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Acoustic wave propagation in air-bubble curtains in water- 
Part I: History and theory 

S. N. Domenico* 

I I PREVIOUS AND PRESENT APPLICATIONS 
ABSTRACT 

Possibly the first practical application of the pronounced at- 

I Air bubbles in water increase the compressibility several tenuating -property of-air bubbl& in water was one proposed and 
orders of magnitude above that in bubble-free water, thereby 
greatly reducing the velocity and increasing attenuation of 
acoustic waves. The effect of air bubbles in water on 
acoustic wave propagation was studied extensively during 
World War II as part of an overall effort to apply underwater 
sound in submarine warfare. Currently, air bubble curtains 
are used to prevent damage of submerged structures (e.g., 
dams) by shock waves from submarine explosives. Also, 
air-bubble curtains are used to reduce damage to water- 
filled tanks in which metals are formed by explosives. 

Since World War II, research has progressed less fever- 
ishly in government and university laboratories. Published 
results of laboratory experiments generally confirm theo- 
retical velocity and attenuation functions and demonstrate 
that these quantities are dependent principally upon fre- 
quency, bubble size, and fractional volume of air. Below 
the bubble resonant frequency and in the frequency range 
of marine energy sources, acoustic wave velocity is 
essentially independent of frequency and bubble radius, 
being well below the velocity in bubble-free water. In this 
frequency range, attenuation increases with increasing fre- 
quency, decreasing bubble radius, and increasing fractional 
air volume. 

INTRODUCTION 

A small fractional volume (0.01~ and IL\=) of air_ bubbl~q in 
water or, more generally, gaseous bubbles in a fluid, can reduce 
acoustic wave velocity and increase attenuation orders of mag- 
nitude from values for a gas-free fluid. In this paper, a brief re- 
view of previously proposed and present applications of air-bubble 
curtains in water is given, followed by a description of the theory 
and experimental verification of sound attenuation and velocity 
in such a mixture. Finally, theoretical velocity and attenuation 
functions are developed for specific physical parameters (tempera- 
ture, water salinity, density, etc.) representative of those at the 
test site of a field experiment described in Domenico (1982, 
this issue). 

patented by Fessenden (1920). In experimenting with a marine 
oscillator for generation of acoustic (sound) waves,~ he noted~ 
that the waves were attenuated severely when an automobile 
air-inflated innertube was placed near the oscillator. Apparently, 
he confirmed this observation by bubbling air through water in 
the vicinity of a sound source. In his patent, he proposed that 
air-bubble streams be used to shield an oscillator (used for 
sound generation and reception). mounted in the oil tank of a 
destroyer (Figure l), from sound waves and also to shield the 

Oscillator’ 
“U”“II, 

streams 

FIG. I. Vertical cross-sectional views of a destroyer showing how 
air-bubble streams may be used to shield an oscillator, mounted 
in the destroyer oil tank, from acoustic waves and also to shield 
the destroyer from explosive shock waves. (From Fessenden, 
1920.) 
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346 Domenico 

Canal 

Blast Holes Loaded 
With Explosive 

Perforaied Air Pipes 

FIG. 2. Cross-section view of the rock barrier (“plug”), forebay, 
and dam showing air-bubble curtains used to reduce pressure of 
the explosive shock wave created by blasting of the barrier. (From 
La Prairie, 1955.) 

destroyer from explosive shock waves. As shown in Figure 1, 
air would issue from the pipe within the oil tank on the port side 
when it is desired to block sound waves arriving from that di- 
rection. Air-bubble streams would be generated outside the 
destroyer hull as indicated to attenuate explosive shock waves or 
to block sound waves arriving from that direction. The air streams 
also would be used to block sound waves from the oscillator in 
the desired direction. 

The effect of air bubbles in water on acoustic wave propagation 
was studied extensively during World War II. The studies were a 

small part of an overall effort to utilize underwater sound in anti- 
submarine and prosubmarine warfare. Most of the information 
on underwater sound obtained during World War II resulted 
from a research program organized by the National Defense Re- 
search Committee (NDRC) and performed by various U. S. Navy 
laboratories, Since then, the NDRC technical reports describing 
this research have been compiled and published in a four-part 
volume, entitled Physics of Sound in the Sea, by the Research 
Analysis Group of the National Research Council’s Committee 
on Undersea Warfare. results pertinent to this study are~in Part I~V 
of that volume, which is entitled Acoustic Properties of Wakes. 

Since World War II, research has progressed less feverishly in 
government and university laboratories. 

Air-bubble curtains in water currently are used to prevent dam- 
age of submerged structures by explosive shock waves as orig- 
inally conceived by Fessenden ( 1920). Perhaps the first practi- 
cal application of this was suggested by La Prairie (1955) as 
described in the Compressed Air Magazine (1954). During the 
construction of a hydroelectric power facility in Ontario, it was 
necessary to remove by explosives a rock barrier or “plug” 
between a canal and the forebay of a dam housing hydroelectric 
generators (Figure 2). Normally, this would have been done by 
stopping the generators and draining the forebay before the blast- 
ing operation. Alternatively, La Prairie suggested that air cur- 
tains be introduced in the forebay between the rock barrier and 
dam to cushion the shock wave from the blast. Preliminary tests 
were conducted in a water tank using six parallel perforated air 
pipes on the tank bottom. Pressures of sound waves from blasting 
caps at one end were recorded by hydrophones at the other end. 
Parameters varied were the air flow rate, diameter and spacing 

a,b,d,e = 

cg = 

CR = 

c= 

d, = 

f= 

fr = 
f. = 

LIST OF SYMBOLS 

Constants in approximate equations for velocity 
and attenuation [equations (14) and (15)] 
Acoustic wave velocity in water (ftisec) 
Acoustic wave velocity in air (ft/sec) 
Acoustic wave velocity in air-water mixture 
(ft/sec) 
Water depth (ft) 
Frequency (Hz) 
Resonant frequency (Hz) 

flfr Frequency normalized to resonant 

S,(f) = 
A,.j = 

A )2,m = 

P;,j = 

Qt., = 
Qf, = 
X,Y = 

“* 

frequency o= 

Fourier transform of signal n 
Plane wave amplitude for j air curtains at time
index i 
Amplitude of signal reflected n times from the 
water surface and m times from the water bottom 
Number of equal time raypaths for j air curtains 
at time index i 
Matrix for determination of P,,, 

Transpose of Ql, j 
Parameters 
Acoustic wave attenuation (dB/ft) 

t?, = Width of air curtain (ft) 
e2 = 

r= 

.Y= 

v= 

A,B = 

c, = 

F= 

K= 

L= 

PO = 

R= 

s= 

S,(t) = 

Width of bubble-free corridor (ft) 
Bubble radius (ft) 
Fractional air volume 
Bubble velocity (ftisec) 
Parameters 
Specific heat of air [Btu/(slug “R)] 
Air flow rate (ft3/sec) 
Thermal conductivity of air [Btu/(ft set “R)] 
e, + 4Z2 Distance between air curtains (ft) 
Ambient pressure (lbsift’) 
Reflection coefficient 
Normalized stress 
Recorded signal n 

PO = Compressibility of water (ft2/lb) 
p8 = Compressibility of air (ft’ilb) 
p = Compressibility of air-water mixture (ft2/lb) 
y = Adiabatic exponent 
6 = Damping constant 

s* = 8ff: 
TJ = Coefficient of viscosity (lb sec/ft2) 
k = Polytropic factor 

pa = Density of water (Ibift”) 
pu = Density of air (Ib/ft ‘) 
p = Density of air-water mixture (lbift’) 
u = Cross-sectional area of air curtain (ft2) 
T = time
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Part I-History and Theory 347 

appears to decrease exponentially with increasing air flow at a rate 
of about 1.14 dBlft3/minute. 

-Aerator 
Manifold 

Ground 

1 Level 

;-Air Cushion 
L j Coiled Hose 16 ff, 

A possible application of air-bubble curtains in water to marine 
seismic exploration was demonstrated in physical model experi- 
ments by Sarrafian (1956). Briefly, he generated and recorded 
sound waves in a laboratory steel water tank to confirm the 
presence and nature of multiple reflections between the top 
water-air interface and the tank bottom. In investigating methods 
for attenuating multiple reflections, he placed a plastic box in 
the water tank midway between the hydrophone (H) and spark- 
gap source (S) as shown in Figure Sa. The open top of the box was 
a few millimeters below the surface, and the acoustic impedance 
of the box sides was approximately equal to that of water. He 
noted no change in the received signal (Figure 5b) after the box 
was in place and full of water. Then an effervescent powder was 
placed in the box and another signal was recorded (Figure 
5~). It is obvious that the bubbles generated in the box effectively 
attenuated reflections. Resonant frequencies of multiple reflec- 
tions in the water tank may be obtained from (Backus, 1959), 

FIG. 3. Cross-section of a cylindrical water-filled explosive form- 
ing tank with a bottom air cushion and a circumferential air-bubble 
curtain to attenuate the explosive shock wave. (From Pipher 
et al, 1960.) 

of the holes in each pipe, pipe spacing, and number of pipes. 
La Prairie concluded that the sound wave pressure could be re- 
duce& approxim~ately~ 90 pcrcent~ by an air currain of reasonabie 
density. Subsequently, three perforated air pipes were positioned 
in the forebay of the dam (Figure 2) and were supplied air at a 
rate of 3750 ft3/minute and a pressure of 90 psi during blasting of 
the rock barrier. Pressures measured at the dam proved to be 
well below the damaging level. It was estimated that savings 
realized by continuous operation of the generators (no loss of 
electric power) and by elimination of the need to drain the fore- 
bay amounted to about $1 million. Since this operation, air cur- 
tains have been used routinely to protect underwater structures 
from damage by underwater explosions, guidelines for which 
are given in Langefors and Kihlstriim (1967). 

A similar application of air curtains is in explosive metal- 
working operations. These involve forming of metals by ex- 
plosives and often are conducted in a large water-filled cylindrical 
tank, as shown in Figure 3, to protect the surroundings from 
damage. In addition to thick walls and various means of cushion- 
ing the bottom, an air bubble screen is created inside the tank 
around its circumference (Figure 3). Pipher, et al (1960) experi- 
mented to determine the circumferential stress created in the wall 
of a cylindrical water-filled tank, 24 inches in diameter and 
35 inches high, by an explosive charge positioned on the tank 
axis 18 inches from the bottom. The charge consisted of a no. 6 
blasting cap and 20 grains of PETN Primacord. Strain gauges 
were mounted on the outside of the tank at the height of the 
charge. Air was supplied to a 2-inch diameter perforated pipe at 
the tank bottom around the circumference. Holes were 0.07 inch 
in diameter and spaced 0.50 inch apart. The stress was measured 
for different air flow rates. The data are plotted in Figure 4 where 
the stress is in decibels relative to the stress measured without 
the circumferential air bubble curtain (0 ft3/minute). The stress 

where fn is the resonant frequency for mode n, co = 1.46 IO5 
cmisec is sound velocity in water, and d, = 8 cm is the water 
depth. The time interval of the first half-cycle of the direct wave 
recorded by the hydrophone is approximately 10 ksec, corre- 
sponding to a frequency of 50 kHz. This frequency is nearly equal 
to that of the sixth mode (fs = SO. 19 kHz) at which the wave- 
length is 2.9 cm. The width and depth of the box expressed in 
wavelengths (for n = 6) is approximately 1.7 and 1.0, re- 
spectively; thus, the attenuation per wavelength is appreciable. 

