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PREFACE

Throughout the following dissertation I have presented the
experimental data and the calculated results in greater detail than the
bare minimum which would be necessary for adequate coverage of the
subject matter. This serves two purposes. From the experimental
data, others may be able to develop competing theories which explain
the data more completely than the theory presented here. Also, the
final conclusions may be directly utilized‘by others for the purpose of
interpreting their own experimental observations. The reader is there=-
fore free to select information from any part of this study which is
applicable to his needs or interests.

I am grateful for the willing assistance and advice contributed by
the members of my doctoral committee, Professors S. S. Attwood, R. C. F,
Bartels, J. M. Cork, L. N. Holland, and especially the committee chair=
man, Professor W. G. Dow. I also appreciaie the administrative policy
adopted by My.H. C. Early, project supervisor. In addition to attend=-
ing to administrative details he contributed many suggestions of a
technical nature, especially concerning high=-voltage laboratory tech-
niques. Thanks are also due Professor G. Hok for his participation in
discussions throughout the course of the worke.

The major portion of this work was supported by funds from the

Office of Ordnance Research, U, S. Army, as a study in basic science.

Ann Arbor, Michigan Edward A. Martin
July, 1956 4
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ABSTRACT

The underwater spark is treated as a problem in gaseous electrical
conduction at pressures of the order of 10,000 atmospheres. Four basic
spark parameters are determined as functioms of time: the channel size,
the energy input, the pressure, and the temperature. These four
quantities permit carrying out a particle balance and an energy balance
as functions of time. The mutually consistent results provide an
extension of the theory of gaseous conduction into the domain of
extremely high pressures.

The four basic quantities were obtained as follows: The channel
size was scaled from quarter-microsecond Kerr cell photographs of the
spark. The spark energy input was obtained by a circuit energy balance
in terms of spark current and discharge circuit parameters. The
channel pressure was calculated from the rate of channel expansion and
the hydrodynamic characteristics of water. The channel temperature
was obtained from absolute measurements of radiation by means of photo-
tvbes. These four quantities provide information from which the
energy stored in the spark channel may be calculated by two independent
procedures. First, the significant energy losses from the channel may
be subtracted from the measured energy input. The mechanical work to
generate the shock wave in the water was found to be the greatest
energy loss. Radiation was found to be a smaller, but appreciable,
loss. Thermal conduction was found to be negligible. Second, the
spark-channel energy may be obtained from the solution of a simul-
taneous set of particle-balance equations. These equations, including
Saha thermal-ionization equations and Boltzmann's relations, yield
the amount of dissociation, excitation, and ionization in the channel.
The channel energy computed by these two methods is given as a function
of time.

The following conclusions were reached concerning the underwater
spark as produced by the discharge of a 5.8-microfarad capacitor
charged to 25 kilovolts. The peak current is 85,000 amperes. At the
moment of peak current the channel external pressure, including average
pinch pressure, is 8330 atmospheres. The channel is in thermal
equilibrium and radiates diffusely a continuum corresponding to a black-
body at about 29,900015. The total particle density in the channel is
approximately 2 x 10°' per cubic meter. The particles consist primari-
ly of dissociated oxygen and hydrogen; and the degree of ionization
is 30 percent. The major portion of the spark input energy is
initially stored within the channel in the form of kinetic energy and
energy of dissociation, excitation, and ionization. This energy is
then relatively slowly dissipated in the form of mechanical work to
the shock wave and in thermal radiation. There is evidence that the
spark plasma has an internal pressure due to Coulomb interparticle
forces; an approximate calculation of this pressure is carried out.
Channel magnification caused by refraction in the compressed shock wave
is found to be appreciable.



The Kerr cell photographs reveal the formation of spherical
structures on the spark electrodes under certain conditions. These
have not been previously reported. A short discussion of them is
included. Their presence is ascribed to the highly polar nature of
the water molecule.

The experimental value of plasma electrical conductivity is
compared to values calculated from the work of Gvosdover and of
Spitzer and Harm for completely ionized gases. The agreement is
excellent. The theory of Spitzer and Harm is also applied to thermal
conductivity in the plasma. It is concluded that wall recombination
is more than ample to supply the required energy to vaporize water at
the spark-channel wall. Various applications of the underwater spark
are discussed, such as its use as a light source, as a sonic source,
or for punching metal. Finally a discussion and derivation of the
Saha thermal-ionization equation are included.

viii



CHAPTER 1
INTRODUCTION

Knowledge of the subject of electrical discharge in gases is in an
early stage of development at the present time. This early period is
characterized by a high ratio of empirical knowledge to theoretical
knowledge. A large proportion of the present effort in this field is
devoted to assembly of empirical data on the variation of such guantities
as mobility, collision cross section, mean free path, and ionization
coefficient as functions of such parameters as pressure, type of gas and
impurities, electrode geometry, and applied electric and magnetic fields.,
While such information is useful in the design of new gas-discharge
devices, it is generally not of direct value for clarifying the detailed
physical processes taking place within the gas~discharge plasma. This
is primarily a consequence of the difficulty of experimentally isolating
a single physical phenomenon for study. An outstanding example of this
situation is provided by the second Townsend coefficient. Many years
have elapsed since electrical conduction in gases was first analyzed,
but it is still not definitely known whether the feedback factor which
causes emission of electrons from the cathode of a glow discharge, and
hence renders the discharge self-maintaining, is the result primarily of
ion bombardment, photoemission, or emission produced by metastable atoms.
Of course, one may in principle set up simultaneous mathematical relations
describing all possible physical processes which could conceivably take
place in a discharge plasma; but the result would be a vastly complex

set of equations, much too difficult to treat analytically. Furthermore,



advancement of knowledge in the field of gas discharges has been hampered
by the attraction of qualified research personnel to newer, rapidly
expanding fields of physical research such as solid-state and nuclear
engineering. Recently, however, interest has been increasing in the
production of high temperatures in the laboratory. An electric arc or
spark will provide a highly ionized region at high temperature which is
somewhat analogous to a nuclear explosion or to the ionized regions of
space. The production of diamonds, which has recently been announced, is
carried out in a high pressure electrical discharge. Perhaps a revived
interest in the basic physics of electrical discharges will result in

the growth of the more firm theoretical foundation which is necessary for

a satisfactory understanding of the subject.,

Low Pressure and High Pressure Electrical Discharges

Electrical discharges which are self-sustaining may be grouped into
two major categories. The first category contains the low pressure
discharges, which have pressures below approximately one-tenth atmos-
phere. These discharges are characterized by a low coefficient of thermal
energy transfer between the electrons and the heavier particles of the
plasma. The current density and input power density are typically low,
and recombination of electrons and ions takes place primarily at the
boundaries of the discharge region. The second category of electrical
discharges contains the high pressure discharges, which have pressures
~ above approximately one-tenth atmosphere. In discharges of this class,
the coefficient of thermal energy transfer between the electrons and the
heavier particles of the plasma is sufficiently high so that the two
types of particles have substantially the same temperature. The current

density and input power density are typically high, and recombination of



electrons and ions occurs chiefly throughout the volume of the discharge
region. The field of low pressure discharges has received by far the
major portion of reseerch effort in the past, principally because low
pressure discharges have been of greater commercial importance, and also
because of the greater experimental difficulties encountered in studying
high pressure discharges.

A large part of the research on high pressure discharges has been
carried on under steady-state conditions; the notable exceptions to this
are circuit-bresker and fuse studies, and lightning and overvoltage
breekdown studies. In general, for steady-state discharges, the research
worker in the field of high pressure discharges encounters the problems
of supplying the required high rate of power input to the discharge,
confining the discharge in order to maintain thé high pressure, and
removing energy from the confining container so that the walls and
electrodes will not be destroyed by the high temperatures which are
characteristic of such discharges. In addition, if the discharge is to
be observed or photographed, one requires a transparent window material
capable of withstanding the pressures and temperatures without distortion
or damage.

The major research work in this country on high pressure steady-
state discharges was carried out during the 1930's by Suits and associates.
Using two methods to measure the velocity of sound in an arc plasma,
Suits was able to calculate the temperature of the plasma (1, 2). His
work encompassed a range of pressures from 1 to 1000 atmospheres, and
currents from 1 to 10 amperes. Temperatures ranged from about L4OOO to
10,000 degrees Kelvin. Suits was also able to obtain the discharge

voltage gradients by use of a vibrating electrode (3). Gradients were



found to be as high as about 300 volts per centimeter. On the basis of
recent literature, it appears that most of the present work on steady-
state high pressure discharges is being done in Germany. Burhorn, Maecker,
and Peters have studied arcs confined within the void produced by the
centrifugal forces of rotating water (L). Most of the work was done at
atmospheric pressure, and arc temperatures of 50,000 degrees Kelvin were
measured at currents of 1500 amperes. The temperatures were determined
from relative intensities of spectral lines. A modification of the appara-
tus permitted measurements to be made at pressures up to 1000 atmospheres
(5)e In this case a 200-ampere arc radiated a continuous spectrum

similar to that of a blackbody at 12,000 degrees Kelvin. The temperature
was measured by the amount of broadening of hydrogen spectral lines,
Elenbaas in Holland has reported a large amount of work on mercury vapor
discharges confined by quartz and hard glass tubes at pressures up to 200
atmospheres (6). Again temperatures were of the order of LOOO to 6000
degrees Kelvin,

The production of high-power, high~pressure arcs is more easily
accomplished on a transient basis. Energy may be stored relatively
slowly, and then transferred rapidly to the discharge channel. Measure-
ments can be taken before the pressure-confining walls of the discharge
chamber or the electrodes are appreciably vaporized, and photographs
taken before damage occurs to a transparent window. However, all measure-
ments then become dynamic measurements, and the sensitivity of the
measuring equipment must often be sacrificed for speed of response.
Furthermore, the measuring equipment must operate in proximity to rapidly
varying electric and magnetic fields; the research is encumbered by

isclation and grounding problems. The many researches on exploding wires



are studies of transient high pressure discharges, the usual technique
being to discharge a capacitor through a wire to produce a high pressure
arc in the wire-metal vapor. Some of the classic works in this field are
those of Anderson and Smith (7), Conn (8), Eiselt (9), and O'Day. These
studies, though usually performed at atmospheric pressure, are actually
concerned with discharges at pressures substantially above atmospheric,
since the accompanying loud sonic report when the discharge takes place
confirms that a high pressure shock wave has been produced in the air by
the rapid expansion of the spark channel. Glaser has presented excellent
work on sparks in various gases at pressures up to 16 atmospheres (10,
11). He reports temperatures of the order of 40,000 degrees Kelvin on

the basis of radiation measurements,

The Underwater Spark

The subject of this dissertation, the underwater spark, is produced
experimentally by causing electrical breakdown to take place between
electrodes submerged in a water tank. The energy for the discharge is
stored in capacitors in the present case, but similar studies cculd be
carried out with the energy stored in inductors or in rdtating machinery.
As energy is rapidly transferred to the spark channel, its temperature
and pressure rise. In contrast to sparks in a fluid medium of low mass
density, such as a gas, the mechanical inertia of the water exerts a
nearly rigid opposition to the spark-channel expansion. The result is
that extremely high pressures are developed due to the confining action.,
For the experimental parameters involved in the present study the
pressures exceed 10,000 atmospheres. The underwater spark therefore
provides a means of studying gaseous conduction at pressures which are a

factor of ten greater than in any of the work which has been reported



previously in the scientific literature.

