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SECTION i - BRIEF INTRODUCTION

In the last progress report1 it was concluded that a low inductance electric
network should convert more of the available clectric energy into acoustic energy
than the high inductance networks that have been used previously. It is essential,
however, that in either type of network the interelectrode spacing of the electrodes
be adjusted to produce a critically-damped discharge.

The low inductance discharge circuit "escribed in the laet reportl was
assembled and tested in water of zero salinity. This prugress repo.t describes
results obtained with the low-inductance discharge circuit and presents some
recommendations to be fcllowed in assembling future low-inductance electric
discharge acoustic sources.

A versatile pulse-forming network to be used in the near future with the
inverse-pinch acoustic sound source has been designed and bench checked. This
latter discharge network and scme of its features are also described in this report.




SECTION I - LOW INDUCTANCe u.i5C.IARGE CIRCUIT

The assembled low inductance discharge circuit acoustic sound source is
shown in Figure 1, A schematic of the associated electric cir:uitry that was used to
charge the capacitor bank and to discharge the capacitively stored energy into the
clectrode assembly is presented in Figure 2.

A. CONSTRUCTION DETAILS

Originally the inverse-pinch electrode assembly of the low inductance network
was fastened directly to the ignitron, the ignitron being attached directly to the outlet
bushings of the capacitor. This arrangement is shown in Figure 3. This latter
arrangement was mechanically quite rigid. During operation tle entire capacitor
and electrode assembly was submerged in water and it was found that the preasure
field generated by the electric discharge at the 3000 joule energy level caused a
sufficiently large axial pressure force to be exerted against the electrode assembly
to break the glass envelope within the G.E. G. 7703 ignitron. The assembly was
therefore redesigned incorporating a flexible bellows in the line between the ignitron
and the electrode szsembly. While this technique did not lead to another ignitron
failure, onc of the electrodes was ruptured while testing at the 3000 joule level. Since
in both cases pressure readings were taken starting at the lowest level of voltages at
which an explosive-like discharge could be generated, it was possible to obtain readings
of peak pressure as a function of initial energy for both configurations tested.

The overall inductance of the low induc.:rce discharge circuit was evaluated
from a current trace obtained by suorting the electrode assembly with a strap. The
shorting strap made contact around the complete circumferences of both the anode
and the cathode. Calculations bascd upon the measurements carried out indicated
an overall circuit inductance between 1.5 x 10” ' Henrles to 2. 8 x 10”7 Henries
for either of the two electrode ussemblies mentioned above. These values are in fair
agreement with & value of 1,4 x 10-7 Henries originally eat.lmned1 for tua complete
assembly.




Figure 1: Low Inductance Discharge Circuit
Acoustic Sound Source




NEGATIVE HI
VOLTAGE SUPPLY

Y

A\

Ly X3 )
‘{?.V 0 TO 150 KV i
= — VOLTAG
? ? o &‘ ...l“'h\l.‘\fs
RELAY 1 15 31
SWIrcH 20K
110V AC 8w H SE (IN OI1,) = [LOW
qD—-_——o [ INiH?
‘ 2 AMPS ’1 A D
NEON LIGHT
CAORF
LJ /Y'W
20
006 U
" b ;
0u6 T
1
iiovac 3% —+ t

006

DIODE 1K i 1 MEG

!'H 3

20 MFD 20 \ﬂ-D

é 2V FIL.

L

6.3\' FIL.

i0u K
100 K

1T K

AN

01

CIRCUIT

SER
J)L\'PLT ITR}G{J




‘, v .
] » - IGNITRON
VOLTAGE VOIL TAGE
RESISTOR LEADS
S manAd 7 WATEP
MRV -
LOW fL L
INDUCTANCE o A ACOUSTIC
CAPACITOR C SOUND
z SOHURCE
= ? | i
CIHOKE IGNITER B
=== PIN ) A _
20 - ~4 = 'S
g ] -
s -
- A
) =)
Y
e | -
— : E YyATER TANK
} P
% 006 . 015 §
I - 100 K
= —AM-
100 WATTS
[ DUMP KESISTOR
{
- s W
2500V
3“' PULSE 110 v AC FUSE o "'V’*J’
|

I\ areaQ) .
- 2AM l '
PULSE TRANSFORMER | |
¥ OIL LIGHT n
1 SPRING LOADED
= Tswitcu | — c “'OT
[ BNC }

75V . r
CONNECTOR
? BATT. EC

3 -

T

Figure 2: Electric Network Schemsic




Figure 3:

