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INTRODUCTION

Many attempts have been made to explain acoustic cavitation

inception thresholds but have achieved little success. The work of

Harvey,’ Barger ,2 Strasberg ,3 and Apfel~ is well known , and Holl ,5

in a recent review, lists 51 papers concerning the inception problem.

A historical survey of the problem will not be given here; recent

reviews 5’6 are quite complete. The crux of the problem in explaining

cavitation thresholds is the proper treatment of the nuclei that induce

cavitation. Holl,5 for example, concludes his review with the comment

“It is very apparent that the understanding of the onset of cavitation

is greatly dependent upon knowing the form, size distribution and source

of cavitation nuclei.” A renewed interest in the onset of cavitation in

liquids has been generated by the discovery that polymer additives that

reduce drag also reduce cavitation.7’8 This point is now well established

and is of considerable interest because of its double positive effect.

An adequate explanation of the cavitation reduction problem has not been

given but attention is being given to fluid dynamics rather than effects

of physical parameters. In particular , Ellis9 has commented that

“an explanation of the reduced cavitation in polymer solutions must lie

in changed flow dynamics rather than fluid physical properties”.

This report will present evidence that the cavitation inception

threshold can be explained in terms of nucleation from gas—filled

cavities in motes, that is, microscopic particles of nonpolar solids

that are suspended in the cavitating liquid. A theoretical expression

4
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for the cavitation threshold will be given that is independent of the

geometrical properties of the suspended particle and that correctly

predicts the behavior of the cavitation threshold r~ temperature,

frequency , liquid surface tension and dissolved gas content.

RESULTS

A. Theoretical model

The model that will be used is one originally due to Harvey’ that

has been modified by Strasberg’ and more recently by Apfel.” The general

approach of Apfel will be followed; however, details of the calculations

will be given here for completeness.

It is assumed that there exist in the body of the fluid

numerous particles of nonpolar solids that contain gas that is trapped

in irregularities in the particle’s surface. For simplicity it is assumed

that the irregularities containing the entrained gas are cones, but the

approach is easily generalized to wedge—shaped cracks. A model mote

is drawn in the Fig. 1 below.

Liquid

~~~~~~~~ ~~

~v~~ g

Figure 1. Mathematical model of a mote.

5
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In order for this mote to be an effective cavitation nucleus, It

must be capable of stabilization, i.e., It must not allow the gas to

dissolve in the normal experimental condition of a partially degassed

liquid. This will occur when the interface is concave outwards to such

an extent that forces on the interface are in equilibrium, viz.,

PH m P v +P g +~~~~ 
(1)

where P11 is the hydrostatic pressure, P~ is the vapor pressure of the

liquid , Pg is the equilibrium gas content of the liquid , a is the surface

tension and R is the radius of curvature of the interface. In addition

there exist requirements on the advancing contact angle 
~A 

and crevice

angle 28;

1 1 <

It is appropriate now also to make the assumption that for crevices to

be effective they must have small angles, that is, cos 8 1. It is

• known’0 that nonpolar solids that are good candidates for mote material,

e.g., paraf in, beeswax, cellulose acetate have advancing contact angles

on the order of 1000. Thus, for Eq. 2 to hold , 8 100. If motes

similar to these exist in a degassed liquid , the air—liquid interf ace

will advance until the above equations are obeyed, and will then stop.

6 
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At this stabilization position ,

a = R c o s (aA — 8 ) . (3)

If Eq. 1 is solved for R, the half—width of the crevice can be expressed

as

2cy
a = 

P P P cos (aA — 8) . (4)
H v

If we assume that the motes are all nonpolar solids such as paraf in,

and the crevices all have small angles, then it is convenient to set the

contact angle relationship equal to a constant 6. Consider next a typical

experimental situation in which the liquid is subjected to a negative

pressure 
~L• 

The interface will now bow out and take the shape shown

in Fig. 2. tPL

~~~~~~~

R ’

Figure 2. Nucleation from a mote.
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The force balance now requires

PV + ~‘Pg - . (5)

The factor y has been added to account for the fact that in the dynamic

situation the diffusion of gas across the interface may not be rapid

enough to maintain equilibrium. Again, R’ can be expressed in terms of

the liquid—solid contact angle, 
~R 

as

R’ = a/cos (ap, — 8) . (6)

a has already been set by the initial conditions as given in Eq. 4.