The underwater spark has been used for many years as a spectro=-
scopic light source (12). A small capacitor, charged from a high-voltage
transformer, was connected across closely spaced underwater electrodes,
A succession of "condensed" sparks of several joules per discharge were
thus produced. In spite of the low stored energy per discharge, the
light which was emitted had a contimuum in the ultraviolet suitable for
spectroscopic absorption studies.

Very little work has been done on the detailed characteristics of
underwater sparks. Wilson has measured the relative intensities of OH
absorption bands in the spectrum of an underwater spark (13). On this
basis he concludes that the temperature is about 5000 degrees. This is
probably low, because the absorption would take place in the cooler
outer layers of the channel in a manner analogous to the formation of
Fraunhofer lines in the solar spectrum. Wyneken measured the continuous
spectrun of the underwater spark and concluded that the spectral distri-
bution is most like that of a blackbody at 10,000 degrees Kelvin (14).
The research staff of Westinghouse has recently investigated the use of
water in circuit breakers; but there is apparently little practical
application for them, probably because of evaporation, freezing, and
corrosion problems (15). Fringel has published a paper on the mechanical
effectiveness of underwater sparks, which dealt with the height of
vertical projection of a known weight by the pressure pulse from the
spark (16). He reports that one percent of the energy stored on the
capacitors may be converted to mechanical work to lift the weight. More
recently, Rust and Drubba have studied the underwater spark as a sound

source; this subject will be discussed later, in the chapter on applica=



tions (17). Otherwise, when the present investigation was undertaken,
very little was known about the pressures, temperatures, particle
densities, degree of ionization, and other properties of an electrical
discharge in the 10,000-atmosphere pressure range as characterized by
the underwater spark.

The objective of the present investigation has been to ascertain
as many characteristics of an extremely high pressure discharge as
possible in order to furnish a foundation for the planning of possible
future studies. In carrying out the work, ultimate accuracy of the
data was not sought; the emphasis has been placed on reliability of the
data. For planning purposes, reliable information to one significant
figure is much more desirable than an accuracy of two or three signifi-
cant figures in which questionable methods or assumptions are involved.,
In most cases data will be presented in terms of three significant
figures, This should not be interpreted as an implication that the
data has three-figure accuracy, rather, it was done to reduce the
accunulation of round-off error in the calculations which have been made
or in those which others may wish to make. In general the final calculat-
ed results are believed to be accurate to at least one significant
figure, and in some cases to two significant figures,

The rationalized MKS system of units will be used throughout, with
the following two exceptions: Pressures will be expressed in atriospheres
rather than in newtons per square meter, and inch or centimeter units will
occasionally be used in the body of the text when the use of meter units
would be awkward. A pressure of one atmosphere is very closely equal to

10S newtons per square meter,



Summary of Characteristics of Underwater Spark Used in This Study

In order to serve as an orientation as to the ranges of the various
spark parameters to expect later, the finally determined characteristics
of the underwater spark will be summarized. The spark as discussed in
this dissertation is produced by a 5.8-microfarad capacitor charged to
25 kilovolts. The copper electrodes are spaced 1.5 centimeters apart,
and the spark is initiated by a one-mil tungsten wire. The orienting
magnitudes occurring at the current maximum, 1.9 microseconds after
initiation of current flow, are as followss:

The current is 85,000 amperes.

The channel diameter is 2.51 millimeters.

The radiation consists of a continuous spectrum having a blackbody

distribution corresponding to a temperature of 29,950 degrees Kelvin.

The electrical power input is 390 megawatts.

The average spark-channel pressure is 8330 atmospheres.,

The total particle density is of the order of 2 x 1027 particles per

cubic meter.

The particles are primarily dissociated oxygen and hydrogen, with a
degree of single ionization of about 30 percent. Most of the electrical
input energy to the underwater spark is stored within the channel in the
form of dissociation, excitation, and ionization. During the early stages
of the spark the major energy loss from the channel is that used in
generating the shock wave. The radiation output, which persists for a
long time on the microsecond time scale of the underwater spark, becomes
the major loss during the later stages. There is evidence that there is
an internal pressure in the spark plasma due to the interparticle Coulomb

forces., Wall recombination appears to be important even though most of



the ion recombination occurs throughout the plasma volume.

Investigational Procedure

The general procedure employed in the investigation has been as
follows. From a circuit analysis of the spark discharge circuit, the
power input to the spark was obtained as a function of time. The result
was checked by a circuit energy balance. Kerr cell camera photographs of
the spark were used to obtain the channel size as a function of time.

The spark=-channel pressures as a function of time were obtained by hydro-
dynamic calculations based on the rate of expansion of the spark channel.
The channel temperature was obtained as a function of time by measure-
ment of the radiation. These four quantities, channel energy, size,
pressure, and temperature, were sufficient to carry out a detailed

energy balance for the spark plasma, again as a function of time. The
Seha and Boltzmann relations played a significant part in this energy
balance. The result is a self-consistent picture of the physical
conditions in the plasma of an extremely high-pressure, high=-power

electrical discharge.



CHAPTER II
THE DISCHARGE CIRCUIT AND INSTRUMENTATION

The design of the basic equipment used for the study of the under-
water spark is summarized by the block diagram in Fig. 1. The correspond=
ing general view of the equipment is given in Fig. 2. In operation, the
charging of the storage capacitors is begun after the physical underwater
spark electrode setup is complete. When the desired voltage is reached,
the charging current is decreased until it just compensates for leakage
and corona loss. While the voltage is thus held at the desired value,
the operator is free to pull the dark slide on the Kerr cell camera, open
the oscilloscope camera shutter, and carry out any other last-minute
operations which may be necessary. The manual air gap is then closed by
means of a fiberglas cord, which completes the circuit and initiates the
spark. After the transient is completed, the oscilloscope camera shutter
is then closed, and the Kerr cell dark slide replaced.

The discharge circuit is shown in Figs. 3 and L. When the equip-
ment was in use, the five inverted storage capacitors at the top were
surrounded by 3/h=inch boards to give protection in case one capacitor
should short internally, resulting in the dissipation of the entire
stored energy within the shorted capacitor. The supporting'cabinet
performs the dual function of protecting personnel from the high voltage
and reducing the stray interference with the recording instruments. The
access door of the cabinet was mechanically interlocked, and all other
doors were bolted to prevent them from being opened inadvertently.

The particular discharge circuit used was evolved gradually through-

10
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out the course of the investigation as additional experience was acquired.
Initial work was carried out with a capacitance of 11 microfarads charged
to voltages under 10 kilovolts. Further work was done with 3/h microfarad
at 20 kilovolts, and with 1/2 microfarad charged to 50 kilovolts. The
final discharge circuit, with which the measurements discussed in this
dissertation were made, using 5.8 microfarads charged to 25 kilovolts,

is designed for maximum rate of transfer of energy to the spark during

its early stages.

The discharge circuit employs 5 GE Pyranol capacitors in parallel,
each rated 25 kilovolts and one microfarad, and each having a measured
internal inductance of about 1/3 microhenry. The measured total capacity
of 5.8 microfarads gives a stored energy of 1810 joules. The effective
series inductance of the circuit has been made as small as possible so
that the initial rate of rise of current will be a maximum. By use of
wide and closely spaced copper straps for leads the effective series
inductance of the circuit has been limited to 0.26 microhenry as determined
from the period of the current oscillations. The theoretical initial

10 amperes per second, is not quite attain-

rate of current rise, 9.6 x 10
ed. If the circuit had no resistance, the peak discharge current would

be 118,000 amperes. The actual value as measured by the current shunt

is 85,000 amperes., The state of charge of the storage capacitors is
indicated by a five-kilovolt DC voltmeter connected across a five-to-one
resistance voltage divider. The calibration of this divider and voltmeter
combination was checked with an accurate electrostatic voltmeter (Rawson,

Type 518C). The accuracy was found to be within several percent at full

scale,
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Instrumentation

The problem of electrical interference with the measuring equipment
was a serious one. All units of the apparatus were grounded to a large
aluminum sheet on the front of the cabinet. This sheet was then grounded
to the building water system. Multiple grounding of any unit of equipment
was found to be undesirable, since this resulted in a low impedance loop
through which circulating currents could flow. Interference was confined
within the cabinet as much as possible by having the minimum number of
leads to the outside. For example, the interference was prevented from
reaching the building power lines via the high-voltage supply by means of
a 3-megohm charging resistor. Without such isolation, interference
could enter the oscilloscope through its power cord. The signal lead to
the oscilloscope, and the Kerr cell triggering leads, were coaxial
cables, The shielding provided by the metal cabinets of the oscilloscope
and Kerr cell pulser produced additional isolation. Checks were frequent-
ly made during the course of the investigation to confirm that the stray
pickup was not causing a spurious signal on the oscilloscope.

The spark current oscillograms and the photocell light output traces
were displayed by means of a Tektronix type 513D Cathode Ray Oscilloscope.
This oscilloscope is specifically designed for observing fast single=-
sweep traces of rapid events. It has a 12-kilovolt accelerating potential
on the cathode ray tube, and the fastest sweep rate is 0.1 microsecond
per centimeter. The vertical amplification is by means of a direct-
coupled push-pull distributed amplifier having a nominal bandpass from
DC to 18 megacycles. Most work was carried out using only this amplifier.
There is also a built-in RC-coupled preamplifier which was used for the

photocell measurements. It operates single-~ended and reduces the nominal
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bandwidth to the range from 2 cycles to 16 megacycles. The distributed
amplifier transient response permits satisfactory recording of a risetime
of 0,025 microsecond (10 percent to 90 percent).

The oscilloscope sweep can be adjusted to be free running, or it may |
be triggered. The trigger signal may be obtained from the signal under
observation, from any external source, or from a periodic internal
source. All input signals are fed through a 1/L-microsecond delay net-
work in order thet the sweep may get underway and the spot be intensified
before the amplified signal is applied to the vertical-deflection plates.
There is also a trigger output with adjustable delay so that various
equipments, such as the Kerr cell pulser in the present study, can be
triggered at any desired time later than one microsecond after the sweep
initiation.

