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Abstract: Underwater electrical arcs have long been used as an impulsive sound 
source, although efforts to improve efficiency and control acoustic output have been 
limited by inadequate understanding of the arc initiation process. An experimental 
study of electrical breakdown in seawater is presented and a model for arc initiation is 
proposed. Acoustic observations of steam bubble formation, combined with model 
calculations for the temperature rise in the electrode gap, provide experimental 
evidence supporting vaporization as the arc initiating mechanism. These results 
are used as the basis for proposing a new electrical discharge source technology, 
the steam bubble source, in which seawater is pulse vaporized without electrical 
breakdown. A broad-band electro-acoustic efficiency of 30 percent is predicted for 
the steam bubble source. Results of acoustic modeling are presented which show 
that interaction effects from a collection of closely spaced bubble sources can be 
utilized to improve low frequen cy efficiency. 

1. Introduction 

ynderwater electrical arcs are a convenient alternative to explosives as an impulsive 
sound source. They have been used in seismic exploration for bore hole soundings 
and mapping geologic structures beneath the ocean floor. 1 Presently, there is inter-
est in a variety of undersea applications where large energies and compact hardware 
are important requirements. Unfortunately, because little is known about the mech-
anism of arc generation, its evolution, and the dynamics leading to acoustic output, 
advanced source design is largely based on trial and error. 

It is widely assumed that arc initiation proceeds through a process analogous to the 
leader mechanism, known to produce arcs in gases. This mechanism is characterized 
by electron cascade at some critical field strength and the growth of tendril-like 
ionization paths to bridge an electrode gap. Joining of the electrodes with this 
low resistance plasma leads to large currents, the formation of an arc channel, and 
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subsequent catastrophic breakdown.2 Leader growth and channel formation have 
long b~Il ... 8tudied 'in controlled gases and a large literature exists concerning the 
in.ft1ation of lightning discharges.3 

Certainly, the assumption that breakdown in fluids proceeds through leader forma-
tion is not completely without foundation . Breakdown experiments in hydrocarbons 
have demonstrated that a liquid state process, very similar to leader growth in ga.ses,-
is observable. Photographic and electrical measurements support the growth of ion-
ization paths in oils.4- 7 In addition, breakdown is reported to occur at a critical 
field strength, commonly referred to as the dielectric strength of the fluid. Although 
a wide range of possible dissociative, thermal, and hydrodynamical mechanisms for 
breakdown in dielectric fluids have been proposed, no single predictive theory has 
been accepted.8 

Highly purified, de-ionized, water has been considered as a potential liquid dielec-
tric for pulsed power applications.9- IO Breakdown mechanisms in ionic solutions, 
similar to seawater, have also been studied.ll - 14 Again, a leader-like process is ob-
served in water, although its origin is not well understood.ll ,12,15-17 The nature of 
this progressive ionization process is also observed to depend on conductivity.ll ,12.18 
Dissociation, thermal instabilities, vaporization, and vapor evolution through elec-
trolysis have all been proposed as mechanisms driving the growth of ionization, 
although little experimental evidence has been presented to support these claims.19 
Just as in hydrocarbons, the physical origin of breakdown in water is still a matter 
of contention. 

In this paper, an experimental investigation of breakdown initiation in seawater 
is presented. Using electrical measurements, taken during capacitive discharges 
between smooth electrodes, an analysis of arc formation energetics is presented. 
A threshold amount of electrical energy, dissipated to heat, is shown to precede 
the onset of breakdown. In addition, using acoustic data to directly measure the 
vaporization threshold energy, breakdown times are shown to be linearly correlated 
with, and to always lag, the onset of vapor formation. This correlation is used to 
support a new model for arc initiation in seawater, based on electrical heating and 
steam formation as the initiating mechanism. 

Using this new model for arc initiation, we have proposed the design of a steam 
bubble acoustic source, in which large energy densities are delivered to the seawa-
ter without electrical breakdown. In this source, the water is rapidly heated to a 
high temperature and pressure, in order to complete the discharge with the water 
remaining in the liquid state. Thermal expansion of the liquid then reduces the 
pressure to the liquid/vapor phase transition, creating a high pressure steam bub-
ble. An advantage of a non-arcing source is extended electrode life and potentially 
less expensive and more easily machinable electrode materials. The physics and 
mathematics of the steam source is also much more tractable and well understood 
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than the arc source, which would facilitate design and increase the probability of 
achieving specific performance goals. 

