- e —

AD=A060 959 TEKAS UNIV AT AUST!N APPLIED RESE \RCH LABS F/6 20/1
MOTION OF GAS BUBBLES IN INTENSE TWO=FREQUENCY SOUND FIELDS, (U)
SEP 78 J R CLYNCH: R A ALTENBURG NOOO14=76=C~ 1095
UNCLASSIFIED ARL=TR=78=40

' HEOER
IQHIIIII

END
DATE
FILMED




F—_———-*

1.0 ke 2
= & & o
o

Fr

r

rr

==
== N
o “mo

22 s e

I

l

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

S







14

UNCLASSIFIED
SECURITY CLASSIFICATION
READ INSTRUCTION
: REPORT DOCUMENTATION PAGE BEFOES Cot P Do
i 1. REPORT NUMBER lz. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
"‘ 4. TITLE (and Subtit

OTION OF.GAS _BU.BBLES IN INTENSE TWO—FREQUENCY

/ AUTHOR(a) @ T NUMBER(s)
0)3ames R./[Clynch : NOGOL4- 6-c 1095 -
Robert A. /Altenburg @-} i j

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PNOGRAM ELEMENT. PROJECT, TASK
Applied Research Laboratoriess B I T R

The University of Texas at Austin
Austin, TX 78712

11. CONTROLLING OFFICE NAME AND ADDRESS
Office of Naval Research ( / ‘
Physics Program Office

Arlington, VA 22217
T4. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 1S. SECURITY CLASE

UNCLASSIFIED

N

o

1Sa. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if different from Report)

H 18. SUPPLEMENTARY NOTES
I:n\
19. KEY WORDS (Continue on reverse rice if necessary and identify by block number) it

bubble dynamics U NOV 07 1978

cavitation Lh
N nonlinear acoustics

X E

ABSTRACT (Continue on reverse side If necessary and identify by block number)

ﬁ( U) The radial motion of gas bubbles in water driven by an intense sound field
containing two closely spaced frequency components has been studied via

numerical integration of the equation of motion. The small driving amplitude
perturbation theory solution is developed for comparison with the numerical
results. Emphasis is placed on the secondary frequency component at the
difference of the driving freq;encies which is generated by the nonlinear
motion of the bubble. ——3asy

71

DD ':2:'1" 1473 EDITION OF 1 NOV 65 IS OBSOLETE 7&% //jé&CIASSIFIED

SECURITY C)/ASSIFICATION

0

’.'M —



.

UNCLASSIFIED
SECURITY CLASSIFICATION

20. (Cont'a)

(U) cases where the natural resonance frequency of the bubble is much
greater than, approximately equal to, and less than the driving
frequencies are discussed. Acoustic driving pressures of 0.1l bar to
1.5 bar were used in an ambient pressure of 1.0 bar. The spectrum of

the radial motions has been extensively examined and many examples are
shown in this report.

JilQ“Asreement between perturbation theory predictions and the numerical
integration is good for the first and second order terms up to driving
pressures of 0.25 bar in all cases. All cases show many very narrow
lines at the lower driving pressures. Broadband noise generated by
collapsing bubbles eventually obscures these lines.

is larger than the perturbation theory prediction, especially for the
cagse of the driving frequencies being below resonance. This suggests
that larger bubbles driven at moderate levels may be the most useful
in enhancing the nonlinearity of water although tradeoffs involving
scattering would have to be examined in each particular case.

"ACCESSION for
NTIS Write Section D
DOC Buff Section [
UNAMNGHTISED o
; RISTIECATON oo ]

" ergars AT AT ,.,.7l_s
SN PR e P B HERR AU

(U) At moderate to high driving pressures the difference frequency component

s ®
UNCLASSIFIED
—— SECURITY CL_?I!'ICA?!ON
2 ! at s R o et G R R TR




TABLE OF CONTENTS

LIST OF FIGURES
LIST OF TABLES
: INTRODUCTION
II. THEORETICAL BACKGROUND
III. STUDY PROCEDURE
A. The Integration Program
B. Data Base
IV. RESULTS OF THE NUMERIC INTEGRATIONS
A. Small Bubbles (f >>f, f2)
B. Medium Size Bubbles (f°>fl, £ f°<fl+f2)
C. Large Bubbles (f<f, f2)
D. Effective Resonance Frequency
M SUMMARY
ACKNOWLEDGMENTS
APPENDIX - MAGNETIC TAPE FORMATS