Capacitor, Ignitron and Electrode Assembly
With Grounded Housing Removed




Because the cylindrical cathode of the second electrode assembly (shown in
Figure 4) was ruptured at the 3000 joule encrgy level, it was decided to introduce
some additional shock isolation, The electrode assembly was therefore modified to
incorporate a coil spring in the outer electric current path even though the overall
inductance would be increased, Figure 5 shows this modification. The spring and
part of the electrode assembly have subsequently (see Figure 15) been potted in
an elastic potting compound*. The potting compound insulates the assembiy from
the surrounding water and also seals the assembly from water penetration, No

pressure data has yet been taken with this latter electrode assembly,

Besides shock isolating the ignitron from the acoustic field generated, it was
also necessary to prevent spurious electric discharges from taking place within the
coaxial current<carrying assembly surrounding the ignitron. Originally sufficient
spacing was provided between current paths to prevent a discharge from occurring
between these paths. It was found. however, that when the assembly was immersed
in cold water condensation from the entrained air would cause electrical discharges
to take place W thin the enclosure surrounding the fgnitron. This spacing was
therefore fiiled with transformer oil. However, {! is beiieved that because of the
incompressibility of the transicrmer oil pressure pulses generated in the surrounding
water trarsferred to the ignitron casing and may possibly have contrituted to the
failure of one ignitron. The problem of interna! arcing was resolved by filling the
spacing with a very pliable silicone rubber.** After pouring the si‘icone rubber
into the spacing between concCuciors, the asscmbly was degassed unler an evacuited
envirorment {n a vacuum chamber. Besiden electrically isolating the current paths
from each other, the ailicone rubber also provides some vibration {solation, An
additional feature of this technique is that the potilng compound provides some
hermetic sealing of the ignitron when the evacuated glass envelope of the {gnitron
breaks. Figure 6 shows the potted ignitron and the shock isolating bellows assembly.
No spurious discharges betw. :n the ignitron and tha surrounding cssing have been
ocbscrved since the ignitron sasembly has been potted.

* PRC-?PR-143] Type II, Products Research Company, 410 Jersey Avenus,
Gloucester City, New Jersey

*¢ RTV-515A Silicone Potting Compound, G. E. St{licone Products Dept., Waterford,
Conmneciicut,
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Figure 5: Modi:ied Electrode Assembly With
Shock Absorbing Spring
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Figure 6: Encapsulated Ignitron and Bellow Assembly




In addition to the above mentioned problems that have been encountered with
the low inductance network, a numbcr of insulators in the interelectrode spacing of
the inverse-pinch electrodes have ruptured. Teflon, Micarta, Kel-F, and Dynel
with a Bakelite ERL-2795 epoxy resin have ruptured within a few dischacges. In
earlier electrode configurations a satisfactory insulator life has been obtained with
Tygon*, Since Tygon is quite resilient it is difficult to machine into the configura-
tion pregently degired. Vacuum cast Adiprene** is therefore teing used as the
insulator in the present electrode assembly. This latter elastomer can be machined
into the configuration desired. After machining, the Adiprene was bonded to the
electrodes with THIXON, a product of the Dayton Chem‘cal Products Lakoratories,
West Alexandria, Ohio, The experimental data reported in this report were taken
with the Adiprene insulator located between the electrodes of the acoustic source.

B. EXPERIMENTAL RESULTS

The 15 u fd capacitor was charged to voltages ranging from 10 KV to 20 KV
and subsequently discharged into the inverse-pinch acoustic source. The pressure
generated at a distance of three feet from the source was measured with an
Atlantic Research Type LC 32 Hydrophone. The data that was obtained with the
"rigid'" electrode assemb!y is presented in Table 1, Table I presents the data
obtained with the electrode assembly which has the shock absc: bing bellows
incorporated.

—— - - - o ———

*  Produced by the U.S. Stoneware Corporation, Akron, Chio

*+ Dupont Chemicals Department, E.I. Dupont deNemours & Company, Inc.
Wilmington, Delaware
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. Voltage
l' 10 KV
[' 12 KV
. 14 KV
- 16 KV
(. 16 KV
16 KV
{. 18 KV
18 KV
20 KV

TABLE 1 - EXPERIMENTAL RESULTS
Low Inductance Network (Rigid Electrode Assembly)

Energy,
Joules

750
1080
1470
1920
1920
162y
2430
2430 cd+
3000 cd+

Peak Pressure

at 1 Yd,, Psi

84,5
169
169
206
130
214
161.5
206
211

Peak Current,
Amps

32,400
37, 800
49, 800

?

