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This thesis describes the development and testing of the Combustive Sound
Source (CSS), which is a broadband underwater sound source. The CSS is being
developed as a clean, safe, and cost effective replacement to underwater explosive
charges, which exhibit an inherent danger to marine life and researchers using the
charges. The basic operation of the CSS is as follows. A combustible mixture
of gas is held below the surface of the water in a combustion chamber and ig-
nited with an electric spark. A combustion wave propagates through the mixture
and converts the fuel and oxidizer into a bubble of combustion products, which
expands due to an increase in temperature, and then ultimately collapses to a
smaller volume than before ignition, producing a high intensity, low frequency
acoustic signal. The thesis begins by discussing the background, history, and pur-
pose of developing the CSS. It continues by describing the current apparatus and
the essential components and convenient features added to the latest mechanical
design. The general operation is discussed along with a description of an exper-
iment conducted to determine the acoustic output and robustness of the current
CSS. The results of this experiment are presented in terms of the effect of vol-
ume, ignition depth, oxidizing gas, combustion chamber size, and repeatability of
acoustic signatures. Discussion of apparatus robustness is presented to suggest
improvements for future CSS designs.

v



Contents

Chapter 1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 The Combustion Process . . . . . . . . . . . . . . . . . . . 3
1.2.2 Parametric Analysis of Gas Volume, Ignition Depth, and

Gas Mixture . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Versatility . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Purpose of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Source Level Metrics . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Rayleigh-Willis Bubble Model . . . . . . . . . . . . . . . . . . . . 12
1.6 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Chapter 2 Description of Apparatus 17
2.1 Combustion Chamber . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Gas Delivery System . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Ignition System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Additional System Components . . . . . . . . . . . . . . . . . . . 26

2.4.1 Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.2 Vent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.3 Water Level Sensor . . . . . . . . . . . . . . . . . . . . . . 28
2.4.4 Recording System and Electronic Controls . . . . . . . . . 29

Chapter 3 Description of Experiments 30
3.1 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Description of Experiment . . . . . . . . . . . . . . . . . . . . . . 33

Chapter 4 Results 36
4.1 Effect of Increasing Volume . . . . . . . . . . . . . . . . . . . . . 36
4.2 Effect of Increasing Depth . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Effect of Oxidizing Gas . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4 Effect of Combustion Chamber Size . . . . . . . . . . . . . . . . . 42

4.4.1 Constant Percent Fill Volume . . . . . . . . . . . . . . . . 42

vi



4.4.2 Bubble Collapse . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4.3 Constant Volume . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 Consistency of Bandwidth . . . . . . . . . . . . . . . . . . . . . . 48
4.5.1 Air-Hydrogen Mixture . . . . . . . . . . . . . . . . . . . . 48
4.5.2 Oxygen-Hydrogen Mixture . . . . . . . . . . . . . . . . . . 50
4.5.3 Oxygen-Hydrogen Mixture and Explosive Charge Spectrum

Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.6 Repeatability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.6.1 Times Series Cross-Correlation . . . . . . . . . . . . . . . 53
4.6.2 Band Limited Cross-Spectral Analysis . . . . . . . . . . . 55
4.6.3 Band-Limited ESL . . . . . . . . . . . . . . . . . . . . . . 58

Chapter 5 Apparatus Robustness 61
5.1 Threaded Connections . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Solenoid Valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3 Flame Arrestor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.4 Water Level Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.5 Spark Plugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Chapter 6 Conclusions 68

Appendix A Water level sensor 70

Appendix B LabView flow charts 71

Appendix C CSS Time Series and Spectra 79
C.1 Air-Hydrogen, 24" Combustion Chamber . . . . . . . . . . . . . . 79
C.2 Air-Hydrogen, 36" Combustion Chamber . . . . . . . . . . . . . . 87
C.3 Air-Hydrogen, 48" Combustion Chamber . . . . . . . . . . . . . . 96
C.4 Oxygen-Hydrogen, 48" Combustion Chamber . . . . . . . . . . . 101

Appendix D ESL Histograms of Deviation from the Mean 105

Bibliography 111

Vita 113

vii



List of Symbols
p(1 m, t): the pressure of the measured time series data normalized to 1 meter from the source,
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mx or my: mean value of signals x(t) or y(t)

σx or σy: standard deviation of signals x(t) or y(t)

τ : arbitrary time delay constant, in units of seconds [s]
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Chapter 1

Introduction

This thesis describes the development and testing of the Combustive Sound

Source (CSS), which is a broadband underwater sound source. Development of the

CSS is being undertaken to provide an alternative to underwater explosive charges.

Explosive charges used in underwater acoustic scientific research are convenient

and useful, but they present inherent danger to the scientists and technicians that

work with them, and are also potentially dangerous to marine life. Further, they

expel irretrievable debris into the water column upon use. The CSS however, is a

clean, safe, reliable, and cost-effective replacement to explosive sound sources, and

offers the user an adjustable source level, while maintaining a wide bandwidth.

If an electrolytic cell is used to provide the combustion gases, then no energetic

materials are stored or transported. The gases are only generated at the time of

the event. Hence the CSS is inherently safer to use than explosives. In Chapter 1,

the history of the CSS, its basic operation, and the purpose of the present work

is described.
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1.1 Background

Low frequency, broadband underwater sound sources are needed to conduct acous-

tic research in the fields of acoustical oceanography, natural resource exploration,

and sonar applications, among others. These sources must be able to generate a

sufficiently powerful, low frequency signal to maintain a sufficient signal to noise

ratio (SNR) at the receiver over large source-receiver range scales [1]. It is also de-

sired that these sources be broadband to gather data on the dispersion effects and

the nonlinear frequency dependence of ocean sediments as described in Holmes [2]

and Knobles [3].

Small explosive charges are popular due to their broad bandwidth, high energy

density, ease of deployment, and low cost [4]. However, the hazards innate in

explosive charges have led to the development of alternative sound sources. Ide-

ally, these alternative sound sources should be capable of producing a signal that

maintains the wide bandwidth of explosive charges with reduced amplitude to

satisfy environmental concerns. Sound sources such as low frequency shakers [5]

and resonators [6] have been developed, but often do not have the bandwidth,

convenience, and efficiency of explosive charges. A number of other sources are

described in Dobrin [7], but the CSS differs from all of these, and is more similar to

an explosive source in the following manner: The CSS generates pressure directly

in the water, and no energy is lost through motion of an elastic membrane, as in

the Aquapulse (trademark of Western Geophysical Co.) or through the motion

of any mechanical piston or valve as in sparkers or boomers [7]. Hence the CSS

is more efficient in the conversion of stored energy into acoustic energy, and this

conversion can be achieved with the required bandwidth.
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1.2 Literature Review

A typical CSS consists of a submersible combustion chamber, open to the water

filled with a combustible fuel/oxidizer mixture. The mixture is ignited and a com-

bustion wave propagates through the mixture. During this process the fuel and

oxidizer are converted into high temperature combustion products. The tempera-

ture increase occurs sufficiently quickly as to cause an increase in pressure, which

in turn, causes the bubble to expand. The initial pressure pulse is radiated to the

far field, and while the bubble grows larger than the original volume, a negative

acoustic pressure is radiated. At some point, a maximum volume is reached and

the bubble begins to collapse. At the minimum bubble volume, which is signifi-

cantly less than the original volume, a sharp, positive transient acoustic pulse is

radiated. This process repeats until the energy is expended, or until the bubble

either breaks apart or the combustion products condense (which is the case for

stoichiometric hydrogen/oxygen combustion). The expansion and collapse of the

bubble is the main source of radiated sound. Although never fully developed, the

device was patented in 1924 [8], and since that time, several papers and patents

regarding the concept of the CSS have been published, such as Anderson [9],

Owen [10], and Wilson [11, 12], among others.

1.2.1 The Combustion Process

There are two classes of combustion, known as deflagration and detonation. The

CSS utilizes deflagration, which is a subsonic combustion process whereby a ther-

mal wave travels through the combustive mixture raising the temperature of the

mixture by thermal conduction to the point of ignition. This requires an appro-

priate fuel-oxidizer mixture and an ignition event, such as a spark. Detonation
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is a supersonic combustion process by which a shock wave propagates through

the combustive mixture due to an initial energy release. The compression of the

combustive mixture due to the propagation of the shock wave increases the local

temperature to a level high enough to initiate ignition. Although both classes of

combustion require an appropriate fuel-oxidizer mixture, the detonation process

does not require a spark to initiate combustion. In general, detonations are more

destructive than deflagrations due to the associated high pressures of the shock

wave; however, deflagrations can be made more controllable due to the reliance

on an ignition source and the subsonic propagation speeds of the combustive pro-

cess [13].

It should be emphasized that the CSS is not an explosive source. Quoting

Glassman and Yetter [14]:

It is a very common error to confuse a pure explosion and a detonation.

An explosion does not necessarily require the passage of a combustion

wave through the exploding medium, whereas an explosive gas mixture

must exist in order to have either a deflagration or a detonation. That

is, both deflagrations and detonations require rapid energy release; but

explosions, though they too require rapid energy release, do not require

the presence of a waveform.

The central feature of explosives is that the reaction rate of an explosive mixture

varies significantly as a function of temperature and pressure. At low tempera-

tures and pressures the reaction rate of an explosive is low. However, when the

temperature or pressure is raised to a sufficient level a violent exothermic reaction

takes place throughout the explosive instantaneously, without the need of a prop-
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agating wave as in combustion. A deflagration combustion process is therefore

less violent and is easier to control than a detonation or explosion.

1.2.2 Parametric Analysis of Gas Volume, Ignition Depth, and Gas
Mixture

A major focus of the literature relating to CSS analysis involves three parameters

controlling the acoustic signature of any combustive sound source: gas volume,

ignition depth, and gas mixture. It has been difficult for researchers to isolate the

interdependencies of these parameters, but qualitative results for each case have

been published. Wilson et al. [11, 12] tested these parameters using methane and

oxygen. A conical combustion chamber was used to provide a constant aspect

ratio (height to diameter) for various volumes of gas. The effect of varying total

gas volume at a stoichiometric equivalence ratio, varying the depth of ignition,

and varying the equivalence ratio for a constant volume of fuel at a set depth were

studied.

Wilson et al. [12] showed that altering the total gas volume for a given equiva-

lence ratio affects the period of the initial bubble pulse, which is determined from

the time between initiation of bubble growth and the first bubble collapse. It was

found that the period of this bubble pulse increases with increasing gas volume.

It was also found that altering the depth of ignition affects the period of the

initial bubble pulse. Wilson et al. [12] investigated this depth dependence for

both constant mass and for a constant physical volume of gas. For constant mass

and constant physical volume, the period of the first bubble pulse was found to

decrease with depth. This implies that the depth of ignition has a larger effect on

the initial bubble period than the energy of combustion of the gas, which is also

supported by the Rayleigh-Willis equation given in Eq. 1.18 and discussed below.
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The effect of varying the equivalence ratio with a constant volume of fuel was

also investigated in Ref. [12] where the volume of methane remained constant,

while the volume of oxygen was altered to obtain the desired equivalence ratio.

It was found that the bubble periods decreased throughout the experiment as the

equivalence ratio increased. This implies that the bubble period depends more on

total gas volume than the total fuel volume.

Wilson et al. [12] experimented with several combustion chamber shapes, fuel-

oxidizer mixtures, and ignition methods to determine the optimummeans of gener-

ating high intensity, low frequency signals. Cylindrical, conical, and hemispherical

combustion chambers were tested. Although an equivalent volume of gas was used

for each case, it was determined that the conical combustion chamber yielded the

highest radiated peak pressure. Hydrogen and methane were both tested as fuels,

and oxygen and air were both tested as the oxidizer in the combustive mixture. It

was found that a hydrogen-oxygen mixture yields the highest acoustic output. A

single spark was compared to four ¼-strength simultaneous sparks as the ignition

source. It was found that the acoustic output of the four spark ignition system was

around 20 dB higher across the entire bandwidth. Therefore, Wilson et al. [12]

concluded that having a conical combustion chamber, a hydrogen-oxygen combus-

tive mixture, and multiple ignition sources would yield a higher acoustic output

than the other tested methods.