15
15
14
17
17

37
- f
43
45
w1




LIST OF FIGURES

& Figure Title Page
: 1 Bubble Dynamics Differential Equations 4
i{ 2 Frequencies Used in Study 9
E 3 Radial Motion Spectrum of 20 um Bubble 18
4 Radial Motion Spectrum of 20 um Bubble 20
% 5 Radial Motion Spectrum of 20 um Bubble 22
] 6 Radial Motion Spectrum of 20 um Bubble 23
| 7 Radial Motion Spectrum of 20 um Bubble 24
: 8 Radial Motion Spectrum of 20 um Bubble 26
; 9 Radial Motion Spectrum of 20 um Bubble 27
10 Radial Motion Spectrum of 20 um Bubble 28
11 Radial Motion Spectrum of 20 um Bubble 29
12 Radial Motion Spectrum of 20 um Bubble 30
13 Radial Motion Spectrum of 500 pm Bubble 32
14 Radial Motion Spectrum of 500 um Bubble 33
15 Radial Motion Spectrum of 500 um Bubble 34
} 16 Radial Motion Spectrum of 500 um Bubble 35
17 Radial Motion Spectrum of 500 wum Bubble 38
18 Radial Motion Spectrum of 500 um Bubble 40
1 19 Redial Motion Spectrum of 500 um Bubble b1
| 20 Radial Motion Spectrum of 500 um Bubble L2 3
21 Radial Motion Spectrum of 500 um Bubble 43 }
22 Spectr';.zm of Radial Motions of 20 um Bubble Undergoing 45
M Slide i
23 Expanded View of 20 um Bubble Undergoing FM Slide 46 |
Oscillations




Table

II
ETL

v

LIST OF TABLES

Title
Summary of Data Base

Small Bubble Case - Comparison of Integration
Results and Perturbation Theory

Near-Resonance Case - Comparison of Integration
Results and Perturbation Theory

Large Bubble Case - Comparison of Integration
Results and Perturbation Theory

GASBUBLS Identification Record

vii

Page
16
21
36

39

54




[ S—

I. INTRODUCTION

This is the final report, under Contract NOOO1l4-76-C-1095, of a
study of the response of small air bubbles in water to intense,
multifrequency acoustic waves. The approach was to numerically integrate
the equation of motion of a bubble using a variety of bubble sizes and
acoustic driving pressures. Because the numerical integration required

considerable computer time, only a limited number of cases was studied.

Basically, this is a study in bubble dynamics, similar to studies
conducted by Flynnl and many others.2 The impetus for the study, however,
came from the field of nonlinear acoustics. Westervelt3
Muir and Blueh had confirmed that large amplitude sound waves containing

two frequencies interact in water to produce secondary sound waves at the

had proposed and

sum and difference frequencies. This process is highly inefficient.
However, if microscopic bubbles are introduced into the water, the
nonlinearity of the medium 1ncreases.5-8 The possibility therefore exists
that the efficiency of nonlinear generation of low frequency sound can be
improved without seriously degrading all of the process's favorable
features.) While experimental work®? 10-13 pag verified that this principle
operates, most of this work has focused on acoustic measurements and little
is known about bubble size distributions and/or bubble densities. The
present study was undertaken to partially bridge the gap between theory and
experiment.

The method of this study was to numerically integrate the equation of
motion of a spherical bubble in a high intensity sound field consisting of
two frequencies. Experimental conditions described in Refs. 10 and 12
were modeled. While the motion of a single bubble will not yield numbers
which can be directly compared to the experimental data, examination of the
motions of bubbles of various sizes can show which sizes are important in
the radiation of sound at the difference of the driving frequencies.




This study determines the limits where perturbation theory is valid
and indicates quantitatively how results obtained from an exact
solution differ from those obtained from perturbation theory at high
pressures in complex driving fields.

An outline of the theory of bubble motion, including the perturbation
theory solution with two driving frequencies, is given in section II.
The numerical integration program and the data base it produced are
discussed in section III. The results are presented in section IV,
where three cases are examined in detail; a summary is given in

section V.
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II. THEORETICAL BACKGROUND

The motion of & bubble in an infinitesimal amplitude sound field
is fairly simple: the bubble oscillates at the driving frequency.
However, the case of bubbles moving under a large driving pressure is
much more complex. Above a driving pressure threshold, the bubbles can
go into an almost complete collapse as the momentum of the in-flowing
water overcomes the increasing pressure of the compressed gas within
the bubble. During these collapses the radius reduces to a very small
fraction of its equilibrium value. The precise form this collapse
takes depends on the equation of state of the very hot gas within the
collapsed bubble and is not well understood.

