.

Conceptually, the internal entropy change may be con-
sidered to be taking place within any given volume of the
gas and the total internal entropy change is then the sum
of parts. This may be carried one step further to an
infinitesimal volume within which there is an entropy

source, The entropy production of the entire volume is
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%ézfv.sg/-y_ (90)
2~
where
U% = entropy production rate density, kilogram
calories per me,ter3 per %elvin per second.
U~ = volume, meter?3
The term, OE , is a function of position and exists for

every point throughout the volume. The significance of
this is that it is now no longer necessary to consider the
entropy as a function of state for a closed system. It
becomes a function that may be used whether the system is
either open or closed, because the entropy production is
considered in terms of localized point phenomena.

The concept that there can exist continuity of mass,
energy and/or momentum at each point throughout a volume
is quite common and the continuity equations are written

in a form, for example, as for mass,

9P (91)
9F © d/v pu = soirce strenth
where
U= velocity, meters per second

If one has conservation of mass, the source strength is zero,
It is necessary to develop a similar equation for the con-
tinuity of entropy. Within any volume, the entropy is a

function of the state of the gas which may be expressed as
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S = fS‘V‘ d v~ (92)

where
:%F entropy density, on intensive property.

For a fixed volume

49 = 2 (93)
T oy S,- do-

The entropy flow can be expressed as a vector which has the
same direction as the energy flow, and if it is integrated

over the surface of the volume the total change of entropy

(94)
=/— $ -dA

§?= entropy flow

can be expressed as

where

The entropy change can be equated to the sum of the two

causes of change so that

dS . deS | drS (95)
dt dE T

If Gauss' theorem is applied to the entropy flow,
a '7/" ’ -
SE 97 = —div 8 Jv = [ oy dv- (96)

f(ii 1 B — >¢/1/—' o (97)

or
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Since this must hold for any arbitrary volume, the

entropy continuity equation can be expressed as
S o B =0 (9>

By definition of entropy production
Ug = 0 for a reversible process
' (99)
0, 20 for an irreversible process
The calculation of the entropy production follows the
technique used to calculate the entropy of a finite system,
As an example, consider the entropy that is produced by
the conduction of ‘heat through a volumeo The entropy change

in the volume is zero in a stationary state because it is

not subject to change with time. Then

(TS = d/'V §

fﬂ‘sJ'”“=fI'°/A (101)

If this is considered in one dimension, the entropy products

(100)

or

can be readily calculated, If dQ/dt is the rate of heat flow
through a volume with insulated sides so that the heat enters
one end with a temperature T, and leaves the other end with

a temperature T The entropy flow into the volume per unit

20

area is
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- . _de
[§'A7X/ = — 5 .77 (102)

and the entropy flow out is

. _ /
[E'ija' +—:!L£Q‘—7§

If the length of the volume is incremental then

and
.- 0T
7"2 =7+ -—)—(-dx (104)
The entropy production then becomes .
r < QA (T -T-g) (105)
fTdr T
or
B o7 (106)
Ts = T2 OX
where

= =___—”§?ﬁ4 = heat +/ow (107)

in the x-direction per unit area,
This result for one dimension can be shown to be a specific

result of a general vector form,
A

I ,E /] (108)
— N — P r = » ———
Ty == "3 gd 7" ?k‘qa’r
KN
where f3= heat f low vector, kilogram calories per

meterz-sec
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THE PHENOMENOLOGICAL EQUATIONS

The principle of entropy production sources can, of
course, be extended to other irreversible processes such
as diffusion or chemical reaction. Commonly more than one
process is involved, e.g., chemical reactions are accompanied
by thermal actions, or thermal dif fusion can accompany
molecular diffusion through a porous plug. If the factors
that cause the entropy production are handled carefully,
very interesting results can be obtained.

In the previous section it was shown that
S = J
o 7 /:3 ?V‘¢Cf(%i)
V

It is quite general that
' —

~ =K ?rad / (110

(To be very general, the thermal conductivity, K, should be
expressed as a tensor but that is beyond the scope of this
text). The temperature gradient controls the flow of heat.
In a general sense the temperature gradient may be considered
as a "force" which causes a "flow", in this case the heat
flow, Similar f orces may be found in the pressure gradients
across a porous plug, and electric potential gradients along
a resistive element which cause mass and current flow,
respectively, The entropy produced by the latter systems is
a function of both force and flow as was the case for heat

flow,
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The entropy production can be expressed in terms of
the product of a force and its corresponding flow, For
the heat transfer case, the generalized heat flow,.J; , is

defined by the equation
T A 5 (111)

and the corresponding force, X is defined by

q’

X9é ?rad(-;.—/ (112)

The entropy production is the product of these,

— S (113)
“77=)(9‘ dt

The conductivity relation which may be expressed as

= (114)
Jo = Lg X

where the coefficient is related to the thermal con-

ductivity by the relation

P ,_4_7%?_ (115)
When there are two irreversible processes occuring in the
same system, the total entropy production is the sum of the
entropy production from the individual processes. Jlhe flow
of the individual processes is subject to interference from
the other irreversible process. As long as the flow relations

are linear, the eduations are called the phenomenological
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relations and are written for a two process system

‘j7 = LII X; . LIZ XZ (116)