1.2.3 Versatility

It has also been shown that the CSS is a versatile acoustic energy source that can

easily be customized to perform in various configurations and environments [15].

In addition to a stationary deployment in the water column, a CSS can be de-
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ployed underwater in a tow body and as an array of sources. It has also been

demonstrated that a CSS is capable of producing seismic interface waves for both

air-earth and water-seafloor interfaces. Measured energy levels and spectra from a

CSS were compared to that of similar sources used for each medium. These tests

confirm the versatility and cost efficiency of deployment for each configuration [16].

1.3 Purpose of Work

A desire for safety features was derived from the inherent hazardous nature of un-

derwater explosive charges. The Naval Air Systems Command (NAVAIR) manual

warns, “It is possible that firing will occur on release of the arming piston. This

can happen during a ship sinking and cause other adjacent explosives to deto-

nate, resulting in injury to surviving personnel in the water [17].” Furthermore,

past misuse of underwater explosive charges has led to the death of at least two

individuals [18]. This led to the temporary ban of underwater explosive charges

and initiated CSS research [11, 12, 16]. Recent improvements to the CSS provide

inherent safety features as well as a minimal duty cycle to reduce the hazardous

nature of the device.

The present development of the CSS was undertaken to provide a safe, reliable

efficient replacement to underwater explosive charges as a source of acoustic en-

ergy. This entails that the CSS is capable of producing an acoustic output with

similar spectral characteristics at an amplitude approaching that of an underwater

explosive charge comprised of 1.8 lbs of TNT, as tabulated by Chapman [4] and

modeled by Wakeley [19]. As a safety feature, it was desired that no energetic

material be transported or stored to operate the CSS. Previous versions of the

CSS failed to meet these needs. Analysis of the previous work [11, 12, 16] yielded
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Figure 1.1: ESD of 1.8lb TNT explosive charge charge fired at 23 m [4], and CSS event of
approximately 6 L (STP) of hydrogen and oxygen mixture fired at 25 m.

insight into improvements that were made, which allowed the CSS to more closely

meet the desired goals.

Wilson et al. [12] did not achieve the source level (SL) currently desired, but

they found that using hydrogen and oxygen, a conical chamber, and multiple igni-

tion sources all increased the source level. The spectrum of a previous CSS shot1

is shown to be around 40 dB lower than a spectrum produced by an underwater

explosive charge as seen in Fig. 1.1. These conclusions were the basis of the

current study, as discussed in Chapter 2.

1.4 Source Level Metrics

The source level (SL) for a transient acoustic signal can be quantitatively described

by four different SL metrics: peak pressure, sound pressure level (SPL), energy

source level (ESL), and energy spectral density (ESD). These metrics were used
1Obtained by Preston Wilson of ARL:UT during SW06 experiment on August 25, 2006 at 10:59 a.m.
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to analyze the data reported in Chapter 4. Each measured acoustic pressure time

series, p(1 m, t), will refer to the acoustic pressure of the signal measured in the

far field and amplitude normalized through spherical spreading to 1 meter from

the source. The peak pressure level is the maximum pressure reached in a signal

defined by

Ppeak, dB = 20 log10

Ppeak(1 m)

1µPa
[dB re 1µPa @ 1 m], (1.1)

where

Ppeak(1 m) = max(|p(1 m, t)|). (1.2)

The sound pressure level (SPL) is

SPL = 20 log10

prms(1 m)

1µPa
[dB re 1µPa @ 1 m], (1.3)

where

prms(1 m) =

√√√√√√ 1

T

T̂

0

p2(1 m, t)dt, (1.4)

and T is the total time of the signal.

The energy source level (ESL) is

ESL = 10 log10

´ T

0
p2(1 m, t)dt

1µPa2 · s
[dB re 1µPa2 · s @ 1 m], (1.5)

where T is the total time of the signal.
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The energy spectral density (ESD) is

ESD(f) = 10 log10

|P (f)|2

(1µPa · s)2
[dB re 1µPa2 · s/Hz @ 1 m], (1.6)

where f is frequency and P (f) is taken as the Fourier transform of p(1 m, t),

defined by

P (f) =

∞̂

−∞

p(1 m, t)exp(j2πft)dt, (1.7)

for −∞ ≤ f ≤ ∞.

When reporting ESD as a function of frequency one has three basic choices. The

first option is to display ESD as calculated above for both positive and negative

frequencies. This option is unambiguous, but it is difficult to display the negative

frequencies in a logarithmic fashion, which is common when frequency is plotted

on the horizontal axis. The second option is to display ESD for only the positive

frequencies without making any adjustment to account for the energy contained

in the negative frequencies which are not being displayed. This option allows

frequency to be displayed in a logarithmic fashion, but it does not account for

the energy being ignored in the negative frequency bands. The third option is to

display ESD for only the positive frequencies and adjust the levels to account for

the energy in the negative frequencies, which is not being displayed. This option

allows frequency to be displayed in a logarithmic fashion, and it accounts for the

total energy in the positive and negative frequencies. In this option the ESD will

be 3 dB higher than the discrete calculation of ESD given in the above equations.

In this thesis, all figures and values reported for ESD are given as the latter option

to display frequency on a logarithmic scale and account for the energy in both the

10
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Figure 1.2: A time series of a CSS event is given, where the time between the first two peaks is
shown as the fundamental period.

positive and negative frequencies.

Additional metrics were used to further analyze the collected data. The funda-

mental period of a CSS event is the time between the first and second peaks in the

time series, respectively, as shown in Fig. 1.2. The fundamental frequency is given

by the inverse of the fundamental period, and it can also be determined from the

ESD as it is the lowest frequency peak on an ESD curve, as seen in Fig. 1.3.

Similarly, other metrics were used to describe the repeatability and differences

of various signals. The fundamental frequency and the ESD at the fundamental

frequency were analyzed to determine how the frequency spectrum is altered for

a given parameter change. Band limited ESL calculations were used to determine

how various bands are affected by a parameter change. The peak cross-correlation

value was used to quantify the repeatability of events in the time domain, and

cross-spectral analysis was used to quantify the repeatability over octave bands in

the frequency domain. Each of these additional metrics yields further insight into
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the repeatability and resultant trends of the parametric adjustments throughout

the experiment.

The cross-correlation for two signals, x(t) and y(t), is

ρxy =

∣∣∣∣∣Rxy −mxmy

σxσy

∣∣∣∣∣ , (1.8)

where mi is the mean of the ith signal in the time domain, σi is the standard

deviation of the signal in the time domain, and

Rxy(τ) = lim
T→∞

1

T

ˆ T/2

−T/2

x(t)y(t+ τ)dt. (1.9)

This limits ρxy to a minimum of zero, corresponding to no correlation, and a max-

imum of one, corresponding to an exact correlation. The cross-spectral analysis

values were calculated as

Rxy(τ) =

ˆ ∞
−∞

Sxy(f)exp(j2πfτ)df, (1.10)

where

Sxy(f) =
X∗(f)Y (f)

T
, (1.11)

and X(f) and Y (f) are the Fourier Transform pairs of x(t) and y(t), respec-

tively. Here X∗(f) denotes the complex conjugate of X(f). Similarly, Rxy can be

normalized to a maximum of unity using Eq. 1.8.

1.5 Rayleigh-Willis Bubble Model

A decrease in the fundamental frequency should be expected for events with in-

creasing gas volume on the basis that it will take a longer time for the bubble to

reach the maximum point of expansion and ultimately collapse for large volumes
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Figure 1.3: The fundamental frequency and ESD at the fundamental frequency of a CSS event.

of gas. This increase in time creates a longer fundamental period, and thus a lower

fundamental frequency. This trend is supported by Rayleigh’s equation describing

the period of collapse for a vapor bubble or void given by [20]

T = 1.83Am

√
ρ

P0

, (1.12)

where T is the period of bubble oscillation, in seconds, Am is the maximum radius

of the bubble, in meters, ρ is the density of the surrounding fluid, in kilograms per

cubic meter, and P0 is the hydrostatic pressure, in Pascals. Equation 1.12 shows

that an increase in bubble radius directly corresponds to an increase in bubble
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period. Thus, a reduction in the fundamental frequency occurs for larger volumes

of gas.

Equation 1.12 also predicts a decrease in the period of bubble collapse, or

equivalent increase in fundamental frequency, for an increase in ambient hydro-

static pressure. It can be seen that Eq. 1.12 predicts the fundamental frequency

to be more sensitive to depth than volume when recast in terms of bubble volume

rather than bubble radius. Given,

Am =
3

√
3V

4π
, (1.13)

where V is the bubble volume, Eq. 1.12 can be written as

T = 1.83
3

√
3V

4π

√
ρ

P0

. (1.14)

Therefore, a proportionality can be developed between bubble period, bubble

volume, and hydrostatic pressure at ignition depth:

T ∝ V 1/3

P
1/2
0

. (1.15)

This equation shows that the fundamental bubble period is more sensitive to

hydrostatic pressure than bubble volume, which agrees with Wilson et al. [12] and

the results of the present work discussed in Chapter 4.

It is also useful to describe the bubble period in terms of the potential energy

of the bubble. A relation between bubble pressure, volume, and potential energy

was found by Willis [21] in 1941,
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Q =
4

3
πA3

mP0, (1.16)

where Q is the potential energy of the bubble. A relationship between T and Q

can be obtained by solving Eqs. 1.12 and 1.16 for Am as follows:

T = 1.14ρ1/2P
−5/6
0 (KQ)1/3, (1.17)

where K is a constant with a value dependent upon the units of Q (K = 1010 if Q

is in kilojoules). However, in SI units with 1024 kg/m3 as the density of seawater

and P0 = ρg(d + 10.1), where d is the depth of the bubble center, and g is the

acceleration of gravity, Eq. 1.17 can be given as,

T =
0.1673Q1/3

(d+ 10.1)5/6
, (1.18)

which is the classic Rayleigh-Willis equation [21]. Equation 1.18 shows that an

increase in bubble period should be expected from an increase in the potential

energy of the combustive mixture and decrease in ignition depth.

1.6 Thesis Organization

Proceeding from the aforementioned considerations led to the development of a

new CSS that would provide an increased source level and the robustness to per-

form various experiments. The details of the new design are given in the following

chapter. Chapter 2 also discusses the essential hardware components needed for

any CSS and the method by which they were implemented in the current design.
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Other convenient features added to the current CSS are also discussed. Chapter 3

gives a description of the experiment which tested the acoustic output and ro-

bustness of the new CSS for various parameters. Chapter 4 discusses the results

of this experiment. The effect of gas volume, ignition depth, gas chemistry, and

combustion chamber size are all discussed. The repeatability of the new CSS is

also quantified in the time and frequency domains. Chapter 5 discusses the ro-

bustness of the apparatus during the experiment. Finally, Chapter 6 provides a

conclusion.
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Chapter 2

Description of Apparatus

There are three essential hardware components of a repeatable, reusable CSS: a

gas delivery system, a submersible chamber to entrap gas below the surface of

the water, and an ignition source. A repeatable gas delivery system is needed

to allow users to accurately deliver the desired amounts of fuel and oxidizer into

the submersible chamber before firing the CSS. The chamber must be capable

of withstanding the forces and shock loading applied by the combustion process

and subsequent bubble activity at a range of depths. Failure of the chamber to

withstand high levels of shock loading will quickly result in cracks and leaks. An

ignition source within the chamber is needed to initiate the combustion process.

This ignition source must be repeatable to ensure that the combustion event

is initiated in the same manner over long periods of use. A schematic of these

components along with the electronic controls and a recording system is presented

in Fig. 2.1.

