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The acoustic characteristics of a hydrogen-oxygen explosive mixture are investigated in an attempt to find
a substitute for solid explosives (e.g., TNT) which will achieve a simple underwater acoustic pulse uncom-
plicated by bubble oscillations. Data are shown relating the intensity and form of the acoustic signal to the
proportions and amounts of gas mixture, point of ignition, hydrostatic pressure, length-to-diameter ratios of
chambers, and various chamber appendages and terminations. It is shown that for certain conditions the
bubhle pulse can be almost suppressed or dissipated, Some experimental techniques and difficulties associated

with practical application are included,

INTRODUCTION

NDERWATER acoustic studies and the geo-
physical investigation of the substructure of the
sea bottom require powerful broad-band sound sources.
TNT is frequently used as an explosive sound source.
However, in some TNT applications, problems arise in
achieving high-repetition rates of defonation under
carefully controlled conditions, These have led to in-
vestigations into the use of explosive mixtures of gases.
Varying degrees of success have been attained.

The purpose of this investigation was to study experi-
mentally the conditions under which a mixture of
hydrogen and oxygen could be detonated under water
at reasonable repetition rates to give acoustic pulses of
sufficient power, simplicity of character, and breadth of
frequency spectrum to permit a detailed study and the
differentiation of various signal arrivals in multipath
propagation, Early in the study, consideration led to the
choice of rugged chambers, open at the lower end, as
containers for the explosive mixtures. The following
results are limited to such containers.

EQUIPMENT AND EXPERIMENTAL
CONDITIONS

Although the exact conditions varied from time to
time, all acoustic measurements were made at sea in
water depths of 30 to 400 m. The receiving system used
consisted of two pressure-sensitive hydrophones, with
associated amplifiers, connected to two separate tracks
of a multichannel magnetic tape recorder. The response

of the system was essentially flat from 30 to 10 000 cps.
The hydrophone nearest the chamber, besides providing
an additional check on the change in acoustic waveform
with distance, gave a signal which could be used as a
trigger in the analysis. Great carc was taken to ensure
that no spurious signals or distortions were introduced
into the system by virtue of the hydrophones and their
cables being situated in the strong sound field.

DESCRIPTIONS OF CHAMBERS USED AND
SOME MECHANICAL DETAILS

Six experimental chambers were used. Photographs of
two of them are shown on the same scale in Fig. 1. The
first model, later referred to as chamber A, is shown on
the left. The larger chamber shown on the right will be
referred to subsequently as chamber B. Chamber B
was used in many trials. The top part of this chamber is
detachable. Tt contains electromagnetic valyes for con-
trolling the filling and scavenging of the chamber, and
an ignition device employing an automobile spark plug.
This interchangeable cap was used with all chambers
except A. At the lower end of chamber B is a removable
deflector. The two smaller side chambers, situated near
the open end, are part of an alternative system for filling
the chamber with explosive gas mixture.

A flexible system of filling the various chambers with
the desired gas mixtures was required. In most cases,
this was achieved by simultaneously injecting the two
gases through calibrated orifices. The gases were stored
under high pressure in normal cylinders carried on board
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EXPERIMENTAL RESULTS

The experimental results that follow are discussed in
connection with the particular parameter being studied.
Sound-pressure levels are given in decibels referred to
one microbar at a distance of one meter from the source.
The value at one meter has been found by extrapolating
the distance from the measuring hvdrophone to the
chamber back to one meter,assumingaspherical spread-
ing loss. It is possible that finite-amplitude waves exist
and may result in higher losses. Iinite-amplitude effects
have been investigated for solid explosives, but their
existence in the present investigation is probably negli-
gible. Tt is worth noting that the peak pressures involved
in the explosive gas-mixture investigation are much
smaller than those encountered with solid explosives.

Except where specifically mentioned, the reproduci-
bility of the waveforms was excellent for explosions
made under the same conditions. Identical oscillograms
have been observed months apart.