The oscilloscope trace is very linear with time, nonlinearity being
almost undetectable visually when a one-megacycle sine-wave signal is
applied to the amplifier. There is an internal calibration voltage for
determining the value of the continuously adjustable vertical-deflection
sensitivity. The input impedance of the oscilloscope is nominally one
megohm of resistance in parallel with LO micromicrofarads of capacity,
but a ten-to~-one RC-compensated attenuator probe increases the effective
impedance to 10 megohms in parallel with 1L micromicrofarads of capacity.
In all applications in which the oscilloscope was used for measurements,
a check was made for stray electromagnetic pickup. After a measurement
was made, all equipment was left connected in the same relative position,
the signal was blocked from reaching the oscilloscope, and the underwater
spark was discharged as usual. It was found that in all measurements the

stray pickup had been reduced to a completely negligible value.
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The oscilloscope traces were recorded by means of a Dumont type 297
Polaroid Land Oscillograph Camera having a lens with an aperture of f.2.8.
Conventional type L1 "Picture in a Mimute" Polaroid film was used. This
material has a photographic speed corresponding to the faster coﬁventional
films, about ASA 100, In order to record as fast a sweep as possible, and
hence record more detail in the oscillograms, a cathode ray tube with a
P-11 phosphor was obtained. This is a blue phosphorescent material made
especially for photographic recording. As seen by the eye, the P-11
phosphor has no perceptible persistence. It was found necessary to pre-
expose the type L1 film to remove its emmlsion inertia in order to record
single traces with a sweep speed of one microsecond per centimeter.

The current through the underwater spark was measured by means of a
noninductive resistor connected in series with the spark. This current-
viewing resistor, or current shunt, develops a voltage proportional to
current, which may be displayed on the oscilloscope. The shunt is a
folded-ribbon type designed by H. C. Early. It has excellent electrical
and mechanical characteristics and is relatively easy to construct as
compared to the coaxial type shunts.

A photograph of the shunt is shown in Fig. 5, and the method of
construction in Fig. 6. Several strips of Chromel ribbon are folded as
shown, and the tabs are brazed to the edges of the two copper plates.

The width, length, and number of ribbons depend on the amount of resistance
desired. Three very thin strips of clear mica are inserted as shown so
that the Chromel ribbons are insulated. The entire assembly is then
clamped securely with four insulated brass studs so that it becomes a
secure "sandwich." The shunt is mechanically very sound, and in the

present work it supports the entire electrode structure which is immersed
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CURRENT SHUNT

FIG. §
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in the water,

The shunt which was used to take the current oscillograms on which
the calculations in this paper are based contains four Chromel ribbons,
each one inch wide, two mils thick, and 1-1/k inches long (not including
the brazing tabs). The mica insulating sheets are three mils thick, and
the outer copper plates are 1/8 inch thick. The resistance of this shunt,
measured on a Kelvin double bridge, is 0.00693 ohm. This is a DC
measurement and does not take into account skin and proximity effects;
however, the skin depth for 137-kilocycle current in Chromel is about 50
mils, and thus the current distribution over the 2-mil ribbon is
essentially constant. As a check, the resistance of the shunt was
calculated using the manufacturer's data for resistivity of Chromel and
the result was 0,0066L4 ohm. This is a difference of 4.2 percent which is
sufficiently close agreement to confirm the measurgd value. The self-
inductance of the shunt is below that which can be conveniently measured
by conventional laboratory methods; a very refined and sensitive method
would have to be developed. A calculation of the inductance based on
the dimensions of the shunt gives a value of 2.5 x 10"11 henrys. The
maximum rate of change of current obtained with the present discharge
circuit, about 6 x 1010 amperes per second, would cause an induced
voltage of about 1.5 volts across the shunt. This may be compared with
the signal, or resistive, voltage developed across the shunt at current
maximum of about 590 volts. Thus the current shunt is probably not
being used to the limit of its capabilities in the present application.
Even if the actual shunt inductance were ten times the calculated value,
the shunt performance would be adequate to the accuracy with which the

current oscillograms can be measured.
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The temperature stability of the current shunt is of no concern to
the present investigation since the duty cycle is extremely small. After
a discharge lasting approximately 25 microseconds, there is a long period
while the electrodes are removed from the tank, cameras reset, and a new
setup made., The calibration of the shunt has been observed to drift
gradually with time over a period of months. Usually the drift consists
of an increase in resistance, but the amount of change is very small.
Calibration of the shunt by means of the Kelvin bridge at intervals of
several months compensates adequately for this drift. More frequent use
of the shunt, or a higher duty cycle, would make more frequent calibration
advisable,.

Equivalent Circuit for the Discharge Circuit

For the purpose of carrying out an energy balance for the underwater
spark, to be discussed later in this dissertation, it will be necessary
to know the spark power input as a function of time. This spark power
input will be obtained by use of an equivalent circuit for the actual
discharge circuit. Knowledge of the equivalent-circuit constants and
the spark current will supply the information necessary for determining
the spark power.

The discharge circuit may be represented by the equivalent circuit
shown in Fig. 7. In this equivelent circuit R; and I represent the
effective series resistance and self-inductance of the part of the
actual discharge circuit which is on the storage-capacitor side of the
manual air gap. Ry and Lz represent similar values for the part of the
circuit from the air gap to and including the underwater spark electrodes.
This equivalent circuit is approximate in that the actual circuit pro=-

perties are not lumped, but are distributed along the lead straps. Also
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various stray capacitances are neglected, as well as the mutual induct=~
ances between the two parts of the circuit on each side of the manual
air gap. To the degree of accuracy sought in this analysis, these
effects are all negligibly small,

The values of the equivalent-circuit parameters were determined in
the following manner: The capacitance of the energy storage capacitors
was determined by charging them with a constant current and noting the
time rate of change of voltage. As a check, the capacitance was measured
using a General Radio impedance bridge. The two measurements checked
with an error of 1.7 percent; a mean value of the two readings was taken
to be the measured value. Next, the value of (L *+ L») was determined
by taking an oscillogram of the discharge current when the circuit was
used in its normal way, i.e., with 25 kilovolts on the storage capacitor
and a one-mil tungsten initiating wire 1.5 centimeters long between the
underwater electrodes. Under this condition the current reaches a peak
of 85,000 amperes, has a resonant frequency of about 130 kilocycles, and
persists for approximately four cycles. From the period of the damped
current oscillation, the total effective series inductance was found to
be 0.26 microhenry., The correction to be made to this value in order
to allow for the effect of damping upon the oscillation period amounted
to only 2 percent, which is negligible in view of the limited accuracy
with which the oscillogram can be measured.

The damping of the current is more nearly exponential than the
approximate straight-line relationship which is often encountered in
spark discharges. Straight-line current damping indicates an effective
series resistance which increases as current decreases. This situation

may exist in the present case during the initial expansion stage of the
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spark channel, but the resolution of the oscillograms is not sufficient
to make a definite determination. All that can be said is that during
the latter stages of the spark history, the damping is caused by an
approximately constant resistance. From the amount of damping, the
effective average total series resistance was found to be 0.0690 ohm,
This includes R;, Rz, the current shunt, the spark resistance, the
coupled cabinet resistance, the resistance of the air spark across the
manual gap, and any modification of these caused by proximity and skin
effects,

The effective series resistance and inductance of the discharge
circuit on the capacitor side of the manual air gap switch, R; and L,,
were determined in a similar manner. A copper strap about six inches
wide and two inches long was clamped so it shorted the discharge circuit
across the points corresponding to A=A on the equivalent circuit. The
capacitor was then charged to approximately 10 kilovolts, this lower
value being chosen to limit the current to a typical value. The current
oscillogram was taken and the appropriate values calculated from the
period and damping factor as before. The value of Ry, 0.0306 ohm,
includes the lead resistance, equivalent resistance of the air arc across
the manual gap, and coupled cabinet resistance. The modification of
resistance caused by skin effect is only approximately taken into account
since the new frequency was 170 kilocycles, of the same order as the
original 130 kilocycles. The value L was found to be 0,15 microhenry,
Next the short circuit across A-A was removed, and a copper wire was used
tb short circuit the underwater spark electrodes. This was done in such
a manner that no additional contact resistance was introducéd into the

circuit. The circuit was again discharged, with the storage-capacitor
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voltage being chosen so that the peak current would again be about 85,000
amperes. The damped sine wave indicated a series inductance of 0,26
microhenry, and an effective series resistance of 0.0422 ohm. From these
three sets of data, the values of the parameters of the equivalent
discharge circuit may be assigned. The data indicate that the spark has
an average effective resistance of about 0.027 ohm during the later stages
of the current oscillations.

The removable electrode leads which go down into the water tank are
large in area and closely spaced, the insulation being provided by a non=-
porous rubber sheet. The interlead capacitance was determined in order
to confirm that it did not seriously affect the results of the circuit
analysis. It was measured and found to be 165 micromicrofarads, which
is negligible.

All measured values of the equivalent-circuit parameters were
checked by calculation. The geometry and dimensions of the actual dis-
charge circuit were taken, and the approximation of lumped parameters
was used. All calculations checked the measured values within 30 percent
or better. The larger discrepancies were primarily the result of
neglecting the resistance and inductance coupled into the discharge
circuit as a consequence of currents induced in the shielding cage. These
calculations served their purpose in establishing that the measured
circuit constants were not in error by a factor approaching an order of
magnitude. It will be noted that the power loss in the manual air gap
arc is taken into account in the resistor R;. However, this arc has an
unrestricted cross section and a falling voltage characteristic, so that
the voltage across it is probably small compared to other voltages around

the discharge circuit. The fact that power dissipated by this arc has not
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been neglected will become evident when the underwater spark power input
is computed later, Further, since breakdown of an atmospheric gap
occurs in times of the order of 10"8 second, for the purposes of this
study the closure of the discharge circuit may be considered instantane-

ous.

The Water Tank

The water-tgnk in which the spark took place is 12 by 15 by 20
inches. It is welded from 3/32-inch sheet steel and is painted with a
commercial rust-preventing paint. Splash covers are used, since the water
is rather violently disturbed when the discharge takes place. The 3=inch
diameter window is 5/16=inch-thick plexiglas, clampéd between sheet
rubber gaskets. It was found that glass was too fragile for this appli-
cation, sinée the underwater spark is only L=3/4 inches from the window
surface. Evidently the inherent flexibility of the plexiglas (a plastic),
together with the flexibility of the mounting gaskets, is the reason for
the success of this window. Optical distortion caused by pressure
deflection of the window is of no concern since approximately 75 micro-
seconds are required for the shock front to reach the window. The spark
electrodes are located about 7 inches below the free surface of the water.
All work was carried out in Ann Arbor city water. The water was constante
ly undergoing change by continuous flow, and the temperature was not
artificially altered. The temperatures showed a seasonal variation over

the range from 9 degrees centigrade to 22 degrees centigrade,



CHAPTER III
KERR CELL PHOTOGRAPHY AND THE DETERMINATION
OF SPARK CHANNEL SIZE

The initial impressions of the nature of the underwater spark were
obtained by means of photographs. In fact, photography has formed the
backbone of the present method of investigation. It provided the spark
size as a function of time, which was used in the calculation of channel
pressures, and played an important part in the temperature and energy
balance calculations. In addition to this quantitative type of data,
many conclusions have been reached concerning underwater-spark phenomena
from the qualitative information contained in the photographs. This
chapter is a discussion of the photographic equipment and of the con-
clusions which have been drawn from this qualitative information, as
well as a presentation of the growth curve of the underwater spark as a

function of time,

Photographing Rapid Events

In the first exploratory stages of the investigation, pictures of
the underwater spark were taken by use of a conventional camera. The
spark voltage was of the order of 6 kilovolts, and the exposure was made
by holding the camera shutter open during the entire course of the
discharge. These photographs lacked suitable resolution for a detailed
study of the spark channel. They were blurred, and one could not
establish the time sequence of the various images on the final picture
or the rapidity with which phenomena took place. For these reasons a

photographic system having a time resolution of the order of one micro-
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second was considered necessary.