2.1 Combustion Chamber

A submersible chamber is required to entrap gas below the water surface during

the combustion process. Four conical chambers were built with base diameters
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Figure 2.1: A general schematic for the relation between electronic controls, ignition system,
gas delivery system, combustion chamber and recording system for the CSS.

of 12", 24", 36", and 48". The sides of the chambers create a 45° angle with the

horizontal, and have total volumes of 3.7 L, 29.6 L, 100 L, and 237 L, respectively.

Each chamber is made of ½" thick powder coated A36 steel to ensure strength and

resistance to corrosion. Each chamber is open on the bottom and cut short of

the apex so as to leave the chamber open on top. A circular flange was welded

around the top of each chamber opening via gussets. Bolts through this flange
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allow the cones to individually be attached and removed from the ignition and gas

delivery system. Ballast weights were welded to the bottom edge of the combustion

chamber to overcome buoyancy when filled with gas. The combustion chamber

with a 48" base diameter is shown in Fig. 2.2.

The combustion chambers were designed to have a conical shape due to previ-

ous findings that a conical combustion chamber yielded a greater acoustic output,

as described in Section 1.2.2. Multiple chamber sizes of increasing volume were

desired for versatility, and it was desired that the largest chamber have the ca-

pacity to contain a volume of gas for which the potential energy of combustion

was equivalent to the energy released by an underwater explosive charge. It was

determined that building four combustion chambers with base diameters of 12",

24", 36", and 48" would be cost efficient, manageable, and yield the versatility

to scale the volume of gas, and with potential energy approaching that of an un-

derwater explosive charge. The 1/2" thick A36 steel was found to be the most

cost efficient material that could withstand repeated CSS use and prevent fatigue,

and the powder coating was added to prevent corrosion for use in water. The

combustion chambers were designed to withstand a cyclic stress limit of 34,000

psi from the prediction that each chamber could experience a cyclic stress limit

up to 17,000 psi, which yields a design safety factor of 2.

2.2 Gas Delivery System

As seen in Fig. 2.3, the gas delivery and ignition system are primarily comprised

of a three tiered tower bolted on top of a combustion chamber and separated by

a rubber gasket to prevent leakage. The bottom tier consists of a combustion

chamber head and flange held directly above the chamber. This head piece con-
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Figure 2.2: A representation of the combustion chamber with base diameter of 48". Drawing
made by Richard Lenhart, The Applied Research Laboratories, The University of Texas at
Austin.

tains several ports which allow spark plugs and tubing to be mounted into the

combustion chamber. The middle tier consists of a gas manifold and mounting

ports for stick coils used in the ignition system. On the top tier is a pressure

vessel containing capacitors used to power the ignition system. Each tier plays a

vital role in firing the CSS.

Although previous studies, discussed in Section 1.2.2, found the oxygen-hydrogen

mixture to yield the greatest acoustic output, the current gas delivery system was

designed to deliver air and hydrogen. Air was substituted for oxygen due to

the dangers involved in transporting oxygen through hoses which may become

contaminated with unwanted material and residual products of the gas flow. The

CSS combustion chambers and ignition system are capable of firing mixtures com-

prised of an oxygen-hydrogen mixture, but the gas delivery system described in

this section is not intended for oxygen use. A separate system will be presented

in Section 3.1 that describes how an oxygen-hydrogen mixture is delivered to a
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chamber.

The gas delivery system ensures that the desired volume of each gas mixture

is delivered into the combustion chamber while at depth. The system consists of

separate bottles of compressed air and hydrogen, Victor1 regulators, Sierra2 mass

flow controllers, Omega3 solenoid valves, appropriate hose and tubing, and Parker4

check valves. A simplified gas delivery system schematic is given in Fig. 2.4. Fifty

foot hoses connect each regulator to a Sierra mass flow controller. A Parker 1/2"

inner diameter (ID), 300 psi working pressure air hose was used in the air circuit,

and a Parker 3/8" ID T-Grade fuel hose was used in the hydrogen circuit. The

mass flow controllers allow users to specify the amount of each gas type injected

into the combustion chamber through manual inputs in LabVIEW software. The

outlet of the mass flow controllers are connected to 330 feet of hose. The 330

foot hose in the hydrogen circuit is then connected to a SGD5 flashback arrestor,

that has a maximum rating of 150 psi, preceding a solenoid valve. The 330 foot

hose in the air circuit is connected directly to a solenoid valve. The solenoid

valves are mounted on the vertical supports of the three tiered tower and are

controlled by LabVIEW software, which controls the opening and closing of the

valves to keep the hoses pressurized to ambient conditions. It is necessary to keep

the hoses pressurized to ensure that the amount of gas expelled into the chamber

is equivalent to the amount of gas allowed through the mass flow controllers.

Unpressurized hoses create significant uncertainty in the amount of gas expelled

in the chamber. From this point downstream, the pneumatic circuits for hydrogen
1Victor Equipment Co., http://www.thermadyne.com/victor
2Sierra Instruments, Inc., http://www.sierrainstruments.com
3Omega Engineering Inc., http://www.omega.com
4Parker Hannifin Corp., http://www.parker.com
5SGD, Inc., http://www.sgd.com
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Figure 2.3: A representation of the three tiered tower used in the CSS ignition and gas de-
livery systems. Drawing made by Richard Lenhart, The Applied Research Laboratories, The
University of Texas at Austin.
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and air are different.

The hydrogen gas is sent through the flashback arrestor and solenoid valve, then

through a single tube terminated with a Parker check valve with 1 psi cracking

pressure that has a maximum rating of 6000 psi. Hydrogen gas allowed through

the check valve flows into the combustion chamber through the chamber head and

top opening of the combustion chamber. The flashback arrestor ensures that the

flame produced during the combustion event does not propagate back into the

hose containing hydrogen, and the check valve prevents gas and water backflow

into the pneumatic circuit before, during, and after the combustion event.

The air is sent through a solenoid valve and then divided into nine different

tubes, each terminated with a Parker check valve with a 5 psi crack pressure

and a maximum rating of 6000 psi. Air allowed through the check valves flows

into the chamber through the chamber head and into the top of the combustion

chamber. The need for nine tubes in the air delivery system is discussed along

with the ignition system in the following section. The check valves terminating

the air tubing serve the same purpose as that of the hydrogen circuit. It should

be noted that as a safety precaution, fuel and oxidizer are not allowed to mix

until reaching the combustion chamber. Once the fuel and oxidizer reach the

combustion chamber a sufficient diffusion time, tabulated in Table 2.1, is allowed

for a given volume before ignition.

2.3 Ignition System

A repeatable ignition system was used to initiate the combustion process for each

event. As described in Section 1.2.2, previous work indicated that multiple-spark

ignitions increased the acoustic output. It was determined that nine spark plugs
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Figure 2.4: A general schematic of the gas delivery system containing gas bottles, mass flow
controllers, flame arrestor, and various valves.

could be positioned around the manifold. The plugs were mounted in ports, which

slightly extend into the combustion chamber. Eight plugs form a circle with the

ninth plug in the middle of the circle, as shown in Fig. 2.5.

Each spark plug is connected to a stick coil from a 2005 Toyota Tundra. The
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5 m 10 m
6 L 2 min 3 min
10 L 2.5 min 3.5 min
12 L 3 min 4 min
14 L 3.5 min 4.5 min
18 L 4 min 5 min
20 L 5 min 6 min
40 L 6 min 8 min
60 L 8 min 10 min
80 L 10 min 12 min
120 L 15 min 18 min
160 L 20 min 25 min

Table 2.1: Times allowed for air-hydrogen diffusion for various physical volumes at depths of 5
and 10 m.

stick coils are mounted on the middle tier of the CSS tower and are powered

by the capacitor bank on the top tier, comprised of nine 9,000 µF, 40 Volt DC

Mallory capacitors. The discharge of the spark plugs is controlled by LabVIEW

software, which allows users to discharge any combination of the nine sparks plugs.

A schematic of the ignition system is given in Fig. 2.6.

After the CSS is fired, the spark plugs become wet and do not spark. The

nine points of air delivery are oriented in a manner to dry the spark plugs while

injecting air into the combustion chamber. The spark plug configuration and

points of air delivery are shown in Fig. 2.5. In order to obtain the needed flow

rate of air to dry the plugs, the LabVIEW software initiates air flow through the

mass flow controller with the solenoid valve closed, which causes the pressure in

the hose between the mass flow controller and the solenoid valve to increase. The

solenoid valve is then opened a few seconds after the hose becomes pressurized.

The opening of the solenoid valve in conjunction with the high pressure in the

hose causes a sudden burst of air to pass over the tip of the spark plugs, thus

drying them for operation. The spark is then ready to be initiated by the user

through LabView software.
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Figure 2.5: The combustion chamber head is shown, containing ports for gas delivery, spark
plugs, and vent valve.

2.4 Additional System Components

2.4.1 Power

Power is provided to the system by an Agilent6 +/- 25V, 1 A DC power supply and

an Agilent 40 V, 19 A 760 W DC power supply. The needed power is transferred

to the system through 330’ of Marine Acoustics Cable7 containing twisted pair

cabling. Each independent circuit can be disconnected at the CSS through the

use of SEA CON8 underwater connectors.

6Agilent Technologies, http://www.home.agilent.com
7Cortland Cable Co., http://www.cortlandcable.com/
8SEA CON Brantner & Associates, Inc., http://www.seaconbrantner.com/
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Figure 2.6: A general schematic of the ignition system containing a capacitor bank, stick coils,
and spark plugs.

2.4.2 Vent

Incomplete combustion and gaseous byproducts of combustion result in a volume
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of gas left in the combustion chamber after firing the CSS. Removing this residual

bubble leaves the combustion chamber fully flooded and allows users to accurately

fill the chamber with a prescribed volume of fuel and oxidizer. A vent is used

to achieve this without surfacing or tipping. The vent process is initiated by

opening a solenoid valve connected by tubing to a port in the combustion chamber

head. Opening the solenoid valve allows gas to slowly flow out of the combustion

chamber, through the tubing, and out of the solenoid valve, and into the water.

The user is able to open and close the solenoid valve with LabVIEW controls.

If desired, software controls allow the user to prematurely terminate the vent

process, leaving a volume of gas in the combustion chamber.

2.4.3 Water Level Sensor

To complete the chamber fill routine discussed in Section 3.1, a water level sensor

was needed. This sensor is comprised of a probe connected to a circuit powered

by a 12 V signal, as shown in Appendix A. The circuitry was mounted to the

apparatus chassis outside of the combustion chamber and connected to the ground

of the chassis. The probe was mounted in an opening of the chamber at a slant

height 22.5 cm from the apex of the chamber head, and senses the presence or

absence of a conductive path from the tip of the probe to the circuit ground.

When no conductive path is available (corresponding to the absence of water) the

circuit remains open, but when a conductive path is available (corresponding to

the presence of water) the circuit returns a 3 V signal, which signifies that the

probe is wet.
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2.4.4 Recording System and Electronic Controls

The recording system consists of two HTI-909 hydrophones cabled to a signal

conditioning stage (filtration and preamplification), and a PC-based data acqui-

sition system running LabVIEW software. Acoustic pressure time series were

displayed and recorded for each CSS event and spectra were also displayed, for

real-time analysis. All aspects of operation and data recording are controlled by a

LabVIEW virtual instrument program (VI). A general flow chart of the VI func-

tionality and descriptions of the its subroutines are given in Appendix B. These

controls allow the user to vent the combustion chamber, dry the spark plugs, fill

the chamber with both gases, ignite the mixture, record the acoustic output, and

create a log file containing the acoustic data and all the operating conditions of

the shot. The VI also contains safety features to ensure safe operation of the gas

flow control, and to prevent accidental triggering of an event.

9High Tech Inc., http://www.hightechincusa.com/
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Chapter 3

Description of Experiments

3.1 Operation

Figure 3.1 illustrates a schematic of the experiment. After assembly the CSS and

two HTI-90 hydrophones were lowered to the same depth, and an operational

routine was followed to fill the CSS with gas and fire on command. The CSS was

deployed from a winch, and the hydrophones were deployed from the side of a

barge at known distances in the far field. Nylon lifting straps and bungee cords

were used as shock absorbers to mechanically isolate the winch and cable from the

CSS motion during bubble growth and collapse. Upon ignition the hydrophones

recorded the time series waveform of the direct and surface reflected path. After

each ignition a predefined operational routine was followed to progress to the next

event.