The potential electro-acoustic efficiency of the steam bubble source is quite good, 
as high as 30 percent. However, as with other bubble sources (e.g., arcs, chemi-
cal explosives) the acoustic pulse is very broad-band and much of the energy lies 
outside the low frequency band of interest. A single bubble, which expands from 
and collapses to a very small diameter, is a poor radiator of low frequency sound. 
This is because the bubble pressure and acceleration are largest when the bubble 
diameter is smallest. In order to keep the pressure higher for a longer period of 
time, we have proposed to utilize a number of closely spaced bubbles. The effect 
of neighboring bubbles is to push on each other, slowing expansion while increasing 
fluid compression, and shifting acoustic work to lower frequencies. Acoustic model-
ing results presented below predict a factor of 18 gain in low frequency efficiency for 
a lOx10 planar configuration of steam bubbles. 

2. Experimental Setup 

In the experiments, high voltage pulses were applied across a pair of electrodes im-
mersed in a tank of sea water (1.5 m, .75 m, .75 m). Water was pumped directly 
from San Diego Bay and filtered continuously at 5 pm. Temperature and electrical 
conductivity were monitored throughout the experiments, typically measuring 23°C 
and 48 mS/cm. Using passive current probes, the voltage directly across the elec-
trodes and the current were measured simultaneously. In addition, each discharge 
was observed acoustically, using a hydrophone (ITC-I089C) having a flat response 
from 0 to 300 kHz. The hydrophone was placed at a distance of 20 cm from the cen-
ter of the source. Electrical and acoustic data were collected using an EMI shielded 
digital acquisition system, at sample rates of up to 20 MHz . 

The electrical discharge transducer consisted of two steel ball bearing electrodes, 
each 1.9 cm (0.75 in) in diameter, embedded in polyurethane. The bearings were 
potted to a depth of half their diameter, leaving polished half spheres exposed to 
the seawater as shown in Figure 1. The two hemispheres had a minimum separation 
of 1 cm. This gap/curvature ratio provided for a smooth electric field in the gap 
region, with only a 30 percent increase in field strength near the electrode surface. 
Electrode position and shape were accurately maintained, even through large explo-
sive discharges. Although some slight pitting of the electrodes was observed on high 
energy shots, this effect was not severe and was found not to have a serious impact 
on reproducibility. 

The capacitor bank consisted of six 2pF-25kV capacitors connected in parallel, to 
yield a total capacitance of 12 pF . The capacitor bank was connected in series with 
the transducer, a variable inductance, and a spark gap switch. The series inductance 

J/29-3 



SACLANTCEN CP-42 

was varied by adding a number of 140 J.lH inductors, allowing the pulse duration 
and shape to be changed from shot to shot. The baseline inductance of the cabling 
was quite small, approximately 2.5 J.lH. The rise time of the applied voltage across 
the electrodes was less than 1J.lsec without added series inductance. 

Using this system, a variety of pulse shapes with constant energy could be conve-
niently applied to the electrodes. Changes in the series inductance at a particular 
charge voltage maintains a constant pulse energy but changes pulse shape. Small 
inductances produce fast rise times followed by RC decay while large inductances 
lengthen the pulse and lower peak voltages. With this simple configuration the two 
limits of long pulse times with small power and short pulse times with high power 
are easily explored. 

3. Experimental Method 

In the first set of experiments, no series inductance was employed and very fast 
discharges were achieved. The capacitors were charged to progressively larger and 
larger voltages and discharged into the system until breakdown occurred. This was 
done at 1 kV increments from an initial charge voltage of 5 kV up to the breakdown 
shot. Electrical current, voltage directly across the electrodes, and acoustic pressure 
were digitally recorded. 