When photographing rapid events, the length of the exposure time
may be determined either by using a source of illumination of known or
controllable duration, or by use of a shutter which forms an integral
part of the camera. If the event is a self-luminous one so that it
supplies the light necessary to expose the film, then only the second
method is suitable. Conventional blade-type and focal-plane camera shut-
ters can only be made to give reliable operation at speeds not appreciably
higher than that corresponding to exposures of one millisecond. Suitable
rotary methods, such as rotating mirrors or slits, may be used to get
exposures in the one-to-ten microsecond range. For single exposures of
one microsecond or less, it is desirable’ to use one of the various
electrical shutters. These shutters have no moving parts, and hence
are not limited in their speed of operation by problems of mechanical
design of fast-moving components.

There are a number of optical effects which may be utilized to
construct an electrical shutter (18, Chap. 19). One class of phenomena
is referred to as magneto-optics, which is concerned with the origination
or transmission of light through matter in a magnetic field. The Faraday
effect is the magneto-optical effect most used for building electrical
shutters. Water and glass are usually employed as the optically active
materials in which magneto-rotation takes place. Thus the light beam
to be controlled is passed through a polarizer, then through a glass
block or water cell located in a coil which provides a longitudinal
magnetic field, and finally through a second polarizer. However, a
magneto-rotary shutter of this type was not chosen for the present ap-

plication since it requires a short-duration pulse of current through
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the magnetizing coil. A pulser to supply & very short current pulse is
not as simple and reliable as a pulser built to supply a short-duration
voltage pulse.

The second general class of optical effects is referred to as
electro-optics. The Kerr €lectro-optical effect is utilized in the
construction of a Kerr cell. Certain liquids become birefringent when
placed in an electrical field. Nitrobenzene shows this effect very
strongly and hence is usually used in Kerr cells. The liquid behaves
like a doubly refracting crystal with its optic axis in the direction of
the electric field. The light beam to be controlled is first plane
polarized with the plane of polarization selected to be at an angle of
L5° with respect to the direction of the applied electric field. The
two equal mutually perpendicular components of the incident light, one
teken in the direction of the electric field and one at right angles to
it, travel at different velocities through the birefringent liquid. Thus
the polarization of the beam gradually shifts from plane polarization to
circular polarization and back to plane polarization. The sécond polarizer,
which is crossed with respect to the first when there is no applied
electric field, is thus able to transmit a component of the beam when the
electric field is applied to the liquid.

In spite of its various disadvantages, nitrobenzene is the most
generally suitable liquid for use in Kerr cells because of its exception-
ally large Kerr constant. The disadvantages of nitrobenzene are that it
is quite opaque to light having a wavelength less than LOOO Angstroms, it
is volatile and poisonous, it is a good solvent of materials which one
would wish to use to seal the junctions of the Kerr cell container, it is
inflammable, and the high dielectric constant, 36, requires that the

pulser deliver sufficlient power to charge the resulting increased elec-
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trode capacity very rapidly. The upper limit to the speed of operation
of a Kerr cell is set by the molecular relaxation time of nitrobenzene,
which, similarly to other polar liquids, is of the order of 10-9 seconds.
Finally, nitrobenzene tends to absorb contamination, namely moisture,

from the atmosphere and thereby increase its electrical conductivity,

The Kerr Cell Camera

A photograph of the Kerr cell used in this study appears in Fig. 8.
The glass cell containing the electrodes and the nitrobenzene has two
optically plane windows. These windows are held against ground bosses on
the cell body by aluminum rings having a  shoulder which bears on the
plane glass sheets only along a line opposite to the plane supporting
surfaces on the cell body. Thus the clamping force does not distort the
plane glass windows. Further, by leaving the cell open to the atmosphere,
temperature changes cannot cause internal pressure changes and thus
distort the}windows. The polarizers consist of two one-inch diameter
discs of type HN 22 high-extinction polaroid mounted in glass of optical
quality. The forward polaroid (on the camera lens side) has no provision
for adjustment, but it is mounted on a removable slide so that the Kerr
cell may be rendered transparent in order to focus the camera or to do
other setup work which may become necessary. The second polaroid (on the
film side) is adjustable about the two axes in a plane perpendicular to
the light beam for the purpose of attaining parallelism with the other
optical surfaces of the cell, and it may be rotated about an axis co-
incident with the light beam for the purpose of adjusting for maximum
extinction when there is no applied electric field. The parallelism of
all the optical surfaces of the Kerr cell is important in order to
eliminate mltiple images on the film due to reflections from the surfaces,
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KERR CELL CAMERA

FIG. 8
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In practice, the Kerr cell must be realigned whenever there is a possibi=-
lity that the parallelism has been disturbed. This alignment is carried
out by observing the image of a six-volt lamp filament operated well
above rated voltage on the camera ground glass,

When the Kerr cell was first constructed, it was found that specular
reflection at grazing angles from the electrodes caused extraneous "ghost®
images., These were eliminated by roughening the electrode surfaces with
emery paper and applying a thin coating of aquadag. Two metal foil
apertures having 6.5-millimeter by 10-millimeter rectangular openings are
placed over the plane windows on each side of the Kerr cell. These
restrict the light passing through the Kerr cell to those rays which have
passed between the cell electrodes. The electrodes are each 12 millimeters
by 25 millimeters in area, and are spaced 4.5 millimeters apart. When
the Kerr cell is completely adjusted, the light-to-dark ratio is sufficient-
ly high so that no perceptible darkening occurs on the photographic film
when the underwater spark discharge takes place with the camera properly
focussed on the spark, but with no voltage pulse applied to the Kerr cell
electrodes. The adverse effects produced by impurities in the nitro-
benzene have not been detrimental to the operation of the Kerr cell
camera in ﬁhis investigation. Apparently a voltage pulse lasting only
one-quarter microsecond is short enough so that there is negligible
accumlation of field-distorting space charge throughout the volume due
to nonuniform electrical conductivity. Thus the electric field remains
sufficiently uniform throughout the region between the electrodes,
yielding a high light-to-dark ratio.

A dimensional sketch of the optical system of the Kerr cell camera is
shown in Fig. 9. The lens is a Kodak f.L.5 Ektar having a focal length

of 6 inches. The L~inch by 5-inch film is held in cut film holders which
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in turn mount in a conventional ground=-glass camera back. The analysis of
the optical system is straightforward. If the iris diaphragm of the lens
is set at about £.8 or larger, then the edges of the Kerr cell electrodes
toward the film form the aperture stop of the optical system for the
object distance at which the underwater spark is located. Under this
condition, the forward, or front, edges of the electrodes form the field
stop. The photographic speed of the entire optical system used in this
way is approximately f.h2. If, however, the iris diaphragm of the camera
lens is successively stopped down, then it becomes the field stop and
finally the aperture stop for the optical system. These two situations
are not analyzed since the camera was not used in this way while photo-

graphing the underwater spark,

Kerr Cell Pulser

The Kerr cell requires a 7-kilovolt pulse of approximately rectangular
form and having a duration equal to the desired photographic exposure time.
The Tektronix 513D oscilloscope provides a trigger pulse of approximately
50 volts péak value, and the amount of delay is continuously adjustable.
Therefore the Kerr cell pulser was designed to utilize this delay trigger
signal. The pulser circuit used is diagramed in Fig. 10, and a photograph
is showQ in Fig. 11, A Guillemin type-A voltage-fed pulse network is
charged to approximately 1l kilovolts. This network is then discharged
through its characteristic impedance, the switching being performed by a
5C22 hydrogen thyratron. The voltage pulse developed across the load
resistor is conducted to the Kerr cell electrodes by a pair of twisted
leads which are arranged to be as short as possible. In order to obtain
a control grid signal sufficiently large to trigger the 5022 thyratron

reliably (200 volts is recommended by the manufacturer), a 2D21 thyratron
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CELL PULSER

KERR

FIG.
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is triggered from the oscilloscope delay trigger signal, and the resulting
output is used for triggering the 5022, The total time delay through this
circuit is approximately O.4 microsecond.

In the initial stages of this investigation, a General Electric
one-microsecond radar pulse network was utilized as the pulse-forming
network. However, when the underwater spark discharge circuit was
subsequently redesigned so that greater power was fed into the spark, the
resulting Kerr cell photographs were found to be overexposed. Since
improving the time resolution of the photographs was important, it was
decided that a shorter exposure time would be a more desirable solution
to the overexposure problem than attenuating the light by absorbers, or
by decreasing the camera aperture or film speed. The pulse network which
was built is a two-section network, design formulas being taken from the
literature (19, p. 203). The network develops a 7-kilovolt pulse across
a 350-chm Globar resistor, the duration being approximately one-quarter
microsecond. The voltage pulse shape is shown in Fig. 12. The pulse
could be shaped more ideally by the addition of more sections to the
pul se-forming network, but the present requirements are amply met with
the twe-section network. The open construction of the pulser circuit
causes the oscilloscope to pick up a small interference signal which
appears as a one-quarter microsecond gap in the oscilloscope trace. This
has served a useful purpose in that the desired delay time may be set
before a Kerr cell photograph is taken, and after the oscilloscope
current trace has been developed, the location of the small gap identifies
the instant at which the picture was taken.

Most of the photographs taken with the Kerr cell camera were on
Kodak Super Panchro Press Type B film, This panchromatic film has an

optimum ratio of speed to graininess which has been suitable for the
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FIG. 12 OSCILLOGRAM OF PULSER OUTPUT

SCALE FACTORS?

VERTICAL— 2000 VOLTS PER DIV,

HORIZONTAL— 0.2 MICROSEC. PER DIV.