The situation with a single frequency intense sound field has been
studied extensively both a.nalyticallyl’lh and numerically.l5’l6. The
two-frequency case, however, is more difficult to study because of its
complexity. Analytical methods, other than in the small amplitude limit
where perturbation theory can be applied, do not appear very fruitful.
Therefore, "the differential equation"” for the bubble motion has been
studied numerically. There are, in fact, several differential equations
which are used. The four most common onesl are shown in Fig. 1:

(1) Noltingk-Neppiras - assumes an incompressible fluid; (2) acoustic
approximation - based on allowing for a fixed, finite speed of sound;
(3) Herring-Flynn - based on a better accounting of energy storage on
compression; and (h) Kirkwood-Bethe - based on specific enthalpy and
allowing for the speed of sound to vary with position and time. These.
various approaches are alternative approximations to the equation of
state of the fluid. All give essentially the same result except in the
final phase of bubble collapse. To study the broadband high frequency
shock waves generated by bubble collapse, the Kirkwood-Bethe equation is i
required. In addition to an assumption about the equation of state of the
fluid, an equation of state for the gas must be assumed. Most investigators
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L= Pressure in Fluid at Wall

U = wall velocity
p_.= Pressure in Fluid ° p = Fluid Ambient Density c = Small Signal Speed
«© (o] (o]
Far from Wall ; of Sound
u = viscosity
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to date have assumed either isothermal or adiabatic conditions for the
gas with a specified ratio of specific heats. (Epsteinl7 has done
some work with adiabatic cases where the ratio of specific heats, 7,
takes on a second value during the final stages of collapse.) This
study has considered only adiabatic motion.

Whereas this study concentrated on numerical integration of the
acoustic approximation equation and not on analytical methods, a
perturbation solution for the small amplitude case is useful for
comparison purposes. The differential equation considered is

ORIt ! R_ R\. R
RR + 5 R 'p—[PL'Pm+c(l'—)PL'T ’ (1)
(o}

where

R is the bubble radius,

fo is the water density,

P is the pressure at the bubble wall,

P, 1s the ambient pressure,

o is the ambient sound speed,

u is the viscosity of water,
one dot indicates differentiation with respect to time, and two dots
indicate a double differentiation with respect to time. The driving
acoustic field, Py» will be contained in

PL=Pb+Pa ’ (2)
where
P, = P; sinwip + p, singt ’ (3)
3y
R
pb=pR_°> +§9 G (&)
P

s
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In the above equations, Py is the gas pressure in the bubble and
consists of the compression term and a term involving the surface
tension o. The value of the adiabatic exponent, 7, could be set
arbitrarily in the computer program. In this way adiabatic

(7=5/3) or isothermal (y=1) approximations were made. R, is the
equilibrium bubble size in the absence of an acoustic sound field
and the driving acoustic pressures at angular frequencies w, and @y

1
are py and Py respectively.

To obtain the simplest infinitesimal motion approximation, one

can examine

NO\N

RR +

i %o‘\pmll g (1;_0)57] ¥ pal ' (5)

and let
R
-1§=1+x ) (6)

where x is a small number. If only one driving frequency is used, then

the equation in x to first order would be

The natural bubble resonance frequency, s in this approximation is

given by
37p
2 ©
(Do - " 2 ’ (8)
Po"o
and
x = xy; sinot i (9)
6
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For two driving frequencies, the perturbation theory solution to
| first order is

X = X5, sinwlt + Xop sinuif ’ (11)
with X1 and X50 given by Eq. (lO) with appropriate subscripts. This
solution may then be used in an approximation to the equation of

motion which contains terms of second order.

At this point one must decide on the relative size of X01.02 and
3
; Ro/kl’a where xl’e are the wavelengths at wl,2' If the bubble 1s.so
t small that %51 is larger than this ratio, the terms containing Ropa/co
! and :'cRo/co may be ignored; otherwise they must be retained. For
simplicity these terms will be dropped since we are looking only for

an illustrative solution.

Letting

Xp being the first order solution and Xy the second order term, the

4 equation of motion becomes
5 G L 3 2 (3y41) 2
(l+x) + w, X = g ) (pl Sinait + Py sinabt)l o B X = a)o = X . (l})

ol 4 0o

The term in braces on the right-hand side of Eq. (13) is balanced by
from the left-hand side, leaving

Xp

xs i woexs = xglp - % gy + o 2(2%:l) sz ’ (14)

~ =
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or
2 2
X, + cuoaxs = x012 “—é‘— + (ﬂ'ﬁ}-) cnozlll + cos(awlt)l
- 13:0)1 1- cos(zwlt)]l

o :
: x022 Fg— + (%tij-') u)02] [l + cos(awet)]

- 13:“’2 1- cos(&nzt)]l

2 2
w, <+
1 S 57+1) 2
* Xy Xop [ y ( )%, [cos(wl+u>2)t + cos(w,-w, )t
- %wlwz bcos(wl-wz)t - cos (@, +w, )tl .