The radius of curvature of the interface is then

R
I 

= 
2a 6 

(7)— 

~~ 
— Pg COS 

~“R 
— 8)

and the pressure balance on the interface can be expressed as

= ~ + ~ — 
(~ H — ~

‘v — 
Pg) cos (“R — 

8)
i. V T g 6

If the negative pressure imposed on the liquid is sufficient to cause the

interface to become hemispherical or to reach the reced ing contact angle,

then the interface will advance along the crevice and is said to have

nucleated . Since we have assumed 8 to be quite small , and since it is

known that aR ~ 4Q0 for nonpolar solids,10 the requirement for nucleation

8



will be taken as the condition that the interface achieve the receding

contact angle. The pressure in the liquid is related to the acoustic

pressure by the relation 
~A 

= 

~L — , so that the acoustic pressure

amplitude required for cavitation inception is

~A 
= (P11 — 

~v 
— YPg) — 

(P11 — Pv P ci (c~R 
- 

(9)

This is essentially equal to Eq. 3—l3a of Ref. 4.

In order to apply this theory to an experimental situation, it is

necessary to specify the contact angle relationships. The actual procedure

of the experimental measurements is also very important. To test the

theory, Eq. 9 will be applied to measurements of the variation of the

cavitation threshold with gas concentration, temperature)and surface

tension. The variation with surface tension is particularly important for

it requires that the contact angles also be expressed as a function of

surface tension. In the experimental procedure , the liquid is first

degassed to a particular value, varying amounts of surfactant are added ,

and then the cavitation threshold is determined . The initial position

of the interface in the crevice is set when the surface tension is at its

initial value, and when surfactant is added , does not change; thus, 6 is

not a function of a. As the surfactant is added , the surface tension

is reduced , but Eq. 1, which specifies the conditions for the equilibium

of the interface, shows that the radius of curvature will then reduce to

compensate for the change in surface tension. The receding contact angle

relationship will be a function of surface tension, however. For nonpolar

9
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solids such as parafin there is a significant hysteresis between the

equilibium contact angle and the receding contact angle.’’ Hysteresis

is necessary for this stabilization mechanism to work, of course, and

must be accounted for. It is possible to write

cos (aR — 8) = COS (ae — — 8) = COB [ae — ( c4j + 8)] , (10)

which can be expanded to give

cos (aR — 8) ~~~~~ C
~e 

cos (~ ) + sin ae S~.fl (4~) , (II)

where c
~e 

is the equilibium contact angle, a11 is the amount of hysteresis

and ~ = + 8. Bargeman and Van Voorst Vader 12 have determined that the

effect of surfactants on the equilibium contact angle can be expressed by

cos = — l + C/a , (12)

where C is a constant that depends on the surface properties of the solid.

For paraf in, C = 49, for beeswax, C = 48; we have chosen C = 48.5. The

acoustic cavitation threshold can then be expressed in terms of measureable

parameters as

(~R v )~~~~~= (P11 — 1’V — YPg) — 
g 

[cos (
~
p) (C/a — 1) +

sin 4’ [1 — (~ — l) 2]½] (13).

10
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B. Application of theory to experimental results

The incipient threshold was measured for acoustic cavitation in

distilled water. Various hollow piezoelectric cylindrical transducers

vera used that were open at one end and closed at the other with a

tightly stretched stainless steel foil. A typical one would have an

inside diameter of 6.2 cm , a height of 7.5 cm and would be driven in

(r,O ,z) = (3,0,3) normal mode. Higher modes restricted the cavitation

to a localized area in the interior of the cylinder of liquid , away from

walls and boundari.es. Most measurements were made at a frequency of

36 kHz. The threshold was determined by increasing the acoustic pressure

amplitude a small amount, waiting for a fixed time (normally one minute),

increasing the amplitude and so forth until an audible snap was heard .