Since none of the previously published investigations included 
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FIG. 4. Circumferential stress versus air flow rate for explosions 
in a cylindrical water-filled tank with a circumferential air-bubble 
curtain. (Adapted from Pipher et al, 1960.) 
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Water surface 
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h 

FIG. 5. Experiment for determination of acoustic wave attenuation 
in a water tank by bubbles from an effervescent powder placed in a 
plastic box. (a) Cross-sectional view of water tank showing Ioca- 
tion of hydrophone (H) and source (S). (b) Signal recorded with- 
out bubbles. (c) Signal recorded with bubbles. (From Sarrafain, 
1956.) 

marine seismic source signals, a field experiment was conducted 
to determine the attenuation by air-bubble curtains in water of 
sound from a marine seismic source, namely, a water gun. The 
latter was chosen because of its essentially bubble-free signature. 
Bubble oscillations, of course, would complicate signal analysis 
substantially. As noted previously, this field experiment is the 
subject of Domenico (1982). 

THEORY 

Published theory and experimental verification concerning 
sound attenuation by bubbles in a liquid is extensive and will 
not be summarized here. Such papers directly or obliquely re- 
lated to this study are listed under References for General Read- 
ing. Motivation for much of this previous effort was the observa- 
tion that wakes of ships, mixtures of air bubbles and water, 
often severely attenuate sound waves. This phenomenon, of 
course, was of prime concern during World War 11 when the 
initial studies were conducted. 

General 

As noted previously, air bubbles in water greatly increase the 
compressibility and thereby increase the attenuation and reduce 
the velocity several fold from corresponding values for bubble- 
free water. Air compressibility Bg at a temperature of 47°F is 
closely approximated by (Hilsenrath, 1972) 

loo 

1o-3 

I 1 1 I I ,,,,I 1 1 1 III, 
1o-2 10-l loo 

Fractional volume (5) of air 

FIG. 4_~ Ratio of compressibility IL of air-bubble/water mixture to 
compressibility PO of bubble-free water versus fractional 
volume s of air in the mixture, for ambient pressures PO corre- 
sponding to water depths shown. 

Bg = 1.0086 PO’ ft’/lb, (I) 

where PO is the ambient pressure in lb/ft2. Water compressibility 
and density at ambient pressures from 1 to 6 atm, corresponding 
to water depths from 0 to 160 ft, varies negligibly. Water com- 
pressibility Be used in this study is 2.0978 . IO-’ ft’/lb, which 
corresponds to a water density p,, of 2.01 slugsift (I .035 g/cm3) 
and a sound velocity in water (‘,I of 4870 ftisec which are be- 
lieved appropriate values for this study.’ The compressibility B 
of an air-bubble/water mixture is the weighted-by-volume 
average of the water and air compressibilities, 

B = (1 - s) B,, + sBR ft2/lb, (2) 

where s is the fractional volume of air in the mixture. The ratio 
B/B0 is plotted versus s in Figure 6 for ambient pressures corre- 
sponding to water depths from 0 to 160 ft. Similar to com- 
pressibility, the density p of the mixture is given by the weighted- 
by-volume average of water density p. and air density pg, 

p = (1 - s) pa t spg slugsift3. (3) 

Air density pp at a temperature of 47°F is closely approximated 
by (Hilsenrath, 1972) 

pg = 1.0714 10-6P;.ms6 slugsift’, (4) 

where PO is in lbs/ft’. 

‘One slug = 32.15 Ibs 
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Part l-History and Theory 349 

At sound frequencies well below the resonant frequencies of 
the bubbles, sound velocity c in the air-bubble/water mixture is 
given by 

B is given by 

c= d L ftisec, 
PP 

where p and p are given by equations (2) and (3), respectively. 
Similar to the graph in Figure 6, the graph in Figure 7 shows the 
ratio c/c,,, where co is sound velocity in bubble-free water, 

J 1 
co = - ft/sec, 

POP0 
(6) 

versus the air fractional volume s for ambient pressures corre- 
sponding to the indicated water depths. Equation (5) is equivalent 
to Wood’s equation (Wood, 1949) who first showed the peculiar 
nonlinear variation of sound velocity in an air-water mixture as 
the fractional air volume varies. In a mixture containing only 
one part air to 1000 parts mixture (s = O.OOl), the velocity is 
reduced from 4870 ftisec in bubble-free water to 1000 ftisec at 
0-ft depth and to 2210 ftisec at 160-ft depth. 

Velocity is at a minimum near s = 0.5 where it is well below 
sound velocity in air, being 64.6 ft/sec at 0-ft depth and 156.2 
ftisec at 160-ft depth. 

As sound frequencies increase and approach bubble resonant 
frequencies, equation (5) becomes increasingly inaccurate. Silber- 
man (1957) summarized previous theoretical derivations by 
Spitzer (1943) to obtain general equations for velocity and 
attenuation which appear to account for bubble resonance effects 
accurately. His equation for velocity is 

co ( 1 
2 

- 

C 
=qyl k [I +&)2]“2}. (7) 

where 

‘4 _ PC; 

YPO 

in which y is the adiabatic exponent, and the parameters X and 
Yare 

x= SC1 -5%) 
(I -f’,)’ + s’, ’ 

and 

Y= 
SS* 

(1 -f$)’ + s’, . 

(8) 

In equations (8) and (9), f* = f/fr, where f is frequency in 
Hz, fr is the bubble resonant frequency, and 6, = Sfi, where 6 
is the bubble damping constant. The attenuation (Y is given by 

(Y = c rfAY nepersift. 
c; 

(10) 

The resonant frequency Jr and damping constant 6, are given by 

and 

(11) 

in which r is the bubble radius, k is the polytropic factor 
(l/y 5 p. 5 1), n is the coefficient of water viscosity, and 

37-l K 

I 1 
l/2 

B=2- ~ r TPgC,f 
(13) 

where K is the thermal conductivity of air and C, is the specific 
heat of air at constant pressure. The polytropic factor p. is given 

by I* = 1 /( 1 + 6). The three terms on the right side of equa- 
tion (12) describing the damping constant 6, express, in order, the 
contribution of (1) heat conduction from the pulsating bubbles, 
(2) sound reradiation by the bubbles, and (3) viscous damping 
by the water in the immediate vicinity of each bubble. The first 
term is valid only when B < O.fi(y - 1). The relative contri- 
butions of each term will be shown below. 

Equations (7) and (10) apply only to a homogeneous mixture 
containing spherical bubbles of equal radius r greater than 0.0005 
ft and much less than the smallest sound wavelength. Also, the 
fractional air volume s must be less than 0.03. Equation (7) re- 
duces to Wood’s equation [equation (5)] at f = 0 and to 
c = co at f= 00. The attenuation (Y given by equation (10) 
becomes zero at f = 0. 

Silberman (1957) verified equations (7) and (10) by laboratory 
measurements of sound velocity and attenuation in a cylinder 
containing water, at the bottom of which bubbles were injected. 
Well below the bubble resonant frequency, continuous mono- 
frequency sound signals were generated creating standing waves 
between the bottom and top of the column, the latter being open 
to the atmosphere. Velocity was obtained by locating pressure 
nodes and antinodes, and the attenuation was obtained by mea- 

co = 4870 ftlsec 

?l 
= 923.8 to 930.9 ftlsec 

10-q I I I I ,,,J I I I I ,,I, I I I,,,,, I 

10-3 1o-2 10-l loo 
Fractional volume (5) of air 

FIG. 7. Ratio of velocity c in an air-bubble/water mixture to 
velocity co in a bubble-free water versus fractional volume s of air 
in the mixture, for ambient pressures Pa corresponding to water 
depths shown. 
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Domenico 

Frequency (f) in Hz 

FIG. 8. Theoretical and measured velocities and attenuations 
versus frequency (from Silberman, 1957). 

Table 1. Values of parameters believed to be representative of test 
site physical characteristics. 

Parameter Value 

Temperature 
Water salinity 
Water density (po) 
Air density (p,) 
Water velocity (co) 
Specific heat 

of air (C,), 
Coefficient of 

viscosity (7) 
Ambient pressure (P,) 
Adiabatic exponent (y) 
Thermal conductivity 

of air (K) 

47 (507) “F (“R) 
35,000 mgiliter 
1.035 (2.01) 
1.73 . IO--‘(3.36 IO- 

g/cm’ (slugs/ft’) 
-‘)* g/cm’ (slugsift’) 

4870 ftisec 
10.83 Btui(slug “R) 

2.902 IO ’ lb secift’ 

psi (lb/f?) 

Btu/(ft set “R) 

20.08 (2892 3)* 
I .40 
3.96. IO-” 

Units 

*Corresponds to a water depth of I2 ft. 

suring the relative amplitudes of the nodes and antinodes. At 
frequencies approaching the bubble resonant frequency, attenua- 
tion was too high for generation of standing waves. Attenuation 
was determined by making pressure amplitude measurements 
at small depth intervals near the sound source. Velocity could 
not be determined at these frequencies. The average fractional 
volume of air was determined hy comparing the weight of the 
column of the air-bubble/water mixture to the weight of a water 
column of equal dimensions. (The fractional volume, of course, 
varied vertically slightly since the bubbles expanded as they rose 
in the column.) 

in a sequence of seven experiments, frequency was varied 
from 100 Hz to IO kHz, bubble radius was varied from about 
6 . IO-’ to IO-’ ft. and fractional air volume was varied from 
about 3.5 . 10-j to 10-2. Measured velocities and attenuations 
were plotted versus frequency and compared to theoretical curves 
derived from equations (7) and ( IO) as shown in Figure 8. The 
measured values actually are from three separate measurement 
sets between which the mean bubble radius varied slightly and 
column height was changed as shown. The measured air frac- 
tional volume was 0.0053 ft. The theoretical curves were derived 
for each radius and column height. Attenuation is in dB/ft 
which requires that computations from equation (10) be mul- 
tiplied by 20 log e. The theoretical velocity curve shows that 
below the resonant frequency (.f’ < fi) the velocity is nearly 
constant, well below the velocity in bubble-free water and also 
below velocity in air (-1100 ftisec). Near fi the velocity de- 
creases to a sharp minimum, thereafter rising to a broad maxi- 
mum (incompletely shown) well above velocity in water and 
then decreasing to the latter v&city. Velocity measurements 
at frequencies below fr agree well with the theoretical curve. 
Theoretical attenuation curves demonstrate that below ;; the 
attenuation increases rapidly with increasing frequency from 
less than IO-’ dB/ft at 10 Hz to almost 10’ dB/ft at fr. There- 
after, the attenuation decreases at a varying rate, remaining 

Freuuencv ( f I in Hz above 100 dB/ft to a frequency of about IO” Hz. Measured at- 
tenuations agree satisfactorily with the theoretical curves, demon- 

FE. 9. Theoretical velocity c and attenuation (Y versus frequency 
curves derived from equations (7) and (IO), respectively, for a 
fractional air volume s of 0.006 and for each of three bubble radii 
r, specifically, 0.002, 0.005, and 0.01 ft. Ambient pressure p0 
corresponds to a water depth of 12 ft. 

strating the large increase near 1;. 

Test site parameters 

The field experiment, described in Domenico (1982), con- 
sisted of placing I3 perforated air pipes in a parallel configuration 
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Part I-History and Theory 351 

at the bottom of a 25-ft deep test pond. Air-bubble curtains 
issued from the pipes at different air pressures. A marine water 
gun, the sound source, was suspended at mid-depth off one 
side at right angles to the air curtains. Off the opposite end three 
hydrophones, also suspended at mid-depth, were spaced along a 
line at right angles to the air curtains. Signals from the water 
gun were recorded in digital form (0.25.msec sample interval) 
as the air curtains were activated in sequence. Prior to this experi- 
ment, theoretical values were computed from equations (7) and 
(10) to serve as background information for the subsequent field 
experiment. Values and units of the parameters used, which are 
believed to be representative of test site physical characteristics, 
are listed in Table 1. Theoretical velocity and attenuation versus 
frequency curves were derived (Figure 9) for a fractional air 
volume s of 0.006 and for each of three bubble radii r, specifically, 
0.002, 0.005, and 0.01 ft. The ambient pressure PO corre- 
sponds to a water depth of 12 ft. Unfortunately. it was not 
possible to observe bubble size in the experiment. The holes 
drilled in the air pipes were 3164 inches in diameter or 0.002 ft 
in radius. The latter is the minimum radius of the bubble and 
the maximum, according to Lamb (1932), is 6.48 times the hole 
radius or, in this experiment, approximately 0.01 ft. Thus, the 
radii used range from the minimum to maximum possible bubble 
radius. Of course, the bubbles do expand slightly as they rise to 
the surface. 