Point of Ignition

The influence of the location of the spark plug has
been investigated. Usually it was situated at the top of

F1c. 1. Experimental chambers A and B (same scale).

ship and were fed in metered amounts through rubber
hoses to the submerged chamber. The filling of the
chamber was controlled by the electromagnetic valves,
mentioned previously, operated remotely from the sur-
face. A scavenging valve provided an opening from the
top of the chamber to the sea. With this system, hydro-
gen and oxygen could be metered into the chamber at
any depth of submergence up to 100 meters with an
accuracy of about 59,. In many instances, it is possible
to make use of a less critical system of filling. When this
system is employed, the two side chambers mentioned
above are first filled, the larger with hydrogen, the
smaller with oxygen, until it is certain they overflow.
Subsequently, the gases are pushed into the explosion
chamber by hydrostatic pressure when the valves inside
the cap are operated.

In all cases, ignition was achieved by charging a
number of condensers in parallel and discharging them
in series through the spark plug. Sea water was used as
a return conductor. The interchangeable filling and
ignition cap are shown in Fig. 2. Obviously it must he
extremely robust in construction for an operational
device. 3 S

Figure 3 shows, in schematic form to the same scale, J ! | RUBBER SHEET |
all the different chambers employed in the investigation jj S o)
and their internal dimensions. As can be seen, the | / i
length-to-diameter ratios vary over a considerable | [
range, 1.e., from 1.5 to 160. All chambers were made of |
soft steel. Some were fitted with various terminations, 1.4
and for most such parameters as gas-mixture ratio, .
volume of mixture, depth of operation or hydrostatic b
pressure, etc., have been varied. These results are based Fio. 2. Silienatic dsgram of the interchungeatis
on approximately 400 explosions. ' filling and ignition cap.
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EXPLOSIONS OF HYDROGEN-OXYGEN

the tube or chamber, but with tubes B and C results
were obtained with the ignition near the middle or the
bottom of the column of gas, according to the filled
volume, by means of an additional spark plug. The
location of this plug is shown on the left-hand side of the
tube B and C diagrams in IYig. 3. No appreciable differ-
ence was found in the acoustic pulse produced.

Effect of the Length of Mixture in Long Tubes

The position of the gas-water boundary in the cham-
ber will be discussed first because it produces, in many
cases, a predominant effect which may mask the in-
fluence of the parameter of primary interest. In a given
chamber at a given depth, varying the length of the gas
mixture (i.c., the position of the gas-water boundary)
also varies the mass of gas; however, any resulting
differences in intensity were found to be negligible in
most cases.
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F16. 3. Scaled sketches of the various experimental
chambers used.

Some considerations relating to securing rapid deton-
ation and, hence, a sharper, more intense, initial acous-
tic pulse suggested that a certain length-to-diameter
ratio had to be exceeded by the volume of gas mixture.
Consequently, chamber D, a tube of 3.8 m long, 5 cm
in diam was tried. The results differed from those
expected, and pressure versus time oscillograms are
shown on the left of Fig. 4. Below a certain length of
mixture in the tube, the signal is weak, irregular, and
composed of an incoherent series of rather high-fre-
quency pulses; also, its reproducibility is poor. For a
length mixture of 2.5 m, some low-frequency oscillations
begin to appear, but this condition turns out to be
unstable. For a greater length of mixture, e.g., 3m, a
steeper shock wave is achieved, but strong oscillations
occur. The latter is associated with the pulsations of the
bubble (herein caused by unburned gases and/or water
vapor), a phenomenon well-known from studies involv-
ing solid explosives.
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F16. 4. Variation in character of acoustic pulse with quantity of
2Hs+02 mixture for long tubes (explosions at 40 m).

Since the expected intensification of the shock wave
was masked by these oscillations, longer tubes of the
same diameter as chamber D were tried (chambers E
and T7, length each 7.8 m). The results for chamber E
are shown in IYig. 4 on the right. When filled with the
same length of mixture as chamber D (e.g., 3 m), it
produces, instead of a clear shock wave, the same results
as with the shorter length of mixture in the shorter tube
(D), although the condition is more reproducible.
Increasing the length of mixture again produces oscilla-
tions, but, as the end of the tube approaches, they
become more intense, and the interval between theshock
pulse and their onset decreases.