The pressure amplitude was then decreased to zero for a few minutes, and

the measurement repeated several times. Fresh samples were allowed to

“age” before measurement and data that had a time dependence were

discarded. Measurements of the physical parameters such as surface tension,

gas content and temperature were measured in situ by a du Nuoy ring

tensiometer, an oxygen electrode and a bead thermister, respectively.

The acoustic pressure amplitude was measured at the center of the

cavitation zone by a calibrated hydrophone as a function of input current

to the transducer and the cavitation chamber calibrated in terms of this

input current.

In order to test the theory, measurements were made of the variation

of the incipient cavitation threshold as a function of dissolved gas

content, temperature , and surface tension. These data are shown in

11
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Figs . 3, 4 and 5 , respectively. Equation 13 contains three constants

that can not be specified initially . These constants are: a constant

that measures the ability or inability of diffusion to keep pace with the

rapidly expanding cavity ; 6, a measure of the advancing contact angle;

and q, a measure of the hysteresis between the advancing and receding

contact angles. Equation 13 was then applied to the data in Figs. 3, 4

and 5 and a best fit obtained . The values of the Constants obtained were

y = 1.0 , 6 = 0.038 and 4 = 350 • The implications of these constants will

be discussed later.

As a further result, ordinary tap water was filtered with a

Millipore filter with a pore size of O.45ii and the particulate matter

examined with a scanning electron microscope. Figures 6 and 7 show

photomicrographs of the particulate matter examined . Note the tremendous

number of sites that are available for gas entrainment——one particle

such as this could provide nuclei for thousands of cavitation events.

It is also to be noted that the crevices are small angled, in support

of our initial hypothesis of cos 8 ~ 1.

DISCUSSION

We have produced a theoretical prediction of the incipient

threshold for acoustic cavitation inception and have compared our

predictions with experimental measurements. In Fig. 3 it is seen that

good agreement is obtained between theory and experiment for the variation

of the cavitation threshold with dissolved gas content. We have found

12
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that  a best f i t  required y — 1.0; an interest ing resul t in tha t th is

indicates that di f fusion of gas into the expanding nucleus is rapid

enough to keep pace with the expansion. Perhaps it should be said that

the expansion is slow enough for diffusion to keep pace. This agreement

is a welcome result for  several observers have noted the dependence of

the cavitation threshold on the gas content but a correct theoretical

prediction of both the magnitude and the dependence of the e f fec t  has not

been previously demonstrated .

Figure 4 shows the dependence of the cavitation threshold on the

surface tension of the liquid. Most cavitation researchers 13 would

expect a direct dependence of the threshold on the surface tension due

to the oft—used term 2a/R to measure the pressure in the interior of a

cavity of radius R due to a surface tension o. Hoyt8 has even suggested

that one would expect the analysis of Apfel4 to predict such a direct

dependence. The experimental result is promising for it suggests that

cavitation reduction may result from addition of surfactants to the

liquid to be cavitated . It is seen that an increase in the threshold by

a factor of nearly four is experimentally realizable. The author plans

to sugges t this ef fec t  as an explanation for the reduction in the

cavitation index observed by Hoyt,8 and others , in liquids containing

drag—reduction agents, which reduce the surface tension considerably.

It is seen in Fig. 4 that the inverse dependence is predicted by the theory

as well as the correct magnitude of the threshold for two values of the

equilibrium gas pressure.