PULSE-FORMING NETWORK CONSTANTS:
(SEE FIG, 10)

Ci— 440 MICROMICROFARADS
Cz2— 263 MICROMICROFARADS
Li— 11,1 MICROHENRYS

L2— 2.99 MICROHENRYS
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present work. Development was carried out in Panthermic 777 to a gamma
of one as recommended by the developer manufacturer.‘ The final prints
which were studied were on 8 by 10 glossy paper, the spark image being
approximately 8 or 9 times natural size. With this degree of enlargement,
the grain was not at all noticeable, in fact the amount of enlargement
could be further increased if it were desirable. In some of the photo-
graphs where optimum photographic speed was required, so that a nonluminous
object in the spark vicinity would be visible, Kodak Royel Pan film was
used., Development was in Kodak SD-19A. This is a combination of a
highly active developer and a chemical fogging agent. Use of this
exceptionally fast emulsion and active developer requires very carefully
controlled darkroom processing, or else the grain size will be objection=-
ably large, resulting in loss of definition. It should of course be
realized that a large amount of emulsion sensitivity is lost due to
failure of the film exposure reciprocity law in cases where the exposure
times are as short as one microsecond or less.

A1l photographs taken of sparks should be recognized as distortions
of the actual appearance of the spark as it would look if it were viewed
directly by the human eye, In general, the spectral response of photo=
graphic emulsions is much different from that of the eye, so that blue
radiation is overemphasized, and the invisible ultraviolet radiation is
probably the dominant contributor to film exposure. In the present study,
this distortion factor is practically eliminated (unintenticnally) by the
very low transmission of nitrobenzene at wavelengths less than LOOO
Angstroms, A second factor introducing distortion in all spark photographs
is the limited latitude of the film emulsion., For modern fast films, the
latitude is of the order of 100, so that the film can encompass a bright=-

ness ratio of only 100 on the object photographed. Printing on photo =
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graphic paper further distorts the image tones, since paper has even less
latitude. Thus it should be remenbered, when viewing the spark photographs,
that a region which appears dark on the photograph mey actually be quite
luminous; it appears dark only by comparison with the adjacent brighter
areas.

In the present study, no attempt has been made to use photographic
emulsions as a tool for photometric measurements. The dependence of the
amount of emulsion darkening on such factors as spectral character of the
source, exact condition of the photogrephic developer, development time
and temperature, age and previous storage conditions of the film, film
batech number, and the deviations from reciprocity, would make such a
photometric measurement completely unreliable. It would be very complicat-
ed to standardize every sheet of film used in such a measurement, as is

presently done in spectroscopic work.

Spherical Structures

The first Kerr cell photographs were taken of underwater sparks
which were produced by discharging an ll-microfarad capacitor charged to
I to 10 kilovolts. The resulting currents were approximately critically
damped and reached maxima of about 10,000 to 15,000 amperes in about 8
microseconds after establishment of the gaseous conducting channel,

Figs. 13 and 1l are typical photographs taken with an exposure time

of one microsecond. The spherical structures which form on the two
electrodes have not been previously reported in the literature. Although
the detailed study of these spheres is not within the realm of extremely
high pressure gaseous conduction, a short discussion of their characteris=-
tics will be included because of their novelty., They present essentially

& problem in the moleculer structure of a highly polar liquid,
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(21). 1In this same manner secondary unduloids have been produced, and
tertiary unduloids are considered possible. The fact that unduloids are
created in almost all work with exploding wires may be realized by
reference to works in which pictures are presented of the early stages
of exploded wire discharges (7, 22). A striated pattern is almost
always evident,

The pinch force will not cause a liquid current-carrying wire to
constrict unless there is a small initial constriction; a perfectly
uniform cylindrical wire would be in unstable equilibrium. This fact,
by itself, suggests that the unduloid droplets would be randomly spaced,
and correspondingly random in size. This would not give the consistently
uniform and reproducible striation spacing which is observed in the
various melting-wire studies. There is a mechanism which is probably
effective in determining the striation spacing. JTn 1878, Rayleigh
presented a theoretical investigation of the stability of a liquid
cylinder issuing from a nozzle (23). One part of this work is concerned
with instability caused by surface tension of the liquid. The parts of
" Rayleigh's work which applj to the present case can be summarized in
terms of two equations. The spacing of the droplets which form as a

consequence of the instability of the cylinder is given by the equation,

A= 72508 24 (3.1)

where
QL is the initial radius of the liquid cylinder, and
)‘ is the droplet spacing.

The rate at which the droplets form is expressed as an exponential time-

constant of growth, g; thus
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The spheres originate and grow during the prebreakdown, or formative,
period of the underwater spark. As soon as electrical breakdown is
complete, their growth is arrested or considerably retarded. During the
pericd of their growth, a current of the order of one ampere flows. Any
alteration of the breakdown conditions which tends to extend the formative
period causes larger spheres to be formed. One such variable is water
temperature., When the temperature is about 10 degrees centigrade, the
formative period may last several milliseconds, and the spheres grow very
large. At 15 degrees centigrade the formative period is short, and. the
spheres are small, No pronounced spherical structure has been observed
for temperatures above 15 degrees centigrade. The formative period may
also be extended by inserting a sclid dielectric barrier between the
electrodes, as was done in Fig. 15, In this case the spheres are large,
and it appears that they are reluctant to contact a solid object in
their vicinity. A third method of extending the formative period is to
charge the capacitors to a reduced voltage. The formative period then
becomes increasingly longer in a manner quite similar to that encountered
in the electrical breakdown of a gas. At the lower voltages the formative
time becomes so long that the capacitors are discharged before the
breakdown process is completed. This occurs at capacitor voltages of
the order of 5 kilovolts, depending on water temperature and the amount of
capacity.

In Figs. 13 to 16 the left electrode is positive. The sphere on
this electrode is always larger, having a surface similar to an orange.
The smaller sphere on the right may have a texture varying from a milky
to a glassy appearance. The spheres appear to be nonluminous; the light
from them probably originates from the spark channel within their volume.

The spheres also form when the capacitors are charged to a voltage less



FIG. 15 SEVEN-KILOVOLT SPARK
WITH DIELECTRIC BARRIER




FIG. 16 EIGHTEEN-KILOVOLT SPARK
AT | MICROSECOND
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than that required for breakdown. This was noted by using an auxiliary
flash 1light source to provide illumination for the photograph. When
cqmplete breakdown does not take place, there is no noise generated in
the water, indicating that the spheres do not represent an appreciable
change in the water density. One of the most interesting characteristics
of the spheres is their consistently uniform spherical shape. The electric
field between the parallel-wire electrodes is far from being spherically
symmetric. One possible explanation of the spheres is that they are
regions of spontaneous electric polarization somewhat analogous to the
domains in a ferromagnetic material. Light, upon leaving or entering
these liquid electric domains, would be refracted at the (irregular)
boundary due to an alteration of the index of refraction, thus rendering
the boundary visible.

When the capacitor voltage is approximately 10 kilovolts or greater,
the formative time of the underwater spark becomes short, of the order of
a microsecond., The breakdown proceeds by means of branched streamers
which advance from each electrode without formation of the spheres.,

When the gap is finally bridged, the discharge takes place. This causes
the unsuccessful streamers to become dormant, and their presence is reveal-
ed by reflected light from the main discharge channel. Fig. 16 is a

typical example of streamer formation,

Initiating Wire and Striations

It became evident early in the investigation that obtaining data
suitable for quantitative interpretation would be hampered by the random
nature of the spark breakdown process. The statistical formative time
lag, the presence of the spheres, the irregular unpredictable path of the

discharge, and the nonuniform cross section along the length of the channel
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all made reproducible sparks impossible. All these undesirable features
of the spark were overcome by one procedure. This consisted of starting
the spark immediately upon the application of voltage by means of a fine
initiating wire. The use of the initiating wire reduced considerably the
rate at which data could be taken; but in return, the reproducibility of
behavior of successive sparks was very rewarding. Thus data taken on
different sparks could be correlated, and the character of the underwater
spark could be followed as a function of time. As will be shown later,
the presence of the initiating wire affects the characteristics of the
discharge only during the initial quarter-microsecond or so; its presence
does not appreciably affect the spark during later times which are of
interest in this study.

Many of the Kerr cell photographs of underwater sparks initiated by
an initiating wire show pronounced striations, especially during the
early stages of spark development. Fig. 17 is an example. The appearance
of the striations is not appreciably modified by moderate changes in
spark voltage or current, or by changes in initiating wire material. The
spacing of the striaticns is however quite dependent on the initiating-
wire diameter. It is quite probable that these striations have as their
origin the unduloids which are produced by the melting of the initiating
wire. Unduloids are the succession of droplets of molten metal which are
formed when a wire is rapidly melted by a high-current discharge. They are
a consequence of the pinch forces produced by the magnetic field of the
curreht reacting upon the current itself., Photographs of melting fuse
wires often show clearly this phenomenon (20). Kleen has produced solid
unduloids by sending a pulse of current through a wire; if the current
magnitude and duration are properly controlled, the wire will melt, form

unduloids, and then solidify into a structure resembling a string of beads
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(21). In this same manner secondary unduloids have been produced, and
tertiary unduloids are considered possible. The fact that unduloids are
created in almost all work with exploding wires may be realized by
reference to works in which pictures are presented of the early stages
of exploded wire discharges (7, 22). A striated pattern is almost
always evident,

The pinch force will not cause a liquid current-carrying wire to
constrict unless there is a small initial constriction; a perfectly
uniform cylindrical wire would be in unstable equilibrium. This fact,
by itself, suggests that the unduloid droplets would be randomly spaced,
and correspondingly random in size. This would not give the consistently
uniform and reproducible striation spacing which is observed in the
various melting-wire studies. There is a mechanism which is probably
effective in determining the striation spacing. JTn 1878, Rayleigh
presented a theoretical investigation of the stability of a liquid
cylinder issuing from a nozzle (23). One part of this work is concerned
with instability caused by surface tension of the liquid. The parts of
Rayleigh's work which applj to the present case can be summarized in
terms of two equations. The spacing of the droplets which form as a

consequence of the instability of the cylinder is given by the equation,

A= 4508 ~9a (3.1)

where
A is the initial radius of the liquid cylinder, and
)‘ is the droplet spacing.

The rate at which the droplets form is expressed as an exponential time=-

constant of growth, ﬁ; thus
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%
_ A
F = 095 (77) (3.2)

7r-is the surface tension of the liquid, and

where

[ is its density.
The effects of viscosity have been neglected. Equation 3.1 will be
discussed first. Kleen has made a large number of measurements of the
spacing of unduloids and related them to the original wire size (21).

As a typical example he finds experimentally for silver,

A
i@~4éi (3.3)

He also refers to the work of others who have obtained substantially the
same results. The experimental constant in Equation 3.3 has been found
to be slightly dependent on wire material and surface condition. In

the case of the present study of the wire-initiated underwater spark,
striation spacings were measured from Kerr cell photographs for copper
and tungsten initiating wires of several sizes. In all cases the
measured spacings were exactly (within the error of measurement) one-
half or one-fourth the spacing predicted by Equation 3.l. If secondary
unduloids were formed, the spacing would be exactly half that given by
Equation 3.1; and if tertiary unduloids were formed, the spacing would be
one=fourth that given by Equation 3.1. Thus the complete absence of an
experimental spacing one-third that in Equation 3.1 is especially signi-
ficant. It appears, then, that tertiary unduloids may be formed in some
cases when the initiating wire melts. Now consider Equation 3.2. If
values of surface tension and density which are typical of molten metals

are inserted in this equation, the growth time-constant 2;. is approxima-



52

tely 100 microseconds for wires of the order of several mils diameter.