Bubble radius Irl in ft. 

FIG. IO. Resonant frequency f,. versus bubble radius Y for frac- 
tional air volumes of 0.001 and 0.1. 

The theoretical curves in Figure 9 show the velocity c in the 
mixture is nearly constant (approximately 600 ftisec) and is 
insensitive to bubble radius to a frequency of about 300 Hz. As 
frequency increases, velocities decrease to minima at bubble 
resonant frequencies, increase abruptly to broad maxima, and 
then decrease to the velocity c0 in air-free water. Below bubble 
resonances, the attenuation increases at a rate proportional to 
approximately the 0.7 power of frequency and also increases 
with decreasing bubble radius. The curves cross before peak 
values at bubble resonances, attaining maximum values of 573 
dB/ft for r = 0.01 ft to 2270 dB/ft for r = 0.002 ft. Above the 
resonant frequency the curves remain separated, the attenuation 
again increasing with decreasing bubble radius. 

A plot of resonant frequency .f;- [derived from equation (I l)] 
versus bubble radius r is shown in Figure 10. The resonant fre- 
quency is inversely proportional to bubble radius, decreasing 
two orders of magnitude as bubble radius increases from 0.001 
to 0.1 ft (approximately 12.5 kHz to 125 Hz). Density p of the 
air-bubble/water mixture over the range of fractional air volumes 
s considered here affects the resonant frequency only slightly as 
indicated by the near coincidence of the curves for s = 0.001 and 
s = 0.1 in Figure 10. The frequency difference for these extreme 
values is about 5.3 percent. 

The effect of fractional air volume s on velocity and attenua- 
tion was investigated by varying s from 0.001 to 0.1 (some- 

-50 Hz 
-25cm 

25W Hz 

1530 

:z 

100 

50 

1o-2 -1 
Fractional Air Volume ( s I 

FIG. 11. Theoretical velocity c and attenuation (Y versus fractional 
air volume s derived from equations (7) and (lo), respectively, 
for a bub’oie radius r of 0.002~ft and for frequencies from 50 to 
2500 Hz. Ambient pressure Pa corresponds to a water depth of 
I2 ft. 
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Domenico 
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resonant 
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10-3 frequencies (fr)+1 1 1 / I 

100 101 102 103 104 105 
Frequency (f) in Hz 

FIG. 12. Bubble damping constant 6 versus frequency f derived 
from equation (12) for a fractional air volume s of 0.006 and for 
bubble radii r shown. Bubble resonant frequencies fr are in- 
dicated. Ambient pressure PO corresponds to a water depth 
of 12 ft. 

lo3 

lo2 

IO1 
2 
Z 
2 lot 

r” 
‘K 
5 10-l 

g 13 
2 10 -2 

10-j 

10-4 

10-S 
1 

Frequency (f) in Hz 

FIG. 13. Total damping 6 and each of three terms comprising total 
damping [equation (12)] versus frequency f. The terms express, 
respectively, the contribution of heat conduction, sound reradia- 
tion, and viscous damping. The total damping curve is identical 
to the curve in Figure 12 for a bubble radius r of 0.002 ft. 

what exceeding the theoretical limit of 0.03) for a constant 
bubble radius of 0.002 ft and for constant frequencies from 50 
to 2500 Hz (Figure 11). As shown in Figure 11, the attenuation 
increases and the velocity decreases exponentially with increasing 
air volume, the velocity being much less sensitive to frequency. 
Over the indicated range of fractional air volume and frequency 
the curves are approximated closely by the functions 

c = ash ftisec (14) 

for velocity and 

CY = ds’ dB/ft (15) 

for attenuation. The constants a, b, d, and e are listed in Table 2. 
In addition to the constants for the frequencies shown in Figure 11, 
constants a and b for velocity at 0 Hz are given, which is equiva- 
lent to Wood’s velocity equation [equation (.5)]. The velocity 
and attenuation are closely proportional to the square root of the 
air volume. 

The final theoretical investigation was to determine the effect 
of the three terms in equation (12), 

on the bubble damping 6 = 8,/f:. As mentioned previously, 
the three terms express, in order, the contribution of (1) heat 
conduction from the pulsating bubbles, (2) sound reradiation 
by the bubbles, and (3) viscous damping by the water in the 
immediate vicinity of each bubble. First the damping constant was 
computed, using parameters given in Table 1, as a function of 
frequency for a fractional air volume of 0.006 and for each of 
four bubble radii, specifically, 0.001, 0.002, 0.005, and 0.01 ft 
(Figure 12). As shown in Figure 12, the damping constant for 
each bubble radius decreases with increasing frequency to a 
minimum somewhat above the resonant frequency, the departure 
increasing as the bubble radius decreases. At frequencies below 
the minima, the damping constant increases with decreasing 
bubble radius, whereas the opposite occurs at the frequencies 
above. Next, the three terms in equation (12) were evaluated 
separately for a bubble radius of 0.002 ft and fractional air 
volume of 0.006, corresponding to one curve in Figure 12. Each 
term, as well as the sum of the terms or the damping constant, is 
plotted versus frequency in Figure 13. It is apparent that heat 
conduction is dominant below and reradiation is dominant above 
the frequency at the minimum value. Viscous damping is not 
significant. 

CONCLUSIONS 

The effect of gaseous bubbles in a fluid on acoustic wave 
velocity and attenuation has been examined extensively in the 
past, both theoretically and experimentally. Air bubbles in water 
increase the compressibility several orders of magnitude above 
that in bubble-free water and thereby greatly reduce the velocity 
and increase the attenuation of acoustic waves. Practical applica- 
tions include prevention of damage by explosive shock waves 
to submerged structures and to water-filled tanks in explosive 
metal working operations through the proper placement of air- 
bubble curtains which absorb the wave energy. 

Laboratory experiments, which general!y have confirmed 
theoretical velocity and attenuation functions, demonstrate that 
these quantities are dependent principally upon frequency, 
bubble size, and fractional volume of air. Below the bubble 
resonant frequency the velocity is nearly frequency-independent 
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Part l-History and Theory 353 

Table 2. Values of constants in equations (14) and (15) which are 
approximations to curves in Figure 11. 

c = ash a = ds’ 
a b d e 

0 41.89 -0.482 
50 46.01 -0.491 2.88 0.509 

100 5.44 0.509 
250 10.98 0.509 
500 17.61 0.508 

1000 27.91 0.507 
2500 41.92 -0.490 61.25 0.499 

and well below the velocity in bubble-free water. Near the resonant 
frequency the velocity decreases to a sharp minimum and then, 
as frequency increases beyond the resonant frequency, increases 
abruptly to a broad maximum well above velocity in water. 
Finally, as frequency increases further, the velocity decreases 
to that in bubble-free water. Initially, attenuation increases grad- 
ually with increasing frequency and then rapidly as the resonant 
frequency is approached, attaining a maximum value several 
orders of magnitude above that at low frequency. Beyond re- 
sonance, attenuation decreases gradually. The resonant frequency 
is inversely proportional to bubble radius. 

Theoretical calculations preceding a field experiment, described 
in Domenico (1982) and based on physical parameters at the test 
site, indicated the variation in velocity and attenuation to be ex- 
pected within the anticipated range of frequency, bubble size, 
and fractional air volume. These demonstrated that velocity is 
insensitive to frequency below approximately 300 Hz and to 
bubble radius which was varied from 0.01 to 0.002 ft, corre- 
sponding to resonant frequencies of 1240 to 6204 Hz, respectively. 
Below bubble resonance, attenuation increases at a rate propor- 
tional to approximately the 0.7 power of frequency and decreases 
with increase in bubble radius. Attenuation ranges from values 
in the vicinity of 0.01 dB/ft at 10 Hz to values of 573 and 
2270 dB/ft at the resonant frequencies for bubble radii of 0.01 
and 0.002 ft, respectively. For a range of fractional air volume 
from 0.001 to 0.1, the velocity decreases and the attenuation 
increases at a rate approximately proportional to the square root 
of the air volume. Finally, it was determined that attenuation is 
due essentially to heat conduction from the pulsating bubbles 
below the resonant frequency and to sound reradiation above the 
resonant frequency. Viscous damping is not significant. 
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GEOPHYSICS, VOL. 47, NO. 3 (MARCH 1982); P. 354-375, 28 FIGS., 5 TABLES. 

Acoustic wave propagation in air-bubble curtains in water- 
Part II: Field experiment 

S. N. Domenico* 

ABSTRACT 

A field experiment consisted of hydrophone recordings ranged from about 0.75 at 15 psi to 0.82 at 50 psi. These 

in a pond, 25 ft deep, of signals transmitted through air- data were used to predict, successfully, times of multiple 

bubble curtains from a water gun source. The air curtains reflections between the outer interfaces of the outermost 

issued from one to 13 pipes (20 ft long and spaced at 1.67 ft air curtains. 

intervals). Air pressures used in the pipes were 15, 25, and Plane-wave synthetic signals, based on absorptionless 

50 psi. Length and complexity of the signals indicate that models simulating the air curtain configurations and 

reverberations occurred to an increasing extent as the num- velocities, correspond satisfactorily to recorded signals 

ber of consecutive air curtains was increased. Analysis of for the successive-pipe sequence. As for the recorded sig- 

the first pulse in the recorded signals, after approximate nals, peak amplitude of the first pulse is decreased sub- 

removal of hydrophone and recorder response, indicates stantially by a single air curtain and not appreciably more 

that the reverberations occur principally in the bubble-free by additional air curtains. Recorded-signal amplitudes, 

corridors between air curtains. This pulse broadens and however, exceed synthetic-signal amplitudes, possibly due 

its peak amplitude is delayed linearly as the number of to inadequacy of the plane-wave models and to backscattered 
successive air curtains is increased. The peak amplitude is signals within the pond. 

decreased substantially by the first air curtain and there- The dominant reverberations prevented meaningful mea- 
after remains between 0.1 and 0.2 of the amplitude without surements of the frequency-dependent absorption in the air 
air curtains. The time delay increases measurably, whereas curtains. Theoretical absorption values were obtained 
the amplitude appears insensitive to an increase in air after synthetically eliminating the bubble-free corridors 
pressure. by expansion of the air curtains. Absorption as a function 

Width of the bubble-free corridor, velocity in the air cur- of air curtain width was determined for each of the three 
tains, and reflection coefficient at the air curtain/corridor air pressures and for the extremes of possible bubble radii 
interface were determined for each of the three air pressures (0.002 to 0.014 ft). Similar to reduction of the first pulse 
from signal onset times and delay time of the first pulse peak amplitude on recorded signals, amplitude of synthetic 
peak amplitude. The corridor width was approximately signals is decreased substantially by the air curtain from a 
three times the air curtain width and did not appear to vary single pipe and at a much lower rate as the air curtain width 
with air pressure. Traveltime in the air curtain, however, increases. Frequency-dependent absorption for the smaller 
increased with air pressure and was from three to four 
times the traveltime-in the corridor. Reflection coefficients 

bubble radius (0.002 ft) is substantially greater and in- 
creases with air curtain width at a greater rate. 

INTRODUCTION 

Following the review of theoretical and experimental efforts 
by other investigators and determination of theoretical functions, 
which should be applicable to a test site at which a field experi- 
ment was pianned [both described~in Domenico (1982, this issue) j, 

this experiment was conducted. Here a description and results of 
the experiment are given. ’ 

EXPERIMENT DESCRIPTION 

The field experiment was performed in a pond near Friends- 
wood, a village approximately 5 mi southeast of Houston, Texas. 
The pond was designed specifically for testing of marine equip- 
ment. ‘The pond-(Figure I) is a square, 200 by 200 ft, the bottom 
sloping downward uniformly to a depth of 25 ft at the center. A 
pier extending from one side provides access to the pond’s center. 