14
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A further test of the applicability of the theory is its ability

to describe the variation with temperature. Figure 5 shows the variation

with temperature obtained for a frequency of 22 kilz and an equilibrium

gas concentration of 0.35 bar. Also shown are the normalized results of

Galloway l L who had calibration problems and lists values of the threshold

at least an order of magnitude higher than others. His measured

dependence of the threshold with temperature is seen to be confirmed

by the theory as well as our own measured variation. It is important

to note that in order to obtain the correct theoretical dependence , both

the vapor pressure and the equilibrium gas pressure must be expressed as

a function of temperature. We have used the following variations with

temperature

P~ =(l.61 —(1.03 x l0~~)T + (6.25 x 1o
3)T2)xlo4 dyn/cm2

and

Pg = P~ (0.50 + 0.02T),

where P~ is the equilibrium gas concentration at 25°C and T is in °C.

It should be noted that the major effect of temperature is through

P8 rather than P~
.

It is noted in Eq. 13 that the threshold is independent of the

frequency . For the kilohertz range of frequencies, there seems to be

little dependence on the frequency2 and thus our result predicts the

correct frequency dependence.

16
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In order to obtain the correct magnitudes of the theory to agree with

the results of Figs. 3, 4 and 5 it was noted that the value of the constants

required were y = 1.0, 6 0.038 and ~
p = 35°. It was noted earlier that

y = 1.0 indicated that no diffusion correction was required. 6 = 0.038

implies that cos (ctA — 8)  = 0.038. Thus aA = 8 + 88° , and if we assume

that 8 15° , thea aA 103°. Bargeman and Van Voorst Vader 12 have

obtained a value of 106.5° for the advancing contact angle of distilled

water on parafin, in excellent agreement with our prediction . The other

constant used in the analysis is ~ which is given by 4 = + 8 where

a11 is the degree of hysteresis between the advancing and receding

contact angle. Again , if we allow 8 ~ 15°, then a11 20 0 . Furmidge’’
has measured the angle of hysteresis for surfactant plus water on paraf in,

beeswax and cellulose acetate. His measurements give a mean hysteresis

angle of 26.7°, which agrees with our required angle of 20°.

We can use these constants also to obtain an estimate of the size of

nuclei. Equation 4 gives the half—width of the crevice mouth. Using the

values a — 70 dyn/cm, P11 — P~ — Pg 1 x 106 dyn/cm2 and cos (c&A — 8)  =

0.038 we find that the full width of a nucleation site in a crevice would

be approximately 0.05~m. The scanning electron micrograph in Fig. 7 shows

that the tops of the crevices and cracks on a mote are on the order of

0.5km. Thus, nucleation sites would arise from air trapped in the bottoms

of some of these crevices.

In summary , we have measured the variation of the incipient cavitation

threshold in water with such variables as dissolved gas content,

18 
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Figure 6, Scanning electron photomicrograph of a mote. The particle was removed

by filtration of distilled water with a 0.45 ~jm pore size filter , shown as

the mottled area in the background. The solid horizontal bar in the fore-

ground is a 10 iun marker. Note the ragged appearance of the surface showing

the numerous possible nucleation sites.
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Figure 7. Scanning electron photomicrograph of a mote. Enlarged view of the

mote shown in Figure 6. The horizontal bar in the foreground is 4 tim.
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surface tension and temperature. We have modified the analysis of Ap fe1~

to obtain an expression that correctly predicts the experimental dependen—

cies. Finally, our model of nucleation from small—angled crevices and

cracks in solid particulate matter is substantiated by scanning electron

micrographs of filtered particulate matter.
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PART II