T

e

B

(117)
ZLE/;KE * L“ZZ X;

where the J stands for a flow, X a force and L the
coefficient. The subscripts refer to the first and
second processes,
The interference coefficients, sz and [.2/ , relate the
effect of one force on the other flow, i.e., in a thermo-
couple, the application of a thermal gradient creates a
current flow, or an electric current affects the heat
transfer (The Thompson heat);

Onsager(43),‘investigating the thermocouple effects,
proved for linear equations from a microscopic approach that

(118)
Lip = Lg,

which is known as the Onsager reciprocal relation,

STATIONARY STATES

A stationary state of an irreversible process is defined
as a condition in which the state variables are constant
in time. 1In a case where there are two phases (separated by
a porous plug) which may interchange mass and energy, and
with each phase being maintained gt constant temperature,

the stationary state is characterized by zero mass flow but
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finite energy flow (zero energy flow would indicate
equilibrium), For this case the entropy production is

given by

1]

(119)
a/z- “qu X

m

when the subscript , m, is used to denote mass flow

and the phenomenological equations are
- (120)
‘79 - L‘l'? Xq * Z‘qm Xm

(121)
= - =
j’" [“"Mq X’;’ L’/nm XM

and the latter i s zero only for the stationary state.

These may be combined so that

.jf=£??)(?a _/_(L%+ )X +L Xz (122)

Since the internal entropy is always positive, this
expression is a definite positive quadratic, If the partial

derivative is taken with respect to X,
2./4.8\. | (123)
.—)){n(c/*.)" (Lgm * Lmg ) Xg + 2L, X,
= 2 /‘m; X, » £ L_._X

g men "
=2 J,

Thus, for the stationary state when the Onsager relation

holds and the mass flow is zero,
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9?( (j'f> = (124)
m

The stationary state then corresponds exactly to a state of

minimum entropy production,
This argument can be extended to a general case of an
independent force. If \f of these corresponding flows

are zero for the stationary state so that

J. =0 (i=1,2,2---])

l

(125)

there will be j extremum conditions

O f4s). o pa ) 120
M{(d) O  (i=42,3 )

Inasmuch as the entropy production is positive, the
extremum conditions are minima,

Thus it is shown that a stationary state is associated
with a minimum entropy productiono(21) But it must be
cautioned that the result has been attained only through
the use of extensive assumptions such as linear phenomeno-
logical laws, the validity of the Onsager reciprocal
relations(42)? the constancy of the phenomenological
coefficients, and local thermal equilibrium or approximate
Maxwellian velocity distributions., In addition, Glansdorf(zo)
and Mazur (41) have been able to show that there are cases

where minimum entropy production is not related to

a stationary state.
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The application of the theory of irreversible processes
to the arc is not a simple task, nor have the proofs to
date been rigorous, but local thermal equilibrium has been
assumed in electric arcs at pressures of an atmosphere or
higher with proven experimental success. The results of
the assumption of minimum entropy production do lead
to the Steenbeck principle which within’experimental
accuracy does describe the characteristic behavior of the

electric arc.



CHAPTER IX

DAS MINIMUMPRINZIP

Throughout this text a basic principle has been used
to determine analytically the voltage gradient, current, arc
diameter and temperature interrelationships. In each case,
the gradient is written as a function of temperature and
the derivative of the gradient with respect to temperature
has been set equal to zero. This principle was developed
during the 1930's primarily by a group of German Engineer-
Scientists associated with the Siemens-Werke, a large
manufacturing organization in the electrical industry.

By 1940, the group had proposed a theory of the minimum
arc gradient and made experiments to prove the correctness

k(lé) constructed a cylindrical arc

of the theory. Foitzi
chamber with the electrodes placed so that the arc would be
horizontal and along the axis., The chamber was rotated
about the axis so that the gravitational forces and, thus,
the convective force, would average out to zero. After
measuring the radiation losses, which were negligible, the
total heat loss was ascribed to conduction through the
plasma sheath and surrounding air,

Steenbeck<54) analyzed the data of Foitzik for electric

arcs in nitrogen and carbon dioxide and obtained excellent

agreement between theory and measurement, Steenbeck used

-127-



-128-

the format of Kesselring(27’28) for the heat loss due to
conduction
% (127)
EI 2L [ kDT
Vr
where

KCI)= thermal conductivity as a function of temperature

To,Ta = temperature of wall and arc respectively

R,r radii of the wall and arc respectively

Kesseling in return took the basic idea from a summary
report by Steenbeck(ss) in 1932 which was probably the initiation
of this series of investigations., Steenbeck here attributes
his concept of "Das M1n1n1mumpr1nz1p" to Compton and Morse( )
It is at this point, however, that a very fine distinction
has to be recognized. Comption and Morse analyzed the
cathode fall:-phenomena of a glow discharge. Their technique
was to write}an equation for the voltage drop from plasma
potential to the cathode. The equation was based on computing
the energy that an electron will attain during one mean free
path and then statistically correlating the energy of the
individual electrons to attain an expression for the total
energy. The calculus of variation is applied to the ex-
pression, according to Hamilton's principle, and an extremum,

in this case a minimum, is attained. The assumptions as

directly made by Compton and Morse are quoted as follows:
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#Consider the condition of a gas when it carries the
current, i, There is an infinitive variety of ways