‘A list of the symbols used is included in Part I, p. 346, this issue, 

Manuscript received by the Editor February 23, 1981; revised manuscript received August 6, 1981. 
*Amoco Production Company, P. 0. Box 591, Tulsa, OK 74102. 
0016-8033/82/0301-354$03.00. 0 1982 Society of Exploration Geophysicists. All rights reserved. 
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Part II-Field Experiment 

Figure 2 is a plan and section view of the arrangement of 
perforated air pipes, water gun, and hydrophones. Thirteen 
plastic pipes, l-inch ID, each 20 ft in length, were mounted in a 
20 by 20 ft frame at a spacing of 1.67 ft (20 inches). Holes, 
3/64 inch in diameter, were drilled at 4-inch intervals along each 
pipe (60 holes per pipe). The pipe frame was suspended from 
buoys at a depth of 24 ft, a few inches above the bottom. A water 
gun was suspended from a spacing bar, supported by buoys, 12 ft 
deep and 3 ft from the pipe frame side. 

Four hydrophones of the same design were used. A hydro- 
phone was suspended 2 ft below the water gun to monitor the 
source signals. Hydrophones 1, 2, and 3 were suspended at a 
depth of 12 ft and at horizontal distances of 3, 13, and 23 ft, re- 
spectively, from the opposite side of air pipe frame. 

The water gun is an implosive-type source. Water is ejected at 
high velocity through ports by compressed air, initial pressure of 
2000 psi, which is subsequently vented to the surface. The prin- 
cipal source of energy in the generated sound wave arises from 
the collapse of voids caused by the outward thrust of water 
through each port which creates only a small precursor to the main 
sound pulse. Total energy is a function of the water chamber 
size. A 15-inch3 chamber, the smallest available, was used; 
it provided ample energy. The water gun was selected because 
of negligible bubble oscillations which extend and complicate 
signals from water guns and explosive sources. Compressed air 
tanks and operating equipment for the water gun were mounted 
on the pier. 

Pi pe 

Hydrophones 

0 5 10 ft 
ULJ 

Scale 
Water bottom 

Water-depth 

contours 

I-- 200 ft. _I 

FIG. 1. Plan view of test pond showing depth contours and access 
pier. 

nos. 
7 6 

------Y Water surface 

CPerforated pipes - 

‘erforated 
. pipes 

PLAN 

Ii-+ -Water gun 
Ll *Monitor hydrop hone 

VERTICAL 
SECTION 

FIG. 2. Arrangement of perforated air pipes, water gun, and hydrophones employed at the test pond. 
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H 

Monitor (0 d9) Hydrophane 2 (-0.9 d9) 

END VIEW 
Pressure 

n 

Low-Dressure 

PLAN VIEW 

Y Compressed air tanks. 

High pressure 
gauge 

‘Compressed air +anCc ’ 

Pressure 
SIDE VIEW 

High-pressure manifold 

lr popes 

FIG. 3. System for supplying compressed air to the air pipes. 

(a) Hydrophones at one position 

50 

Hydrophone 1 (+8.8 dB) 

0 50 

(b) Monitor hydrophona near water gun 

I 

0 50 

time (mwc) 

0 50 

Hydrophone 3 (- 12.9 dB) 

0 50 

Tima (mssc) 

FIG. 4. Comparison of hydrophone responses and reproducibility 
of water gun signals. 
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Part II-Field Experiment 357 

Hydrophones were the pressure-sensitive, piezoelectric crystal 
type (GeoSpace MP-8F) with a rated sensitivity of 13 V/bar. 
Signals were recorded by a single-channel digital recorder at a 
sample rate of 40OO/sec (0.25msec sample interval). A specially 
designed switch permitted rapid connection of the recorder’s 
single input channel to any one of the four hydrophones. Water 
gun firing was synchronized with signal recording. 

The system used to supply compressed air to the air pipes is 
shown in Figure 3. Thirteen standard size (1.73 ft3) compressed 
air tanks, at an initial pressure of 2000 psi, were used. Each tank 
supplied air to a central manifold, connected through an air 
pressure regulator to a low-pressure manifold. Each of the 13 air 
pipes was connected by a plastic tube through a valve to the 
latter. Thus, the air supply to each pipe could be turned on and 
off separately. An air pressure gauge was connected to the central 
manifold to monitor air tank pressure. A second gauge was con- 
nected to the low-pressure manifold for setting, by the regulator, 
the desired pressure of air supplied to one or more of the air pipes. 

Four air pressures were used respectively in four sets of record- 
ings by each of hydrophones 1, 2, and 3. These were I5 psi 
(slightly above ambient pressure at the depth of the air pipes), 25, 
50, and 100 psi. At each pressure the water gun signal was re- 
corded (by each of the three hydrophones in succession) initially 
without air-bubble curtains. Then pipes 1 through 13 (Figure 2) 
were supplied air in succession, commencing with pipe 1. Un- 

0 

-80 

fortunately, the air supply was exhausted before the sequence 
at 100 psi could be completed, only signals for pipes I through 6 
being recorded. 

Repeated recordings were made from the monitor hydrophone 
(Figure 2) to determine repeatability of the water gun source 
signal. Also, all four hydrophones were suspended at the same 
position and source signals were recorded to determine differences 
in response. 

EXPERIMENT RESULTS 

Reproducibility 

For comparison of responses, the four hydrophones were 
grouped and suspended 12 ft deep and at a horizontal distance 
of 36 ft from the water gun (the position of hydrophone 2 in 
Figure 2). The water gun signal from each hydrophone was re- 
corded several times. Typical signals are shown in Figure 4a. 
Duplication of signals recorded by the same hydrophone, indicative 
of the reproducibility of the water gun signal, appears to be 
satisfactory over the rather short time period (approximately 30 
minutes) required for all recordings. Waveforms of signals 
from each hydrophone are similar; however, hydrophone 2 has a 
slightly narrower, lower frequency band-pass relative to the 
other hydrophones. Also, some of the high-frequency com- 
ponents in signals from the other three hydrophones do not 
duplicate on successive recordings. Hydrophone sensitivities vary 

hydrophone ~ 
Hydrophone 1 - - 
Hydrophcne 2 ----- 
Hydrophme 3 ----- 

800 1200 
Frequency in Hz 

FIG. 5. Amplitude spectra of selected signals in Figure 4a from each of the four hydrophones at the same position. 
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356 Domenico 

from +8.8 dB for hydrophone 1 to -12.9 dB for hydrophone 3 
relative to the monitor hydrophone. A typical amplitude spec- 
trum for one signal from each of the hydrophones is shown in 
Figure 5. The abscissa extends to 2000 Hz, the Nyquist fre- 
quency. Throughout the experiment, which required approximately 
6 hours, the monitor hydrophone positioned below the water 
gun (Figure 2) was recorded to monitor variation in the water 
gun signal. Those recordings are shown in Figure 4b. Differ- 
ences in the signals are apparent and are likely responsible for 
some degradation of results. Maximum difference between 

Hydrophone 1 

i 1, ! ! 

‘&i I 

= , I / : / 
I 

I 
/ _ 
I 

I i 

time (msec) 

signal times and a mean time m each trace set is ?i~.O msec. 
The rms of these differences is -to. I7 msec. 

Recorded signals 

Signals recorded by hydrophones 1, 2, and 3 for each air 
pressure (15, 25, 50 and 100 psi) and for air-bubble curtains 
from pipes 1 to 13 activated in succession are displayed in Fig- 
ure 6 in true relative amplitude; that is, amplitudes of signals 
from each hydrophone are relative to the signal amplitude on the 
bottom trace (no air curtains). The same signals are shown in 
Figure 7 where the maximum amplitude of each signal is nor- 

Hydrophone 2 

time (msec) time (msec) 

Hydrophone 3 

FIG. 6. Signals recorded by each of the three hydrophones, for each of four air pressures, and for air curtains from pipes 1 to 13 in succession, 
displayed in true relative amplitude. The dashed line on the left indicates signal onsets. 
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Part II-Field Experiment 359 

malized. The slanted dashed line on the left in each signal set of 
Figures 4 and 5 indicates the onset of each signal and is based 
on visual inspection of reproduced high gain signals. The onset 
is approximately 14 msec prior to the first main downbreak on 
the water gun signal recorded without air curtains (bottom trace 
in each signal set). This precursor is caused by the initial ejection 
of water, the downbreak occurring when the cavity created by 
the water ejection collapses. The narrower and lower frequency 
band-pass of hydrophone 2 is obvious. In Figure 6 the signal 
amplitudes appear to decrease greatly when a single air curtain 
(pipe 1) is activated and then remain nearly constant as air cur- 
tains are added successively. Also, the signals lengthen and 
become more complex as the number of air curtains increases. 

Signal transformations 

The first step in signal processing was to correct for the variation 
in hydrophone response by removing the effect of this response 
from each signal. This was accomplished by first obtaining the 

Hydrophone 1 Hydrophone 2 Hydrophore 3 

time (msec) time (msec) 

Fourier transform S, (f ) of all n signals S,(t) in a set and dividing 
the transform So ( f ) of the signal SC, (t) recorded without air curtains 
into each transform of the remaining signals. These were then 
transformed to obtain the corresponding time signals. This pro- 
cess, of course, should also remove response of the digital re- 
corder. The resulting signals for the sequence of successive air 
curtains are shown in Figure 8. Signals for an air pressure of 100 
psi are not shown since these arc an incomplete set and could not 
be used in the subsequent analysis. The bottom trace in each signal 
set results from division of the transform So ( f ) by itself; thus, 
the corresponding time signal is a delta function at zero time as 
shown. It is apparent that the signals recorded by the three hydro- 
phones at the same pressure and for the same number of air cur- 
tains are now much more similar than are those in Figure 7, indicat- 
ing hydrophone responses have hecn removed to a large degree. 
The lower sensitivity of hydrophone 3, coupled with its higher 
frequency response, apparently introduces considerable noise. 
The signals in Figure 8 at the lowest air pressure (I 5 psi) have a 
distinctive narrow event at zero time which is most prominent on 

FIG. 7. Signals recorded by each of the three hydrophones, for each of four air pressures, and for air curtains from pipes 1 to 13 in succession, 
displayed with maximum amplitudes normalized. The dashed line on the left indicates signal onsets. 

D
ow

nl
oa

de
d 

04
/2

2/
13

 to
 1

28
.8

3.
63

.2
0.

 R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



Domenico 

Hydrophone 2 Hydrophone 3 

+pL-__ +_-__---_-- 

100 
Tams Imrscl 

FIG. 8. Signals obtained by transforming the ratio of individual signal spectrum to the reference signal (no air curtains) spectrum in each 
signal set (Figure 7). Signals for an air pressure of 100 psi were not used since the sets are incomplete. 

fb) 

Air pressure 25 psi 

traces for 1 through 8 air curtains. It is quite possible that this 
represents sound energy traveling a refracted path through the 
subwater sediments. Thus, its traveltime would not be affected 
by the air curtains and would be nearly equal to traveltime of the 
reference signal So(t). Reasons for its absence on other signal sets 
for air pressures 25 and 50 psi, except possibly on the hydrophone 

As mentioned above, the signals lengthen and become more 

If the air curtains coalesce as consecutive pipes are activated, 
such reverberations would occur only between the vertical sides 
of the overall curtain, the traveltime between reflected events in- 

0 2 4 6 8 10 12 
creasing by equal time intervals. If the air curtains do not coalesce, 

1.0. 
Number of air curtains Cjl 

1.0 7 
Number of air curtains Cjl reverberations also would occur within each air curtain and be- 

tween adjacent air curtains (bubble-free corridors). Since the re- 

E 1 
flection coefficient on each side of an air curtain is positive and 

%. 81 on each side of the corridor between air curtains is negative, the 
polarity of reflections occurring within each is the same and re- 

. 15 psi air pressure mains constant. 