Once breakdown had been achieved, the charge voltage was increased incrementally 
up to a maximum of 24 kV. In order to prevent potential damage to the electrodes 
and maintain reproducibility in the data set, the number of these breakdown shots 
was limited to 6. Electrical and acoustic data were also recorded for these shots so 
that breakdown times and other electrical dynamics could be examined in addition 
to the pressure pulses produced by bubble expansion and collapse. 

In examining these data, it was observed that higher voltage discharges achieved 
breakdown more rapidly than lower voltage discharges. This suggested a possible 
energy dependence in the breakdown mechanism. A more detailed set of measure-
ments was then undertaken to explore this effect, using a variety of pulses having 
different shapes and duration. 

Adding series inductance to the circuit in 140 J.lH increments, the same procedure 
was repeated up to a maximum inductance of 840 J.lH. At each new inductance, 
the charge voltage was increased to breakdown followed by a number of breakdown 
shots, with electrical and acoustic data recorded for later analysis. 
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4. Analysis 

The electric field in the seawater surrounding the electrodes (Fig. 1) during a dis-
charge is easily approximated by considering a pair of point charges, suitably spaced, 
in order to match the equipotential condition on the spherical electrode surfaces. To 
a very good approximation, the presence of the polyurethane can be ignored, since 
it acts as an insulator and constrains the electrical current to flow parallel to its 
boundary; this is exactly the condition that would prevail within the electrode gap 
if the polyurethane were absent. The approximation arises from ignoring this effect 
along the outer cylindrical boundary of the polyurethane where the field is much 
smaller. Such a calculation predicts the maximum field within the gap between the 
electrodes to be 

Emax = (3Vaf D 

where Va is the applied voltage across the electrodes and D is the minimum electrode 
separation. (3 = 1.3 for D = 1 cm, indicating a 30 percent increase in field strength 
for this geometry. 

Figure 2 shows electrical data obtained for a breakdown shot with zero added in-
ductance. Both current and voltage as a function of time are shown up to 60 J.Lsec 
following pulse initiation. Breakdown is identified at 17.5 J.Lsec, where a rapid de-
crease in voltage and increase in current are observed. A very fast initial rise time 
is observed leading to a maximum voltage of approximately 18 kV across the elec-
trodes within 3 J.Lsec. This implies that the maximum field experienced in the fluid 
is approximately 23.4 kV fcm (,6=1.3). This is well below the lowest reported value 
of 36 kV fcm for the dielectric strength of water,IS implying that breakdown is not 
purely field strength dependent. 

Figure 3 shows the maximum electrode voltage and voltage at breakdown, connected 
by a vertical line, for a number of different inductances. It is seen that large induc-
tance (N =6) shots, with long low power pulses, achieved breakdown at extremely 
low voltage. In the longest pulse observed, breakdown occurred at a voltage of less 
than 1 kV after a time of nearly 233 J.Lsec. These data are seen to follow a coher-
~nt monotonic pattern, implying a consistent mechanism over this entire parameter 
regime. Low power (large inductance) discharges lead to long breakdown times while 
high power (small inductance) discharges lead to short breakdown times. Empiri-
cally, this suggests a strong energy dependence and leads to the idea that a threshold 
energy may be required to initiate breakdown. 

A likely candidate for this energy threshold was considered to be the vaporization 
energy; that is, the amount of electrical energy that must be dissipated into the 
fluid to begin boiling. Acoustic data were examined to determine the minimum 
bank voltage for which a steam bubble was observed. The product of the recorded 
electrode current and voltage (i.e., power) for that discharge was then digitally 
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integrated to determine the dissipated energy. This energy then defines the observed 
vaporization threshold energy. 

Figure 4 shows a typical set of the hydrophone recordings in which the collapse phase 
of the steam bubble is identified (denoted by *). Bubble collapse is a cavitation-
like phenomenon, producing acoustic pulses with very broad band energy, often 
in the MHz range.20•21 The collapse time is easily measured as a function of the 
charge voltage. Larger charge voltages have larger energies and produce larger steam 
bubbles with correspondingly longer collapse times. Due to the small dimension of 
the tank, initial reverberation (0.2 - 1.0 ms period) poses a signal to noise problem for 
detecting very short collapse times. Hence, the minimum electrical energy necessary 
to observe a steam bubble will be slightly higher than the actual minimum energy 
required to begin vaporization. 