The forces due to surface tension are thus not large enough to form
unduloids in the short times involved in work with exploding wires. The
role of the surface tension forces is only to provide the initial,
regularly spaced, incremental constrictions which are necessary to allow
the magnetic pinch forces to become operative. The pinch forces for a
small-diameter wire, carrying a current sufficient to cause rapid melting,
are very large, so that the liquid droplets are formed before the metal
vaporizes. Thus at some stage in the vaporizing of the initiating wire,
the discharge consists of a succession of metallic droplets connected by

short electric arcs in the metal vapor,

Possibility of a Fine Filamentary Channel within a Luminous Column

The question often arises as to whether an electrical discharge
at extremely high pressure consists of a fine filamentary current=
carrying channel within a larger luminous column defined by the constrain-
ing walls of the discharge region. Such a filament would be laterally
unstable due to its self-magnetic field, so that it would be continually
whipping and writhing about, forming loops similar to oxbows in a river,
These oxbows would become short-circuited and decay as the current
assumed a new shorter path. If the lateral velocity of such a fine channel
were sufficiently high, the entire volume of gas in the luminous column
could be maintained in an excited state, and a photograph taken with an
exposure time as long as one~-quarter microsecond would only give the
summation of a large number of lateral trips of the current-carrying
channel. It would not be necessary to require that the ions or atoms of
the gas attain a correspondingly high lateral velocity, since the current-

carrying channel need be only a path of high ionization; and it could
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pass on, leaving the slower moving atoms and recombining ions behind it.
There are two reasons for anticipating such a fine channel., The similarity
relations which hold for low pressure discharges predict that the equili-
brium diameter of the currente-carrying channel varies directly as the
particle mean free path. If these relations were to hold for high pressures,
the current-carrying channel would be small in cross section, similar to
that in a lightning discharge or a conventional spark at atmospheric
pressure. The second reason is based on pinch effect. If the rate-of-
rise of current in an arc can be made high enough, so that large currents
flow while the channel diameter is still small, it is conceivable that the
pinch force would increase to such an extent that it alone would prevent
expansion of the channel cross section. The pressures and temperatures
within such a channel would be exceptionally high. This possibility has
brought about several attempts, by researchers here and abroad, to try to
develop temperatures of the order of one million degrees for the purpose

of initiating a controlled thermonuclear reaction. No successful attempt
in producing such temperatures has been announced to date. However, since
the first draft of this dissertation was written, Russian scientists have
announced the successful production of neutrons and hard X-rays in a high=-
current discharge in deuterium. The mechanism of productiqn is ascribed not

to an extremely high temperature but to ordered acceleration of eleetrons

and ions in rarefied regions of the spark channel (24).

A diligent attempt was made, in the study of the underwater spark,
to prove or disprove the existence of a fine filamentary channel, Photo~
graphs were taken of the spark while it was confined between closely
spaced parallel blocks of glass or transparent plastic. The spark was bent
around corners. A hairpin initiating wire was used, as well as parallel

initiating wires, in order to see if the mutual magnetic fields would cause
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the fine channel to be driven out of the luminous columm. A large number
of pictures were taken; not a single one gave any evidence of a fine
channel. If there were a fine channel, the spark inductance would thereby
be increased. With the discharge circuit used for the study of the under-
water spark, the anticipatéd amount of increase would not be an appreciable
fraction of the circuit equivalent inductance and would therefore be
difficult to detect. The conclusion was therefore reached that the
existence of a filamentary channel had been neither demonstrated nor dis-
proven. Throughout the remainder of this study no attempt will be made to
differentiate between the current=-carrying channel and the luminous column.
The current density across the cross section will be assumed uniform within

an order of magnitude.

The 25-Kilovolt Underwater Spark

A complete sequence of Kerr cell camera photographs of the underwater
spark is presented in Figs. 18 to 24. These are a part of the sequence of
photographs which were scaled for the purpose of obtaining the chamel
diameter as a function of time. The 25-kilovolt, 5.8-microfarad discharge
circuit was used; the sparks were initiated by a one-mil tungsten wire.

The exposure time was one-quarter microsecond. The spark was 1.5 centi=
meters long, and the electrode on the right in the photographs was positive.
The irregularities along the channel were created by bubbles of hydrogen
which were pfoduced electrolytically with the intent of measuring the spark
pressure. The pressure measurement was unsuccessful, but the distortion

of the bubbles gives an idea of the behavior of the water near the
expanding channel. The water volume elements adjacaﬁt to the channel are
being elongated in a direction tangent to the channel surface and per=-
pendicular to the spark axis. The bubbles appear to f£ill with plasma from
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the channel, and since no current flows through the bubbles, the isolated
plasma begins decaying and cooling. The magnetic field at the surface of
the channel is large, 13.5 webers per square meter at current maximum.
This causes the coefficient of diffusion of the particles in the decaying
plasma in the bubbles to be greater in a direction transverse to the
channel axis than parallel to the axis. This, in combination with the
transverse extension of the water produced by expansion, causes the
bubbles in some photographs to become concentric rings which almost
encircle the channel. One note-worthy feature of all the sparks produced
by an initiating wire is the high degree of cylindrical symmetry about
the channel axis. It will be noticed in these photographs that the
striations are not apparent. This is caused partly by use of an initiating
wire of small size and partly by the very high rate of power input. The
unduloids are probably not completely formed, since vaporization of the
wire follows melting so closely. On the microsecond time scale of this
investigation, the wire may be treated as vaporizing instantaneously.

The scaled channel diameters are shown in Fig. 25. The simple
empirical equation giving the diameters as a function of time was deter-
mined by means of a log-log plot. The equation for the 25-kilovolt spark
iss:

a.527
D=/80 7 (3.L)

where D is the diameter in»millimeters, and t is the time in microseconds.
Similar expansion curves were plotted for uncderwater sparks at different
voltage and storage-capacitor values, and the curves were always approxima-
tely square-root curves. This general expansion characteristic is
consistent with other published work on the rate of channel growth of

spark chamnels (25, pp. 392, 396, L489).
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CHAPTER IV
THE PRESSURES DEVELOPED BY THE

UNDERWATER SPARK

The feature of the underwater spark which gives it unique proper-
ties is the high pressure developed by the expanding spark channel.
This pressure is transmitted to the surrounding water and generates a
hydrodynamic shock wave. The pressures developed are not as high as
those produced in materials by static compression as obtained by P. W,
Bridgman, nor are they as high as those encountered in the submarine
explosions employed in naval warfare. However, they are approximately
one order of magnitude greater than the pressures of gas discharges
which have been corprehensively studied and reported in the scientific
literature, such as the work of Suits and of Peters at 1000 atmospheres
which was mentioned earlier. From the viewpoint of the hydrodynamic
problem, the underwater spark may be considered to be a small version of
an underwater explosion.

The high pressures are developed by the inertia of the surrounding
medium and not by the hydrostatic pressure. Thus the characteristics
of the underwater spark do not depend markedly on the depth of the spark
below the water surface, at least down to depths corresponding to pressures
of the order of a thousand atmospheres. If one wished to develop higher
pressures for a given rate of channel expansion, it would be necessary to
use a surrounding medium having a density greater than that of water.
Carbon tetrachloride has been suggested as a more dense liquid having

the requisite transparency and low electrical conductivity.

6l



65

Measurement of Pressure

A direct measurement of the pressures in the vicinity of the under=
water spark presents a formidable problem. A suitable instrument for this
measurement would require a sensitive element with an area of the order
of one square millimeter or less and a properly damped response time much
less than one microsecond; it must not be bulky enough to disturb the
fluid flow pattern, and it must be insensitive to stray pickup from
exceedingly strong varying electric and magnetic fields. Finally, unless
the sensitive pickup were exceptionally strong, it would have to be
expendable since most solids are ruptured by being placed close to the
spark channel.

A reasonably accurate instrumentational determination of the
pressures developed by the underwater spark has been found to be virtually
impossible. The first indication of the magnitude of these pressures
was obtained from the fact that the spark pressure is sufficient to
punch a slug from a metallic sheet backed by a massive die. For the
dimensions used, the hydrostatic pressure necessary to perform this
operation may be calculated to be of the order of several thousand atmos-
pheres. This "measurementi" is analogous to the measurement of pressures
in firearms by crusher gauges and is subject to the same criticism. The
second approach to obtaining the pressure was to suspend several soft
cotton fibers adjacent to the spark channel and parallel to each other,
By discharging the spark and taking a Kerr cell photograph, and noting
the change in spacing of the fibers on the photograph, the amount of
water compression should be indicated provided that the cotton, which is
completely permeated by the water, remains stationary with respect to

the water for a time of the order of a few microseconds. Several
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pictures showed that some of the water had apparently been compressed
to one-third its normal volume. Such a compression ratio would require
in excess of a million atmospheres. This pressure seemed too high, and
in the light of later work it was concluded that the fibers had moved
relative to the water or that optical refraction in the compressed

water had displaced the fiber images.

Another attempt to measure the shock-wave pressures met with greater
success, although the accuracy was low. The amount of refraction of a
light ray traversing the compressed region was measured (Fig. 26)., A
regularly spaced wire grid was suspended near the underwater spark in
such a position that it formed a background for a Kerr cell photograph
of the spark, The grid was silver plated to increase its reflectivity,
the necessary illumination coming from the spark itself. In order to
obtain sufficient exposure so that the grid would be visible in the photo-
graph, it was necessary to pre-expose or partially fog the film to
increase its sensitivity. As a result the channel proper was overexposed.
In the photographs the position of the shock front in the water could be
seen by the discontinuity it produced in the image of the grid wires,

The displaced images of the grid wirés were visible behind the high-
pressure region, but the wires were not sharply focussed because of the
finite exposure time, and also because the compressed region itself
produced defocussing.