The operational routine was set in place to accurately and repeatably test

the CSS for various parameters. Initially the user must set several parameters

such as depth of ignition, hydrophone ranges, and combustion chamber size in

the LabVIEW software. The combustion chamber is then lowered to the desired

depth and any entrapped air is vented, leaving the chamber fully flooded. Next,
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Figure 3.1: A general schematic of the test set up where D is the depth of the CSS and hy-
drophones, V is the volume of gas in the combustion chamber, and d is the base diameter of the
chamber.

the spark plugs are dried with a burst of air resulting in an unknown volume of air

in the chamber, as described in Section 2.3. The air must then be vented until the

water level sensor indicates wet, leaving 4.2 liters of air in the combustion chamber.

The user is now free to add a desired amount of hydrogen or air to the 4.2 liters of

air. The combustive mixture must then be given an appropriate amount of time

to diffuse after hydrogen is added to the mixture. After diffusion, the user is free

to initiate the CSS event. The time series waveform is automatically recorded and

31



saved upon firing, and the user is then free to repeat the operational procedure

for subsequent events.

Since the gas delivery system was not designed to deliver oxygen, the gen-

eral operational routine for oxygen-hydrogen events differs from that of the air-

hydrogen operational routine. Initially the user must set several parameters in the

LabVIEW software as in the air-hydrogen operational routine. The combustion

chamber is then raised to a depth slightly below the water surface, and the spark

plugs are dried with a burst of air. The chamber is then vented so that only

a small amount of air remains in the chamber to keep the spark plugs dry. An

electrolysis machine is used to generate a desired mass of oxygen and hydrogen,

and a tube from the electrolysis machine is held directly below the combustion

chamber. Oxygen and hydrogen flow out of the tube and are entrapped below

the surface of the water by the combustion chamber. The combustion chamber

is then lowered to the desired depth and is ready to be fired. Upon firing, the

time series waveform is automatically recorded and saved, and the user is free to

repeat if desired.

Since the oxygen-hydrogen mixture is added to the chamber at the surface

and lowered to a desired depth, any given mass of gas in a CSS event can be

described by two volumetric quantities, the physical volume the gas occupies at

depth or the volume the gas occupies at standard temperature and pressure (STP),

approximately 300 Kelvin and 1 atmosphere, respectively. For any given mass of

gas, the volume occupied at STP will always exceed the physical volume occupied

at depth due to the increase in hydrostatic pressure. Therefore, a given mass of gas

will be described by the same quantity in terms of volume at STP at any depth,

but will be described by a increasingly smaller physical volume for increasing

depths. Furthermore, a greater mass of gas is required to produce equivalent
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gas volumes at increasing depths. In this section and the following sections, gas

volume will be referred to as volume in liters or volume at STP, corresponding to

gas volume at depth and volume at atmospheric conditions. This allows one to

compare the affect of depth on the acoustic output for a given volume or given

mass at various depths.

3.2 Description of Experiment

The experiment was conducted to determine the acoustic output and durability

of the new CSS design. Data were collected in a manner to determine the source

level and frequency spectrum produced by various combustion chamber sizes, gas

volumes, ignition depths, and oxidizing gases. The experiment also allowed for

monitoring the durability and robustness of the apparatus throughout testing.

Knowledge of both the acoustic output and the hardware robustness are vital in

developing a CSS that can repeatedly output the desired acoustic signal without

need for repair.

Each data point from the experiment is described by a specific combustion

chamber size, volume of gas, depth of ignition, and oxidizing gas. Various combi-

nations of each of these parameters were tested to determine the effect each pa-

rameter has on the acoustic output. Repeatability of each data point was tested

by consecutively recording three events for each data point before progressing to

a subsequent data point. This ensured multiple recordings would be made for

each data point of interest and allowed for the smallest volumes to be fired at the

beginning of the experiment, and the largest volumes to be fired at the end of the

experiment. It was important to test the smallest gas volumes first and slowly

increase the gas volume to monitor the stability of the apparatus, and prevent
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5 m Ignition Depth 10 m Ignition Depth
24" Chamber 6, 12, 18 L 6, 10, 14, 18 L
36" Chamber 20, 40, 60, 80 L 20, 40, 60, 80, L
48" Chamber 40, 80, 120, 160 L

Table 3.1: The obtained data points for CSS events using an air-hydrogen mixture.

5 m Ignition Depth 10 m Ignition Depth 18 m Ignition Depth
48" Chamber 60 L (STP) 150 L (STP) 60 L (STP)

Table 3.2: The obtained data points for CSS events using an oxygen-hydrogen mixture.

premature failure. The test matrix for events containing the air-hydrogen mix-

ture is given in Table 3.1, and for events containing the oxygen-hydrogen mixture

in Table 3.2.

The experiment began by testing the 24" combustion chamber, with 6 L of an

air-hydrogen mixture at a depth of 5 m. The air-hydrogen mixture is comprised

of 70% air and 30% hydrogen by volume. Three events were fired with these

parameters before continuing to the next data point. Data was then collected

with the same combustion chamber, air-hydrogen mixture, and depth for total

gas volumes of 12 L and 18 L. The 24" chamber was then lowered to a depth

of 10 m and fired with 6 L, 10 L, 14 L, and 18 L of the air-hydrogen mixture.

Each data point was recorded three times. The 24" chamber was no longer tested

after these data points were collected.

The 36" combustion chamber was tested after the 24" chamber. These tests

began with 20 L of the air-hydrogen mixture at a depth of 10 m. The 36" chamber

was then fired with the air-hydrogen mixture at a depth of 10 m for total gas

volumes of 40 L, 60 L, and 80 L. After three events were fired at each data point,

the 36" chamber was raised to a depth of 5 m. The chamber was then tested

with an air-hydrogen mixture for total gas volumes of 20 L, 40 L, 60 L and 80 L.
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The 36" chamber was no longer tested after these data points were collected.

Testing continued with the 48" combustion chamber at a depth of 5 m with

total gas volumes of 40 L, 80 L, 120 L, and 160 L of the air-hydrogen mixture.

Similarly, a set of three events were fired and recorded for each data point. This

concluded the testing of the air-hydrogen mixture.

Experimentation continued with an oxygen-hydrogen mixture comprised of 33.33%

oxygen and 66.66% hydrogen in the 48" combustion chamber. Three events were

recorded at a depth of 5 m with 60 liters at STP (approx 40 L at depth). Six

events were recorded at a depth of 18 m with 60 liters at STP (approx. 24 L

at depth). One event was recorded at a depth of 10 m with 150 liters at STP

(approx. 75 L at depth). This concluded the experiment.
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Chapter 4

Results

The following section presents the results of the experiment described in the pre-

vious chapter.

4.1 Effect of Increasing Volume

As shown in Fig. 4.1, the experiment yielded an overall trend that an increase in

gas volume is correlated with an increase in source level (SL). The ESL is shown

for events comprised of the air-hydrogen mixture ignited at 5 m and 10 m for

various volumes (liters at STP) of gas. The trend of increasing SL was expected

since an increase in gas volume directly relates to an increase in fuel, which yields

an increase in radiated acoustic energy. However, it is seen that the ESL increases

logarithmically with respect to an increase in total gas volume. The SL increases

at a high rate for small gas volumes, whereas the rate of SL increase is reduced at

larger volumes. This implies that the efficiency of energy transfer from potential

to acoustic energy is reduced for large volumes of gas. Doubling the volume of gas

does not necessarily correspond to doubling the output acoustic energy. It can

also be seen that the data points for events at 5 m and 10 m follow the same trend

and are of comparable magnitude when the volume of gas is calculated in terms of
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volume at STP. This implies that the ESL is depends more on the volume (liters

at STP) of gas rather than the depth at which the combustive mixture is fired.
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Figure 4.1: Energy Source Levels for total gas volumes at STP of the air-hydrogen mixture at
5 m and 10 m.

The data also shows that an increase in volume corresponds to a lower funda-

mental frequency, which agrees with Eq. 1.15. Figure 4.2 shows the fundamental

frequency as a function of total gas volume at STP. In this figure the data points

for events at 5 m and 10 m follow the same trend, but no longer have the same

magnitude. This implies that the fundamental frequency is also a function of

depth of ignition, which will be discussed in the following section.

4.2 Effect of Increasing Depth

Increasing the depth of ignition results in a greater hydrostatic pressure at the

bubble-water interface. This allows any given combustion chamber the ability

to contain a larger mass of gas at greater depths. In Fig. 4.1 it is seen that
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Figure 4.2: Fundamental frequency for total gas volumes at STP of the air-hydrogen mixture
at 5 m and 10 m.

this increase in gas yields a higher SL. Therefore, higher source levels are gener-

ally achievable at greater depths, as observed in the experiment described in the

previous chapter.

The resultant increase in hydrostatic pressure from increase in depth effects

the fundamental frequency as well. Figure 4.2 shows the fundamental frequency

for events at 5 m and 10 m as a function of volume at STP. It is seen that the

fundamental frequency decreases with an increase in gas volume, and increases

with ignition depth. This shows that the fundamental frequency is both a function

of ignition depth and gas volume, as described in Eq. 1.15.

4.3 Effect of Oxidizing Gas

This section analyzes the effect the oxidizing gas has on the acoustic output by

comparing events fired with an air-hydrogen mixture to an oxygen-hydrogen mix-

ture. Both mixtures were set to have an equivalence ratio of one, yielding an
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air-hydrogen mixture of 70% air and 30% hydrogen by volume, and an oxygen-

hydrogen mixture of 33.33% oxygen and 66.66% hydrogen by volume. For a given

total volume of gas mixture, the air-hydrogen mixture has less than half hydrogen

content than the oxygen-hydrogen mixture. This section analyzes the SL and en-

ergy content within octave bands for 40 L of each mixture fired in the 48" chamber

at a depth of 5 m.

The differences in the acoustic output are apparent in Figs. 4.3 and 4.4, which

show time series data and the ESD for the above mentioned events. Although each

event in Fig. 4.3 has a similar fundamental period, the peak pressures experienced

by each event and the bubble oscillations after the initial bubble collapse are

significantly different. The oxygen-hydrogen mixture is characterized by a sharp

peak during bubble collapse, corresponding to the peak pressure of the entire

signal. The air-hydrogen mixture is characterized by a much lower pressure during

bubble collapse and bubble oscillation for a longer period of time after the initial

bubble collapse. Figure 4.4 also shows that the spectral content of an event is

affected by the gas chemistry, even if all other metrics (i.e. chamber size, ignition

depth, equivalence ratio) remain constant.

The high number peaks and nulls found in the ESD in Fig. 4.4 are partially

due to the interference of the direct and surface reflected path. Although the

energy contained within spectral bands can be inferred from the ESD, it can be

convenient to compare the energy within spectral bands of each event through

band-limited ESL calculations. Averaging over bands tends to reduce the effects

of fluctuations that result from the nulls, and yields insight into the trends over

frequency bands rather than discrete frequencies. Figure 4.5 shows the band-

limited ESL of each event for 11 octave bands centered at 4, 8, 16, 32, 63, 125,
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Figure 4.3: Time series data for the air-hydrogen mixture (top) and oxygen-hydrogen mixture
(bottom). Both events are comprised of 40 L of the respective mixture fired at a 5 m depth in
the 48" combustion chamber.

250, 500, 1000, 2000, and 4000 Hz respectively.