Chamber IF, of the same length as chamber E but
with a series of holes around its middle, gives a wave-
form with 3 m of mixture, which is somewhat inter-
mediate to those obtained with tubes D and E. This
waveform includes weak oscillations as shown in the
bottom oscillogram on the left of Fig. 4.

Thus, when the initial gas-liquid boundary is near the
open end or an opening of the chamber, the oscillations
of the gas bubble (burned or unburned) which are
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Fic. 6. Character of acoustic pulse produced by several chambers.

forced out are the most important feature following
detonation.

Effect of the Proportion of Gases

Different ratios of hydrogen-oxygen mixture have
been tried in various chambers. No improvement in the
intensity nor simplification of the character of the
acoustic pulse has been found by departing from the
stoichiometric mixture. For example, a one-to-one
hydrogen-oxygen mixture gives a poorer result than a
three-to-one mixture, which in turn is not so good as the
stoichiometric ratio. The aspect which the stoichio-
metric ratio produces generally has sharp peaks in the
waveform, and all further results concern only this
two-to-one mixture of gases. Examples of the effect of
different proportions are shown in Fig. 5. Oscillograms
are reproduced at the same scale of pressure and time,

Effect of the Shape of the Chamber and
of Various Appendages

It was found that no useful waveform could be ob-
tained with long narrow tubes. The signal has a low
intensity if the gas-liquid boundary is far from the
opening and is highly oscillatory if it is close to it. Also,
only small volumes of mixture can be fed into the long
thin chamber. A shorter and wider tube, such as
chamber C (2.5 m long and 10 cm in diam), allows a
greater uantity of gases to be ignited but gives, after
a stronger though ragged shock pulse, prohibitive gas-
bubble oscillations. The top of Fig. 6 shows a sample
oscillogram produced by exploding 12 liters of a two-to-
one mixture.

Other chambers, on which measurements have been
made, have a much smaller length-to-diameter ratio and
have been fitted with several different terminations at
their lower end.

The lower part of Fig. 6 shows the results obtained
with the small experimental chamber A. Owing to its

AND SIROVICH

shape, the gas level inside the chamber is very near the
open end, and oscillations are again present. However,
the first pulse appears better defined. A deflector at the
open end of the chamber damps the oscillations.

Still better results have been obtained with chamber
B, which, for this reason, was more extensively investi-
gated. The dimensions of this short chamber are such
that, when a reasonable amount of gas is injected, the
column of mixture has a length approximately equal to
the diameter, and the gas level is not too near the open
end of the tube. Various appendages or terminations
were tried with this chamber in an effort to simplify the
acoustic signal it produced. The results achieved are
summarized in Fig. 7. The familiar slowly decaying
oscillations accompany detonations in the open-ended
condition. If a cone-shaped deflector, having a 25-cm-
diam base welded to a circular plate of 50-cm diam, is
attached to the lower end of the chamber, the oscilla-
tions appear to be broken up although they are of the
same frequency, and their onset occurs at about the
same time interval after the initial shock wave. When
the lower end of chamber B is closed with a thick plate,
perforated with 40, 14-mm-diam holes, the resulting
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Fic. 7. Variation in character of acoustic pulse with various
chamber terminations for short tube B (explosions at 40 m with
12 liters of 21a404 mixture). The acoustic pulse shape from an
explosion of 200 g of TN'T, recorded at the same dizstance as for the
chamber (40m) and in the same frequeney band, is given for
comparison. The indicated peak level of the shock wave has also
been standardized 1o the value at 1 m, assuming this time that
between 1 m and the recording range the shock-wave peak pressure
varies as 1/¢:12,
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waveform is completely different from all others and is
reasonably simple as desired.