The amount of refraction of the light rays was of the order of 3
degrees or less, and a large proportion of this was probably produced at
the discontinuous shock front where the rays entered and left the high-
density region. The variation of the index of refraction of liquids as
a function of pressure has not been measured with a suitable degree of

accuracy, nor over a sufficiently great pressure range, to be useful
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FIG. 26 LIGHT REFRACTION IN THE VICINITY OF THE
UNDERWATER SPARK

here (26, p. 368). The difficulty is that either the measuring equipment
must be completely contained within the pressure vessel, or else windows
(which distort) must be used. An approximate relationship which has been
found to apply at pressures up to several atmospheres is given by

27 =/ = constant, where #?? is the index of refraction, and /°

2 |

is the mass density of the liquid. This relation, as well as an equation

of state to be discussed shortly, was used, since the present applica-
tion does not call for a high degree of accuracy. The low resolution
of these measurements as well as the uncertainty concerning the pressure
variation of refractive index limited the accuracy of the determination
to the order of magnitude only. The refraction approximately two micro-
seconds after current initiation was found to be about the same as would
be produced by a uniform cylinder of water under a pressure of from

2500 to 5000 atmospheres.
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A final attempt to measure the shock-wave pressures was made by
locating small bubbles near the spark. The electrodes and bubbles were
first photographed under normal illumination from a lamp to establish
the bubble sizes and then a Kerr cell photograph of the spark was taken
as soon as possible thereafter to find the compressed size of the bubbles
The bubbles were hydrogen, produced by electrolytic dissociation of the
water. They were grown on the initiating wire or on some other object
near the wire. The measurement was unsuccessful because the compressed
bubbles became formless patches of light, to which definite boundaries
could not be ascribed. Also, the presence of a solid supporting object
seriously distorted the normal shock flow. When the bubbles were
supported directly on the initiating wire, they merely filled with
decaying plasma from the channel and did not compress appreciably.
However, the distortion and subsequent behavior of the bubbles which were
originally on the wire does give some insight regarding the behavior of

the water adjacent to the spark-channel wall.

Shock Waves ig Water

When it became evident that a measurement of the shock-wave pressure:
accurate enough for analytic use was not feasible, an extended attempt
was made to calculate these pressures. The pressures should depend only
on the rate of expansion of the cylindrical channel and on the charace
teristics of water, provided that the channel wall advances negligibly
due to induction of water into the channel through its surface. The
latter condition will be shown to be true later.

A large amount of interest has centered around the study of shock
waves since World War II with the advent of fast-moving vehicles and

missiles, atomic explosions, and increased emphasis on submarine military
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operations. The most complicated studies are concerned with shocks in
dissociating fluids, primarily air or combustion gases. These studies
are a combination of fluid dynamics, chemical reaction equilibria, and
thermodynamics. A second group of studies considers shocks in non=
dissociating fluids, primarily water. These studies are simpler concep-
tually, but the mathematics still presents difficulties. Water, in
addition to being nondissociating at pressures encountered in underwater
explosions, is alsc a piezotropic fluid (27), i.e., 2 fluid with separable
energy (28, pe 8). The simplest physical meaning of these terms may be
sumarized as followss

When water is compressed rapidly, the pressure rises as a function
of the increase in density. The resulting increase in temperature is

sufficiently small so that the additional increase in pressure associated

with the temperature rise is negligible compared tc the original pressure
increase. In other words, the ratio of specific heats, )', is very close
to unity. [For a rapid compression of water to 25,000 atmospheres, the
temperature increases only about 85° C. (29, p. hO);] As a result the
equation of state need contain only the pressure and density, and for
practical calculations the effect of temperature changes may be neglect-
ed. The equation of state which has been found to hold in studies of

underwater explosions is given by the following (28, p. 8; 29, p. LlL):

s 7
P=A /—— -5 (b.1)
(e
/9 and B are approximately 3000 atmospheres, and they differ by one
atmosphere. /:) is the pressure at a density of/AJ, and,&?o is the

normal density of water. The exponent of the compression ratio, 7, is

the term which makes the shock-wave equations highly nonlinear and
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difficult to solve. The practical significance of the separable-energy
character of water is that, to a moderate degree of accuracy, a mathe-
matical expression of the conservation of mass and momentum is sufficient
tc specify the problem completely. The third important relaticn,
conservation of energy, contributes only a small refinement to the
solution which may be neglected in all but work of the highest degree

of accuracy (28, p. 132).

The differential equations of non-steady, compressible fluid flow
are readily available and will not be repeated here (28, p. 12). For
the flow in the vicinity of an expanding cylinder, the Euler represen-
tation provides two first-order simultaneous partial differential
equations, and the Lagrange formulation provides one second=-order

partial differential ecuation. At the time the work described in this

dissertation was being carried out, the explicit solutions for spherical
and cylindrical shocks in water were not available. A group at Stanford
Research Institute is presently engaged in obtaining these solutions by
use of a digital computer, which means that a step-wise method is being
used which achieves accuracy through selection of small increments and
continual revision of the solution as computation proceeds (30). Their
problem is chiefly that of evolving a computational procedure which is

adaptable to the computer,

Calculation of Spark-Channel Pressure

A complete solution to the cylindrical shock-wave problem, which
would give the pressure as a function of time and position throughout
the compressed region surrounding the underwater spark, could not be
obtained. However, a partial solution giving the pressure and pressure

gradient on the surface of the expanding cylinder was evolved. This
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solution is sufficiently accurate to satisfy the present requirements,
and it may also serve as a boundary condition for the more complete
problem, The method consists of applying the Rankine-Hugoniot shock-
front conditions in differential rather than finite form to thg water at
the surface of the expanding spark cylinder.

The Rankine-Hugoniot shock conditions are relations between the
shock-front velocity and the pressures, densities, particle velocities,
and interna% energies on each side of the front (29, p. 35). The shock
front is conventionally treated as a mathematical discontinuity, although
it is realized that it has a finite thickness of the order of several
mean free paths of the particles of the fluid. The first two shock
relations, the so-called mechanical conditions, are expressions of the
conservation of mass and momentum across the shock front. The third
relation, expressing the conservation of energy across the shock front,
is not necessary to achieve a solution, as a result of the separable-
energy characteristic of water. The first two shock relations will now
be applied to an infinitesimal change in pressure, density, etc., rather
than to the usual finite, discontinuous change in the variables,

Consider a plane shock front traveling in the positive X-direction
(Fig. 27). The so=-called "front" in this case represents an infinitesimal
change in the pressure, density, and particle velocity. These three
parameters ahead of the front are given by P, /9 s and AL respectively.
The corresponding quantities behind the front are given by P + A P,

/0 + A /0 , and A¢ + A 4L respectively, where the increments all approach
zero as the front is approached from behind. The velocity of the frent
is given by U o All velocities are, of course, X-directed. It will

be shown later that z;7lis always greater than AC . Therefore, if the
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FIG.27 INCREMENTAL SHOCK FRONT

front is taken as the reference, fluid ahead of the front continually
enters the front where its pressure, density, and particle velocity are
changed by small amounts. Conservation of mass requires that the follow-

ing relation be true:

o(U=te) = (pespfo(aeva]

If the higher-order increment is neglected, one may convert this to the

following:

U=wrp ﬁi-l’;f-" (L.22)

Conservation of momentum at the front gives the following equation:

(p+4p)__ P = /a/U—/u)(/cc+A,LL -—/u) (Le3)
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This may be written as follows:

AP—-:/,OT/'—/O»%)A% (4e38)

Substitute L.2a into L.3a to obtain:

_ P (om)”
AP = yy:

One may obtain the following from the equation of state of water, L.l:

(Lob)

AP = (70:3 féAf’ (L.5)

Eliminate 4 f between L.L and L.5 to give

(0 AJL (L6)

The equation of state also gives 'the following:

ﬁgfﬂﬂ@@%
o A%

(Le7)

Substitute into L.6 to obtain

4P _( 7/0 /p 5)/7 (1.8)

Yy A

If the pressure is a continuous function of the velocity A4 , then as
A At approaches zero, so will AP and 4F approach zero. None of the
underwater-spark daia which have been taken gives any evidence of a
discontinuous change in pressure or density as the spark channel continu-
ously expands. In fact, one would not ‘expect a discontinui_ty in the
pressure at the surface of the expanding ¢ylinder unless the velocity of

expansion were to change abruptly, or discontinuously. Therefore, as the
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shock front is approached from behind, A P and 4AL will both approach

zero, and their ratio will approach the limit ng
AL

+ Therefore Equation

L.8 gives

Zas ZZ) (P8)” (s

The variables may be separated for integration, and the résult is:

7%
/’0597 (7/2 A/‘,)’“’ # i (L.10)

The constant K is evaluated by noting that if the expanding cylinder were

to stop expanding in such'a manmner that the velocity decreased to zero
continuously, the pressure at the surface would decrease to one atmosphere.
Since 6ne atmosphere is small compared to B, substitution of the limit zero
for P‘will not give an error greater than that caused by uncertainty in

the equation of state, L.l. K therefore may be assigned the value B3/7,

and the final equation is obtained as

Y K/
éDf-ﬁ) jﬂ” - AL 5/7 (L11)
ﬁ/"

Equation L4.11 will be applied in such & manner as to give the
pressure on the surface of an expanding cylinder having a wall velocity
,ALC. However, the magnitude of the pressure on the cylinder may be
further modified by geometric divergence of the fluid flow lines, so
that the actual pressure would be a function of two parameters, cylinder
wall velocity and wall curvature. In the absence of a more comprehensive
solution, Equation 4,11 will be used as a first-order approximation to

the actual pressure. It will be found that Equation L.ll gives pressures
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which are in excellent agreement with those determined by Schaaffs for
sparks in several kinds of organic liquids (31). Schaaffs measured the
pressures adjacent to low-power underliquid sparks by means of X-ray
absorption. His results give pressures of the order of 10,000 atmospheres
for trichlorethylene. In the derivation and application of Equation L.11,
all effects produced by fluid viscosity have been neglected.

Application of the Pressure Equation

To establish a physical picture of the application of Equation L.11
to a pressure calculation, a planar case will be discussed. Consider a
planar piston initially at rest in water. Let the piston abruptly begin
moving at a constant velocity. At the instant of starting, the pressure
at the piston surface will instantly become a value which is given by
the usual finite form of the Rankine-Hugoniot shock-wave relations. As
the piston continues in motion, this step function of pressure will move
away from the piston into the surrounding water. Provided that the
piston continues at constamt velocity, a lengthening column of compressed
water will build up in front of the piston, and the pressure throughou®
the length of the column will be constant and equal to the original
value when motion started. The important feature to note is that as
long as the piston continues at a constant velocity, the pressure on its
surface remains constant. The particle velocity behind the shock front
is equal to the piston velocity, and ahead of the front the particle
velocity is zero (Fig. 28). If the piston then abruptly increases its
velocity to a new value, a second shock front will advance into the
previously compressed region. The discontinuous increase in pressure is
again given by the Rankine-Hugoniot equations; but as long as the piston

continues in motion at this new velocity, the pressure on its surface
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remains constant. Thus, whenever the piston changes its velocity, a
shock front leaves its surface and advances into the water. This
physical concept is now applied to the calculation of pressure on the
piston surface by considering that the piston originates a continuous
succession of fronts as the piston velocity varies in a continuous
manner. Thus the front referred to in the development of Equation L1l
is always the one at the piston surface. As soon as that front departs
from the surface, a front immediately behind it is under consideration.
From this it may be seen that £{ (Fig. 27) is the piston velocity since
the water immediately adjacent to the piston must move at the same
velocity. Equation L.11 gives no information, and does not directly
apply, at any finite distance from the piston; the equation gives only
the pressure on the surface.