The total energy contained in the signals are similar with the air-hydrogen

event having an ESL of 201.6 dB and the oxygen-hydrogen event having an ESL

of 201.3 dB. However, the energy in the two events is not evenly distributed across

each octave band, and the energy within a given band is altered by the oxidizing

gas. The air-hydrogen mixture contains the highest amount of energy in the lowest

frequency bands, but the amount of energy in the subsequent higher bands tends

to decay. The oxygen-hydrogen mixture does not contain as much energy as the

air-hydrogen event in the lowest bands, but contains more energy than the air-
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Figure 4.4: Spectra for the air-hydrogen and oxygen-hydrogen mixtures. Both events are com-
prised of 40 L of the respective mixture fired at a 5 m depth in the 48" combustion chamber.

hydrogen event in the higher bands. From this it is seen that each oxidizing gas

produces a different spectral shape.

Source level metrics including peak pressure, SPL, ESL, and ESD used to

quantify each event are given in Table 4.1. It is observed that the various metrics

used to quantify SL are not always in agreement with regard to which event has the

highest SL. For example, in Table 4.1 it is seen that the oxygen-hydrogen mixture

has a significantly higher SL when measured as peak pressure. Both events have

a relatively equivalent SL when measured as SPL and ESL, but the SL of the

air-hydrogen mixture is higher than that of the oxygen-hydrogen mixture when

measured as peak ESD. Therefore, one must use caution and explicitly state the

metric being used when stating which event has the highest SL.
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Figure 4.5: Band limited ESL for the air-hydrogen and oxygen-hydrogen mixtures. Both events
are comprised of 40 L of the respective mixture fired at a 5 m depth in the 48" combustion
chamber.

Air-Hydrogen Oxygen-Hydrogen
Peak Pressure (dB) 219.6 228.5

SPL (dB) 205.5 206.2
ESL (dB) 201.6 201.3
ESD (dB) 190.8 184.5

Table 4.1: Various source levels for the air-hydrogen and oxygen-hydrogen events. Both events
are comprised of 40 L of the respective mixture fired at a 5 m depth in the 48" combustion
chamber.

4.4 Effect of Combustion Chamber Size

4.4.1 Constant Percent Fill Volume

The experiment yielded an expected result of a greater acoustic output with an

increase in combustion chamber size for a given percent fill volume. Here the

percent fill volume refers to the ratio of the actual gas volume to the chambers

theoretical maximum fill volume. As previously shown, the CSS yields an increase

in SL for increasing volumes of gas. Therefore, it should be expected that a larger

combustion chamber will yield higher SL for a given percent fill volume due to
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Figure 4.6: ESL for 24", 36", and 48" combustion chambers fired with the air-hydrogen mixture
at 5 m for various percent fill volumes.

the fact that a larger combustion chamber can contain a larger volume of gas.

Figure 4.6 gives ESL as a function of percent fill volume for the 24", 36",

and 48" chambers fired with an air-hydrogen mixture at 5 m for various percent fill

volumes. There is an increase in ESL corresponding to an increase in combustion

chamber size for any percent fill volume. It is difficult to give an exact relation for

the increase in SL as a function of combustion chamber size, but a rough estimate

of 2-3 dB could be assigned as an approximate increase in ESL when increasing

the chamber size from the 24" to 36" or the 36" to the 48" chamber size.

4.4.2 Bubble Collapse

Previous CSS experiments [12] have shown the combustion chamber to produce

a toroidal shape bubble that expands and subsequently collapses in the chamber.

The extent to which the bubble expands beyond the edges of the chamber is

determined by the geometry relating the chamber to the contained gas volume.
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An initial gas volume that fills the combustion chamber results in a bubble that

expands beyond the edge of the chamber, whereas an initial gas volume that only

partially fills the chamber may result in a bubble that never expands beyond

the edges of the chamber and is contained within the chamber throughout each

oscillation. These geometric differences can result in various gas volumes being

expelled from the chamber upon the combustion event. Portions of the initial gas

volume may never ultimately collapse within the chamber, but rise to the surface

as freely floating bubbles, thus altering the acoustic output.

The collected data supports the hypothesis that differing bubble-to-chamber

volume ratios alters the bubble collapse and ultimately the acoustic output. It

can be seen that CSS events for which the volume of ignited gas is much smaller

than the theoretical volume capacity of the chamber yields a multiple event bubble

collapse. It can also be observed that CSS events for which the volume of ignited

gas approaches the theoretical volume capacity of the chamber yields a more

uniform single-event bubble collapse. One example of this phenomenon can be

seen in Fig. 4.7. The top plot in the figure shows time series data from the 36"

chamber fired at 10 m with 20 L of the air-hydrogen mixture. The bottom plot

in the figure shows time series data for an event with all the same parameters

except the gas volume was 80 L. Recalling that the 36" chamber has a theoretical

maximum fill volume of 100 L yields a 20% fill volume for the top plot an 80% fill

volume for and the bottom plot .

The 20% fill volume signature does not contain a distinct peak during bubble

collapse. The time series data shows a distinct peak, corresponding to the onset

of bubble growth, followed by a reduction in acoustic pressure, corresponding to

further bubble growth, followed by a short increase in pressure which plateaus
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Figure 4.7: Time series data showing bubble collapse features of the air-hydrogen mixture in the
36" combustion chamber fired at a depth of 10 m for volumes of 20 L (top) and 80 L (bottom).

before reaching several local peaks. This is contrasted in the bottom plot, corre-

sponding to 80% fill volume, containing a distinct peak during bubble collapse.

Here the time series data show a similar distinct peak, corresponding to the on-

set of bubble growth, followed by a reduction in acoustic pressure, corresponding

to further bubble growth, follow by a distinct rise in pressure to a sharp point,

corresponding to bubble collapse.

This variance in bubble collapse can be seen for each combustion chamber size.

Small percent fill volumes yield multiple event collapses while large percent fill

volumes yield single event collapses. Predicting the percent fill volume that is

required to go from multiple to single event collapses is not yet possible. A more

densely populated data set is needed to determine this threshold.

It is hypothesized that low bubble-to-chamber volume ratios result in a bub-

ble that is fully contained with the chamber upon expansion. This results in the

toroidal expansion of the bubble where the gas in the center of the chamber sur-
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rounded by the toroidal bubble prematurely collapses before the collapse of the

larger toroidal bubble. Since the gas is completely contained within the chamber,

all the gas must ultimately collapse into the chamber. Due to the toroidal nature

of the bubble, this collapse is not necessarily uniform. Furthermore, it is hypoth-

esized that high bubble-to-chamber volume ratios result in a bubble that expands

beyond the chamber edges upon ignition. This results in a similar toroidal ex-

pansion, except beyond the edges of the chamber. Since the gas is not completely

contained within the chamber, the entire bubble does not necessarily ultimately

collapse back into the chamber. In this scenario it is hypothesized that some gas is

being expelled from the chamber, which does not collapse but instead rises to the

surface, and the gas that does collapse in the chamber does so in a fairly uniform

manner. High speed video for various fill volumes could be used to confirm or

disprove this hypothesis.

4.4.3 Constant Volume

This experiment yielded data for which all parameters were held constant except

for the size of combustion chamber. Data were obtained for events composed of

the air-hydrogen mixture, ignited at 5 m for 40 L and 80 L in both the 36" and 48"

combustion chamber. Figure 4.8 shows the times series data for 40 L events fired

in the 36" and 48" combustion chambers. All parameters are equivalent between

these two events except the size of the chamber. Since 40 L is a relatively small

volume of gas in both the 36" and 48" combustion chambers, both times series

traces contain the aforementioned plateau effects before bubble collapse. This can

be seen between 0.085 and 0.15 seconds on each signature. It should be noted that

the time trace for the event fired in the 48" combustion chamber has the more
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Figure 4.8: Comparison of time series data for 40 L of the air-hydrogen mixture events fired at
a depth of 5 m in the 36" and 48" combustion chambers.

distinct multi-phase bubble collapse than the 36" chamber. This could in part be

due to the fact that the bubble-to-chamber volume ratio is much lower for the 48"

chamber; hence a multi-phase bubble collapse is predicted as previously discussed.

Although there are apparent differences in the time series plots of these two

events, there are only small differences in the output SL of equivalent events in

differing chambers. The average SL for peak pressure, SPL, ESL, and ESD are

given in Table 4.2 for the 40 L and 80 L events using 36" and 48" chambers. The

small data set given in Table 4.2 generally gives a slightly higher SL for the 48"

combustion chamber. This could be due to the fact that a larger combustion

chamber is able to contain the bubble upon collapse, which can yield a slightly

higher acoustic output. Although the presented source levels in Table 4.2 tend to

show the 48" chamber yielding a higher acoustic output, further testing must be

done to fully describe the acoustical gain of a larger chamber.
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Peak (dB) SPL (dB) ESL (dB) ESD (dB)
40L, 5m, 36" Chamber 222.8 205.5 201.8 190.8
40L, 5m, 48" Chamber 220.4 206.1 202.2 191.2

80L, 5m, 36" Chamber 221.0 206.2 203.2 193.2
80L, 5m, 48" Chamber 222.5 206.8 204.6 194.2

Table 4.2: Various source level values for the 40 L and 80 L of the air-hydrogen mixture fired
at a depth of 5 m in the 36" and 48" combustion chambers.

4.5 Consistency of Bandwidth

A unique feature of the CSS is its ability to maintain bandwidth through SL varia-

tions. Section 4.1 shows the ability to vary the SL of CSS events, and Section 4.3

shows that each oxidizing gas provides a distinct spectral shape. This section

shows the combined effects of these two sections by showing that the spectral

shape and bandwidth are maintained as the SL is adjusted for each oxidizing gas.

4.5.1 Air-Hydrogen Mixture

Figure 4.9 shows the ESD for two CSS events comprised of the air-hydrogen

mixture. The two events shown differ in SL by approximately 10 dB, but it is

seen that the spectrum keeps its shape and bandwidth is maintained throughout

the change in SL. To further show the relation between the shape of the two

events, Fig. 4.10 shows the two curves given in Fig. 4.9 with an amplitude

shift to overlay the spectral shapes. Here the curves are plotted on an arbitrary

vertical axis in order to more easily compare the spectral shapes regardless of the

absolute amplitude of each curve. Figure 4.10 shows that the two events have

nearly identical spectral shapes.
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Figure 4.9: ESD of two CSS events comprised of the air-hydrogen mixture. The blue curve is
the result of 9 liters (STP) ignited at a depth of 5 meters, and the red curve is the result of
28 liters (STP) ignited at a depth of 10 meters. The ESD is increased by approximately 10 dB
across the spectrum while keeping its shape.
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Figure 4.10: Spectral shape of two CSS events shown in Fig. 4.9. The two events are given here
on an arbitrary vertical axis to compare the spectral shape without regard to the individual
amplitudes of each event.
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4.5.2 Oxygen-Hydrogen Mixture

Figure 4.11 shows the ESD for two CSS events comprised of the oxygen-hydrogen

mixture. The two events shown differ in SL by approximately 19 dB, but it is

seen that the spectrum keeps its same basic shape and bandwidth is maintained

throughout SL variations. To further show the relation between the shape of

the two events, Fig. 4.12 overlays the spectral shape of the two curves given in

Fig. 4.11 on an arbitrary vertical axis in order to compare the spectral shape

regardless of the amplitude of each curve. Figure 4.12 shows that the two events

have similar spectral shapes with only minor differences. These differences could

be due to the fact that the 6 L (STP) event ignited at 25 m was recorded during

SW06, which was in a different location with a different chamber, than the 150 L

(STP) event ignited at 10 m. The experimental differences could be the cause of

the minor differences in spectral shape seen in Fig. 4.12.