Number of air curtains Ijl Number of air curtains Cjl 

FIG. 9. Normalized maximum amplitude of event &versus number 
j of air curtains for air pressures of (a) 15 psi, (b) 25 psi, and 
(c) 50 psi. Also, (d) the normalized average maximum amplitude 
of event a recorded by the three hydrophones versus number of 
air curtains j for each of the three air pressures. 
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Pat-f II-Field Experiment 361 

The time and value of the maximum amplitude on each signal 
in Figure 8 was obtained by a computer program. Without ex- 
ception, this maximum occurs on the event identified as a (delay 
time TV) on each signal set in this figure. These amplitude maxima, 
normalized to the amplitude of the delta function on the bottom 
trace (no air curtains), are plotted versus number of air curtains 
in Figures 9a, 9b, and 9c for pressures 15, 25, and 50 psi, re- 
spectively. The normalized average amplitude recorded by the 
three hydrophones versus number of air curtains is also plotted 
(Figure 9d) for each of the three air pressures. As observed on the 
signal sets in Figure 6 (true relative amplitude), signal amplitude 
is decreased substantially by the first or first and second air cur- 
tains and remains nearly at the same level as additional air cur- 
tains are added. This is further evidence that reverberations are 
occurring since the number of multiple reflections would increase 
as the number of air curtains increases, thus overcoming, or at 
least moderating, the effect of transmission losses, energy ab- 
sorption within the air curtains, and energy divergence. Delay 
times (time intervals between onset of direct signal without air 
curtains and event a maxima) of the maxima are plotted versus 
number of air curtains for each pressure in Figures lOa, lob, and 
10~. Generally, the times appear to increase linearly with number 
of air curtains for each pressure. Accordingly, straight lines were 

la) 

Air pressure 15 psi 

: l Hydrophone 1 
2,~ - Hydrophone 2 

A Hydrophone 3 
P 
E 
.c_ 15 - /: 
;b t. . y: 

l / . 
z ./. 
.E lo- g/: 

5 ‘/ 
I/, 

2 /: 
5- / 

l / l 

/ 
./ 

01/f , 
0 2 4 6 8 10 12 

25_ Number of air curtains Ij) 

(Cl 
: 

/ 
l . 

Air pressure 50 psi 1 

2o- l Hydrophone 1 

f - 

-,! 
l Hydrophone 2 7 

t ./ 

Number of air curtains Cj) 

25 - (bl 

Air pressure 25 psi 

l Hydrophone 1 
20 = Hydrophone 2 

l Hydrophone 3 n 

$: 
E TA 
.c 15- 

. “. 

.’ . 

P 
/ 

1’. A 
l / 

o/i,, , 
2 4 6 8 10 12 

25 r Number of air curtains(j) 

1 Id) 
F ; 

z 
- I 

l 15 psi air pressure J 

E 20 1 25 psi air pressure /’ 

.S * 50 psi air pressure v< 
/ . 

. ,‘i/ , 

lOOh,, Q 
0 2 4 6 8 10 12 

Kumber of air curtains ljl 

FIG. 10. Delay time(T,) of event a maximum versus number of 
air curtains (j) for air pressures of (a) 15 psi, (b) 25 psi, and 
(c) 50 psi. Also, (d) the average of these delay times for the three 
hydrophones versus number of air curtains j for each of the three 
air pressures. 

fit by regression analysis. Figure 10d is a summary plot showing 
the average delay time at each pressure for the three hydrophones 
and the associated lines. The rate of increase increases with 
pressure, the total delay time T, for 13 air curtains being 15.1, 17.6, 
and 23.8 msec for 15, 25, and 50 psi, respectively. As for the 
variation in amplitude, this variation in time of the maxima 
supports the observation that reverberations are occurring since 
the increase in multiple reflections with increasing number of air 
curtains would cause the overall signal to broaden in time and, 
consequently, delay the maximum. 

Reverberation systems 

One system of reverberations, presumed to be principally re- 
sponsible for event & is shown in Figure 11. The multiple re- 
flections are in corridors between air curtains. The ordinate is 
one-way traveltime and the abscissa is delay time (time after the 
direct or first arrival) in units of twice the one-way time 7, in the 
bubble-free corridor. The one-way time T? through the air curtain 
is shown to be several times larger than TV. This is because the 
expected velocity is much less than velocity in bubble-free water, 
although the curtain width is substantially less than the width of 
the corridor between air curtains. It was determined that the 

- 
I 

\ 
j=l 

i -0 5 10 
time index 

FIG. 11. Raypaths of multiple reflections believed responsible for 
event a. The time index i is measured from the time of the direct 
(multiple-free) arrival. The time unit is 27,, twice the one-way 
time through the corridor between air curtains. 
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362 Domenico 

Location of Ai 13 maxima 

R-O. 7 

I 

I I I I I I 

0 50 
time index i 

FIG. 12. Amplitude of the three factors P,,,, (1 - R2)j, and R”, 
the product of which determines the amplitude A i, of event & ver- 
sus time index for 13 air curtains (j = 13) and fbr reflection co- 
efficients R as indicated. The location of event a maximum for 
each reflection coefficient also is shown. 

0 

1.0 

1.0 1.0 

0 0 

1.0 1.0 

0 0 
0 10 2Q M 40 50 60 

time index i time index i 

FIG. 13. Synthetic event a for a reflection coefficient R of 0.87 
and for 2 to 13 air curtains. The time is in units of 27, (twice 
the one-way time through a bubble-free corridor). 

number of equal time raypaths P,, ,, where i (i = 0, 1, 2, 3, . .) 
is the time index and j is the number of air curtains (j = 2, 3, 

.) 12, 13), is given by the product of a matrix Qi, j and its 
transpose 

Pi,j = Qi,jQTj 
10000 
11 0 0 0 
1210 0 

=13 3 1 0 
1464 1 

. . 

11111 
12 3 4 5 
1 3 6 10 15 

= 1 4 10 20 35 
1 15 35 70 5 
. . . 
. . . . 

1 1 1 1 1 
0 1 2 3 4 
0 0 1 3 6 
0 0 0 1 4 
0 0 0 0 1 

. . 

[The elements of the matrix Q i,, are equivalent to the coefficients 
of the series approximation to the binomial (X + y)“.] For plane 
waves parallel to the air curtains, the amplitude A i, j is given by 

A. = p 
1. I 

.(l 
1. I 

- RZ)jR21 (1) 

where R is the reflection coefficient at the interface between the 
air curtain and bubble-free corridor. The factor (1 - R2)j ac- 
counts for transmission losses, and the factor R2’ accounts for 
multiple reflections within the bubble-free corridors. These two 
factors and Pi. j are plotted versus delay time index i in Figure 12 
for 13 air curtains (j = 13) and reflection coefficients of 0.7, 0.8, 

/ I I I 
1 I1 I 1 I , 

0 10 20 10 40 M 60 

time index i (units of 2Tl or 2 r2) 

FIG. 14. Nomogram for determining time index i at event a and 
event b maxima given the reflection coefficient R and number of 
air curtains j. Times of event a maxima are indicated (dashed 
lines) for reflection coefficients shown in Figure 12. 
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Part II-Field Experiment 363 

Table 1. Signal onset time 7” and time 7, of event a maximum for 13 air 
curtains (j = 13). 

Times (msec) 

Air pressure (psi) 70 7, 

;: 7.5 9.5 15.1 17.6 
50 11.5 23.8 

0.87, and 0.9. The transmission loss term is constant. The ampli- 
tude maximum is created by increasing Pi, 13 and decreasing 
~2’. Two additional losses are not accounted for, namely, 
spherical divergence and absorption in the air curtains. The former 
cannot be determined accurately until the air curtain width (and 
thereby also the bubble-free corridor width) is known. However, 
it was determined after this width had been estimated that spherical 
divergence would modify time of the event &maximum negligibly. 
Energy absorption in the air curtains in the case of event a is 
constant with time index i for a given number of air curtains 
(Figure 11) and, thus, cannot alter time of the event a maximum. 
As a demonstration of this phenomenon, a synthetic event a was 
computed (Figure 13) for R = 0.87 and for numbers of air cur- 
tains j from 2 to 13. The amplitude of each pulse is normalized 
to its maximum amplitude. As expected, the event broadens with 
increasing j and the maximum is delayed progressively. The 
time index i of the maximum for j = 13 is 32 and is indicated in 
Figure 12 for R = 0.87. 

The time of the maximum was computed for a variety of re- 
flection coefficients in the range 0.7 7 R < 1 .O and for numbers 
of air curtains from 2 to 13. From these data the nomogram in 
Figure 14 was prepared where the reflection coefficient R is 
plotted versus time index i for each number j of air curtains. 
Curves for j = 1 and j = 2 are not shown since the time index 
of the maximum is 0, that is, the maximum occurs at the onset 
of event &for all R and is the direct arrival (no multiple reflections) 
from the source. Index times of the maxima for j = 13 are in- 
dicated for the reflection coefficients shown in Figure 12 on 
which these times are also indicated. For each j the time of the 
maximum increases nonlinearly with increasing R at an increas- 
ing rate. For a given R, time of the maximum increases linearly 
(from j = 2, the ordinate) with increasing j. As noted above, the 
observed times of the event a maxima appear to be linearly related 
to j (Figure 10). 

The nomogram in Figure 14 can also be used to predict times 
of the maxima of the event created by reverberations in the air 
curtain (Figure 15), which is designated event b. For this event 
the time must be in units of 272, twice the one-way traveltime 
through an air curtain. Since this time is appreciably greater 
than T,, the one-way traveltime in the bubble-free corridor, 
event b will be considerably broader than event2 and its maximum 
will be delayed progressively more than is the maximum of 
event &with increasing j. For eventb, the curves on the nomogram 
(Figure 14) must be redesignated as shown since j will vary 
from 1 to 13 (rather than from 2 to 13 for event aJ, the time index 
for j = 1 always being 0. Unlike event s energy absorption in 
the air curtains, not accounted for in the nomogram, likely 
would reduce the time of the event b maximum from that predicted 
by the nomogram since multiple reflections occur within the 
energy-absorbing air curtains. Event b, however, was not used 
in subsequent analysis. 

Air curtain characteristics 

Now that the nature of event a has been established, it is possible 
to determine for each air pressure the physical width of the air 
curtain and of the bubble-free corridor, reflection coefficient at 
the interface, and velocity in the air curtain from the observed 
times of the event amaxima 7, and of the signal onset TV relative 
to the onset time of the reference signal (signal recorded without 
air curtains). Times To, as mentioned, were determined by visual 
inspection of reproduced high-gain original (unprocessed) signals. 
Times for 13 air curtains (j = 13) listed in Table 1 were used. 
An iterative procedure was employed as follows: 

(1) 
(2) 

(3) 

(4) 

(5) 

Assume a reflection coefficient R value. 
Obtain time index i of event 2 maximum for j = 13 
from R versus i nomogram (Figure 14). 
Compute one-way traveltime T , in bubble-free corridor 
from 7, = 0.5 (7, - 70)/i. 

Compute width eI of bubble-free corridor from e, = 
COT], where c0 = 4870 ftisec. 
Compute velocity c in air curtain from 

1 To 1 1 
-_=--+- 

C 13 P* co 

and one-way traveltime TV in the air curtain from 
T* = e*/ca. 

em 
time index i 

FIG. 15. Raypaths of multiple reflections occurring within the air 
curtains which create event b. The time index i is measured from 
the time of the direct (multiple-free) arrival which is the same time
reference for the event a time index (Figure 11). The time unit, 
however, is 27*, twice the one-way time through the air curtain 
rather than 27, 
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364 Domenico 

Table 2. Parameters obtained by iterative computation procedure based on observed signal onset times 7(, and times T,, of event g maxima for 13 air 
curtains. 