Figure 5 shows the bubble collapse time as a function of charge voltage, for the series 
of discharges at 140 J.lH added inductance. The collapse time is seen to increase 
monotonically with charge voltage up to 17 kV. Breakdown occurs at higher charge 
voltages and a clear discontinuity in the collapse time curve is observed in Figure 5. 
More importantly, a bu bble collapse phase was not observed below 11 k V. Integration 
of the electrical power for the 11 kV discharge yields a dissipated energy of 633 
Joules. The measured vaporization threshold is then taken to be 633 Joules for this 
electrode configuration. 

The time at which the vaporization threshold energy is dissipated may now be cal-
culated for each discharge and will be referred to as the vaporization time. Figure 6 
shows a strong linear correlation between breakdown and vaporization times. The 
breakdown time is always observed to lag the onset of vaporization (dashed line), 
leading to the conclusion that vaporization must play an integral part in any de-
scription of the breakdown process. 

5. Electrical Breakdown Model 

The data presented in Figure 6 imply the existence of a vapor region within the fluid 
prior to the onset of electrical breakdown. Vapor pockets which form before the end 
of a discharge certainly possess a different dielectric strength than the surrounding 
water, as well as a different electrical conductivity. As the vapor expands, its density 
decreases with a corresponding decrease in the dielectric strength. It is, therefore, 
quite reasonable to assume that expanding vapor pockets will reach a critical stage at 
which ionization begins. In addition, a large differential between vapor conductivity 
and that of the surrounding fluid could lead to significant field concentrations. These 
factors lead to consideration of vapor ionization as the arc initiating mechanism. 
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Based on these considerations, it is reasonable to propose the following model for 
electrical breakdown in seawater. As the electrical discharge proceeds, Joule heating 
steadily increases the fluid temperature between the electrodes until sufficient energy 
densities are reached to begin vaporization. During this process, the density of 
high temperature regions decreases as vapor forms and expands. In low density 
regions, the dielectric strength is diminished. This effect leads to ionization within 
the vapor and the development of a highly conductive plasma channel. Although 
the present measurements do not provide any indication as to whether the vapor 
must completely bridge the electrode gap to initiate breakdown, they do suggest 
that ionization begins within the vapor and proceeds, in large part, through the 
vapor. Eventually, a plasma channel completely bridges the electrode gap resulting 
in catastrophic electrical breakdown. 

6. Energy/Temperature Calculations 

The analysis above indicates that vapor formation plays a critical role in arc for-
mation, and demonstrates the possibility of pulse vaporization without breakdown. 
A steam bubble source is particularly attractive because it is well understood and 
does not suffer from many of the problems associated with arcing devices, such as 
the pitting and erosion of electrode materials. Pulse vaporization models may be 
constructed from existing models of conduction in seawater coupled with the equa-
tions of fluid mechanics and electrodynamics. A predictive model for the energy 
required to initiate vaporization is presented below and compared with the above 
experimental data. 

During an electrical discharge in seawater, a current density flows which causes 
heating as a result of resistive loss. If the magnitude of electric field in the fluid is 
given by E, then the current density, J, at a point in the fluid is given by 

J = uE, 

where u is the fluid conductivity and J is in a direction parallel to the electric field. 
The instantaneous power dissipation to heat at this point is, therefore, given by 

A typical high voltage discharge in seawater will induce large electric fields in re-
gions between the electrodes where this power dissipation rapidly heats the fluid. 
Discharge times are typically so small that heat conduction can be ignored making 
the calculation of temperature rise simply a matter of integrating the power density 
with an appropriate normalization for density and specific heat. The temperature 
rise is found to be given by 

dT = (_1 ) r E2(t')u(t')dt', 
CpP 10 
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where Cp is the specific heat, p is the fluid density, and !:!.T is the total temperature 
rise. 