4.5.3 Oxygen-Hydrogen Mixture and Explosive Charge Spectrum Com-
parison

Figure 4.13 shows the ESD for a explosive charge (1.8 lb TNT) detonated at

23.5 m [4] and a CSS event comprised of 150 L (STP) of the oxygen-hydrogen

mixture ignited at 10 m. It can be seen that there is a difference in SL of approxi-

mately 20 dB, and that the oxygen-hydrogen mixture produces a spectrum similar

to that of the explosive charge with reduced amplitude. Figure 4.14 overlays the

spectra of the explosive charge and the CSS event on an arbitrary vertical axis to

compare the spectral shapes without regard to their absolute amplitudes. When

the amplitude of the two spectra are adjusted as shown in Fig. 4.14 it is seen

that the spectra show relatively good agreement in spectral shape from 30 Hz

to 500 Hz, with only minor deviations. The differences in the lowest frequency
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Figure 4.11: ESD of two CSS events comprised of the air-hydrogen mixture. The blue curve is
the result of 6 liters (STP) ignited at a depth of 25 meters recorded during SW06, and the red
curve is the result of 150 liters (STP) ignited at a depth of 10 meters. The ESD is increased by
approximately 19 dB across the spectrum while keeping its same basic shape.
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Figure 4.12: Spectral shape of two CSS events shown in Fig. 4.11. The two events are given
here on an arbitrary vertical axis to compare the spectral shape without regard to the individual
amplitudes of each event.
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bands show that the CSS event does not exactly replicate the spectral shape of an

explosive charge; however, it is seen that oxygen-hydrogen CSS events do produce

a spectral shape similar to that of an explosive charge and have the advantage of

easily being adjusted in SL.
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Figure 4.13: ESD of CSS event described by the 150 liters (STP) of the oxygen-hydrogen mixture
ignited at 10 meters in the 48" chamber (shown in blue), and ESD of 1.8 lbs of TNT detonated
at 23.5 meters [4] (shown in red).

4.6 Repeatability

Throughout testing it was seen that the acoustic output of the CSS for any given

parameter set can be repeatable, especially at low frequencies. A qualitative

assessment of the repeatability can be determined from Appendix C, and a quan-

titative assessment of the repeatability is given here. This section analyzes the

repeatability of the source through peak cross-correlation values in the time do-

main and cross-spectral analysis in the frequency domain to compare the shape

of the signals. The repeatability of the absolute amplitude is obtained by com-
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Figure 4.14: Spectral shape of CSS event described by 150 liters (STP) of the oxygen-hydrogen
mixture ignited at 10 meters in the 48" chamber (shown in blue), and spectral shape of 1.8 lbs of
TNT detonated at 23.5 meters [4] (shown in red). The two events are given here on an arbitrary
vertical axis to compare the spectral shape without regard to the individual amplitudes of each
event.

paring band limited ESL between similar events. Due to the constraints of the

experiment, each parameter set was limited to only three events. This limits the

ability to obtain standard deviations for any analysis done within a single param-

eter set. However, a statistical analysis is performed for frequency bands across

all parameter sets.

4.6.1 Times Series Cross-Correlation

The peak cross-correlation value was calculated for time series data for every

combination of events within a parameter set to quantify the repeatability of the

shape of the time series for similar events. This allowed the time series data for

each event within each parameter set to be compared with the time series data for

every other event in the same parameter set. This method yields three peak cross-
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correlation values for a parameter set containing three events, one value giving

the peak correlation of the first event to the second event, one value giving the

peak correlation of the first event to the third event, and one value giving the

peak correlation of the second event to the third event. The limits of the cross-

correlation are [0, 1], where zero corresponds to no correlation and 1 corresponds

to perfect correlation.

Table 4.3 shows the maximum and minimum of the three computed peak cross-

correlation values for each parameter set. The maximum value represents the peak

cross-correlation value that is calculated for the two events most similar in shape,

and the minimum value represents the peak cross-correlation value calculated for

the two events most different in shape. It is seen that the CSS is very repeatable

for each parameter set containing the air-hydrogen mixture. Each of the highest

values for parameter sets containing the air-hydrogen mixture is above 0.96, and

several of these values are 0.99, which shows the repeatability of events to be near

unity.

Events containing the oxygen-hydrogen mixture yield a lower peak cross-correlation

value than the air-hydrogen mixture. A value of 0.937 was calculated for the pa-

rameter set described by the oxygen-hydrogen mixture in the 48" chamber, fired

at 5m, and an even lower value of 0.869 was calculated for the parameter set de-

scribed by the oxygen-hydrogen mixture in the 48" chamber, fired at 18 m. It was

expected that the latter parameter set would have the lowest cross-correlation val-

ues due to hardware problems that arose during this portion of testing. However,

these lower cross-correlation values are also likely due to the impulsive nature of

the oxygen-hydrogen mixture. The sharp peaks associated with this type of gas

mixture yields an increase in bandwidth over which a comparison is made, which

yields more opportunities for differences in the signal. However, these differences
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Parameter Set Max Peak C.C. Value Min Peak C.C. Value
24", 5m, 9L (STP), Air 0.997 0.994
24", 5m, 18L (STP), Air 0.999 0.997
24", 5m, 27L (STP), Air 0.999 0.992
24", 10m, 12L (STP), Air 0.998 0.909
24", 10m, 20L (STP), Air 0.997 0.989
24", 10m, 28L (STP), Air 0.997 0.976
24", 10m, 36L (STP), Air 0.998 0.988
36", 5m, 30L (STP), Air 0.997 0.551
36", 5m, 60L (STP), Air 0.986 0.964
36", 5m, 90L (STP), Air 0.968 0.889
36", 5m, 120L (STP), Air 0.992 0.978
36", 10m, 40L (STP), Air 0.995 0.967
36", 10m, 80L (STP), Air 0.999 0.994
36", 10m, 120L (STP), Air 0.998 0.979
36", 10m, 160L (STP), Air 0.986 0.909
48", 5m, 60L (STP), Air 0.994 0.924
48", 5m, 120L (STP), Air 0.997 0.992
48", 5m, 180L (STP), Air 0.994 0.977
48", 5m, 240L (STP), Air 0.991 0.954
48", 5m, 60L (STP), Oxygen 0.937 0.900
48", 18m, 60L (STP), Oxygen 0.869 0.564

Table 4.3: The maximum and minimum peak cross-correlation values computed for each pa-
rameter set. The maximum value represents the peak cross-correlation value calculated for the
two events most similar in shape, and the minimum value represents the peak cross-correlation
value calculated for the two events most different in shape. The column on the left describes
the parameter set by giving the size of the base diameter of the combustion chamber, depth of
ignition, total gas volume, and oxidizing gas.

do not necessarily relate to significant differences in the energy found within given

bands, as seen in the following section.

4.6.2 Band Limited Cross-Spectral Analysis

A band limited cross-spectral analysis was done for each parameter set. Each

spectrum was divided into 11 octave bands centered at 4, 8, 16, 32, 63, 125, 250,

500, 1000, 2000, and 4000 Hz. This allowed for specific regions of the spectrum

to be analyzed, and yields insight into the repeatability of the CSS in various

frequency bands.

The band limited cross-spectra analysis was obtained as follows. Each spectrum
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was divided into the 11 aforementioned octave bands. The peak cross-correlation

value was then calculated in each band for each combination of events within

a parameter set, as described in Section 1.4. A parameter set containing three

events would thus yield 3 sets of 11 peak cross-correlation values. The 3 sets are

the result of a comparison between the 1st and 2nd events, the 1st and 3rd events,

and the 2nd and 3rd events. Each of these sets contains 11 peak cross-correlation

values corresponding to the 11 octave bands. The highest peak cross-correlation

value in each octave band is considered the greatest repeatability obtained during

the experiment for each band in a particular parameter set. Table 4.4 gives the

highest peak cross-correlation value calculated for each parameter set in the 11

octave bands.

The average band limited peak cross-correlation values from Table 4.4 are dis-

played in Fig. 4.15 along with the average band limited peak cross-correlation

values for the oxygen-hydrogen mixture. Figure 4.15 shows that the CSS is highly

repeatable in the lower frequency bands for both the air-hydrogen and oxygen-

hydrogen mixtures. A peak cross-correlation near unity in the lower frequency

bands implies that similar CSS events are virtually indistinguishable with respect

to the low frequency content. However, each gas mixture tends to yield lower peak

cross-correlation values in the higher frequency bands, especially the air-hydrogen

mixture.

Further analysis of Fig. 4.15 shows that the highest peak cross-correlation

value for an octave band generally decreases as the center frequency increases.

This shows that the current ability to replicate spectra in the lowest frequency

bands is possible, but exact replication of the spectra in higher frequency bands

is difficult. The difficulty in exact replication of the higher frequency bands could

56



4 Hz 8 Hz 16 Hz 32 Hz 63 Hz 125 Hz
24", 5m, 9L (STP), Air 1.000 1.000 1.000 .999 .995 .969
24", 5m, 18L (STP), Air 1.000 1.000 1.000 .999 .999 .998
24", 5m, 27L (STP), Air 1.000 1.000 1.000 1.000 .999 .997
24", 10m, 12L (STP), Air 1.000 1.000 1.000 1.000 .997 .983
24", 10m, 20L (STP), Air 1.000 1.000 1.000 .998 .999 .996
24", 10m, 28L (STP), Air 1.000 1.000 1.000 .999 .993 .989
24", 10m, 36L (STP), Air 1.000 1.000 1.000 .998 .997 .996
36", 5m, 30L (STP), Air 1.000 1.000 1.000 .999 .995 .964
36", 5m, 60L (STP), Air 1.000 1.000 .997 .963 .992 .982
36", 5m, 90L (STP), Air 1.000 .999 .968 .979 .963 .863
36", 5m, 120L (STP), Air 1.000 1.000 .998 .996 .973 .925
36", 10m, 40L (STP), Air 1.000 1.000 1.000 .995 .993 .969
36", 10m, 80L (STP), Air 1.000 1.000 1.000 .999 .999 .996
36", 10m, 120L (STP), Air 1.000 1.000 1.000 .999 .999 .968
36", 10m, 160L (STP), Air 1.000 1.000 .994 .975 .968 .876
48", 5m, 60L (STP), Air 1.000 1.000 .999 .994 .989 .941
48", 5m, 120L (STP), Air 1.000 1.000 .998 .996 .994 .973
48", 5m, 180L (STP), Air 1.000 1.000 .992 .997 .989 .961
48", 5m, 240L (STP), Air 1.000 .999 .987 .994 .952 .856

250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
24", 5m, 9L (STP), Air .950 .916 .489 .425 .137
24", 5m, 18L (STP), Air .982 .889 .612 .359 .162
24", 5m, 27L (STP), Air .929 .571 .614 .505 .169
24", 10m, 12L (STP), Air .948 .927 .608 .452 .511
24", 10m, 20L (STP), Air .987 .853 .704 .479 .149
24", 10m, 28L (STP), Air .934 .827 .591 .716 .482
24", 10m, 36L (STP), Air .988 .749 .669 .488 .093
36", 5m, 30L (STP), Air .909 .825 .634 .496 .428
36", 5m, 60L (STP), Air .962 .638 .549 .459 .210
36", 5m, 90L (STP), Air .713 .722 .534 .603 .313
36", 5m, 120L (STP), Air .655 .743 .688 .793 .644
36", 10m, 40L (STP), Air .955 .692 .570 .452 .332
36", 10m, 80L (STP), Air .974 .604 .640 .215 .134
36", 10m, 120L (STP), Air .895 .811 .792 .561 .303
36", 10m, 160L (STP), Air .818 .753 .489 .533 .457
48", 5m, 60L (STP), Air .815 .595 .590 .339 .438
48", 5m, 120L (STP), Air .844 .377 .415 .348 .510
48", 5m, 180L (STP), Air .735 .783 .771 .399 .191
48", 5m, 240L (STP), Air .643 .748 .523 .616 .284

Table 4.4: The peak cross-correlation values computed for 11 octave bands in each parameter
set. This value represents the peak correlation that can found between any two band limited
spectra within a parameter set.
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Figure 4.15: The average of the peak cross-correlation values for 11 octave bands for the air-
hydrogen and oxygen-hydrogen mixtures.

be the result of recording a surface reflection. Each event was fired at a shallow

depth, which led to an interference pattern between the direct signal and surface

reflection at the hydrophone. It would be very difficult to replicate this interference

pattern from event to event, and small phase changes resultant from the surface

reflection could greatly lower the peak cross-correlation value calculated in the

higher frequency bands. Band limited ESL calculations tend to “smear” out the

inconsistencies that arise with small phase changes in spectral plots, and give the

total energy contained in a band. This will be analyzed in the following section.