Air 
pressure 

(psi) 

:: 
50 

time
index 

(i) 

13 

Width (ft) 
One-way 

traveltime (msec) 

Air Bubble-free Air Bubble-free 
curtain corridor curtain corridor 

ce,, (I,) (72) (7,) 

0.467 1.200 0.675 0.250 692 0.747 
0.467 I.200 0.825 0.250 563 0.790 
0.467 I.200 0.975 0.250 475 0.820 

(6) Compute reflection coefficient R from R = (CCJ - c)/ 
(co + c). (The densities p and p0 are not sufficiently 
different to affect R significantly.) 

(7) Compare computed reflection coefficient [step (6)] 
with assumed reflection coefficient [step (I )I and repeat 
steps (1) to (6) with new assumed reflection coefficient. 

It was possible to reduce the iterations to as few as three by 
plotting the assumed R versus the computed R and noting where 
a line joining these crosses the line of equality (line of unit slope 

I y I 
i i 

i=O I 2 3 

time index i 

FIG. 16. Raypaths of multiple reflections occurring between the 
outer interfaces of the outermost air curtains. The time index i is 
measured from the time of the direct (multiple-free) arrival which 
is the same time reference for events a and b (Figures 1 I and 15). 
The time unit is 21 j7, + (j - I)T~]. 

Velocity 
Cc) in 

air curtain 
(ft/sec) 

Reflection 
coefficient 

CR) 

through the origin). Results are given in Table 2. Widths of the 
air curtain and of the bubble-free corridor do not appear to vary. 
Velocity in the air curtain decreases and reflection coefficient 
increases with increasing air pressure, as would be expected. 
Traveltime in the air curtain is from about 3 to 4 times the travel- 
time in the bubble-free corridor, although the air curtain width 
is about four-tenths the width of the latter. 

The derived traveltimes in the air curtains and in the bubble- 
free corridors (Table 2) may now be used to determine times 
of the event b maxima created by reverberations in the air curtain 
illustrated in Figure 15, and also the onset times of overall multiple 
reflections, designated events s between the outer interfaces of 
the outermost air curtains as shown in Figure 16. Times of 
event b maxima for 13 air curtains were obtained by first deter- 
mining time index i from the nomogram (Figure 14) for the 
appropriate reflection coefficient R (Table 2) and for j = 13 
(event @. The times 76 of the event b maxima then are given by 

71, = 70 + 2ir2. (2) 

The times 70 and TV are given in Tables 1 and 2, respectively. 
The time index i and computed times T,, are listed in Table 3. 

As mentioned above, however, the times T,, are likely too long 
since energy absorption in the air curtains is not accounted for. 
Onset times TV of the overall multiples (j = 13) are given by 

T,, = (2n + 1)(127, + 1372) - 20/C”, (3) 
n = 1) 2, 3, . ) 

where n is the order of the multiple and the last term is for cor- 
rection to the time reference (arrival time of direct wave without 
air curtains). The times T,,, for the first-, second-, and third-order 
multiples are also listed in Table 3. 

Comparison of predicted and observed event times 

The computed time positions of events b and c are indicated 
on the transformed signal sets in Figure 8. With the exception of 
hydrophone 1, 25 psi, signal set, event bdoes not coincide with 
the amplitude maxima of a second pulse. Possibly the reasons 
are two-fold: (1) Frequency-dependent energy absorption in the 
air curtains has not been accounted for and (2) the first-order 
multiple (event cl) interferes with event b and, thus, neither can 
be identified. By contrast, the second-order multiple (event ~2) 
is clearly visible on at least two signal sets, the hydrophone 2, 
15 and 25 psi sets. Evidence of the third-order multiple (event 
9) appears unmistakable on the hydrophone 1, 15 psi set. This 
appearance of the second- and third-order overall multiples at 
predicted positions indicates that the derived one-way traveltimes 
T, and TV, and air-curtain width e, are nearly correct. 
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Part II-Field Experiment 365 

Table 3. Times of maximum amplitude of event _b and onset times of first-, second-, and third-order overall multiples (events g) for 13 air curtains 
(j = 13). 

Air Pressure 
(psi) 

15 

(8 

1;: 

25 

Event b Events c (overall multiples) 

(Th) First (7, , ) Second (T, :) Third (7, x) 
(msec) (msec) (m5ec) (msec) 

26.4 31.1 54.8 78.3 
40.8 37.1 64.5 92.0 
60.3 42.9 74.3 105.6 

Hydrophone 2 

i” ;” ;“I ;” ;“2 

To 78 Tb Tcl TC2 TC3 
11 v / / 

time (msecj 

FIG. 17. Synthetic signals (right) for successive pipe sequence at each of the three air pressures with the corresponding hydrophone 2 signals. 
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366 Domenico 

Table 4. Fractional air volume at a water depth of 12 ft determined from an air-flow test and from the velocity-fractional air volume function [equation 
(14) Domenico, (1982) for the derived velocities (Table 2). 

Fractional air volume (s) 

Air 
Pressure 

(psi) 

:: 

SO 

From air-flow test From derived velocities 

r = 0.002 ft )’ = 0.014 fl f = 50 Hz j = 2500 Hz 

0.01 0.022 I 0.007 0.015 0.004 0.003 
0.006 0.005 

0.063 0.041 0.009 0.007 

Synthetic signals 

Now that apparently satisfactory acoustic model parameters 
have been derived (Table 2), synthetic signals may be computed 
for each configuration of air curtains at each of the three air 
pressures. These signals were derived by following a procedure 
described by Grant and West (1965) based on a matrix formula- 
tion by Thomson (1950). A plane wave parallel to a series of plane 
layers, each of which may differ in elastic properties, is assumed. 
The procedure, described in Appendix A, is simplified con- 
siderably for the models employed here. The set of models for 

. 15 psi air pressure 

. 25 psi air pressure 

. 50 psi air pressure 

- Synthetic signals 

---- Aijj 

1 1 / 1 I 1  I / 1  I I ,‘M 
2 4 6 8 10 12 

Number of air curtains Cj) 

FIG. 18. Event a normalized maximum amplitude versus number 
of air curtains from synthetic signals (solid lines), theoretical air 
curtain reverberation system (dashed lines), and averaged event a 
amplitudes of signals recorded by the three hydrophones (plotted 
pomts), all for each of the three air pressures. 

each of the three air pressures consists of two layer types, namely, 
the air curtain and the bubble-free corridor between air curtains. 
Further, thickness of each layer type is the same for all three 
model sets, the only difference between sets being the velocity 
and density of the air curtain. It was necessary to use a sample 
interval of 0.025 msec for accurate time positioning of reflection 
coefficients in construction of the synthetic signals. 

Synthetic signals for the successive-pipe sequence and for 
each of the three air pressures are displayed in Figure 17 along 
with corresponding hydrophone 2 signals. The correspondence is 
believed satisfactory considering that (1) the synthetic traces are 
for plane waves and (2) the models do not account for absorption 
in the air curtains nor reflections from the air/water and water/ 
sediment interfaces. However, such reflections are not evident 
on signals recorded without air curtains (e.g., Figure 4a) and, 
as shown in Appendix B, beyond the primary and second-order 
reflections (raypaths 1,2, and 3,4 in Figure B-l) are, theoretically, 
severely attenuated. This is demonstrated by the reflection spike 
sequence in Figure B-2a and the convolved monitor hydrophone 
signal (trace a in Figure B-2b). The synthetic signals correspond 
to the hydrophone 2 signals (Figure 17) in that event a is promi- 
nent, although considerably narrower, events b and ~1 cannot 
be distinguished, and event ~2 is distinctive. On the contrary, the 
hydrophone 2 signals appear to persist longer and have low- 
frequency components (periods of about 15 to 20 msec), es- 
pecially prominent on the signals for I and 2 air curtains, which 
are not present on the synthetic signals. Perhaps these result 
from incomplete removal of hydrophone response. 

Event a theoretical and measured amplitudes 

Theoretical maximum amplitudes of event a are given by 
equation (1) for reverberations in the bubble-free corridors be- 
tween air curtains (Figure 11) and also may be obtained from 
synthetic signals (Figure 17). These amplitudes normalized to 
the amplitude of the first arrival without air curtains are indicated 
by the curves in Figure 18 on a graph of amplitude versus number 
of air curtains. Also shown are averaged amplitudes of event a on 
signals recorded by the three hydrophones for each of the three 
air pressures (shown previously in Figure 9d). Differences are 
accentuated by expansion of the amplitude scale. The theoretical 
curves for the reverberation system (dashed lines) are below 
those for synthetic signals (solid lines), indicating that the former 
does not account for other signal paths contributing to event a. 
Beyond the first few air curtains the observed amplitudes exceed 
the theoretical amplitudes, due most likely to the inadequacy of 
the models and to unknown backscattered signals within the 
pond. Measured amplitudes appear to decrease with increase in 
air pressure as predicted by the theoretical curves. 
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Part II-Field Experiment 367 

Fractional air saturation 

Prior to the signal recordings, air flow rates were determined 
by observing the pressure decline, as well as the temperature 
change, of the air supply system (Figure 3) as air was supplied 
to one of the 13 pipes (Figure 2) at constant pressures of 1.5, 25 
and 50 psi. The air flow rates determined, corrected to the pres- 
sure and temperature at a water depth of 12 ft, were 0.051, 
0.101. and 0.284 ft’isec for air pressures of 15, 25, and 50 psi, 
respectively. The fractional air saturation s is given by 

F 
.S=-. (4) 

(TV 

where F is the flow rate in ft3/sec, u is the cross-sectional area in 
ft’ through which the bubbles flow, and v is bubble velocity in 
ftisec. The area is given by the air-curtain width t?, determined 
above (Table 2) multiplied by the pipe length (20 ft). The bubble 
velocity may be obtained from a bubble velocity (rate-of-rise) 
versus radius graph (Figure 19) developed by Pekeris (1942) from 
laboratory measurements. As shown in Figure 19, the velocities 
for the two extremes of bubble size are 0.484 ftisec for a bubble 
radius of 0.002 ft (hole radius) and 0.735 ftisec for a bubble 
radius of 0.014 ft (6.48 times the hole radius). The fractional air 
volumes determined from equation (4) are listed in Table 4 for 
each of the two bubble radii and for each of the three air pressures. 
Also listed are fractional air volumes at 50 and 2500 Hz derived 
from equation (14) (Domenico, 1982), for velocities given in 
Table 2 lnd constants given in Table 2 of Domenico (1982). 
Fractional air volumes derived from the air flow test are from 
about two to nine times greater than those derived from velocities, 
the difference increasing with air pressure. Reasons for this dis- 
crepancy could not be established definitely. In limited labora- 
tory experiments, it was established that bubble velocity depends 
upon the bubble production rate (number of bubbles generated 
per second), which increases as the air pressure increases, as 
well as on bubble size. It was observed that the velocity in- 
creased from approximately 0.83 to 1.25 ftisec as the bubble 
production rate was increased from one to 15 bubblesisec by 
increasing the air pressure. The bubble velocity versus radius 
curve in Figure 19 is for isolated bubbles, and the lower velocity 
(0.83 ftisec) agrees well with the curve at the observed bubble 
radius (approximately 0.02 ft). The increase is much greater 
than accounted for by an increase in bubble size with increasing 
pressure. Thus, bubble motion appears to be interactive, and the 
velocities obtained from the curve in Figure 19 are likely too 
low, implying that the fractional air saturations derived from the 
air flow test (listed in Table 4) are erroneously high. Another 
cause of the discrepancy between fractional air volumes by the 
two methods may be variation in air-bubble density, both vertic- 
ally and horizontally. Thus, the fractional air volume derived 
from acoustic wave velocities is likely only an effeecti~~ value 
and would vary as depth of the water gun and hydrophones is 
varied. 