in which the potential might be distributed s o as to
permit this flow of current but of all these ways

there is one distribution which is distinguished by

the fact that it is the most favorable for the passage
of this particular current so the potential drop, v,

required to produce the current is less with this
particular distribution than with any other. This most
favorable distribution is the actual distribution since
it permits the passage of the current with the minimum
dissipation of e&nergy. We shall, therefore, employ

the principle that the actual potential distribution is
that which is most favorable to the passage of current
subject to the limitations imposed by Potsson's

eguationoﬂ

Steenbeck took this minimum principle, which was post-

ulated as the basis of particlé dynamics in a non-equilibrium
case and postulated "Das Minimumprinzip¥ for the case of
a continuum of material, Particle dynaﬁics are not used in
the derivation other than in the derivation of the Saha
equation which expresses the statistically averaged result
for an ionized gas in thermal equilibrium, at least locally.
This is a very large extrapolation of physical principle and
should be questioned., Indeed, it was, Steenbeck, von
Engle,(ls) Foitzek, Kesse;ring, and others in the group,
spent nearly ten years proving, developing, and testing that
it 'was true at least ot the limits of measurable accuracy.

It was not until 1956 that a reasonable explanation of
the physical principle appeared in the literature when

(44

Peters ) applied the principles of irreversible thermo-
dynamics to show that the stationary electric arc corre sponds

to a minimum entropy production process. The principles are
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first used to develop the Elenbaas-Heller equation which
described the heat transfer without either convection or

radiationzs

div (K grod T) +J£=Q (128)

This part was basically the work of Mazur(23’3%at Peters
extended this work and assuming minimum entropy developed
the minimum prinéiple and demonstrgted it for an
idealized "Kanal model" or conducting channel model,
Peter's ideal channel has a constant temperature, T,,
from the center to the radius, r. There is a temperature
gradient but no conductivity from the radius, r, to a

radius R at which the temperature is the ambient temperature,

TR‘

The entropy production source strength is

C

= : AN Y-~ (129)

(ﬁé '7; ? P”C/T' a T

/ £Z

= —L(—) « L

9 dr (T T

If this expression integrated over all space, the total

ehtropy production is:

R
-3%5 = 277/ s rdr (130)
o

Since

EI= (&N wre) =2mr],
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R

/ f/‘/,.(f/)”a//’ (131)

.Z'L-/7“ ,‘IE[ (<)
IE/7 +[E(—L—-—)

= _7‘5/7;

This is a stationary state and therefore

(:/f) = I(_%:).—.C) (132)

the total current I and the ambient temperature

277

n

However,

TR' are constants so that

9 E_ =0 (133)

and since the voltage gradient is a function of the temperature
it must follow that

= (134)
o7 ©

This is precisely "Das Minimumprinzip” and holds for any

general case where the arc is stationary and the ambient

temperature is constant,

In closing this section it is worth considering Peters'

remarks on these results as translated directly from the
original:
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"DISCUSSION QF RESULTS

"In the previous section we have shown the minimum
Principle of Entropy production, applied to the electric
arc, leads to the Steenbeck Principle of minimum arc
voltage as well . in the general case as in the simplified
presentation of the channel model.

#In summation, we now may look at the numerous
fractional results which have been outlined by the application
of this principle to the electric arc as experimental proof
of validity of the entfopy principle, as they can be used
better fpr judging otherfthermal non-equilibrium system;

The arc is precisely a thermodynamic system in which the

most éffective irreversible processes are specially well
adapted to measurement, The irreversible current of charge
transport can be read directly from an ammeter and the approp-
riate "Force" on a voltmeter., Further, spectroscopy makes a
determination of the thermal force” also the temperature
gradient and the temperature itself cause no principle
difficulty any longer,

"We must point out a conclusion from a peculiar
difficulty which has been arisen from the calculation of
the (Elenbaas-Heller) equation by variations. There, the
coefficients, O 5 which are themselves, in genera%}functions

2

of this potentia{,were not varied during the variation derivation



-133-

of the entropy production from the thermodynamic potentials,
Without this disregard (neglect) however, one finds the
difficulty to which; among others, Glansdorf has paid
attention., The cause for this seéming discrepancy is not
apparently in the entropy theorem itself but is to be

found in nearness'- character of the linear statement of the
thérmodynamical-phenomenological theory of irreversible
processes...

"We can conclude that the entropy principle is valid
in a much greater area than the thermodynamic continuum
theory and, hence, that the completely exact solution of the
variation problems will be accomplished only either by the
gas kinetic method of Enskog and Chapman or through intro-
duction of future parts in the continued development of
the generalized currents and the thermodynamic functions
such as entropy, chemical potehtial, etc."

The idealization of the channel model yields the
expected results, even if the derivation is not rigorous,
Peters states, and it seems to this author most porbable
that he is correct, that even if the mathematical
derivation is weak, the underlying physical principal of
minimum entropy production is most assuredly the controlling
factor in the determination of the voltage gradient of the

electric arc.



CHAPTER X
SUMMARY

Several aspects of a potentially large experimental
program have been presented and discussed. Each result in
itself seems to suggest that further investigation or applic-
ation might prove t o be of great value.