4.6.3 Band-Limited ESL

This section analyzes band-limited ESLs calculated for each event across 11 octave

bands centered at 4, 8, 16, 32, 63, 125, 250, 500, 1000, 2000, and 4000 Hz. Breaking

the spectrum into multiple bands yields insight into the repeatability of the CSS

in terms of frequency, as in the band limited cross-spectral analysis. The band
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limited ESL repeatability analysis is similar to the band limited spectra cross-

correlation analysis. Each spectrum was divided into 11 octave bands, and the

band limited ESL was calculated for each of the 11 bands for each event for a

parameter set. As before, a parameter set containing 3 events yielded 33 band

limited ESLs values.

The following analysis was done for each of the eleven bands. Band limited ESL

values were calculated for each event within a parameter set. The mean of the band

limited ESL values were then calculated for each band. Then the excursion from

the corresponding mean value was calculated for each event within a parameter

set. For example, a particular parameter set contained three events with band

limited ESL values of 197.7, 197.0, and 195.7 dB in a particular band. The mean

was then calculated as 196.8 dB, and the respective excursions from this mean were

found to be 0.9, 0.2, and -1.1 dB. This method was used as a means of normalizing

band limited ESL values across all parameter sets. A histogram of ESL excursion

from the mean for data taken from all the parameter sets containing the air-

hydrogen mixture is given for each of the 11 bands in Appendix D. The standard

deviation of the excursion from the mean across all parameter sets containing the

air-hydrogen mixture can then be computed for each octave band and is shown

in Fig. 4.16. Figure 4.16 shows that there are generally only small deviations

from the mean (less than 1 dB) in the lower frequency bands. The higher bands

generally yield band limited ESL deviations from the mean ESL of less than 2 dB,

with exception of the band centered at 2 kHz .
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Figure 4.16: Standard deviation of the band limited ESL excursion from the mean across all
parameter sets containing the air hydrogen mixture.
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Chapter 5

Apparatus Robustness

The goals of the experiment were not only to obtain acoustic data from the CSS

but to determine the state of robustness under rigorous testing. In order for the

CSS to become a feasible acoustic source it must be able to withstand the rigors

of usage over significant periods of time without user maintenance. Ideally, the

CSS should be able to operate at a range of depths for hundreds of consecutively

fired events with minimum maintenance.

The CSS tested in the August 2009 test required a great deal of user mainte-

nance during testing. The majority of required maintenance throughout testing

was due to the repeated impulsive forces experienced by hardware mechanically

connected to the apex of the combustion chamber. Hardware including spark

plugs, manifold plate, threaded connections, and solenoid valves were all signifi-

cantly damaged or compromised during testing.

5.1 Threaded Connections

The CSS required a great deal of user maintenance to keep all threaded connec-

tions securely fit. Users had to continually tighten multiple threaded connections

to ensure that the source would not leak and would remain securely bolted to-

61



gether upon repeated use. It was seen that even a single event could loosen bolts

and screws, putting the apparatus in a temporarily inoperable state. The chamber

head that connects the combustion chamber to the gas delivery and ignition sys-

tems is an area of major concern. There are several threaded connections covering

the chamber head and attached flange which include: bolts connecting the flange

to the combustion chamber, bolts connecting the flange to the vertical supports,

threaded spark plug connections, and threaded tube connections.

The loosening of the bolts connecting the chamber head flange to the com-

bustion chamber raises two problems. The first problem is that loosening of

these bolts relieves the airtight seal between the chamber head and the combus-

tion chamber, which causes leakage. A small gap forms between the combustion

chamber and chamber head as these bolts loosen. This allows gas to flow through

the top of the combustion chamber, under the chamber head and freely rise to

the surface. The second, more extreme, concern is that the bolts will become

completely disengaged and allow the combustion chamber to sink to the bottom

of the water column. It was witnessed that these bolts can become loose after

only a single event. The current method of connecting the combustion chamber

to the chamber head must be improved before the desired robustness is reached.

The loosening of spark plugs and threaded tube connections raises similar prob-

lems of gas leakage. Gas is allowed to flow out of the combustion chamber and

to the surface when the threaded spark plug and tube connections become loose.

The loosening of these connections is in part due to their placement at the apex

of the combustion chamber. The spark plugs and gas delivery tubes were placed

at the apex of the combustion chamber to ignite the gas and blow the spark plugs

dry as described in Section 2.2. However, the bubble ultimately collapses to the

apex of the chamber transferring the highest amount of pressure to the small area
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around the apex of the chamber. The spark plugs and tube connections receive

a sharp high amplitude force, which can loosen their threaded connections in as

little as a single event.

Differences were noted in the robustness of the connections around the apex

of the chamber when using the air-hydrogen mixture as opposed to the oxygen-

hydrogen mixture. The combustive process associated with the oxygen-hydrogen

mixture leaves little or no gas in the chamber to cushion the impact of bubble

collapse. After the oxygen-hydrogen mixture is burned, water violently hammers

the apex of the chamber during bubble collapse. Oxygen-hydrogen events were

observed to quickly loosen spark plugs and tube connections. However, the com-

bustive process associated with the air-hydrogen mixture results in a gas bubble

primarily comprised of nitrogen left unburned in the combustion chamber. Now,

after the oxygen contained in air burns with the hydrogen, the water hammering

is cushioned by a nitrogen bubble, which protects the connections at the apex

of the chamber. The spark plug and tube connections were observed to remain

secure for longer periods of time when testing with the air-hydrogen mixture.

Several connections were found to be loose throughout the gas delivery and ig-

nition system connected to the combustion chamber after repeated testing. Gen-

erally, threaded connections near the apex of the combustion chamber required the

most attention, but threaded connections throughout the apparatus also required

attention during testing. Any threaded connection by which a rigid path can be

traced to the apex of the combustion chamber will become loose over extensive

testing. Therefore, all threaded connections should be removed from a mechanical

connection to the apex of the combustion chamber.
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5.2 Solenoid Valves

The solenoid valves used in the gas delivery system and vent circuit began to

show significant wear and failure throughout the experiment. As described in

Section 2.2, each of the two solenoid valves in the gas delivery system, one for

air and one for hydrogen, were placed in line with check valves as an attempt

to protect them from the shock propagating up from the combustion chamber

through the gas delivery tubes and to the solenoid valves. The solenoid valve in

the vent circuit was placed in line with stacked stainless steel mesh disks, which

attempted to allow passing flow but reduce the edge of a shock wave propagating

toward the solenoid valve. However, even with these precautions every solenoid

valve experienced problems throughout testing and required replacement.

The Omega SV202 is a normally-closed solenoid valve which requires 12 V to

open. When the 12 V is applied, current is driven through a coil which magnet-

ically pulls the diaphragm to an open position to allow flow. When 12 V is not

applied the spring returns the diaphragm to the closed position. It was observed

that the solenoid valves began to show signs of abuse even after a small number

of events fired. The solenoid valves began to show wear as shock waves continu-

ally propagated past the check vales and steel mesh into the housing of the valve,

which contains the spring and diaphragm. At times the shock wave would cause

a misalignment to occur between the diaphragm, spring, and electric coil, which

would lock the solenoid in an open or closed position.

It was discovered that slightly increasing the voltage above the recommended 12 V

could snap the diaphragm, spring, and coil back into alignment. This solution of

slightly increasing the voltage until alignment would temporarily work before the

voltage had to be increased to levels that would potentially damage other pieces

64



of hardware. Each solenoid valve ultimately failed and required replacement. It

was determined that these solenoid valves were not manufactured to withstand

the repeated stresses applied by the shock wave. These valves should not be

pneumatically connected with the apex of the combustion chamber. The shock

waves propagate through a pneumatic circuit from the apex of the chamber to the

solenoid valves and ultimately destroy the valves.

5.3 Flame Arrestor

The SGD, Inc. flashback arrestor used to prevent flame propagation into the hy-

drogen circuit caused several problems throughout testing. The flashback arrestor

is a normally open module that allows flow. Sudden increases in pressure or tem-

perature cause the arrestor to automatically close, thus preventing a flame from

propagating through hoses containing hydrogen gas. Initially, the flashback ar-

restor was mounted on the gas delivery manifold. However, it was found that

the mechanical shock traveling through the manifold would cause the flashback

arrestor to inadvertently close. One must bring the entire CSS apparatus to the

surface to manually open the flashback arrestor once it is shut. Although nothing

is truly broken, a great deal of time is wasted surfacing the CSS and opening

the flashback arrestor before every subsequent event. It was determined that the

flashback arrestor should not be rigidly mounted in an area receiving mechanical

shock.

It was also determined that the flashback arrestor would not remain in an

open position beyond a depth of around 15 m. The arrestor would close as it

was lowered to depths exceeding 15 to 20 meters. Similarly, the CSS had to be

brought to the surface for users to manually reopen the flashback arrestor. The
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inability of the flashback arrestor to operate below 15 m greatly limited the depths

for which the CSS could repeatedly be fired without surfacing. It was determined

that this flashback arrestor should not be used if required to operate beyond a

depth of 10 m.

5.4 Water Level Sensor

A water level sensor was needed to accurately fill the combustion chamber with

a desired volume of gas, as described in Section 2.2. The water level sensor

returns a 3 V signal corresponding to ‘wet’ when a conducting path is formed

between the probe and the circuit ground, and no voltage is returned for an open

circuit between the probe and circuit ground, corresponding to ‘dry’. Although

the mechanical aspects of the water level sensor held up throughout testing, two

problematic electrical issues arose during the test. The first common issue with

the water level sensor was the pervasive nature of water producing a slight film

from the tip of the sensor to the metal threads in the combustion chamber when

the chamber is full of gas. This allows a conducting path to be formed between

the probe and circuit ground, which incorrectly describes the chamber as full

of water instead of gas. Although this issue was eventually solved by covering

the probe with a hydrophobic cream, another problem remained. Periodically,

a floating ground voltage would arise throughout the manifold. The improper

ground reference voltage would cause the water level sensor to incorrectly return

a wet/dry signal. The misbehavior of the water level sensor could ultimately shut

down testing if not properly working. Therefore, the current design of the water

level sensor is not satisfactory.
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5.5 Spark Plugs

The spark plugs were not only found to become loose after testing but at times

were found to physically break into two separate pieces. This became a time

consuming malfunction since the CSS must be brought to the surface to replace

the broken spark plugs. The current location of the spark plugs is at the apex of

the combustion chamber which is the most violent area of bubble collapse. The

spark plugs used in the August 2009 tests were not durable enough to withstand

the repeated blast of the CSS.
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Chapter 6

Conclusions

This thesis has presented the further development, the current status, and an

analysis of a unique high amplitude, low frequency underwater sound source called

the Combustive Sound Source. Chapter 1 presented the background and history

of the CSS including previous findings and analysis. The purpose of developing a

CSS was discussed to give insight into the overall goals of the experiment. Theory

and metrics for quantifying impulsive sound sources were presented as a precursor

to the analysis.

Chapter 2 provided a description of the experimental apparatus to present the

details of the hardware. This section included the description of the combustion

chambers, the gas delivery system, the ignition system, and the various hardware

features. Insight was given into the overall development of the apparatus and why

specific hardware features were added.

Chapter 3.1 then explained the operation of the system and described an ex-

periment (August 2009). Procedures that must be taken to successfully fire the

CSS and collect the desired data were described. The details of the experimental

procedure were outlined to allow for replication of the experiment if desired.

The results and analysis of the August 2009 experiment were then presented.

The analysis used a set of metrics for quantifying impulsive sound sources de-
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scribed in Chapter 2. The analysis of the experimental data included quantifying

the effect of increasing the gas volume, the effect of increasing the depth of igni-

tion, the effect of the oxidizing gas, the effect of the combustion chamber size, and

the repeatability of the source. The repeatability of the source was analyzed and

presented in the time and frequency domains for various events. The repeatabil-

ity section included analysis of the time series cross-correlation of separate events,

band limited cross-spectral analysis, and the repeatability of band limited ESL

values for various events.