‘One requirement which must be satisfied if Equation L.1ll is to
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have any physical meaning is that all incremental fronts must move away
from the piston surface regardless of whether the incremental changes
in piston velocity are positive or negative. Z}’ must therefore be
greater than AL , regardless of the sign of 4AL. Equation L.2a may

thus be rewritten as follows:

A €
U=t sp AL (1.20)
AP AP
Equation 4.8 then gives
/4
ALe /4 (LeBa)

aP " (1e)% (P 8)%

and Equation 4.5 gives

4 P 74 ¢

m—— S——
omm

ap '27 ' (h-52)

The proof is completed by substituting L.8a and L.5a into L.2b, and using

the equation of state, Equation L.l, to give

2 y
U= ¢ ~ 7;//4”//9,_59% (L.12)
/372

The last term in Equation L.12 is always positive., Also, the fact that

a compression front will be propagated in almost all fluids whereas a
rarefaction front will not, in no way limits the applicability of
Equation L.11 only to cases where the piston velocity, and hence pressure,

is increasing. Any of the incremental fronts leaving the piston surface
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may be propagated or may not propagate after departure from the piston,
but this subsequent behavior does not modify the conditions at the piston

surface, which is the only place where Equation L.ll applies.

Calculation g£ the Off-Surface Pressure Gradient

We now have available the pressure on the surface of an expand-
ing object in water. The preceding work also permits one to determine
the pressure gradient on the expanding surface. There are two contribu-~
tions to the total off=-surface pressure gradient. One, independent of
geometry, is produced by the changing velocity of the expanding surface,
i. e., by the surface acceleration. The second contribution depends on
the geometry and is produced by the geometric divergence of the fluid-
flow lines. The first contribution to the off-surface gradient, being

independent of geometry, will be discussed for the planar case. If the

advancing planar piston has zero acceleration at any time, the off=-

surface gradient is zero. If the piston velocity varies continuously as

a function of time, the off-surface gradient is given by the relation
Pl AL

AN X
AL
Here X' is distance in the X-direction measured from the piston surface,

Xy’
4=

mental pressure change. This can be stated as

and

is the relative velocity between the piston and an incre-

_ 7 7
A =U-u = e /e ('0+é? (lo1k)
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Therefore the off-surface gradient is

2

Alte
Xt

If one wishes, ——— may be evaluated in terms of by means

of Equation L.1l1,

The second contribution to the off-surface gradient will be develop-
ed for the case of an expanding cylinder, since that suits the present
application. However, it should be realized that the method applies
equally well to any curved surface. In the case of a complex curved
surface, the result is a function of the radii of curvature of the surface
in two mutually perpendicular planes whose intersection is the normal to
the surface at which the gradient is desired. Consider the volume
element in Fig. 29. This element is taken to include a constant mass of
fluid, hence its boundaries must continually change to compensate for
the effects of the cylindrical geometry and for the expansion of the

fluid as the pressure decreases. The mass inclosed is given by

m=prolar (116

From the equation of state of water, Equation L.1l6é may be rewritten as

%
% =3 9/[ i "Far (b.16a)

. . , ~rB 77
Take the time derivative of L.1l6a, multiply through by s and

set the result equal to zero, noting that 4 equals ;Z_—A +, to

obtain
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SPARK CHANNEL SURFACE
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FIG. 29 CYLINDRICAL VOLUME ELEMENT

LP / O F (4417)
oy /'A/ﬂ+/,4 j/;zs,u +/of_4y=0

Now divide through by 4/ and take the limit as 4/ approaches zero,

giving

= ————— =/t  (4.18)

(ﬁwy LT _ 2P/ r&
~ &+ AL 74 A

The result, when rearranged, is the following equation for the space

rate of change of AL.

_ 7
He _ AL (Le19)

_
F

“r 18
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If the cylindrical surface at b +4F is regarded as a new expand=-
ing cylinder, and thus is itself generating the portion of the shock
region outside that radius, the pressure at that point may be computed

by means of Equation L.1ll. Therefore one may state that

LP _ P e
Ar T A LA

(L+20)

Equation 4.9 gives

AL _
Fee

/ |
/7/‘2‘,2 / Pfﬁ) % (1.9)

The final relation is then

b AP 4
AP _ ~ £ Zz _ _7(P+B) . 7/”*5’)/'7?%
Ar = ok 4'/,.,/7,5,/% FF FF (L)

This equation for the off-surface gradient reduces to Equation L.l5 in
the case of a plane shock wave. As an example the gradient for the
underwater spark may be computed at one microsecond, where P equals 11,600
atmospheres, ¥ equals 0.90 millimeters, and i(-tﬁ equals -8.16 x 107
atmospheres per second. Equation L4.21 gives -21.5 x 1011 newtons per
cubic meter, which is -21,500 atmospheres per millimeter.

The pressures at the surface of the underwater spark, as given by
Equation L.11, are plotted in Fig. 30,'and are tabulated in Colum 7 of
Table IIT (p. 117). The wall velocities were taken from Equation 3.k,

which in turn was obtained by scaling the Kerr cell photographs of the
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spark channel. Inasmuch as the expansion equation is approximately a
square-root curve, the slope at zero time is infinite, which leads to
infinite calculated pressure at zero time. This is not physically
realizable, of course. The expansion curve should not be considered at
all accurate during the first quarter-microsecond because of experimental
inaccuracy during this period.

The pressures which have been computed are the pressures which the
spark plasma exerts on its environment, the so-called external pressures.
During the periods when the spark is carrying electrical current, the
plasma is further confined by the pinch effect due to the self-magnetic
field of the discharge. This pinch pressure turns out to be relatively
unimportant compared to the total pressure within the plasma. Further,
if the plasma does not behave as an ideal gas due to thé presence of
interparticle forces, the pressure within the plasma volume is greater
than that which is obtained by adding the external and pinch pressures.
This so-called internal pressure will be discussed later in the disserta-
tion. For the present we will consider that the pressure in the plasma
is the sum of the external and pinch pressures, and further, that the
pressure is substantially uniform across the diameter of the spark
channel. This latter assumption is based on the high ratio of pressure
to mass density of the plasma gas, and on the approximately uniform
power input per unit volume across the cross section of the spark chan-
nel, The evident ineffectiveness of the pinch force in causing an
appreciable constriction of the current-carrying channel is the reason
for considering that the input power density throughout the channel is
constant.



CHAPTER V
THE TEMPERATURE OF THE UNDERWATER SPARK

One of the more noticeable phenomena associated with the underwater
spark at high power levels is the brilliant, bluish-white flash emitted
by the spark channel. This radiation has a continuous spectrum, and the
spectral distribution of the radiant energy is that of a blackbody at
approximately 30,000 degrees Kelvin. The light flash has a duration of
about 28 microseconds, even though almost all the energy input to the
spark channel takes place during the first L microseconds after current
flow begins. This extended period of radiation indicates that a large
portion of the input energy is stored initially in the spark channel,
and this energy is relatively slowly radiated as the channel expands
and decreases in temperature. This section of the dissertation is a
description of the method by which the channel temperature was determined.
The determination is based on absolute measurements of the amount of

radiation from the spark channel.

Radiation from Electrical Discharges

The radiation from an electrical discharge in a gas may consist of
spectral lines or a continuum, or possibly both may be present. Gases
at low pressures, below approximately one-tenth atmosphere, radiate
almost a pure line spectrum. This light is emitted by individual excited
atoms decaying to lower energy states. Since the particle density is
low at pressures under one atmosphere, each decaying atom radiates
essentially as if it were isolated. A continuum, if detectably present

at all, would consist of series-limit recombination continua; however,

8l
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these continua are usually not observed except during the early stages of
sparks, when the ionization in the channel is very high (32). As the
pressure is increased through the range from one-tenth atmosphere to
pressures of the order of several hundred atmospheres, the emitted
spectral lines gradually broaden and finally merge into a continuum.

This broadening may be due to one or more phenomena:

The Doppler effect, arising from random motion of the radiating
atoms, depends on the atom temperature, which in turn is usually higher
at higher gas pressures. Collisional damping of the wave train from a
radiating atom will shorten the duration of radiation and thus increase
the line width., The Stark effect, produced by high random interparticle
electric fields, distorts the atom wave function so that a group of atoms
radiate a given line at slightly different frequencies. Recombination
continua become stronger and contribute to the spectral continuum. In
addition to the above effects, varying amounts of Zeeman splitting of
the lines emitted by atoms in randomly varying local magnetic fields
may contribute to the continuous nature of the spectrum. In the case of
hydrogen, for example, a complete contimuum is obtained at approximately
30 atmospheres (33, p. 188). The spectral continua obtained from dis-
charges at pressures of the order of one-tenth to 100 atmospheres are in
general not similar to the spectral distribution of fadiation from a black=-
body at any specific temperature. The spectra may contain many maxima
which are the vestiges of spectral lines or groups of spectral lines; and
a contimmum may be produced as a result of many contributions from atom
types having widely differing average random energies, or temperatures.

As pressures are increased further, appreciably above 100 atmospheres,

an additional mechanism contributes to the radiation continuum. This is
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the electron acceleration radiation, frequently called "bremsstrahlung."
From the point of view of the energy~-level diagram of an atom, this
radiation may be considered as arising from free-free transitions (3L,
p. 635 33, p. 110). In the presence of interparticle fields such as
Coulomb forces, the electrons experience large accelerations as their
random motions carry them throughout the plasma. For high particle
‘depsities, high degrees of ionization, or high temperatures, the corres-
ponding random accelerations are large enough to cause appreciable
radiation.

The spectral distribution of the radiation from a gas discharge
having extremely high particle density, high pressure, or high temperature
is thus seen to consist of broadened lines, recombination continua, and
electron acceleration radiation; these types of radiation originate
throughout the volume of the plasma. The Kerr cell photographs reveal
that the underwater=-spark channel has a high degree of opacity, at least
in the visible region of the spectrum. Thus in various such photographs,
the expanding channel has enveloped a solid object, and an image of the
object is not visible below the channel surface. Treating the radiation
from the point of view of quanta, the mean free path of a light quantum
within the channel may be considered as being short compared to the
épark dimensions. Thus a quantum originating deep within the channel is
absorbed and re-emitted many times before it reaches and leaves the
channel surface. The escaping radiation interacts many times with its
environment in a manner analogous to the interaction between radiation in
an enclosure and the walls of the enclosure. If the walls of the enclosure
have a unique temperature, then a sampling of the radiation by means of

a small exit hole reveals that the radiation has a Planckian spe¢tral
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distribution corresponding to the wall temperature. Similarly in the
underwater spark, if all the particles with which the radiation inter-
acts have the same temperature, i. e., are in thermal equilibrium, then
the radiation escaping from the spark surface should have a Planckian

spectral distribution corresponding to the particle temperature.

Thermal Equilibrium

The electrons and the heavier particles in low pressure electrical
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