The arc within the split chamber with extended electrode
surfaces was shown to behave as predicted. The arc column
moves very rapidly and the arc spots move, although motion
of the arc spots, particularly in the early stages, was not
as‘great as was anticipated at the time of the chamber
design, The arc spots show greater motion a t higher
density. It has not ﬁeen established quantitatively how
much contamination there is in the gas, but it does seem
safe to assume that the erosion has been somewhat reduced
due to motion of the arc. This type of chamber could be
considered for application in an arc discharge wind tunnel,
particularly if the initial demsity were to bg somewhat
higher than the density used in these experiments,

The switching, including both the transfer switch
and fuse system, was proved capable of transferring current
into a load that required 8000 volts, The fuse:technique
is adequate for Single tests bmtsshouid be replaced by a

different type of high voltage D.C, switch for a series of

-134-
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tests in rapid sequence., The technique of connecting

a capacitor across the switch was investigated by Walkergéo)
It is an acceptable method for a system which stores a large
amount of energy in a coil and then discharges the energy
"one capacitor-full" at a time into the load. It becomes
impractical from a cost standpoint if the capacitor must

be able .to absorb any reasonable amount (say 10% in a

one megajoule coil of 1% in a one hundred megajoule coil)

of the total stored energy.

It is well established that air blown D.C. switches
will only generate some 1500 volts., Therefore, the pos-
sibility of using other arc media should be investigated.

It has been shown here that air at 10,000 psi final pressure
only requires some 2000 volts so that high pressure air

is not the a nswer. From the fuse experiments, it would

seem that high pressure o0il might suffice. At the other
extreme, it may be possible to build a high vacuum switch
that could be operated repetitively,

The analysis of the arc in terms of radiation as con-
trasted to large amount of work presently being done on the

conduction controlled arc(13’19’22’35’38’39)

should emphasize
the fact that technology has reached the point where arc
can be produced at power levels considerably in excess of
discharges 108 watts and that a thorough investigation of

such arcs in various gases at different pressures, and
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perhaps with an applied magnetic field, is in order. The
investigation, including spectroscopic measurements should
e made in a chamber that has been designed for scientific
investigations rather than a chamber designed explicitly
for wind tunnel operation,

The photographs of the arc within the chamber and the
subsequent energy balance has shown that the heating pro-
cess is quite efficient in the early stages of the dis-
charge, The integrated effect of convection, unfortunately,
has not lent itself to a rigorous analysis because contamin-
ation obliterated the pictures., An investigation of con-
vection effects should prove to be of value in arc dis-
charge tunnel operation,

The utilization of t he Steenbeck Minimum Frinciple
has led to satisfactory results. Since the author has found
only one reference in English to this principle, and that

(13) the author hopes that the accent

was in survey article,
placed on the principle herein will cause it and the under-
lying concepts of irreversibile thermodynamics to be more
widely used.

The arc at 100 atmospheres and lZ,OOOOK has been shown
herein to be optically thick. Any arc discharge wind tunnel
that expects to operate in this regime will need very careful

design. The energy balance has shown that the transfer of

energy into the cold gas is quite efficient. The chamber
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needs to be only long enough to allow the gas to reach the
desired temperature‘across the chamber diameter., The
diameter of the chamber only needs to be somewhat larger
than the throaf diameter of the wind tunnel, The chamber
diameter probably could be made smaller than the 4.0 cm
diameter calculated in Chapter VI, It would operate with
simultaneous current and air flow. The author has referred
to this device as "pulsed plasma-jet®" which hopefully could
be developed to operate for 30 ms at 100 megawatts with
existing equipment,

Thus, this past effort should lay the ground work for
several scientific and engineering investigations. The
equipment is available at the University o f Michigan and
it should be utilized in the near future to extend the work

that has been presented here,



APPENDIX A
Part I

THE SUITS AND PORITSKY EQUATIONS IN MKS UNITS

During the 1930's, C.G. Suits(56’57’58’59) and his
associates at the General Electric Research Laboratory did
extensive work on the electric arc and the parameters that
affected the behavior of the arc, Extensive measurements of
total voltage, voltage gradient along the arc column, current,
and diameter of an electric arc with the arc media as
controlled parameters led to a coherent mathematical relation
that showed that the heat transfer mechanism was a controlling
factor in the characteristics of the arc. In the range of
experimentation where the current was of the order of 2
to 20 amperes and the pressure was between 1 and 1000 atms
for various gases, the heat transfer from an arc in free
convection was described satisfactorily by the equations
for similar free convection around a cylindrical rod.

The heat transfer from a cylinder to the surrounding
fluid is described by a dimensionless equation and has
been found to depend on three dimensionless numbers. These

three numbers are:

Nusselt number: Al) - Temperature gradient at the surface
K Reference temp. gradient

-

-138-
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Grashoff number:

.D3 oPP‘q AT _ (Buoyant force)(inertia force),
AR . (viscous force)2 ;

Prandtl numbers:

CpM ~ Molecular diffusivity of momentum
< " " of heat )

The individual terms are defined alphabetically as:

Cp = specific heat at constant pressure, kilogram
calories per degree K-mole;

D = diameter of the arc, meter units;

g = acceleration of gravity, meters per second?;

h = heat transfer coefficient, kilogram calories per
sec - degree K - meterZ2;

K. = thermal conductivity, kilogram calories per meter?-

degree K - second;