Effect of Varying Volume at a Given Depth

In a given chamber, the effect of varying volume at a
given depth is usually masked by the effect of the posi-
tion of the gas-water boundary, as discussed previously.
However, in the case of chamber B, terminated by the
perforated plate, the character of the acoustic pulse
does not change appreciably, and increases of peak
pressure accompany increases in volume, as shown in
IFig, 8. This is to be expected from energy considerations.
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I, 8. Variation in character of acoustic pulse with quantity of
2Hy+-0s mixture in short tube B (explosions at 40 m).

Effect of Hydrostatic Pressure

I'igure 9 shows the effect of depth on the signal pro-
duced by a constant volume of gas mixture ignited in
chamber B under two conditions: the first open-ended,
and the second terminated with the perforated plate. In
both cases, 12 liters of 2: 1 mixture of hydrogen—oxygen
were used. As expected, increasing the depth produces
an increase in peak sound-pressure level due to greater
mass of gas, a shortening of the time interval between
shock pulse and the first bubble pulse, and an increase
in the frequency of the bubble pulses.

Discussion of Numerical Values and Spectrum

Results obtained with chamber B and its various
terminations represent the best and most reproducible
data from the investigation. As such, they will be con-
sidered in greater detail.

With 12 liters of 2:1 hydrogen-oxygen mixture at
40-m depth, the peak sound-pressure level for the shock

HYDROGEN-OXYGEN MIXTURES
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Fre. 9. Variation in character of acoustic pulse with depth of
explosion of 12 liters of 2Hy-0s mixture for two types of termina-
tions of short tube B.

wave lies in every case between 130-132 dB. I'or com-
parison, 200 grams of TNT gives a level of 167 dB. The
encrgy spectra, corresponding to each of three condi-
tions of chamber termination, are given in I'ig. 10. I'or
the open-ended tube, the peak value of energy occurs at
approximately 100 cps, which corresponds to the funda-
mental frequency of the bubble pulse. When the
chamber is fitted with the deflector, this peak value is
significantly attenuated. When the chamber is termi-
nated in the perforated plate, this low-frequency peak is
almost completely suppressed. It should be noted that
the portion of the spectrum lying between 200-10 000
cps remains practically unchanged under all conditions.
Detailed analysis shows this portion of the spectrum to
be due almost exclusively to the shock wave. Its total
energy is not altered by the various chamber termina-
tions, but its shape varies slightly.

It is probable that the shock waves include some
vibrations of the chamber which is excited by the explo-
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F16. 10 Energy spectra of the acoustic pulses from short tube B
in various conditions, The spectrum from the explosion of 200 g of
TNT (the record of which is given in Fig. 7) is gu en for compari-
son. Values are referred to the distance of 1 m, using the simplifi-
cation that the energy e varies with range r as e/.r at all frequencies.
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sion. Also, some part of the radiated energy may have
been transmitted through the walls of the chamber. No
attempt was made to confirm these theories.

If directivity effects are assumed to be negligible at
these frequencies, the following values for total acous-
tical energy are found:

(a) For the open chamber: 1600 J of which 300 J are
accounted for by the shock wave and 1300 J by the
bubble pulses.

(b) Chamber B with deflector: 700 ] total.

(¢) Chamber B terminated with the perforated plate:
400 J total.

The efficiency of conversion from chemical to acous-
tical energy is poor, and in no case is it asmuch as 19,
Solid explosives are considerably more efficient.

CONCLUSION

The study has demonstrated that, by proper design
of chamber, it is possible to obtain a simple, relatively
clean, acoustic signal and to dissipate interfering bubble

PARKES,
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pulses without the loss of energy in the remainder of the
frequency band.

From this investigation, one must conclude that the
efficiency of a sound source, using an explosive mixture
of hydrogen and oxygen, will be low in any moderate-
sized device. Solid explosives are clearly better,

As a practical sound source for precisely timed
repetitive operation under seagoing conditions, the
simple chambers investigated suffer from a number of
obvious disadvantages. However, it does seem likely
that most of these could be overcome with further
development and engineering.
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