This expression contains all of the essential features of a more
complete development for infinitesimal waves. A simple harmonic
oscillation is driven by terms at O Hz, 20.)1, 2(02, wl-lwa, and W) =Wy«
This perturbation theory development is incorrectly handling the O Hz
term. The other forcing terms should be meaningful at low driving
pressures when all frequencies are far from resonances. The terms
arising from the R and RR in Eq. (1) are included here but were absent
from the analytical development by Rolleigh and Clynch.’® In that
development the bubbles were assumed very small and consequently w, was
assumed much larger than all other frequencies in the problem. In the
current study these assumptions were not made and therefore these terms
have been kept.

A diagram of the frequencies studied is shown in Fig. 2. In this
diagram, fo is the bubble resonance frequency,

(15)
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w, - O
1 2
£, = = - (16)
and
. + W,
o Wil
£, * S : (17)

Not all combinations of difference frequencies and center frequencies were
processed. The largest downshift ratio (fc/fd) used was 4.5, with a

4.5 kHz center frequency and a 1 kHz difference frequency. From Fig. 2

it is clear that the approximation of large ® is valid only for the

20 ym and 5 um bubbles. The 1000 pm bubble in particular does not

satisfy this criterion since it was actually driven below resonance.

In all cases studied, Wy and wy were only slightly different and the
driving pressures were equal. Therefore, the first order amplitude, Xo1
and Xop? will be approximately equal for the cases studied and will be
much greater than the difference frequency second order amplitude.

Examining each driving frequency in Eq. (15) separately, one finds that

1 p12 woh[(37+l)wb2 + 5wlzl (18)
i e e s mea s TR
[(mo Ty S e, )]
e a ( P192> “’ou[(y‘*l)“’o2 + (@, %h0,%) + 300, | (19)
x (w = — é
so' 1 2 1872 pw2 [(woa_wlZ)(moa_waa)(woz_ (wl+w2)2 )]
1 (P1P2 “’ou[(”ﬂ)“‘oa + (o) %)) - 3“’1“’2]
xso(wl'wQ) i 18,2 \ P I (20)
7 (-]

F woa' 12) (“’02'“’22)(%2‘(“’1"”2 ) 2)1 7,

and.xso(Zwa) can be obtained from Eq. (18) by substituting w, for w,. The
equation for w has been used to put these equations in the form of
dimensionless ratios. While these equations can give qualitative results
away from resonances and low driving pressures, they are really not

applicable at the acoustic pressures usually present in experiments.
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For an ®, that is much larger than any of other frequencies involved,
these equations reduce to the results of Rolleigh and Clynch.lo In that
limit the amplitudes of the bubble radial oscillations at the sum and
difference frequencies are equal and are twice the value at each second
harmonic. Thus, in the large @y limit, the amplitude oscillations at
the secondary frequencies are partitioned into three equal parts: at
the sum frequency, at the difference frequency, and at both the second
harmonics. However, this partition will not apply to the radiated sound
field. The sound radiated will be proportional to the second time
derivative of the volume oscillation, causing each fregquency component

of the sound to be weighted by the frequency squared.

In the general case, the equations are quite complex. Even though
they apply only at small acoustic pressures, they can serve as a guide to
frequency dependencies. In addition to examining absolute levels, the
ratios of xso's to the values computed by numerical integration will be
compared to provide an estimate of when the perturbation theory solution
can be used to predict spectral shape.

e b b e b
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III. STUDY PROCEDURE

The motion of a gas bubble in a two-freguency intense sound field was
investigated through numerical integration of an equation of motion.
The equation integrated by the computer was the acoustic approximation
with viscosity added:

P B N o R ({_R\; _ &R
RR + £ -°o|PL Pm-i-c (1 CO)PL- = i (21)

The output, which was unevenly spaced in time, was first placed on
magnetic tape and then was interpolated to produce an even time grid which
was Fourier transformed. The output of the fast Fourier transforms (FFT's)
was placed on magnetic tapes and plotted. (The capability to plot time
histories of bubbles also exists.)

A. The Integration Program

Equation /21) was integrated by program GASBUBLS on the CDC 3200
computer at Applled Research Laboratories, The University of Texas at
Austin (ARL:UT). This program accepts control cards which define the
characteristics o7 the bubbles, the ambient fluid, the driving sound field,
the initial conditions, and the time interval to integrate. The equation
of motion was the: integrated using a fourth order Runge-Kutta algorithm.
This integration procedure was chosen because it allows the step size to
vary. The outpu. from GASBUBLS5 is a magnetic tape containing the times,
radii, and the first and second time derivatives of R.