?
63, 500
70, 200
78, 400
83,800

2010g10(Peak

Pressure at 1 yd /
1y bar}

135.2
141.2
141.2
143.1
'142.3
143.5
141
140.,1
143.1

! cd+ indicates that the discharge was not completely critically damped.

TABLE 2 - EXPERIMENTAL RESULTS
Low Inductance Network
(Shock Absorbing Bellows in Electrical Assembly)

20 log 10( Peak

i Energy, Peak Pressure Peak Current, Pressure at 1 yd/
‘- Discharge Voltage Joules at 1 Yd., Psi Amps 1 bar)
2 10 Kv 750 85 <5,100 155.2
‘! . 3 10 KV 750 113.8 25,100 137.8
4 12KV 1080 115.5 29,700 (?) 138
5 12 KV 1080 148 35,000 140
6 14 KV 1470 113.5 47,200 137.8
7 15 KV 1470 137.8 42, 000 139.8
8 16 KV 1920 156 48,600 140.7
9 16 KV 1920 214 54, 000 143.3
10 18 KV 2430 169.5 59, 500 141.2
11 18 KV 2430 174 65,000 cd + 141.8
12 20 KV 3000 201 75,500 cd + 143
13 20 KV 3000 185 75,600 cd + 1421
11
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7he low inductance network data presented in Tables 1 and 2 are compared
in Figure 7 with the data that has been obtained with earlier higher inductance
discharge nctworks.,

When comparisons are made at a given energy level, it is seen that the low
inductance network being reported upon usually generated larger peak pressures
one yard from the acoustic source than the pressure that has been generated by
any one of the previous discharge circuits that have been used. At voltages of
18 KV and above (i.e., energies greater than 2430 joules) the el ctric discharge
was not critically damped. This factor perhaps explains why tlie peak pressures
that have been recorded above 16 KV are not higher than one might anticipate
when compared to the data obtained with the voltage data below 16 XV,

Two typical pressure traces are shown in Figure 8, These traces display
the pressure variation three feet from the acoustic source measured in a plane
normal to the axis of symmetry of the acoustic source. Al! of the pressure traces
generated by discharges ranging from 10 KV to 20 KV (i.e., a discharge energy
ranging from 750 joules to 3000 joules) have essentially the same general form as
the two traces shown in Figure 8. The pressure rises rapidly from zero to peak
pressure in about 20 microseconds. In another 20 to 30 microseconds the pressure
drops from the peak value down to some low value typically 15% to 25% of the peak
value. This latter pressure level is reduced by about 50% of its original value over
a period of about 400 microseconds after which it drops to very nearly zero. The
period during which these pressure variations occur are free from reflections from
any of the surfaces of the tank,

The form of the pressure traces that have been observed lend themselves in
a rather straightforward manner to spectral analysis. The pressure-time history
that has been observed during the work being reported upon can be reasonably well
approximated by a series of straight line segments. Appendix A presents in more
detail the frequency analysis of these pressure traces which can be approximated
by a series of connected straight line segments. The results of the analysis were

programmed for a computer to present the acoustic energy per unit area per unit
cycle as a function of frequency. It is realized that because of the {inite size of the




($11urjeg 019Z) A8aaud gojtoede)d jo wolnound B SB park JuQ Jt 3Inssald yead L 2andi g

sajhopr/ABiauld
vS noﬂ NS
—‘:aJTﬁ ™71 1 444ﬂ444 T T
(g 39U) s1nsaa ysotjaed GO —
(1 uu,:v 1odoa LR IRY C.:._Cao.u SIINSIY O w O — O\ll
N Al H 3 - o

LLOM T QJURINPUT MO YW 53 INSad jJudsald AV @\ @ O

OW ™
m% & °

2060 -

08

06

001

o1t

0zt

11

12 24

ost

01
V80
d} 108

L <3

JuqMl |
pieA [ 18 31ngwalid ye

[

13




100. sec

—D1.iq-._

o . . ! 1

N

|

+ - .

.
.
caeaass SO
. I.

12 KV

100 scce

14 KV

Figure »: Pressure Traces at 1 yvard from the Acoustic Source

14




P
»

-

o et
¢

tark (8 feet diameter) in which tests were conducted the calculated frequency data
below about 2000 Hz {s not meaningful. It is hoped that pressure readings in the
ocean could be carried out so that the complete spectrum generated by the acoustic
source could be had.