The analysis showed that an increase in gas volume yields an increase in SL,

and that higher source levels are generally achievable at greater depths. It was

also shown that the fundamental frequency of an event increases with ignition

depth and decreases with gas volume. The ability to produce various time series

and spectra with maintained bandwidth was shown for air-hydrogen and oxygen-

hydrogen gas mixtures. Finally, The repeatability of the source was shown to be

high through metrics quantifying the shape and amplitude of various events.

An analysis of the apparatus robustness during the August 2009 experiment

was also presented. Insight was given into problematic issues that arose during

testing. These issues included: threaded connections, solenoid valves, flame ar-

restor, water level sensor, and spark plugs. The problems caused by each of these

areas were detailed to give insight into future designs of the CSS.

This work presents a continuing effort to fully understand and optimize the

Combustive Sound Source. While continued research is required to design a CSS

that will be useful for field work in underwater acoustics, this thesis shows the

potential for the CSS to become a viable high amplitude, impulsive underwater

sound source.
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Appendix A

Water level sensor
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Figure A.1: Circuit schematic of water level sensor. This sensor is comprised of a probe con-
nected to a circuit powered by a 12 V signal. When no conductive path is available from probe
to ground the circuit remains open, but when a conductive path is available the circuit returns
a 3 V signal.

70



Appendix B

LabView flow charts

Each flow chart is constructed as follows: (1) the underlined sections correspond

to a task the user must complete or an option that must be set manually, (2) the

white boxes correspond to specific options the user must select to continue, and

(3) the dark boxes correspond to a task completed within the LabVIEW software.
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Set Presets

Vent Bell Routine

Write Output File

Clear Spark Plugs Routine

Vent to Water Level Sensor Routine

Fill Oxidizer Routine

Fill Fuel Routine

Allow Gases to Diffuse

Ignite / Record Routine

Set Presets

Vent Bell Routine

Write Output File

Clear Spark Plugs Routine

Vent to Water Level Sensor Routine

Fill Oxidizer Routine

Fill Fuel Routine

Allow Gases to Diffuse

Ignite / Record Routine

Figure B.1: The operational flow chart for firing the CSS with an air-hydrogen mixture. The
underlined items refer to manual tasks, the items in white boxes refer to LabVIEW tasks that
must be manually initiated, and the dark box refers to LabVIEW tasks that are automatically
completed.
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Pause Until Combustion Chamber is Fully Flooded

Select: Vent Bell

Open Vent Solenoid

Re-Select: Vent Bell

Close Vent Solenoid

Pause Until Combustion Chamber is Fully Flooded

Select: Vent Bell

Open Vent Solenoid

Re-Select: Vent Bell

Close Vent Solenoid

Select: Vent Bell

Open Vent Solenoid

Re-Select: Vent Bell

Close Vent Solenoid

Figure B.2: Flow chart of LabVIEW user interface for Vent Routine.
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Select: Vent Bell

Set: Clear Plugs Volume

Set: Pre-Delay Time

Set: Post-Delay Time

Allow Air MFC to flow Clear Plugs Volume

Pause for Pre-Delay Time

Open Air Solenoid Valve

Pause for Post-Delay Time

Close Air Solenoid Valve

Select: Vent Bell

Set: Clear Plugs Volume

Set: Pre-Delay Time

Set: Post-Delay Time

Allow Air MFC to flow Clear Plugs Volume

Pause for Pre-Delay Time

Open Air Solenoid Valve

Pause for Post-Delay Time

Close Air Solenoid Valve

Figure B.3: Flow chart of LabVIEW user interface for Clear Plugs Routine.
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Select: Vent to Lvl sensor

Open Vent Solenoid

Check Sensor Wet/Dry Reading 

Dry Wet 

Close Vent Solenoid

Select: Vent to Lvl sensor

Open Vent Solenoid

Check Sensor Wet/Dry Reading 

Dry Wet 

Close Vent Solenoid

Figure B.4: Flow chart of LabVIEW user interface for Water Level Sensor Routine.

Select: Fill Oxidizer

Set: Target Volume

Set: Fill Oxidizer Post Delay

Allow Air MFC to flow Target Volume

Open Air Solenoid Valve

Pause for Fill Oxidizer Post Delay

Close Air Solenoid Valve

Select: Fill Oxidizer

Set: Target Volume

Set: Fill Oxidizer Post Delay

Allow Air MFC to flow Target Volume

Open Air Solenoid Valve

Pause for Fill Oxidizer Post Delay

Close Air Solenoid Valve

Figure B.5: Flow chart of LabVIEW user interface for Fill Oxidizer Routine.
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Select: Fill Fuel

Set: Target Volume

Set: Fuel Post-Fill Delay

Allow Fuel MFC to flow Target Volume

Open Fuel Solenoid Valve

Pause for Fuel Post-Fill Delay

Close Fuel Solenoid Valve

Select: Fill Fuel

Set: Target Volume

Set: Fuel Post-Fill Delay

Allow Fuel MFC to flow Target Volume

Open Fuel Solenoid Valve

Pause for Fuel Post-Fill Delay

Close Fuel Solenoid Valve

Figure B.6: Flow chart of LabVIEW user interface for Fill Fuel Routine.
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Select: Start Recorder / Ignite

Set: Time Before Ignition

Set: Recording Time

Open Dialogue Box

Select: Igniter Combination Desired

Set: Did you vent to WLS?

Set: Total Oxidizer Intent

Set: Total Fuel Intent

Select: FIRE

Start Recording for Recording Time

Indicate which Igniters Sparked 

Pause for Time Before Ignition

Spark the Selected Igniter Combination

Compute & Display Time Traces, ESL, and ESD

Select: Start Recorder / Ignite

Set: Time Before Ignition

Set: Recording Time

Open Dialogue Box

Select: Igniter Combination Desired

Set: Did you vent to WLS?

Set: Total Oxidizer Intent

Set: Total Fuel Intent

Select: FIRE

Start Recording for Recording Time

Indicate which Igniters Sparked 

Pause for Time Before Ignition

Spark the Selected Igniter Combination

Compute & Display Time Traces, ESL, and ESD

Figure B.7: Flow chart of LabVIEW user interface for Ignite/Record Routine.
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Open .txt File with Absolute Time Filename

Write Header Information

Write Recorded Voltage From Both Hydrophones

Close .txt File

Open .txt File with Absolute Time Filename

Write Header Information

Write Recorded Voltage From Both Hydrophones

Close .txt File

Figure B.8: Flow chart of LabVIEW user interface for Write Output Routine.
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Appendix C

CSS Time Series and Spectra

All the free-field recordings of CSS shots obtained during this work are pre-

sented in Appendix C.

C.1 Air-Hydrogen, 24" Combustion Chamber

Presented are time series and spectra of each parameter set described by the air-
hydrogen mixture fired in the 24" combustion chamber for various volumes and
depths.
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Figure C.1: Time series and spectra of the parameter set described by 9 L (STP) of the air-
hydrogen mixture fired in the 24" chamber at a depth of 5 m.
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Figure C.2: Time series and spectra of the parameter set described by 18 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 5 m.
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Figure C.3: Time series and spectra of the parameter set described by 27 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 5 m.
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Figure C.4: Time series and spectra of the parameter set described by 12 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 10 m.
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Figure C.5: Time series and spectra of the parameter set described by 20 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 10 m.
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Figure C.6: Time series and spectra of the parameter set described by 28 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 10 m.
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Figure C.7: Time series and spectra of the parameter set described by 36 L (STP) of the
air-hydrogen mixture fired in the 24" chamber at a depth of 10 m.
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C.2 Air-Hydrogen, 36" Combustion Chamber

Presented are time series and spectra of each parameter set described by the air-
hydrogen mixture fired in the 36" combustion chamber for various volumes and
depths.
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Figure C.8: Time series and spectra of the parameter set described by 30 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 5 m.
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Figure C.9: Time series and spectra of the parameter set described by 60 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 5 m.
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Figure C.10: Time series and spectra of the parameter set described by 90 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 5 m.
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Figure C.11: Time series and spectra of the parameter set described by 120 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 5 m.
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Figure C.12: Time series and spectra of the parameter set described by 40 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 10 m.
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Figure C.13: Time series and spectra of the parameter set described by 80 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 10 m.
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Figure C.14: Time series and spectra of the parameter set described by 120 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 10 m.
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Figure C.15: Time series and spectra of the parameter set described by 160 L (STP) of the
air-hydrogen mixture fired in the 36" chamber at a depth of 10 m.
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C.3 Air-Hydrogen, 48" Combustion Chamber

Presented are time series and spectra of each parameter set described by the air-
hydrogen mixture fired in the 48" combustion chamber for various volumes and
depths.
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Figure C.16: Time series and spectra of the parameter set described by 60 L (STP) of the
air-hydrogen mixture fired in the 48" chamber at a depth of 5 m.
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Figure C.17: Time series and spectra of the parameter set described by 120 L (STP) of the
air-hydrogen mixture fired in the 48" chamber at a depth of 5 m.
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Figure C.18: Time series and spectra of the parameter set described by 180 L (STP) of the
air-hydrogen mixture fired in the 48" chamber at a depth of 5 m.
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Figure C.19: Time series and spectra of the parameter set described by 240 L (STP) of the
air-hydrogen mixture fired in the 48" chamber at a depth of 5 m.
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C.4 Oxygen-Hydrogen, 48" Combustion Chamber

Presented are time series and spectra of each parameter set described by the
oxygen-hydrogen mixture fired in the 48" combustion chamber for various volumes
and depths.
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Figure C.20: Time series and spectra of the parameter set described by 60 L (STP) of the
oxygen-hydrogen mixture fired in the 48" chamber at a depth of 5 m.
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Figure C.21: Time series and spectra of the parameter set described by 60 L (STP) of the
oxygen-hydrogen mixture fired in the 48" chamber at a depth of 18 m.
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Figure C.22: Time series and spectra of the event described by 150 L (STP) of the oxygen-
hydrogen mixture fired in the 48" chamber at a depth of 10 m.
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Appendix D

ESL Histograms of Deviation from
the Mean

The following histograms show the ESL deviation from the mean of 57 events for
various octave bands as described in Section 4.6.3.
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Figure D.1: Histogram of ESL deviation from the mean for the octave band centered at 4 Hz.
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Figure D.2: Histogram of ESL deviation from the mean for the octave band centered at 8 Hz.
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Figure D.3: Histogram of ESL deviation from the mean for the octave band centered at 16 Hz.

106



−6 −4 −2 0 2 4 6
0

5

10

15

20

25

30

35
Octave Band Centered at 32 Hz

ESL Deviation from Mean (dB)

F
re

q
u
en

cy
 o

f 
O

cc
u
ra

n
ce

Figure D.4: Histogram of ESL deviation from the mean for the octave band centered at 32 Hz.

−6 −4 −2 0 2 4 6
0

5

10

15

20

25

30

35
Octave Band Centered at 63 Hz

ESL Deviation from Mean (dB)

F
re

q
u
en

cy
 o

f 
O

cc
u
ra

n
ce

Figure D.5: Histogram of ESL deviation from the mean for the octave band centered at 63 Hz.
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Figure D.6: Histogram of ESL deviation from the mean for the octave band centered at 125 Hz.
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Figure D.7: Histogram of ESL deviation from the mean for the octave band centered at 250 Hz.
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Figure D.8: Histogram of ESL deviation from the mean for the octave band centered at 500 Hz.
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Figure D.9: Histogram of ESL deviation from the mean for the octave band centered at 1000
Hz.
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Figure D.10: Histogram of ESL deviation from the mean for the octave band centered at 2000
Hz.
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Figure D.11: Histogram of ESL deviation from the mean for the octave band centered at 4000
Hz.
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