The integration time step was varied automatically in the program. An
absolute maximum time step of one hundredth of the smallest period (bubble !
resonance period or driving sound period) was used. A convergence criterion '
on the change in bubble radius was applied after each step. If this test i -

13
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is failed, the program backed up one step and halved the step. If the
convergence criterion is failed twice consecutively, a major restart was
done. In this case the program backed up 20 steps, reduced the time step
by a factor of 10, and continued. A circular buffer of the 100 previous
points was kept to allow for five overlapping major reductions. Only
after a point was 100 calculations old was it moved from the circular
buffer to storage for output to magnetic tape. Major reductions

in step size were also triggered by a negative bubble radius.

A problem was encountered with this algorithm in the case of 5 um
bubbles undergoing collapse. The step size was constantly being reduced
to the point where accumulated round-off error made the calculation
meaningless. Therefore, when the step size became less than lO-90 sec,

0

the step size was reset at 10 7 sec and kept there.

In addition to being reduced automatically, the step size was
automatically doubled if 20 steps of the same size occurred. If the
resulting step size was greater than the absolute maximum, the maximum
was used.

1,15

To validate the program, the curves given by Flynn were

recalculated. This was done for both adiabatic and isothermal conditions.

In both cases the GASBUBLS curves were in excellent agreement with those
of Flynn.

B. Data Base

Center driving frequencies and difference frequencies which matched
experimental data on hand were chosen for study. A wide range of bubble
sizes (5 um to 1000 pm) was used to include cases where the resonance was
above, nearly equal to, and below the same driving frequency. Pressures
of 0.1 bar, where the perturbation theory should hold, to 1.5 bars, where
the perturbation theory certainly will not hold, were used.

1
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Table I is a summary of the cases that were integrated. In each

case marked with an X, the full set of pressures was run. Each integration
with two-frequency data was run out to a time corresponding to 100 difference

frequency periods. All integrations began with the bubble at rest. In
all cases an adiabatic exponent of 5/3 was used.
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IV. RESULTS OF THE NUMERIC INTEGRATIONS

A thorough analysis of all the integration results has not yet been
made. Three illustrative cases will be examined which shed light on the
motion of bubbles in a complex high pressure sound field. In all cases
an adiabatic equation of state (7=5/3) for an ideal gas was used. The
ambient pressure was taken at 1.0 bar, the surface tension was
75 dynes/cm, and the viscosity was 0.0l poise.

All the cases considered had a difference frequency of 400 Hz. Two
bubbles were used. (1) A 20 um bubble with a resonance of 183 kHz is
illustrative of the small bubble, high frequency resonance case. (2) A
500 pm bubble (7.15 kHz resonance) was used with two sets of driving
frequencies: one where the frequencies are on the order of the
resonance frequency (4.3 kHz and 4.7 kHz) and the other where the
frequencies are above the resonance frequency (15.8 kHz and 16.2 kHz).

A.  Small Bubbles (£ >>f, f,)

As an example of a small bubble case, a 20 um bubble driven at
4.3 kHz and 4.7 kHz is considered. In the present context "small" is
taken to mean small enough that the resonance frequency (which is
inversely proportional to the equilibrium radius) is much greater than the
other frequencies. In this case, the fo is 183 kHz and easily satisfies
this criterion. It should be noted, however, that the surface tension
contribution to the internal pressure at equilibrium is only 0.075 bars.
Therefore this is still a very compliant bubble.

The Fourier transform of the normalized bubble radial motion, X,
for a drive pressure of 0.l bar per primary (§i=§2=0.l) is shown in
Fig. 3. Here §,= 1/Pm. The most obvious feature of this figure is
the narrowness of the lines. In fact, the lines are narrower than a
resolution cell and a true estimate of the line level must allow for
the fact that part of the energy shows up in sidebands for any finite FFT

17
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if the line is not exactly in the cell center. A Hanning window has
been applied to these transforms to minimize this effect, but it is
still present.

The two lines of the drive frequencies appear to be at -37 dB
from a measurement of the levels in Fig. 3. A more exact value using
the adjacent cell values gives -34.4 dB, in excellent agreement with
Eq. (10) which predicts -34.0 dB. In addition to the lines at the
driving frequencies, second order lines at the difference frequency of
40O Hz and at frequencies of ef,, 2f,, and f,+f, are shown. As
predicted by Eqs. (18) and (19) and discussed in section II, the energy
in the latter three lines is divided evenly between the two second
harmonics on the one hand and the sum frequency on the other. The
spectrum of x on an expanded frequency scale is shown in Fig. 4. Here
third order mixing effects show up as lines around 5fc and also as
sidebands on the main line at the driving frequencies. The exact
general perturbation solution for these lines has not been presented
here, but in the limit of f5>fi’ f2, the central line should be

60 log(t) - 20 1og|(37)(-5-%ﬂ> <ZL;.2_>l =-8d ,

which appears to be in good agreement with Fig. L.