Absorption 

The presence of dominant reverberations in the bubble-free 
corridors between air curtains precluded meaningful determina- 
tion of frequency-dependent absorption in the latter. It is possible 
only to estimate this absorption by synthetically expanding the 
width of the air curtains until these coalesce, thereby eliminating 
the bubble-free corridors. Then the theoretical absorption [equa- 
tion (IO), Domenico, 19821 may be applied for a range of plausible 
parameters (i.e., air saturation and bubble radius). 

ba-- b F-CM -d- 

Bubble radius (r) in ft 

FIG. 19. Bubble velocity (rate of rise) in water versus bubble 
radius developed by Pekeris (1942) from laboratory measure- 
ments. The ranges of bubble radii shown at the top of the graph 
are with reference to observed bubble motion and shape as follows: 
a = rectilinear motion, spherical shape; b = helical and twisting 
motion, flattened shape; c = irregular motion and shape; d = 
rectilinear motion. distorted mushroom shape. 

Table 5. Bubble-free corridor width C , , air-curtain width t2, and 
one-way traveltime 7, in the bubble-free corridor and 72 in the air 
curtains for each of four air-curtain configurations (oroginal and 
three stages). 

Width (ft) Traveltime (msec) 

71 72 
Configuration 1, 12 15 psi 25 pai 50 psi 

~ - 

Original 1.200 0.467 0.250 0.675 0.829 0.983 
Stage I 0.800 0.867 0.167 I.253 1.540 1.825 
Stage 2 0.400 1.267 0.083 I.831 2.250 2.667 
Stage 3 0.000 I.667 0.000 2.409 2.961 3.509 

Reflection coefficient CR) 0.747 0.790 0.820 
Velocity (c) in ftisec 692 563 475 

origlnal 

+R- 112 I31 4 I5 16 
I 

-R- t--r,+ t--r, 
I I I I 

stage 1 
11 ,2 I 3 I 4 

I 

stage 2 

1 I 2 I 3 
I 

stage 3 

1 2 
I 
)_ -r2+ 

one-way travel time --- 

FIG. 20. Reflection coefficient time sequence for the original and 
each of the three stages of air-curtain configurations (Table 5). 
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FIG. 2 I Synthetic signals for each of four bubble-free corridor widths and each of three reflection coefficients R corresponding respectively 
to the three air pressures. As in previous figures, each record is composed of traces for 0 through 13 air curtains. 
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Part II-Field Experiment 369 

FIG. 22. Synthetic signals of Figure 21 convolved with a hydrophone 2 signal recorded without air curtains (bottom trace on each record). 
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370 Domenico 

Width et of the bubble-free corridor was reduced to zero in 
increments of 0.4 ft from the original width of 1.2 ft by increas- 
ing the width e2 of the air curtain by the same amount, as shown 
in Table 5. Velocity c in the air curtain remained constant at 
values given in Table 2 for each of the three air pressures. The 
one-way traveltime T, in the bubble-free corridor and TV in the air 
curtain for each of three air pressures are listed in Table 5. Also 
given in Table 5 for reference are velocities c in the air curtains 
and reflection coefficients R from Table 2. 

Reflection spike sequences were derived (Appendix A) for each 
bubble-free corridor width, commencing with the original (a, = 
1.2ft)andproceedingtostage 1 (et = 0.8ft),stage2(eI = 0.4ft), 
and finally stage 3 (U, = 0.0 ft). The reflection coefficient time
sequences for the original air curtain configuration and for each 
of the three stages are shown in Figure 20. At stage 3 (no 
bubble-free corridors), only the first (-R) and last (+R) spikes 
remain. As before, a synthetic trace was derived for no air cur- 
tains, and then traces were derived as successive air curtains up 
to 13 were added (j = 0, 1, , 13). The synthetic records 
are shown in Figure 21 in three sets of four records, a set for 
each air pressure (corresponding to a unique velocity and reflec- 
tion coefficient) and a record for each air curtain configuration 
(original and three stages). The synthetic signals (reflection 
spike sequence), as before, are for plane waves and no absorption 
is applied. As the bubble-free corridor width is reduced, the 
signals are increasingly delayed due to the increased width of 

lo6 - 

y 105 - 
z 

.s 

2 
G 
x 
52 104 _ 
-z 
m 

s .- 
5. 
2 

I 

IO2 
Frequency (fl in Hz 

FIG. 23. Attenuation rate (dB/sec) versus frequency for an air- 
bubble/water mixture in which the bubble radius r is 0.002 ft in 
one mixture and 0.014 in another mixture. Nominal fractional 
air volume is 0.005. Dots are at the center frequency of band-pass 
filters 60 Hz in width. 

the low-velocity air curtain. The initial pulse (event 3, which 
results from reverberations in the bubble-free corridors, is 
modified as the corridor width is reduced and becomes a single 
spike on each trace when these corridors are eliminated (stage 3). 
Also, the overall multiple reflections (Figure 16), identified as 
events cl, ~2, etc., become single spikes upon elimination of the 
corridors. The synthetic signals of Figure 21 convolved with a 
hydrophone 2 signal recorded without air curtains are displayed 
in Figure 22. This convolution reduces the high-frequency con- 
tent of the signals, and the first overall multiple (cl) is clearly 
visible on all records. Also, the effect of the bubble-free corridor 
width (et) on event a is obvious. As this width diminishes, 
event a becomes increasingly similar to the hydrophone 2 signal 
without air curtains (bottom trace on each record). At zero width 
(no corridors) the hydrophone 2 signal is unmodified on all 
traces, except for the time delay due to travel through the single 
air curtain. 

Upon elimination of the bubble-free corridors, frequency- 
dependent absorption can be applied to the signals without 
ambiguity. The absorption a [equation (lo), Domenico, 19821, 
in addition to frequency, depends upon bubble radius r (Figure 9, 
Domenico, 1982) and fractional air volume s (Figure 11, Domen- 
ice, 1982). The two extremes of bubble radius (r = 0.002 and 
0.014 ft) and the fractional air volumes (given in Table 4 from 
derived velocities) were assumed. For each combination of 
bubble radius and fractional air volume, and with the param- 

FIG. 24. Attenuation due to frequency-dependent absorption 
applied to synthetic records for coalesced air curtains (Figure 21, 
stage 3). Attenuation rates for a bubble radius r of 0.002 ft and 
of 0.014 ft are plotted in Figure 23. 
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Part II-Field Experiment 

eters given in Table 1 of Domenico (1982) the absorption (Y and 
velocity c were computed from equations (10) and (7) of Do- 
menico (1982), respectively, over a frequency range extending 
from the minimum frequency limit to 1000 Hz. The product 
(YC then gives attenuation in dB/sec, which is nearly invariant 
over the fractional air volume range considered (s = 0.003 to 
0.009). The product cxc versus frequency is plotted in Figure 23 
for r = 0.002 ft and r = 0.014 ft. The curve for r = 0.002 ft 
is nearly linear, whereas the attenuation rate for r = 0.014 in- 
creases rapidly in the upper frequency range as the resonant 
frequency is approached, greatly exceeding the rates for r = 0.002. 
The time varying attenuation due to absorption was applied to 
the synthetic signals (Figure 21, stage 3) by first devising a 
succession of 17 band-pass filters 60 Hz wide and at center fre- 
quencies 60 Hz apart from 35 to 995 Hz. The center frequencies 
are indicated by dots on each of the two curves in Figure 23. The 
17 filters were applied to each trace of the synthetic records, and 
the attenuation rate at the center frequency (Figure 23) of each 
filter was applied to the corresponding filtered component com- 
mencing at zero time The final step was to sum the components 
of each trace, thereby approximating frequency and time vary 
ing attenuation. The resulting records for r = ,014 and r = ,002, 
and also for each of the three reflection coefficients R, are dis- 
played in Figure 24. Amplitudes are normalized to the amplitude 
of the first pulse (event @. The frequency-dependent attenuation 
is evidenced by pulse broadening as the air-curtain width in- 
creases from zero to the overall width of 13 coalescing air cur- 
tains. Attenuation increasing with traveltime in the air curtain 
is evident from the reduction in amplitude of the overall multiples 
(events cl, ~2, etc.) relative to event a. Also, the larger attenua- 
tion rates for a smaller bubble radius (r = 0.002) over essentially 
the entire frequency range (Figure 23) are exemplified by the 
increase of pulse breadth on records for r = 0.002 ft relative to 
that on records for r = 0.014. 

The amplitudes of event a on each record of Figure 24, nor- 
malized to the amplitude without air curtains (j = O), for r = 

0.014 ft and r = 0.002 ft are plotted versus number of air cur- 
tains in Figures 25a and 25b, respectively. The attenuation for 
the smaller bubble becomes increasingly greater than that for the 
larger bubble as the air-curtain width increases (number of 
coalescing air curtains j is increased). Also, the increase in 
attenuation with increase in reflection coefficient (due to increase 
in fractional air volume) is apparent. For comparison with these 
curves, the curves of event a amplitude measured on synthetic 
signals (Figure 18) for the original bubble-free corridor width 
(e, = 1.2 ft) are shown in both graphs. These are best aligned 
with the curves for the larger bubble (Figure 25a). Thus, it ap- 
pears that attenuation of event a attributable solely to absorption 
(no bubble-free corridors) may be approximately equal to the 
attenuation attributable to reflection loss in bubble-free corridors. 
In the latter case, the traveltime in air curtains is negligible 
relative to traveltime in bubble-free corridors. 

CONCLUSIONS 

The field experiment consisted of hydrophone recordings in a 
pond, 25 ft deep, of signals transmitted through air-bubble cur- 
tains from a water gun source. The air curtains issued from one 
to 13 perforated pipes, at the bottom of the pond, 20 ft in length 
and spaced at intervals of 1.67 ft. Air pressures used were 15, 
25, and 50 psi. Variation in response of the three hydrophones 
used in the experiment was reduced substantially by dividing the 
Fourier transform of each recorded signal by the transform of the 

(al 

- Coalesced air curtains (r =0.014 ft) 
0 

z _M 
------ Original bubble-free corridor 1% , =I.2 ft.) 

z 
z 0 2 4 6 8 10 12 

Number of air CurkSinS 

- Coalesced air curtains (r =O.@l2 ft.) 
----__ Original bubble-free corridor I !? , =I.2 ft.1 

-401 , , , , , , , , , , ] 
0 2 4 6 8 10 12 

Number of air curtains (j) 

FIG. 25. Normalized event a amplitude versus number of air 
curtains, measured on records of Figure 24 for a bubble radius r 
of (a) 0.014 ft and (b) 0.002 ft. Also shown on both graphs are 
event a amplitudes measured on synthetic signals (Figure 18) 
for the original bubble-free corridor width (e, = 1.2 ft). 

signal recorded by the same hydrophone without air curtains, 
and then transforming the resulting spectra to obtain the time
signals. The length and complexity of these signals indicate that 
reverberations occurred to an increasing extent as the number of 
consecutive air curtains was increased, demonstrating that bubble- 
free corridors existed between the air curtains. Analysis of the 
first positive pulse on the transformed signals indicates that time
delay and reduction of the peak amplitude, and pulse broaden- 
ing, as the number of consecutive air curtains increased, are 
attributable essentially to reverberations in the bubble-free 
corridors. The peak amplitude is decreased substantially by the 
first air curtain and remains at values of 0.1 to 0.2 of the peak 
value without air curtains (a delta function). The amplitude is 
not sensitive to air pressure; however, delay time of the peak 
amplitude, which increases linearly with number of air curtains, 
increases measurably with increase in air pressure. 