AIR BUBBLE GROWTH IN INSONATED ROOT TIPS OF

VICIA FABA
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INTRODUCTION

The exposure of the tips of root tips to sound irradiation in the

megahertz frequency range can lead to growth retardation or death of the

tip, depression of the mitotic index and induction of chromosomal

anomalies. 15 The threshold for damage at 1.0 MHz is a function of the

ultrasonic intensity and irradiation time’6 and is in the range 0.4 —

0.7 W/cm2 for irradiation times as long as 2 — 3 hours. If the acoustic

intensity is increased to levels on the order of 10 W/cm2, the root tips

often are killed.’7 It is believed that the damage induced by the ultra-

sonic irradiation is the result of the activation of gas bubbles that are

present in the root tip.’8 Large amounts of intercellular gas exist in

a growing root system; Gershoy ’8 et al., have examined the effects of

sound irradiation on the activation of this gas. They have observed that

the intercellular gas has caused significant acoustic streaming at

intensities on the order of 0.35 W/m 2, with gradual increase until at

intensities of 35 W/m2, free mixing of cytoplasm and vacuolar contents

occurred with rapid streaming involving the entire cell.

Since gas bubbles that are activated by sound fields emit white

noise, subharmonics and harmonics of the driving frequency , Coakley ’9

has examined acoustic emissions from irisonated root tips to investigate

the role of activated gas bubbles in root—tip damage. His system was

very sensitive to acoustic emissions from the root tip during irr~~iation

in that the root tip was placed near the center of a ring transducer.
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He found that subharmonic and white noise emissions occurred at

approximately the same intensity and had an intriguing history. Figure 8

below is a sketch of a typical subharmonic emission from a root tip at

50 W/cm 2.

Delay

~~~~~~~~~~~~~~~~~~~~~~~~~ 

- I - . I -
~~~~~~~~~~~~

- - I - Time (see)0 10 20 30 140

Figure 8. Typical subharmonjc envelope. a-sound on,b-onset of subharmonic, c-sound off.

It is noted that there was a significant delay time before the onset of

the subharmonic signal. The subharmonic then increased in intensity quiter rapidly and grew to a maximum intensity. There was a gradual reduction in

intensity until after a few minutes only sporadic activity was observed.
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The relatively long delay time between the initial irradiation and the

onset of the subharmonic looked very much as if this could be the result

of the growth of bubbles by rectified diffusion to near resonance size,

where they would pulsate nonlinearly and emit a significant amount of

radiation. The variation of the delay time with intensity seemed to

confirm this speculation as there was a significant dependence of the

delay time on irradiation intensity, as shown in Fig. 9. An attempt was

made to explain this delay time in terms of the growth of small nuclei

by rectified diffusion .

RESULTS

A. Applicable equations

The equation governing the rate of change of the radius of an air

bubble with time is given by Eller’0 to be

dR Dcl ~2(l — 8
2
/8) (

P
A~~

2 2c~~ (14)
dt R ~3(l — 82)~~ ~P 0~ P Q R~~

’

where D is the diffusion constant, d is the ratio of the concentration,

in mass per unit volume, of dissolved gas to the density of the gas in

equilibrium with the solution, 
~A 

the acoustic pressure amplitude, P0

the ambient pressure, and a the surface tension. The resonance factor

8
2 is given by

25

.

~

. .- - .- _

~

--_ .-

~

--

~ 

..±
__

~~~~~~ ____ _
_,._ 



-
_ _ - .

~~~~~~~~~

-_. --

~~~~

--_

~~~~~~~~~~~

-- —-.-._- -

~~~~~~

-- - 
.

~~~~~~~~~~~

- -

C)
H
4-)

CO

0
C-,

!li

•

C,, C S .!
o ~ / ‘- i t o
z E  I ~~~0 E

I.. I ~~
- C.) 4-i s-i

0 / ...-‘• C

0 rn94’o oo  0
D O — 0 ) 0

Cl) ‘o~~~a Z
- 0 Li.I .0a’

- 
- c.z

Z ~~~~~
9 —

O- -4--)
—

H O
cci

I

2

(SGNOO3S) A~ 13G .~~~

_--

~

----.- -_— - - ,- - ---
~~—-— --——--_---- ~~~~~- --—---- -_-- - - - - —--~~-- -- - -__- -_- .- --~ --— - -