A list of all first and second order line levels and the perturbation
theory predictions is given in Table II for these driving frequencies
and this bubble. Results for two higher driving pressures are also shown.
The perturbation theory results are remarkably accurate at § of 0.25 but
diverge from the integrated results at 0.5 bar driving pressure.

The spectrum of the 0.25 bar driving pressure is shown in Figs. 5
through 7. The higher order terms are present through many orders as
shown in Fig. 6. It is interesting that the first and second order terms
are predicted so accurately when so many higher orders have a significant
amount of energy. Figure 7 shows this spectrum to a much higher frequency
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including the region of the bubble resonance. In this case a band of
energy about the natural resonance frequency exists, but no narrow line
is present. The first peak in this band is at 106 kHz while the last
peak at the same power level is at 223 kHz. Tﬁis broadband feature is
caused by the slow variation of the driving frequency pressure being
seen as a variation in the ambient pressure by the 20 um bubble whose
resonance frequency is 183 kHz at 1 bar ambient pressure. This effect
will be discussed later in section IV.D.

In Figs. 8 through 10 the spectrum of the 20 um bubble driven at
0.5 bar per primary is shown. The number of lines is considerable, but
all these "low frequency" lines are still sharp in Fig. 8. Figures 9
and 10 show that the lines form "beat groups", separated by 4.5 kHz, which
finally merge into a general background level. This general background
extends to well beyond the natural resonance frequency. Again the
natural resonance has been spread by an effective variation in ambient

pressure.

At even higher driving pressures the broadband energy from bubble
collapses overwhelms all other effects and even the driving frequencies
are masked. This is evident in Figs. 11 and 12, which show spectra of
this bubble driven with 1.0 bar per primary signals. In Table II, the lines
at f) and f, were at -16.7 dB at the 0.5 bar driving level. If
increased by only 6 dB in going to 1.0 bar (as predicted by perturbation
theory), they would be at -10 dB, which is 15 dB below the noise level
in the vicinity of fl and f.. The origin of the broad low frequency

2
peeks around 550 Hz, 1100 Hz, 1200 Hz, etc., is unknown.

B. Medium Size Bubbles (£ >fy,f,; f°<zl+f2)

To illustrate the intermediate case a 500 um bubble driven with
the seme 4.3 kHz and 4.7 kHz driving frequencies was chosen. The natural
resonance frequency of the 500 um bubble is T7.13 kHz.
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The spectrum of the bubble radial motion when the driving pressure is

0.1 bar per primary is shown in Fig. 13. In this case all lines are narrow,

including the resonance line at 7.13 kHz. The third and higher order
lines are also quite prominent even at this low driving pressure. Many
of the frequency components on Fig. 13 have been labeled. The order
of the term giving rise to the line is given in parentheses. Some
fourth order lines show up on this graph.

Spectra for this case at driving pressures per primary of 0.25 bar,
0.50 bar, and 1.0 bar are shown in Figs. 1k through 16, respectively. At
0.25 bar, the general noise level is increasing, but many lines can still
be distinguished. At 0.5 bar and 1.0 bar, all lines are masked by the
general broadband noise. The dip formed by the noise decreasing from
0 Hz and the increased noise from the broadband (at 1.2 kHz on Fig. 1k4)
was seen in many cases at high driving levels. An interesting feature of
Fig. 16 is its similarity to Fig. 11. The absolute scales are also
approximately the same when the normalization by Ro is removed. This
implies that, at high driving pressures in the two-frequency case, the
bubble spectrum becomes approximately independent of the original bubble
size. The period between successive pressure absolute minimum, which is
equal to the difference frequency period, apparently determines the
maximum size to which the bubble can grow. If this explanation is correct,
the spectra would not follow this pattern when f2~f approached the

1
resonance frequency.

A summary of the line levels measurable in the 0.1l bar and 0.25 bar
cases is shown in Table III. As with the small bubble case, perturbation
theory predicted the 0.1 bar values quite well. The predictions for the
first order terms also held true at 0.25 bar but the second order terms
are in error by up to 5.7 dB.
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PERSE G ST

C. Large Bubbles (fo<fl,f2)

The large bubble regime was investigated using the same 500 um
bubble described in section IV.B. with driving frequencies of 15.8 kHz
and 16.2 kHz. The difference frequency is therefore the same as in
the two previous sections.

Figure 17 shows the radial motion spectrum of the 500 um bubble.
The same features shown for the medium bubble size in Fig. 13 are apparent
in Fig. 17. The first and second order lines are narrow at the levels
predicted by perturbation theory, as shown in Teble IV.