AT = temperature difference, degrees K;

o
i

coefficient of temperature expansion, reciprocal
- degrees Kj; -

p = coefficient of viscosity, newton-seconds per
meter2, or kilograms per meter second;
P = density, kilograms per meters,

Data on heat transfer by natural convection around
a horizontal cylinder has been compiled over an extremely
wide range by W.H. McAdamso(34) Data has been plotted
over a range of 1013 for the product of the Grashoff and

Prandtl number, The results can be expressed as

3 2 X &
B2 e [Pl T el aw
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where the power, X | has a value varying from ,04 to .25,
with the value .20 being an acceptable value for the electric
arc condition where the Grashoff number has a value of the
order of unity,

The Prandtl number, CP/M/QQ , is a constant for each
gas according to classical kinetic theory. For a diatomic gas
it has a value of .73 and for a monatomic gas a value of ,67.
If the perfect gas law is assumed, this Prandtl number becomes
part of the constant in equ. (A-1) and need not be considered
further. This is the accepted practice, for example, in heat
exchanger calculations. A discussion of the Prandtl number
will be given in Appendix B. For now it will be considered
to be constant.

The terms in the Grashof number are subject to
simplification under the perfect gas law assumption that

was made above, First

Lo o L ¢
S - A-2)
ﬁoﬂrat—/ T
P
and
/O=m:mf\/) . Mp (A-3)
= T T RT

where

m = total mass

n = number of moles

M = Molecular weight of the gas

T
!

= pressure
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Substitution gives:

S 12020 AT |
hD_ HDMP? (A-4)
K~ T [ TUERT?

This equation describes the natural convection heat
loss around a solid cylinder., It requires the major as-
sumption that a gaseous plasma column is equivalent to a solid
bar. This is the assumption that Suits made and then proved
in thevlaboratory that the errors involved could be as
low as 7%.

The radial temperature gradient around an arc is very
much larger than is normally encountered in heat transfer
for a rod. The terms K9° and & vary inverse linearly
with temperature, and Cp, M,and K are known to vary with
temperature., Thus, these terms are evaluated at the mean

temperature of the film

T = -1 (A-5)

£ 2
where
T¢ = film mean temperature
and T, = ambient temperature

The subscript, f, will be used to denote that the parameter
is evaluated at the film temperature, such as ICy , the
thermal conductivity at the mean film temperature, Through

this extrapolation, an approximate evaluation of the terms

h'_D/K, and D° /5,/02‘ //4_2 can be made.
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If it is assumed that no other heat-loss mechanpisms
have any effect the convective heat loss is equal to the

electric power input, or,

£ I (A-6)
TDhAT= 4.15x10°
where
E = voltage gradient, volts/meter.
I = arc current, amperes

Substituting for hD gives
- X
:DQMEF;Z‘@A’ (A-7)
-'-T'“Z.E ?./M?T‘

E1 =const x

This then expresses the heat loss from the arc column where
the mechanism of heat transfer is free convection.

ELECTRICAL CONDITIONS

The physical electronics within the arc can be
described as consisting of two basic processes; The first
process is the creation of electrons and ions due to thermal
ionization; The‘éecond is the motion of the electrons to
form a current; Ion current is négligible; The conduction
current can be expressed as:

T = Ne C/t ue (A-8)

where

the current density, amperes/meter?

ey
"

electron density, per meter3,

=
]

ue = the average dectron velocity, meters per second.



-143-

The electron velocity can be eliminated by the mobility

concepts:

Ue =g, £ (A-9)

where

ge = mobility, meter?

per volt=sec.

On taking the total current as the product of the current
density and arc cross sectional area, the current equation
becomes

2
I - ZD Ne 9, e E (A-10)

The electron density, n can be determined by applying

e'P

the Saha thermal ionization equation. The Saha equation,

after Martin(40) takes the form
hehny _ 2B(T) Emm '<7>/ h’:,’ (A-11)

N, 154’77)

where

particle density of the higher and
lower states,

ny, Ny

i

By (T), B (T)

k
4,

Vi = ionization potential of the higher
state
The equation in this form is applicable for any two states,

partition functions of the higher and
lower states,

Boltzman constant

1]

it

Planck's constant

not just the first ionization state, provided the total

electron density is used.
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For low-temperature gaseous conduction only the first
ioniztion state is of interest; For this case it is
customary to assume that the perfect gas law holds and
that there is electrical neutrality; The partition funct-
ions are infinite divergent series, but, following the

(3

procedure of Urey and Fermi the first terms of the series
are all that are used on the basis that the remainder of

the terms arise from quantum states that the electron
cannot reatistically be expected to attain; Under these
conditions, the first term above the ground state pre-
dominates and at temperatures below 50,000°% the factor

2 B,(T) /Ba(T)\is a slowly varying function of temperature
and has a value very near to unity, i;el, ;94 for hydrogen
and 1;3 for oxygen at 30,0009K;r For this analysis it is

reasonable, then, to assume a value of unity. The

equation takes the form g
2 - Te v
Ne (?FMgk) < (A-12)
—< z 2 kT T
No A" TE

The constant q%,/k has a value of 11,600, The constant
@énrnek/éﬁF 2has a value of 2.42 x 1021 per meter3 -
(degree Kelvin)3/2. The equation can be written in a

logarithmic form

2
ne - ——r— 5040 -
/og T2 = B2 ST 2] 38 (A-13)