_____ _____________ - —~~~~~~_- -- - 
— 

-.--_ ~~

8
2 

— p~
2R2/[3~ (P 0 — 

~~ 
+ (3n — l)2a/R} , (15)

where w is the angular frequency and r~ is a constant that measures the

thermal behavior of the gas in the interior of the bubble. For isothermal

behavior , r~ = 1.0; for adiabatic cases, r~ = 1.4. It was discovered that

for air bubbles driven near or below the resonance size at 1 MHz, r~ is

within 2% of being 1.0. Since it was desired to integrate this equation

from nuclei—type sizes to the resonance size, it was necessary to account

for behavior near resonance. Equation 14 is undefined when 82 = 1, the

resonance condition. This equation was modified by adding a damping term

that prevents the equation from becoming undefined at resonance.18

Thus, the equation that was used to calculate growth times was

dR Dd ~2(l — 8
2
/8) 

2 20) 6a ~3[(l — 8z )2 + ~~ ~
- - ) —

~-;i 
‘ (1 ~

where ~~2 is a complicated function of thermodynamic constants and is

discussed in more detail elsewhere.2’

B. Theoretical results

It  was discovered that for these large acoustic intensities,

bubbles would grow from very small sizes to resonance size within

relatively short times. By computer integration of Eq. 16 it was found

that the time required to grow from an initial radius of 5 x l0 6 cm to

resonance size, which is about 3.2 x lO~~ cm , was on the order of 1 ma
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for the lowest intensity found to cause subharmonic emission

(approximately 20 W/cm 2) Conditions within the root tip are obviously

different from the ideal conditions specified for growth by rectified

diffusion but four orders of magnitude seem too much to make up. It was

concluded that the delay time observed between the commencement of the

irradiation and the onset of the subharmonic was very likely not growth

by rectified diffusion.

It was discovered, however , that rectified diffusion effects appeared

to be present. Figure l0a shows a fast trace scan of the subharmonic

emission output. There appeared in each trace several growth sequences

that had relatively consistent growth times. In this particular scan,

10 growth sequences can be observed with an average growth time of 0.3 ma.

These times are on the right order of magnitude for rectified diffusion

growth rates so a closer examination of the problem was made.

Figure 11 shows computer integration curves of the time required

to grow from a range of initial sizes to resonance size for various

values of the acoustic intensity. An interesting aspect of the curves is

a leveling of f of the times to a maximum value for initial radii less than

about 0.5pm. This asymptotic behavior is of general interest, and can

be demonstrated by studying the differential equation directly.

Equation 16 is a complicated equation near resonance but if it is examined

f ar enough away from resonance, it can be integrated directly. If it is

assumed that 82 << 1, then Eq. 16 can be written as

28
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Figure lOa. Oscilloscope trace of subharmonic emissions from an insonated root tip .

The sweep rate was 0.5 ms/cm and the acoustic intensity was about 30 W/cm2.
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Figures lOb & lOc. Oscilloscope trace of sobbarmonic emissions from an insonated

root tip . The sweep rate was 0.5 ms/cm and the acoustic intensity was about

30 W/cin2. Figure b was taken immediately after the onset of subharmonic

emission; Figure c was taken approximately 100 seconds later.
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dR Dd (2 ~A 2\ 2oDd -— — 
P0R2 

(17) -

If the substitutions A — A (~~~) 2  ~~~ , and ~ 2aDd are made, then this

equation can be written as

T
f d t = 

j  
&~R (18)

T0 R
0

which can be integrated by parts to give an estimate of the time ~t

required to grow from an initial radius R0 to a final radius R

(that is significantly less than Rres) to be

= 
~~2[~~j 

(R—R0)
2 + (R— R0) + 

~~~ 
zn(

~~~:~~~~~~
°)j  • (19)

This equation shows two interesting aspects. First, for certain values

of the initial radius, viz., Rt .
~~ B/A , an infinite time is required for

P 2
growth. But Rt = B/A implies that -

~
-(.