Figure 9 presents the results of spectral analyzing the pressure data presonted
in Figure 8 as well as an additional pressure trace that was taken at 16 KV, Because
of the size of the tank in which tests were carried out the calculated energy radiated
at low frequencies is not valid. It is not known whether the peak spectral energy
density that was generated ccrure at ahout 2800 Hz or if the peak occurs somewhere
near 1300 Hz before the energy density variation merges into the correct
asymptotic behavior at low frequencies. Tests carried out in either a lake or in the
ocean should provide the exact location of the peak of the spectrum as well as the
correct asymptotic behavior at low frequencies. Since the variation of pressure
with time had essentially the same shapc (see Figure 8) in all three cases that have
been analyzed, it {8 not surprising to observe that all three energy spectral variations

are similar.

Work is now in progress to determine if the spectral energy distribuiicn can be
controliably changed by imposing particular electric current waveforms (i.e , rate
of energy addition) entering the plasma of the acoustic source. The motivatio, for
suspecting the feasibility of varying spectral energy distribution by varying the - ~te
of energy addition is based upon the following considerations. The spectral energy
distribution S{w) is determined from an evaluation of the Fourier integral of the
temporal pressure variation p(t) measured some distance frocm the acoustic source.
Hydrodynamically, it is known that this latter temporal pressure variation is a
function of the temporal pressure variation at the source. An appropriate equation of
state rd ates the instantaneous pressure in the plasma at the source to the internal
energy of the plasma. The instantancous intcrnal energy, however. {8 a function of
the rate of energy addition and the rate of ali forms of energy radiated by the source,
Hence by varying the rate of energy additior. to the plasma one can expect the temporal
prcssure variatior at the source to be varied and therefore the corresponding preasur:
variation ({.e., the gpectral energy distribution) some distance from the source. Thia
latter hypothesis is going to be checked with the pulse forming network to be described
in the next section.

1
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SECTION OI - FREQUENCY SPECTRUM SHAPING
A. INTRODUCTION

The next phase of our work will be devoted, as indicated in the preceding
section, to an investigation . f the feasibility of contralling the frequency spectrum
of the acoustic pulse in the water through variation of the electrical discharg:
wavefornm. i.e., the time rate of energy addition to the discharge plasma. The
rate of growth cof the plasma-water interface directly determines the frequency
content of the acoustic sighal; the pressure which determines this growth is directly
related to the energy input. The relative flexibility in time shaping provided by an
clectrical energy source compared to explosions or pneumatic systems could prove
a most useful advantage of such systems. In particular, the possibility of increasing
the low frequency content of the acoustic pulse relative to a simple discharge will
be expiored,

The method to be used for this study is to consecutively discharge three
scparate capecitors into the underwater electrode assembly. Provisions have becn
made for independent control of the time of discharge of each capacitor as well as
the charging voltage of each capacitor, These six variables that are available
provide sufficient flexibility in generating the waveform of the "forcing" voltage on
the electrodes to permii study of the results of use of a wide variety of both single
{(compoesite) ard closely spaced individual electrical pulses on the acoustic signal,
For example, pulses closely spaced relative to the natural frequency of the discharge
circuit serve to cifectively increase the duretion of the pulse (or the period, if the
system is underdamped). Differential charging of the capacitors should permit use
of rising or {alling ramp voltage waveforms to study the efiect, for example, of
reserving energy until breakdown initiation has been completed. Although complete
control is obviously not possible from this pulee formiig network, promising results
from this system would provide impetus {c: development of more sophisticated pulse
forriing techniques.




B. EXPERIMENTAL ARRANGEMENT

Figure 10 shuws a schematic of the layout of the components of the capacitor
bank charging and {iring circuits. Three Corncll-Dublier low inductance capacitors
of 15u fd, 20 KV size, representing thus a total energy capability of 5000 joules,
and their associated G.F. GL 7703 ignitron switches, are assembled to a pair
of 26-inch diameter low-inductance collecting platcs in the configuration shown in
Figures 11 and 12, A coaxial cable approximately 20 feet in length leads to the
underwater electrode assembly. Preliminary measurements indicate that the
inductance of this lead-in cable is approximately 1 x 10-6 Henriea,