-145-

At constant temperature and with low ionization, the
gas density,(no, is proportioned to the pressure, p, and
therefore, the electron density should vary as the square
root of the pressure; Experimentally however, it was found
that an increase in pressure of the system caused the
temperature of the arc to increase slightly and, correspond-
inly, the electron density increased at a rate greater

than the one-half power of the temperature. Experimentally,

it was found by Suits that

he = Const P(s (A-14)

where the copstant,/s , which had an ideal value of 0.5,
had a value 1.44 for nitrogen

The mobility, g,, can be shown to be of the form

‘kfle (A-15)

where the constant coefficient has a value near unity. Suits
eliminated this concept by assuming that the mobility

is nearly a constant. Since the mean free path varies
inversely as the pressure at constant temperature, and

the temperature effects are small compared to the temperature
effects found in the Saha equation, the current conduction

equation takes the form that, nearly enough is

L =const DZE‘/:)’@‘/ (A-16)
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Thus, two equations in I,E,p, and D have been developed.

Holding the temperature constant, except that its

effect on electron.density shall appear only implicitly

through the exponent, 5 , of the pressure, the logarithmic

differentiél equations can be written from equation (A-7).

%¥-+¢%§Tf=\304 i§> * 294%51

and from equ. (A-16)
L > JD . dE cle
N D £ ( 4) P

FﬂFL

For p = a constant, eliminating D gives

2Ly odE g, o 3,dE
2 7 +2E 30<£1___ R

5
dE < (> I
(2+3x)—E[_— ==(2 3«)514
> 2-3 )

For a value of X =0.2,

_ ~0.54
E =constx I

(A-17)

(A-18)

(A-19)

(A-20)

(A-21)

(A-22)

which is in excellent agreement with the laboratory measure-

ments.,
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For constant current, the diameter of the arc can be
predicted as a function of pressure, For dI = 0, with

the elimination of E,

(3% +Z)%5-D +(ZM+/3»-/)S/€D=O (A-23)
- Ex#+B-]
D =const,x p  3BxX+Z2 (A-24)

For /& = 1.44 and & = 0.2, the diameter should vary

according to
32

D =const x/D— (A-25)

It was assumed above that the mean free path to a first
approximation varied inversely as the pressure., To a

first approximation then

D = CQns"?‘" X//

€

>. 32

or the diameter of an arc should vary roughly as the cube

(A-26)

root of the mean free path of the electron which is grossly

different from the characteristics of low-pressure dis-
charges.

The third case of interest is the determination of
the relation between the potential gradient and pressure.
Elimination of the diameter yields, holding the current

constant,
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(;_#tdf__g__éd dE (A-27)
P00 2 )Z?" 3 2 /) p
F = comst s ,D 3o<+2 _7°< (A-28)
!

For & = 0.2, (> = 1.44, the relation is approximately
E = const ,D’é' (4-29)

The experimental.relationzfound by this process is quantitat-
ively correct, and in the éase of the current-voltage
grad1ent relatlonshlp, the quantitative agreement is
good. The results are suff1c1ent to Justlfy the concept
of heat transfer from a cylinder as being equivalent to
the heat transfer from the arc,

The great limitation is the lack of information of
temperature; Su1ts expresses this very well in his
comment that "It would be better in general if the theory
included the arc temperature, T, as an explicit variable,
but some new relationships not known at present will be

required for that purpose."



Part 2

THE ARC IN FORCED CONVECTION

The work of Suits and his colleagues led to the con-
clusion that an electric arc would be treated as an
equivalent cylinder from which the energy is removed b
natural convection. The theory, however, lacked an
explicit temperature relationship. Dow(ll), in his work
with high-current electric-arcs; modified the Suits theory
for the case of forced convection, which requires the sub-
stitution of the Reynolds number for the Grashof number, (a
step that was indicated by Suits); Dow added a temperature
dependence so that the temperature could be considered
as part of the theory. His contribution to the analytical
procedure was to postulate that the temperature of the arc
shall be of‘such a nature that the arc potential gradient
shall be a minimum; The results were well within experi-
mental error,

HEAT TRANSFER

The heat transfer away from a hot cylinder under forced

convection is described by McAdams by the equation

hD _ DG hc,«\” -
e = COnsi‘(/‘]\‘ 76/ (A-30)
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where

G =/90(= mass flow kilograms per meter2-sec

and the other terms have all been defined previously.

The term GD/p is the Reybolds nuﬁber which is com-
monly found as /OUL/p; For moderate velocities, several
feet/gec, the Re?nolds number has a value of the order of
1000; Turbulence is associated with any higher velocity or
Reynolds number, ~Typica11y, turbulence will be present
with an arc in forced convection. Therefore, the exponent, n,
is here calculated on thé basis of a Reynolds number between
103 and 104; From McAdams, the exponent has a value of
0;56; If the Reynolds number is between 102 and 103, the
exponent has value of 0;49 and if it is in the range of 104
to 105, the exponent has a value of 0.64; The Prandtl
number 1is éssumeﬁ to be a constnt for géses and will not
be included in this discussion further. The heat
transfer equation for a range of Reynolds number of 1,000

to 50,000 according to McAdams then takes the form

% - 3 (Q/%” (A-31)

where B = 0,24 aqd n=20.6

Two addifional conceptually simple conditions are
available; First, the eléctrical power input is equal to
heat transmission away from the arc, which can be stated

as
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EL = w2 h(T-T,)x4/8x/0°  (4-32)

where the ambient temperature, T, ,will be taken as zero.
Second, the temperature will adjust so that the voltage

gradient shall be a minimum. This can be stated that, if

E = ECT, I) (A-33)

then
;in = 0O (A-34)
J
p)
The heat transfer equation can now be written as

ET=/5 (%q)h(% /fx/o3)77~7—/(, (A-35)