~~
-) = ~~~ and this is essentially

S O t

the threshold for rectified diffusion. For intensities lower than the

threshold value, the bubble will dissolve. For our lowest intensity of

interest, I = 20 W/cm2, Rt = 3.5 x 10 6cm. Note that slightly above this

value the second and third terms in the equation are relatively unimportant

due to the small value of B/A (‘ 10_6) and the time is essentially

governed by the simple relationship

— 
(R—R 5)2 

— ~k
2
(!L)

2 
(1 — R/R0)2 (20)
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Thus, the asymptotic approach of ~ t to a constant value for Low R is

easily shown and is given by

2
3R0 ~P 0-~~2 214Dd 

~~~~~

with the caveat that R > 30P0 /PA2. This result asserts that a relatively

large range of bubble sizes will grow to resonance size in the same time

interval, an interesting and important deduction.

It is also of interest to examine the behavior of air bubbles that

may be larger than resonance size. Consequently, Eq. 16 was numerically

integrated to show the time required for a bubble to grow from an initial

radius to its maximum size. Figure 12 shows the growth of a bubble with

initial size R — 5.0 x lO_6. Note that the bubble grows progressively

more rapidly as it approaches resonance but then grows steadily until

it approaches asymptotically a maximum size. If Eq. 16 is examined

directly , it is seen that if the surface tension term is neglected , then

the growth rate becomes zero for 82 = 8, and negative for larger values

of 82. Since 82 = 1 is the resonance condition, it is seen that air

bubbles with radii larger than /~ times their resonance size will

actually be forced to smaller sizes by rectified diffusion.

In Fig. lOb and c are two oscilloscope traces of the emitted

subharmonic output from an insonated root tip. The first trace was taken

immediately after the acoustic emission commenced ; the second was taken

nearly 100 seconds later. The first trace shows a few relatively long

and relatively consistent growth times; the second shows several relatively 
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short and relatively inconsistent growth times. These traces suggest, in

the light of the above theoretical analysis, that air bubblea may be growing

to resonance size from nuclei, and then breaking up into a group of smaller

bubbles by surface wave activity.

DISCUSS ION

The analysis of acoustic emissions from insonated root tips indicated

that it is unlikely that the relatively long delay time of seconds

between the commencement of the irradiation and the onset of subharmonic

and white noise is due to growth of air bubbles by rectified diffusion.

Theoretical examination of growth from a range of nuclei sizes indicates

growth times on the order of tenths of milliseconds. It is possible that

certain constraints may exist within the root system that would slow down

rectified diffusion but none seem likely to affect it to four orders of

magnitude. Further, since oscilloscope scans of the subharmonic emissions

show growth times of the radiated signal on the order of 0.3 ms, and since

calculated growth times for rectified diffusion are in the range

O to 1.3 ms, it seems likely that air bubbles are growing by rectified

diffusion but at the shorter times rather than the longer. Unstable

growth of cavities through vaporous cavitation can occur in these growth

times also and must be considered as an alternative explanation. Its

examination is too complicated to consider here however.

There is a mechanism that will lead to delay times on the order of

10 seconds and to subsequent violent activity. The time required for

34

A 
---- - _-— -. -. -- - ----—- -.-~~-- --~~-.-- - -.- - 



_ -~ . -.-.--. -- -_-
~~~~~~~ ~~~~~~~~~~~~~~~

-_
~~~
_ - - — --- _-

air bubbles much larger than resonance size to reduce in size, is on the

order of seconds. For example, for an intensity of 30 W/cm , three seconds

is required for an air bubble of lOu radius to reduce to a radius of

7.9um, the radius for which rectified diffusion ceases at a frequency of 
-

1 MHz; the time required for the radius to change from 2O~im to 8.3iim is

17 sec . Measurements of the intercellular spaces are on this order of

magnitude. 16 Thus, it is possible that this intercellular gas is reduced

in size until it can develop surface waves. These surface waves cause

the bubble to break up into several small bubbles, which grow by rectified

diffusion to resonance size again and again .
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