Keturn to the use of a fairly long cable, with the concommitant higher induct-
ance has been adopted for operational convenience in development of pulse~-shaping
technijues, In particular, the mechanical fragility of the ignitrons when directly
coupled to the electrodes, as detailed in the preceding section, makes their further
use in such arrangements of little value., The results of the pulse shapin,
investigation, if fruitful, may be readily incorporated into later development of
low-inductance configurations when a more reliable electrical switch is obtained.
Procurement from the Signalite Corporation (Neptune, New Jersey) of a triggerable
sealed spark gap switch which promises to fulfill this requirement has been initisted,

Three m.lse generators essentially similar to that shown in Figure 2 have
been fabricated for this work, and furnish an approximate 2.5 KV trigger pulse to
fire the ignitron switches. A ci-~uit capable of generating two delayed input pulses
each controllable from 0-300 microseconds to supply the input to these pulse
circuits was designed and constructed. A schematic of this circuit is shown in
Figure 13. this unit together with all necessary controls has been assembled into the
control panel shown in Figure 14. Conaiderable attention has been devoted to
providing adequate electric shielding and isolation in order to preclude signal coupling
and premature triggering of the separate pulse circuits.

The electrode design stown {n Figurc 5 has becn reasscmbled and attachod o
a cable and support system ss shown in Figure 15, This design which employs the
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Figure 14: Control Panel

Figure 15: Potted Shock Isolated Electrode Assembly




elastomer Adiprene as an insulation, has performed satisfactorily in the tests
carried out, Further evaluation of the integrity of the design wi:l resuit from the
pulse forming studies., The electrode spacing will be the 0.5 inch spacing of the
present assembly initially; different insulator spacing will be employed as neressary
to control the damping of the discharge after the characteristics of the new electrical
circuit have been determined.

The electrical circuit has been completely assembled and is undergoing final

checkout. Preliminary results indicate very good control of the sequential firing

of each of the three ignitron switches, permitting good control of the pulse shape
within the limitetions of the technique, Evaluation of the effect of different electrical
pulse shapes on the shape and frequency spectrum of the acoustic signal will be
initiated in the very near future.
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APPENDIX A

SPECTRAL ANALYSIS OF PRESSURE TRACES RESOLVABLE
AS CONNECTED STRAIGHT LINE SEGMENTS ;

The temporal pressure variations that have been observed (see Figure 8 for
example) suggests that an analytic spectral and ysis can be carried out by consider-
ing the pressure variation to be represented by a series of connected straight line
segments. Consider a typical pressure variation to be given in the form shown by
Figure A-1,

‘P

Figure A-1. Typical Pressure Variation

In the interval of ttme aAt=t . - t1 the pressure is given by the relation:

i+1

P .. -P
+1
py =P+ ——L (-t
HerTh
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This relation is of the form:

P(t) =A, t+B,
with
Pivi - Py
A= g t
1+1 "1

The energy density flux is defined as:

2
S(w) = oo

2
F (w) l
with o, ¢, and F(w) the mass density, aound velocity and

> n n n

Fw =] p@ e™ at= £ Fw=71 a,-j T &
i=0 i=0 i=0

-

respectively. Now

[ 3
i+ 3
(A1t+Bi) cos wt dt

3 = ° (A t+B,) sinwt dt

Integrating these latter two expressions and simplifying the resulting expression gives:

= B | —_ -1
a,=24 (coe\wi) { Y ) (P‘+AlA‘)+(A1¢t)( o )(cmwl&l w4

sinwA sinp w1 'mwal
)
i i |
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( 8in wri CO8 W~ sin w .‘.!
si-.-ZAi ((Bm“”i) (—-;-T-)(pimi.i)-mi*i)( i, )(c-.osmi_--.“”i )
with

‘l*l_t
a- ——
. = Yerth
i 2
w=2nf

with { the frequency.

The apectral energy distribution can then be readily evaluated on a computer
by noting that:

These latter relations were used to spectral analyze the pressure digtributions presented
in Figure 8. The results of this analysis are presented in Figure 9.

The acoustic energy radiated by the accustic source can be determined from a
pressure survey carried out at all points of a spherical surface of radius r whose
center is at the source and subsequently carrying out a double integratic- over all
frequencies and over the surface ares surveyed. Only in the very special case of a
perfectly spherically symmetric discharge will the energy radiated across a spherical
surface of radius r be given by:

E-=4-r T S(w)df
)

An accurate evaluation of the acoustic energy radiated by the source under investigation

has yet not been carried out. Such « measurement is most meaningfully carried out in

an unconfined environment. Only in such an environment is it possible to have confidence
in having deterrained the correct low {requency portion of the spectrum radiated.
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