The factors D, p, M,and I are all affected by the
temperature. If the minimum gradient criteria is to be used,
then each term must be expressed as a function of the temp-
erature, 6r it must be elimimated by substitution from

other equations; It is possible to eliminate the diameter
and the partial differentiation will be made at constant
current; Thus, the viscosity and the thermal conductivity
remain to be expressed as functions of temperature¥

The viscosity can be expressed as

T cons? ”;i (A-36)
[~
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where
d_ = collision cross-section
C = average velocity of particles crossing a
plane in one direction
m, = mass of the atom,

The constant has been evaluated through statistical
mechanical procedures but is not of interestrat this point.
The equation indicates that the viécosity should vary as
average pérticle velocity, c, which in turn varies as the

square root of the temperature, or

u A;(T)fa (A-37)

This is not found to be the case for real gases because
’ (A-38)
J. = OE(GTD
The effect of the cross section dependence is, in general,
to increase the exponent of the temperature.
Thus, information(349 found in the literature up to
temperature of 1000°C indicate that the viscosity may be

expressed for either air or nitrogen as

/(~Tr (A-39)

where the exponent, r, has value near 3/4. The.constants
of proportionality are differemt and the exponentials are

slightly different for the .two gases, but they will be
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assumed to be the same for either gas due to the tremendous
extrapolation from 1000°C in the range of 5000 to 10,000°K
or higher,

The thermal conductivity of air to 550°F and nitrogen
to 750°F is given by McAdams? The values are almost
identical for the two gases. The temperature dependence is
such that

|79 NTq (A-40)

where the exponent q has a value almost exactly unity,

Over this range of temperatures the Prandtl number,
CP/M /n; is a_constant; Since the exponents for the viscosity
and thermal conductivity are different, one should expect
to find a very slight temperature dependence for the heat
capacity; This has been, in fact, found to be the case for
most diatomic molecules.

One final comment should be made concerning the viscosity
and thermal conductivity; Both factors show a dependence
on pressure, However, the effect is largest in the neigh-
borhood of the critical point where interatomic forces come
into play; Since the electric arcs under consideration do
not operate near the criticalJpoint,'and moreover, even if
they did, the conductivity and viscosity would show
similar dependence on the pressure, the pressure effects
will be completely ignored, and the exponents will be

assumed valid for any pressure range,
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The heat transfer equation can be written now as a

function of temperature

Er -3 Dgh e (A-41)
]

where B, is a new constant, the current and mass flow are

1 '
determined by the experimental controls. The equations
relating E, I, D, T, and o, the pressure which is controlled,

will now be developed.

ELECTRICAL EQUATIONS
Ianart i‘of the Appendix the Saha thermal ionization
equation and the electrical conductivity were used along
with the perféct gas 1aw; They will be used here subject
to identical assumptions; The Saha equatiodn és:
g eV

&
De - pazn0” T2 K (A-42)
©

On using the perfect gas law, p=hn, kT . where K has a
value of 1.38 x 10723 for the pressure in Newtons per
meter2 or 1.45 x 10'28 for the pressure in atmospheres,

the Saha equation becomes y
49 4 = 9ed |
heg = e6Tx/0 P‘T’a__,_ T (A-43)

or
- - Fe Uy
ne =0.4 x10%° pE T¥, kT  (A-a0)

where the pressure is in atmospheres,
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The conduction equation is

] v D* - (A-45)
1= 7 e gl«e e E

The mobility, gos depends primarily on the random velocity

in the plasma and on the mean free path. The equation is

.8 e e (A-46)

p— 2 2 9e 7T (A-47)
Ca = 7/ :
€ 7777} me 11/} 6o0

The true mean free path, /4( , 1s energy dependent and

and

difficult to evaluate. The mean free path, of a particle
moving throﬁgh elastic spheres can be assumed to be equal

to the true mean free path:

x = L. T -
/;_ - /Kh ‘jm; p 273 (A-48)

where [° = pressure in atmospheres
1%02 electron m.f.p. at N,T.P., meters, for an
electron moving among s olid elastic spheres, For nitrogen,

’Qho has a value of 4 x 10”% meters. ‘he mobility becomes

- -2 VT -49
?e = <G X/0 75—- (A )
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Combining the Saha Equation and mobility into two conduction

equations will yield for the current,
2 4 _ 3 __qu?
T=const«D°p 2 ET% o 26T (850

At this point, Dow has threelb@sic equations, -the
current equafion, directly above, the heat transfer equation,
and the minimum gradient condition which are expresséd in
terms of three variable§;‘the voltage gradient, the fempera-
ture and the arc diameter; ;Th§ other parameters, the current
pressure, gas, etc;, are experimentally controlledl