Width of the bubble-free corridor, traveltime and velocity in 
the air curtain, and reflection coefficient at the interface of the air 
curtain and bubble-free corridor were determined by an iterative 
procedure, for each of the three air pressures, from signal onset 
times and delay times of the peak amplitude. The corridor width 
was approximately three times the air curtain width and did not 
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372 Domenico 

appear to vary with air pressure. On the contrary, traveltime in 
the air curtain increased with air pressure and was from three to 
four times the traveltime in the corridor. Correspondingly, 
velocity in the air curtain varied from about 0.14 to 0.10 times 
the velocity in bubble-free water (4870 ftisec), and the associated 
reflection coefficients varied from about 0.75 to 0.82 with in- 
crease in air pressure. These characteristics were used to pre- 
dict delay times of a latter positive pulse which, theoretically, 
should result from reverberations in the air curtains. They were 
also used to predict arrival times of multiple reflections between 
the outer interfaces of the outermost air curtains (overall 
multiples). The former cannot be identified, possibly because 
of energy absorption in the air curtains and interference from the 
first-order overall multiple. Second- and third-order overall 
multiples, however, are distinctive on various records and occur 
at nearly the predicted times. 

Plane-wave synthetic signals, computed for each configuration 
of air curtains at each of the three air pressures, correspond satis- 
factorily to transformed hydrophone signals for the successive 
pipe sequence. Discrepancies are believed due to inadequacy of 
the synthetic signal computation (plane wave) and incomplete 
removal of hydrophone response. First pulse maximum ampli- 
tudes on the synthetic signals conform to those measured on the 
transformed recorded signals in that the amplitude is decreased 
substantially by a single air curtain and not appreciably more by 
additional air curtains. Also, as for the transformed signals, the 
first pulse maximum amplitude decreases with increase in air 
pressure. However, the amplitudes measured on the transformed 
signals exceed the synthetic signal amplitudes as the number of 
air curtains is increased, possibly due to the inadequacy of the 
plane-wave models for the synthetic signals and to unknown 
backscattered signals within the pond. 

Fractional air volumes derived from air flow tests (measure- 
ments of pressure decline rate in air supply system at constant air 
pipe pressure) are from two to eight times greater than those 
given by the theoretical velocity versus fractional air volume 
function, the difference increasing with air pressure. This dis- 
crepancy may be due to an increase in bubble velocity (rate of 
rise) with increase in bubble production rate not accounted for 
in the reduction of air flow test data and, also. possibly due to 
variation in air-bubble density. 

Presence of dominant reverberations in the bubble-free corridors 
between air curtains prevented meaningful measurements of 
frequency-dependent absorption in the air curtains. Alternatively, 
theoretical absorption values were obtained after synthetically 
eliminating the bubble-free corridors by expansion of the air cur- 
tains, maintaining a constant fractional air volume for each of 
the three air pipe pressures. Attenuation due to frequency- 
dependent absorption was determined for estimated upper and 
lower limits of bubble radius. (The effect due to variation of 
fractional air volume between established limits is negligible.) 
At the upper limit of bubble radius (0.014 ft), the first pulse 
(now the only signal except for separated overall multiple re- 
flections) maximum amplitude is decreased substantially by the 
air curtain from a single pipe and at a much lower rate as 
successive air pipes are added. The frequency-dependent attenua- 
tion for the larger bubble radius closely approximates that due to 
reverberations in bubble-free corridors as determined from syn- 
thetic signals for the originally estimated air-curtain widths. 
Frequency-dependent attenuation determined for the smaller 
bubble radius (0.002) is substantially greater and increases with 
air-curtain width (addition of successive air pipes) at a greater 
rate. 
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APPENDIX A 
PLANE-WAVE SYNTHETIC SIGNALS 

The physical model for derivation of plane-wave synthetic 
signals, shown in Figure A-l, basically is one-dimensional. It 
consists of alternating layers of bubble-free corridors and air cur- 
tains of thickness eI and e2, respectively. Density and velocity in 
the bubble-free corridor are p. and ca and in the air curtain are p 
and c, respectively. The development of plane-wave equations 
for computation of synthetic signals follows that given in Grant 
and West (1965, p. 8%88), based on a matrix formulation by 
Thomson (1950). The development is simplified considerably 
from that referenced because solid parallel layers of arbitrary 
thicknesses are replaced by alternating fluid layers of two types, 
specifically, the air curtain and the bubble-free corridor between 
air curtains, each of constant thickness, velocity, and density. 
Further simplification arises by having the plane wave parallel 
to the fluid layers. 
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Part II-Field Experiment 373 

AS described previously, synthetic signals were derived for 
successive air curtains from one (j = 1) to thirteen (j = 13). For 
purposes of this treatment, the layers are numbered consecutively 
as shown in Figure A-l, Odd and even numbered layers are air 
curtains and bubble-free corridors, respectively. The first and last 
layers are always air curtains. Origin of the z-axis, perpendicular 
to the layers, is at the boundary between layer n and n - I. Ac- 
cording to this nomenclature, then, the plane-wave pressure ampli- 
tude A, _, and displacement W, ~I at z = 0, for boundary condi- 
tions of equal pressure and displacement, are given by 

I::‘1 = (“,.,,. -i”‘i:~.~;;D;:~> (A-l) 

where D and E are the advancing and reflected waves, respec- 
tively, and frequency o = 2nf. Similarly, the amplitude A,, 
and displacement W, at z = e2 are given by 

I 

W” 

I I 

-(W/C) sin or2 -i(o/c) cos 07~ Dn + En 
= 

A, -02p cos w7z i(02p) sin or2 I.1 I3 D, - E, 
(A-2) 

where 72 is one-way traveltime in the air curtain (layer n), and 
i = d?. Inverting equation (A-l), 

I;:;;:I =i;(c,., “(6’*1.~::_;~. (A-3) 

and substituting this into equation (A-2) we have 

WI? 

I II 

cos WT2 1 /(ocp) sin 0~~ W,-l 
IZ 

A, -0cp sin 0~~ cos 072 1.1 1. AH-I 
(A-4) 

In the same manner we may relate the amplitude A,_, and 
displacement W,_, at z = -Qt to Anpz and WnmZ by 

W,-I 

I II 

COS WT, l/(wcOpO) sin WT, Wnm2 

II 

An-1 -ocopo sin 07, COS 07, 1.1 1, A”_2 

(A-5) 

where T, is one way traveltime in the bubble-free corridor (layer 
n - 1). Then, designating the 2 X 2 matrix in equation (A-4) 
by M and that in equation (A-5) by MO we have 

W” 

I I 

Wn-2 

=M.Mo . 

An I 1; 
(A-6) 

An-2 

or 

wj 

I I 

wo 
= M(M,M)‘-’ 

Aj I I 
, (A-7) 

Ao 

where A0 and W. are the amplitude and displacement at the plane 
wave source, and the index n is replaced with the air curtain 
index j (Figure A-l). The amplitude A, and displacement W, 
are those beyond the outer surface of the jth air curtain in a se- 
quence of j air curtains. 

As a final step, the displacement must be replaced by the 
pressure amplitude. For the one-dimensional model employed 
here, these are related by the compressibility B in the air curtain 
and PO in the bubble-free corridor. Only the latter is required 
in equation (A-7) since we are not concerned with recordings in 

P, c j-l 1 
t 

2 

i 
i=2 3 

. 

j=lZ n-2 

n-l 

P j’” n _ 
L 

FIG. A- 1. Model of air curtains and bubble-free corridors for 
computation of plane-wave synthetic signals. Density and velocity 
in the bubble-free corridors are p. and co. and in the air curtains 
arc p and c, respectively. 

the air curtains. Thus, 

W, = -BOA,, 

and 

W. = -PoAo. 

APPENDIX B 
ANALYSIS OF WATER SURFACE AND WATER BOTTOM 

REFLECTIONS 

Certain of the recorded signals provide an opportunity to deter- 
mine the prominence of reflections from the water surface and 
water bottom in the absence of air curtains. The monitor hydro- 
phone signals were recorded not only when this hydrophone was 
positioned near the water gun to monitor source signals, but also 
when it was positioned at a horizontal distance of 36 ft from the 
water gun with hydrophones 1, 2, and 3 for comparison of hydro- 
phone responses (Figure 4). Thus, a monitor hydrophone signal 
recorded near the water gun may be convolved with a theoretical 
reflection spike sequence, representing the amplitudes and times 
of water surface and bottom reflections at a distance of 36 ft from 
the water gun, for comparison with the corresponding monitor 
hydrophone signal recorded at this distance. 

Raypaths of the first eight reflections to arrive at the monitor 
hydrophone (M), a distance of 36 ft from the water gun, are shown 
in Figure B-l on a vertical section of the pond. The raypaths 
occur in pairs of equal traveltimes since the hydrophone and 
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374 Domenico 

air 

Pg, cg 

sediment 

ps cs 

FIG. B-l Reflection raypaths from the water gun to monitor hydrophone in the water pond. Only the first eight raypaths are shown. 

Nb (a) 
O- &-4- A- 

-100 dB - r 

I I I I I 1 

0 10 20 30 40 50 

time (msec) 

(b) 

time (msecl 

FIG. B-2. (a) Reflection spike sequence for reflections in the water pond between the water gun and monitor hydrophone (Figure B-l) and 
(b) monitor hydrophone signal recorded near the water gun (trace (I) convolved with the reflection spike sequence (trace f ) for comparison 
with monitor hydrophone signals recorded 36 ft horizontally from the water gun (traces h-e). 
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Part II-Field Experiment 375 

water gun are both at mid-depth. Traveltimes were obtained by 
determining raypath distances and dividing by the water velocity 
(4870 ft/sec). Reflection coefficients R were derived from Grant 
and West (1965): 

P V\/(C~/C)~ - sin20 

PO VI - sin20 
R= 

p + ~/(c~/c)~ - sin20 ’ 
(B-1) 

PO dl - sin20 

where p. and co are, respectively, water density and velocity, p 
and c are density and velocity in the adjoining medium, and 0 is 
the reflection angle. Because of the low density of air pK relative 
to density of water po, the ratio pn/po is negligible compared to the 
second term in the numerator and denominator of equation (B-l). 
Also, because of the low velocity in air cg relative to velocity in 
water co, the ratio co/c8 is large compared to sin20 for the reflec- 
tion angles of the raypaths in Figure B-l (0 5 30.3 degrees). 
Thus, the reflection coefficient R, at the water surface reduces to 
R, = - 1. At the water-sediment interface it is assumed that the 
sediment velocity c,~ is equal to the water velocity co as is usually 
the case for unconsolidated water bottom sediments (Christensen 
et al, 1975; Hana, 1973; Domenico, 1979). This sediment velocity 
implies that the fractional volume of water in the sediment is 0.5 
and, assuming the remainder is quartz Sandy, that the density ps 
is 1.84 g/cm3 (3.57 slugs/ft3). For cs = co, equation 
(B-l) reduces to simply 

p‘+1 
PO 

(B-2) 

and, as for R,, R, is independent of the reflection angle 8. The 
reflection coefficient R,y of the water-sediment interface for the 
assumed sediment density ps and measured water density p. 
(Table I of Domenico, 1982) given by equation (B-2) is then 
0.280. 

The amplitude A,, m of a source signal recorded by the monitor 

hydrophone (Figure B-l) reflected n times from the water sur- 
face and m times from the water bottom, relative to the amplitude 
of the direct signal, is given by 

(B-3) 

where h is the raypath distance in feet. Equation (B-3) was then 
used to compute the reflection spike sequence shown in Figure 
B-2a. The amplitudes are shown on a decibel scale and also on a 
linear scale, Raypaths in Figure B-l corresponding to the first 
four spikes following the direct arrival are indicated by numbers 
in Figure B-2a. Amplitudes corresponding to raypaths beyond 
3 and 4 appear to be negligible. The reflection spike signal was 
then convolved with a monitor hydrophone signal recorded near 
the water gun, shown on trace (I in Figure B-2b. The resultant 
signal is shown on trace f. For comparison with the latter, sig- 
nals recorded by the monitor hydrophone positioned 36 ft hori- 
zontally from the water gun (Figure B-l) are shown on traces 
b - e. The derived signal matches the recorded signals reasonably 
well in that the initial upward pulse of the trace a signal is dimin- 
ished and that this signal is lengthened by the addition of two 
positive (upward) peaks following the principal trough. These 
two peaks are a result of the two raypath pairs 1, 2 and 3, 4. 
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