The spectra of the same bubble driven with frequencies of 15.8 kHz
and 16.2 kHz at pressures of 0.25 bar, 0.50 bar, 1.0 bar, and 1.5 bar
are shown in Figs. 18 through 21, respectively. The leveis of the lines
can be followed to the 1.0 bar driving pressure level and are given in
Table IV. Only at the 1.5 bar level does the broadband spectrum emerge,
and even then, the driving frequencies and resonance frequency lines are
evident.

The perturbation theory values are in good agreement through
driving pressures of 0.5 bar/primary'with the exception of the fl+f2 line,
which is 1.5 dB high even at 0.1 bar, and the difference frequency line,
which is beginning to grow rapidly at this level. One very positive
result is that the difference frequency line is much larger than
perturbation theory predicts. At 1.0 bar it is about 20 dB higher than
expected. Although its precise value was not computed by the program, the
400 Hz line is still evident above the noise in Fig. 21 and probably has

a value around -23 dB.

D. Effective Resonance Frequency

In several of the previous figures (Fig. 7 for example) the resonance
was spread out. This occurred when the resonance frequency was higher

37
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than the driving frequency and the total driving pressure approached or
exceeded the ambient pressure. An example of this type of spectrum is
shown in Fig. 22. 1In this case the 20 um bubble had been driven with

only one frequency to make the interpretation clearer.

The natural resonance frequency of the bubble is 183 kHz at a
static pressure of 1 bar. The driving pressure was 1 bar at 2 kHz.
During the maximum pressure the resonance would therefore be\/E-x 183 kHz
or 259 kHz. During the negative part of the acoustic pressure the total
pressure will be zero and the resonance frequency will be zero. In
Fig. 22 one sees that the spectrum starts at O Hz but extends to about
290 kHz or 1.6 times the ambient pressure value.

The time waveform of the bubble motion is shown in Fig. 23 along
with the acoustic driving pressure. One sees that the bubble expands
to many times its equilibrium radius during the negative pressure phase,
acquiring energy which will show up at the bubble resonance frequency
once the bubble begins to oscillate. Because the bubble frequency, even
on the first few cycles, is much higher than 2 kHz, the bubble experiences
a constantly increasing ambient pressure as it goes through each
oscillation and increases its frequency until the pressure begins to
decrease. At that time the oscillations are subsumed in the general bubble
oscillation expansion and the cycle repeats. The bubble is, in effect,
executing an FM slide.

It should be noted that the motion is cyclic even though there is
no rational fraction relating the "natural" resonance at 183.2 kHz
and the driving frequency (2 kHz).
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V. SUMMARY

The equation of motion of a gas bubble in water has been
numerically integrated for the case of being driven by two intense
acoustic waves at frequencies fl and f2. Emphasis has been on the
secondary frequency components generated by the nonlinear motion of
the bubble, particularly the difference frequency fe-fl. Three cases
have been examined in detail: driving frequencies far below resonance
(small bubble), driving frequencies near resonance, and driving

frequencies above resonance (large bubble).

The numerical results were compared to results obtained by
perturbation theory. Agreement was excellent at driving pressures up
to one quarter of the ambient pressure in the small bubble case, while
the near-resonance results had already begun to diverge at this level.
The large bubble results were in good agreement with perturbation theory
at half-ambient driving pressures except for the difference frequency
component, which was 3.5 dB larger than predicted.

In all cases, at medium pressures a myriad of sharp lines were
present, sometimes resulting from fourth order interactions. At high
driving pressures (equal to or greater than ambient) sharp bubble collapses
created broadband noise which obliterated the sharp lines. This indicates
that driving pressures below the cavitation level may be more useful in

generating difference frequency sound.

The rather large enhancement of difference frequency level over the
perturbation theory solution in the large bubble case indicates that
large bubbles are probably more useful than small ones. In addition the
lines are present to much higher driving pressure levels. In designing
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experiments and equipment the problem of scattering, which increases
as the fourth power of the radius, must be considered and a detailed
trade-off study would be required.
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A. GASBUBLS Output

GASBUBLS outputs four multiplexed channels of data to magnetic tape
in SPIO format. These channels are time (T), bubble radius (R), bubble
wall velocity (R), and bubble wall acceleration (ﬁ) in that order. The
data are grouped in units of 2048 points per array. Each of these units
is called a "sequence" and consists of two physical records: an identi-
fication record (IDR) and a data record (DR). The IDR's are 121 CDC 3200
integer words long and the DR's are 8096 (L4*2048) CDC 3200 integer words
long. The records were written with BUFFER OUT in odd parity at 800 bpi.
Each sequence takes 3.6 ft of tape allowing about 640 sequences to be
placed on a 2400 ft tape.