Combining the currépt equation with the heat transfer
equation eliminates the di#meter and yields the fundamental

arc equation for forced flows +-ﬁk(/
2 2 /
= (/+5) ~n =1 (/--;,)T(éé-g) KT
= 2 7 2KT (A-51)
£ B,G p2T ”
b=/ =-nr +9
At constant temperature this yields the Spits relationship,
- é;:::
E =const I N (A-52)
For a value n = .6, the exponent has a physically reasonable
value of .54,
The next step is to take the partial derivative of the
arc equation with respect to temperature to determine the

minimum gradient. The differentiation can be accomplished
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readily by taking the logarithm of both sides of the

equation prior to differentiation. The result after setting

2L (A-53)
5+ = ©
is o v, 2 k’.m =
2 kT n s (A-54)

The minimum gradient occurs when the temperature is such as
to .make the exponent of the temperature term equal t o
exponent of the exponential term

The value of éé/n)—(’fa /4) may be tabulated as follows

.6 (exponent of Reynolds Number)

n =
r = 3/4 (exponent of viscosity)

q = 1 (exponent of thermal conductivity)
b = l-nr+q = 1;55

The temperature thus should be given for nitrogen, for

which V, = 14,5,
[,600 x |4 &=

= % 4 < (A=-55)

T =

T =19 000K
For air with an ionization potential of 13 volts, the
temperature under these conditions would be 17,000°K;
These temperatures seem to be very high; However,

(8)

Dickerman and Morris report that for an air stabilized

plasma jet at one megawatt, i.e.,, approximately 300 volts
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and 3000 amperes, they measured, spectroscopically, the
temperature at the orifice and found its temperature of
17,000°%K. The air.conditions were 70 gr/sec, 7;5 x 104
cm/sec, through an.orifice 4 cm in diameter, and an estimate
of viscosity would Ee 10-3 poise. The Reynolds number then
is near 20,000 for that device, for which the Reynolds
number exponent is véry close to the value 0;6; The

correlation here, then, is excellent



APPENDIX B
PRANDTL NUMBER

In the work of Suits and Dow, the dependence of the
heat transfer on the Prandtl number, CP/H,ﬁo, was in the
main neglected. Suits neglected it completely and Dow
considered it as.a secand order effect; It is.well
established that for gases up to 2000°F, which is bout
the 1limit of practical large-scale heat transfer work, the
éffect of the Prandtl number is negligible; Up to ZOOOOP
the specific heat, CF’ , 1s very nearly a constant,
increasing only slightly with temperature} Under the con-
ditions found in the electric arc, and in particular if
there is an endothermoc chemical reaction associated with
the arc, the specific heat is dependent on temperature to
a large extent as the effects, thermal dissociation and
thermal ionization, come into effect.

The fundamental concept of the Prandtl number is that
it represents ratio of the transfer of momentum to transfer
of heat. From a kinetic theory viewpoint, the Prandtl
number is a description of the particles that carry the
momentum and the heat, but not a description of either
momentum or heat.

Texts on kinetic theory emphasize the accuracy of

the equation
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W =& CV/M (B-1)
where
Cy = specific heat at constant volume
€ = constant
Jeans(26) prefers to use the notation of the partial of

internal energy with respect to temperature instead of

specific heat. Both Jeans and Loeb(31)

state categorically
that the errors in the equation are associated with
statistics in the evaluation of € , and not in the funda-
mental physics of the relationshipl.\ The value of € depends

upon several variables but an excellent approximation (1%

to 2%) is attained if

Sr—s (B-2)

€ = =

where

d"—'" CP/CV

For a perfect monatomic gas where Cp = 5/2, CV = 3/2

and ¢ =1.66, and € has a value of 2.50 so that the
corresponding Prandtl number is
M:.é.a:. :0,67 (B-3)

The values for the Prandtl number of Argon and Helium are
| | (34)

0.66 and 0.71 respectively at 1 atm. and 212°F,
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According to the equations above, the variation of
Prandtl number with pressure and temperature should be
solely a function of the ratio of specific heats, ¢

and can be written as
Cp Al _ _ffa’
Ic S¢~s"

(B-4)

The allowable range of & for a perfect gas is limited by
the degrees of freedom of the gas particle. For a monatomic
gas d = 1.66 and for a polyatomic molecule, O has a

limit of wunity. <‘hese values then set the limits

O.G;é-—c—/—-i{-u—é/.o (B-5)

For a first approximation the effect of the Prandtl number
is quite small and the approximation of a constant is thus
far justified.

However, experiments were made in real gas at extreme
peresure and temperature and it is of interest to evaluate
the possible real gas effects, Data has been taken from
Hilsenrath and Klein(zs) and Little(30) in order to
demonstrate the negligibly small effect of the ratio of
specific heats, even under extreme conditions.

Curves were drawn for the enthalpy at a pressure of
200 atmospheres, and for the internal energy at a specific
volume 14,200 c.c, per mole of cool air which is the

volume of 28.97 grams of air at 200 atmospheres and 10,100°K,
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The curves showed the same general shape. 1In addition,
calculation of the ratio of specific heats, ¢" , at various
points were found to range from approximately 1.1 to 1.4,
The range is so narrow that effect on the Prandtl number

can be completely neglected.
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