In order to evaluate this integral, the electric field and conductivity must be known as 
a function of time. Because the conductivity is temperature dependent, evaluation is, 
in general, quite complex. Variable conductivity impacts the electric field requiring 
a rigorous, time dependent, solution of the Maxwell equations for the entire system. 
It is, however, an accurate approximation to assume that the electric field is not 
affected by changes in the conductivity due to heating. Given the potential difference 
across the electrodes at some instant, the approximate electric field can be taken to 
be the electrostatic solution for this, instantaneous, boundary condition. 

The variation in conductivity with temperature has a first order effect on the tem-
perature evolution and must be included for accurate results. The conductivity of 
seawater varies linearly with temperature according to the relation 

where 0'25 is the conductivity of the solution at 250e. This expression is remarkably 
valid over a wide range of salinities. Given a measurement of temperature and 
conductivity before a discharge, 0'25 is determined and the conductivity can be found 
as a function of temperature. 

Coupled together, the temperature integral, the field approximation, and the con-
ductivity relation allow calculation of the temperature as a function of time in the 
fluid for an applied voltage pulse. In order to evaluate the accuracy of this model, it 
was used to predict the vaporization threshold for the electrode geometry discussed 
above. For this geometry, an electrostatic solution for the electric field reveals that 
the maximum electric field in the water, occurring near the conductive surfaces on 
axis between the electrodes, is given by 

Emax{t) = {3V{t)/h 

where {3 = 1.3, h = lcm, and V{t) is the voltage across the electrodes as a function 
of time. 

Figure 7 shows the temperature integral as a function of time for a measured voltage 
pulse and the total dissipated energy obtained from integration of the experimental 
power. The initial temperature and conductivity before the discharge were measured 
to be 230e, and 48mS / cm respectively. The temperature is seen to reach lOOoe at 
an energy threshold corresponding to 611J. This theoretical threshold i8 in remark-
able agreement with the experimental value of 633J. As expected, the theoretical 
value is slightly below the measured threshold due to practical detection limitations 
associated with the acoustic measurements. Because a bubble collapse must be ob-
servable above background noise to be detectable, the measured threshold must be 
above the true value. 
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Having validated the conductive heating model for predicting the temperature rise 
in fluid, steam tables can be used to predict the potential efficiency of the steam 
bubble source. The following example illustrates how this is done. Consider that 
heating 19 of liquid water, initially at T = 152°C and p = 5 bars, to t = 375°C and 
p = 220 bars requires 1368 Joules. This high pressure liquid can potentially perform 
410 Joules of work as expanding steam back to the initial state. The ratio of work to 
heat energy input is 30 percent. This efficiency is reduced somewhat if the heating 
does not operate in a cycle. For a practical acoustic source, cold ocean water may 
initially need to be heated to the initial starting point. An initial temperature of 
25°C would require an additional 535 Joules to elevate the temperature to 152°C. 
The overall efficiency in this case would be reduced to 21.5 percent. This efficiency 
is comparable to measured efficiencies for arc sources. 

7. Mutual Interaction Effects 

Bubble sources, including those based on explosives, are inherently broad band with 
significant spectral content well above 100 kHz. For typical surveillance applications, 
high frequency energy beyond a few kHz is wasted, limiting the useful efficiency of 
the device. At long range the problem is particularly difficult, where 10 percent 
efficiency in the octave from 70-140 Hz is a minimum requirement given practical 
cost and weight constraints. 

Broad band output is a consequence of the large rate of growth of internal volume 
with expansion of a gas bubble. No matter how large the initial pressure within 
the bubble, expansion leads to a very rapid drop in internal pressure. For adiabatic 
expansion of an ideal gas, internal pressure falls as r- 5 , preventing energetic bubbles 
from maintaining pressures above hydrostatic for anything but a brief instant. Short 
lived internal pressure leads, inevitably, to broad band output. Unless a mechanism 
is found to fundamentally change the dynamics of the bubble, small low frequency 
efficiencies are unavoidable. 