Each IDR contains coded information to allow easy I/0 using routines
available at ARL:UT and information about the parameters used in the
integration. Each IDR is equivalenced in GASBUBL5 to an integer (ID)
and a floating point (XD) array. Because it requires two 24-bit CDC 3200
words to store one 48-bit floating point word, XD is only 60 elements
long. The storage format of the IDR is given in Table AI.

The four multiplexed data channels have been scaled and stored as
24-bit integers prior to being placed on magnetic tape. The scale
factors and other quantities necessary to retrieve the true values
of the data are stored in the IDR, Because of automatic scaling within
GASBUBLS5, these scale factors may not be the same from sequence to sequence.
To recover the data on a CDC 3200 computer, one must input the IDR and set
RZERO = XD(52):
SCLT = XD(42),

SICR = XD(43),
SCLRD = XD(44), and
SCLRDD = XD(45).

¥A detailed explanation of this format is given in Ref. 18. However, the
information in this appendix should be sufficient for a programmer to be
able to read the tapes.




TABLE AI
GASBUBLS IDENTIFICATION RECORD
3 Integer Array

P ID Index Storage Usage
1 Number of elements in each array in following DR (2048).*
2 Sequence number, a sequential record index.
| 11 Initial suggested sample frequency (kHz)
19,21  Used by I/O routines.
o1 Number of steps to back up in major restart (20).
93 Number of this sequence within current integration. If negative,
indicates last sequence in integration.
oL Maximum number of consecutive step size reductions before doing
a major restart (1).
100 Number of arrays multiplexed in DR (4).
121 Characters "SPIT", used to locate ID records.

Floating Point Array

XD Index Storage Usage
22 Y Adiabatic exponent
23 o Surface tension (dynes/cm)
2k E. Ambient pressure (bars)
25 " Viscosity (poise)
26 Po Fluid density (g/bmj)
27 £, First driving frequency (kHz)
28 P,  Amplitude of pressure at frequency f; (bars)
29 £, Second driving frequency (kHz)
! 30 P,  Amplitude of pressure at frequency f, (bars)
31 0] Beginning phase difference in driving amplitudes (radians)
32 R,  Equilibrium radius (m)
' 33 P, Vapor pressure inside bubble (bars)
3 t Initial time for this integration (usec)
X : 35 R Initial bubble radius for this integration (um)
(= 36 R Initial bubble wall velocity for this integration !

(um/usec=m/sec)

*Numbers in parentheses are default values.
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TABLE AI (Cont'd)

b XD Index Storage Usage
37 Fractional part of period which step size will not exceed (0.0l)
38 Factor by which time step increased and reduced in minor
ad justments (2)
39 S, Test factor on Runge-Kutta k's (0.03)
Lo f, Bubble resonance frequency (kHz)
41 C Sound speed, if zero, acoustic terms omitted from
e integration
42 SCT Scale factor for time array
43 SCR Scale factor for R array (this DR)
L SCR Scale factor for R array (this DR)
45 SCR Scale factor for R array (this DR)
) 51 T(1) Beginning time in this DR (psec)
52 R(1) Beginning radius in this DR (um)
3 . 53 R(l) Beginning bubble wall velocity in this DR (um/usec)
‘ 54 T(Last) Last time in this DR (usec)
55 R(Last) Last radius in this DR (um)
56 R(Last) Last bubble wall velocity in this DR (um/usec)
57 Aty Meximum allowed At (usec)
58 At Minimm At, this DR (usec)
59 At . Meximum At, this DR (usec)
60 Program name (Characters "GASBUBL5")
-
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The DR can then be read into an integer array (IA) dimensioned (4,2048).
The time in microseconds is given by

7(I) = IA(1,I) * scLT
the radius in micrometers by
R(I) = IA(2,I) * SCLR * RZERO -

R in micrometers per microseconds by,

RD(I) = IA(3,I) * SCLRD * RZERO .
and ﬁ by

RDU(I) = IA(4,I) * SCLRDD * RZERO

B Resampled Output

The program GASRSMPL accepts the output of GASBUBL5 and produces
an output tape of R, ﬁ, and R array multiplexed as in GASBUBL5. The
data are equally spaced in time as directed by control cards. The
storage format is the same as that used by GASBUBLS except that

(1) only three arrays are multiplexed (time is absent),

(2) 1p(100) is 3,

(3) xD(60) is "GASRSMPL," and

(4) xp(42) to XD(59) have been changed to reflect the nature of

the data stored on the following DR (e.g., XD(57), XD(58),
and XD(59) are all set to the time step).
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