Acoustic modeling indicates that this problem can be solved by utilizing multiple 
bubble interaction effects, to control dynamics and limit spectral content. Although 
a single bubble expands rapidly, interaction pressures among .a set of bubbles tend 
to slow expansion and collapse, increasing low frequency compression and radiation. 
As expanding bubbles collectively push against each other, individual expansion is 
slowed limiting the drop in internal pressure and increasing useful efficiency. Al-
though difficult to model in full generality, this effect can be demonstrated with a 
linear acoustic model for the mutual interaction between bubbles. This simplified 
model should provide reasonable estimates of the magnitude of interaction effects 
and basic scaling relationships. 
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In the linear acoustic model, a collection of spatially distributed spherical bubbles 
are considered, having identical applied impulsive pressures. The analysis proceeds 
in the frequency domain, where the Fourier transform of the applied pressure, along 
with the mutual and self impedances for each sphere, allows the velocity response for 
each sphere to be calculated as a function of frequency. The total radiated acoustic 
power is then calculated as a function of frequency, by summing the contributions 
from each sphere. The power spectrum is further normalized by dividing it by 
the total radiated acoustic energy. This normalization allows the in-band efficiency 
to easily be calculated for a given arrangement of bubbles. The integral of the 
normalized power spectrum between two frequencies gives the fraction of the total 
radiated acoustic energy within that band. 

The form of the applied pressure pulse in this analysis is 

where f3 is an adjustable parameter determining pulse duration. For convenience, 
the value of f3 was normalized so that 1 percent of the total acoustic output for a 
single bubble is radiated in the 70-140 Hz octave. Experimental data for arc sources 
have demonstrated efficiencies as high as 5 percent in this band. 

Figure 8 shows spectral efficiency calculations for a number of different element 
designs. For reference, the calculation for a single bubble (denoted 1x1) is shown and 
the 70-140 Hz region is marked by vertical lines. The center to center bubble spacing 
for all multiple bubble calculations was 0.6 meters. A factor of 3.7 improvement in 
low frequency efficiency is obtained for a line of 5 bubbles (5x1). The increase in 
low frequency efficiency is accompanied by a decrease in output at high frequencies, 
since total output remains unchanged. The interaction effect is to redistribute energy 
output from high to low frequency. Spectral efficiency is also shown for a line of 25 
bubbles and two square billboards of 25 (5x5) and 100 (lOx10) bubbles. The 10x10 
bubble configuration shows a factor of 18 increase in in-band efficiency (m=18). 
These calculations confirm the viability of our approach to increase output at low 
frequency and yield concrete predictions of efficiency scaling for various element 
configurations. 

In order to avoid a common source of confusion, it should be stressed that these 
spectral efficiencies are not related to array gain or directivity effects. The curves 
presented consider the total amount of acoustic energy radiated in all directions 
and, thus, represent true spectral efficiency. Each of the cases considered, in fact, 
represents systems which have nearly omnidirectional radiation patterns in the 70-
140 Hz band, since they are small with respect to wavelength (A = 15 meters at 100 
Hz). 
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8. Conclusions 

Experimental data has been presented which support a model for the initiation of 
electrical breakdown in seawater based upon thermal heating and vaporization. In 
this model, Joule heating steadily increases the fluid temperature between the elec-
trodes until sufficient energy densities are reached to begin vaporization. Ionization 
begins within the vapor and eventually, a plasma channel completely bridges the 
electrode gap resulting in catastrophic electrical breakdown. The understanding of 
the physical processes leading to breakdown is important, not only from the perspec-
tive of designing more efficient arc sound sources, but has been used as the basis for 
proposing a new source technology based upon pulse vaporization of seawater with-
out electrical breakdown. The non-arcing steam bubble source has the advantage 
of physical and mathematical simplicity, with a well understood energy deposition 
model. The broad-band electro-acoustic efficiency for the steam bubble source was 
predicted to be 30 percent. Acoustic modeling of multiple bubble interaction ef-
fects was used to demonstrate that large gains in low-frequency efficiency could be 
obtained from a collection of closely spaced bubbles. 
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Figure 1: The electrical discharge transducer, consisting of two spherical steel ball bearings, 
1.905 cm (0.75 in) diameter, potted in the end face of a cylindrical block of polyurethane. 
The bearings were potted to a depth of half their diameter, making the exposed portion of the 
electrodes hemispherical. The center to center spacing between electrodes was 2.905 cm, leaving 
a minimum gap of 1 cm. The polyurethane block measured 6.604 cm (2.60 in) in diameter and 
9.144 cm (3.60 in) in length. 
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Figure 2: Voltage (solid line) across the electrodes and current (dashed line) for a typical 
discharge where breakdown occurred . The charge voltage for this particular discharge was 
20 kV. The peak voltage across the electrodes is reduced to 18 kV, due to cable inductance. 
Breakdown is easily identified (circles) at 17.5 ~ec, where a rapid decrease in voltage and 
increase in current are observed. . 
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Figure 3: Peak electrode voltage and voltage at breakdown (joined by solid line) are shown 
versus breakdown time, for a series of discharges. Charge voltage and series inductance were 
varied to produce different pulse shapes. N corresponds to the number of extra inductors, 
140 pH each, that were added in series with the load. Large inductance (large N) low power 
discharges are seen to lead to long breakdown times, while low illductance (small N) high power 
discharges break down much more rapidly. 

.--... 
(Ij 

0.. 
III 
0 ...... 

Q) 
s-. 
;::J 
rtl 
rtl 
Q) 
s-. 

0.. 

8 
* 

7 

-1L---~----~----~----~----~--~ 

o 2 3 4 
Time (msec) 

5 6 

Figure 4: Hydrophone recordings at a distance of 0.2 m from the source for charge voltages of 14, 
15, 16, and 17 kV and 140 pH added inductance. The time origin corresponds to the beginning 
of the electrical discharge. For each discharge, the presence of a steam bubble is apparent from 
the impulsive, high frequency arrival (denoted by *) following the initial reverberation decay 
in the tank. This impulsive pressure pulse is caused by the collapse of a steam bubble, which 
is a cavitation·like phenomenon . Larger discharge energies are seen to produce larger steam 
bubbles with greater collapse times. 
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Fipre 5: Bubble collapse time as a function of charge volta«e, for the series of discharges at 
140 pH added inductance. The minimum energy required to observe a steam bubble i. 633 
Joules. As the charge volta«e is increased larger bubbles are produced and corresponciingly 
larger collapse times occur. Electrical breakdown (denoted by *) occurs above 17 kV, resulting 
in the collapse time curve discontinuity. 
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Figure 6: Breakdown time as a function of vaporization time. Vaporization time ia defined as 
the time required to dissipate sufficient energy to observe vapor bubble formation and collapse. 
The data depicted correspond exactly to the data shown for breakdown disch&lll:es in Fi«ure 
3 (See Symbol Legend for Figure 3). The dashed line has a slope of unity allowing easy 
comparilon. Breakdown time is seen to be linearly correlated with, and to I.,;, the time at 
which vaporization begins. 

J/29-15 



SACLANTCEN CP-42 

Calculated Vapor Threshold 
100 

-- 100 DC 
---. 80 U 
0 
'-" 60 
E-< 

40 

20 
0 50 100 150 200 250 

---. rn 
\l) 600 -;:l ---- 611 Joules 
a 400 -, 

'-" 

~ 200 
I-. 
\l) 
c: 
w 0 

0 50 100 150 200 250 
Time (J-Lsec) 

Figure 7: The calculated temperature as a function of time (upper curve) is compared with 
discharge energy as a function of time (lower curve). The temperilture is seen to reach 100°C 
at a discharge energy of 6UJ. This theoretical threshold is in remarkable agreement with the 
experimental value of 633J . 
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Figure 8: Normalized radiated acoustic power spectrum for a collection of interacting spherical 
bubbles. Each curve is normalized by dividing by the total radiated energy, so that the integral 
of a given curve between two frequencies gives the fraction of radiated energy in that band. 
The spacing between spherical sources is 0.6 meters. Vertical lines are shown at 70 and 140 
Hz for reference. Comparing the multiple bubble curves with the single bubble curve (1x1), 
the interaction effect is to increase low frequency efficiency. A factor of 18 increase in in-band 
efficiency is obtained for the 10x10 planar configuration. 
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