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ABSTRACT

Measurements are repcrted of the growth of air bubbles by rectified
diffusion at 21.6 kHz. Values of the threshold acoustic pressure amplitude
were obtained as a function of bubble radius and 1iquid surface tension
and show good agreement with theory. Measurements of the rate of growth
of bubbles by rectified diffusion as a function of acoustic pressure
amplitude for varying surface tension show agreement only for high
surface tension. When the surface tension is lowered by the addition
of a surfactant, the cbserved growth rates become much larger than
predicted. Surface wave activity that could incrcase the growth rate hy
acoustic streaming was not observed at low radii and was discounted as
the responsible mechanism. A possibie explanation for the large growth
rates is given in terms of a retardation of outward gas diffusion by an

organic monolayer present on the surface of the air bubble.
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INTRODUCTION

This paper corvcerns the phenomenvn of rectified diffusion of gas into
air bubbles that are caused to pulsate in & liquid by the action of an
acoustic fiela. Free bubbies present in water that would normally dissolve
may be caused to grow due to the unegual mass transfer across the air-water
interface during bubbie oscillation.

Theoreticai predicticns of the threshold for rectified diffusion have
been showr to agree with experiment]’2 and rates of growth that seemed
excessive were snown to be due.to increased acoustic streaming introduced
by surface waves present on the bubb1e.3 in this paper, measurements
will be presented of the growth of air bubbles by rectifiec diffusion,
both at and above the threshold, for various vaiues of the liquid surface
ternsion, the acoustic pressure amplitude and bubblie radius. Comparisons
with theoreticai predictions indicate a substantial disagreament with
theory for the rate of bubble growth at low surface tensions.

[rn a historical sense, it is desirable to bricfly review the progress
of research concerning rectified diffusion. The phenomenon seems to have

origirated with Harvey,4 and was first discussed in some detail by B‘Iake,5
who formulated an inadequate theory for prediciing the threshold. Attempts
by Pode6 and Rosenberg7 were atso found inadequate to explain some of the
early .easurerents by Strasberg.8 Hsien and P]esset,9 by adding a
convection term in tne diffusion equation, considerably improved tpon

Blake's approximate results. Their theory was shown by Strasberglo to be

in good agreement with his measured values. Eller and F]ynnn extended the
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theory to include norlinear or ' <qe amplitude effects and Safar]z showed
that tne Hsieh-Plesset and Lller~-Ilynn treatments were essentially equivalent
when inertiai effects were not negiected in the Hsieh-Plesset approach.
E]]er]'z made several measurements of both the threshold and the growth

rate and found that his theory was adequate in predicting thresholds

but was unablie to accoﬁnt for some very large growth rates that he observed.
He suggested trat the rapid rates of g owth may be accounted for by acoustic
microstreaming. Gou]d3 has observed bubbles growing by rectified diffusion
and has found agreement with Eller's theory in the absence of streaming.

By observing the bubbie directiy in a microscope be was able to detect

the onset of surface oscillations of the bubble that in turn introduced
significart acoustic microstreaming. This streawing greatly enhanced

bubbile growth ana was Tikely the exnianation for ine large arowih rates

seen by Elier. Attempts by Davidson]3 and by Kapustina and Sr.atm'kov]4

to account for enhenced growth rates by microstreaming appear to be

inadequate.3
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I. [QUATICNS FOR bUsSLL GROWIH

E]Eerz has simpiified the rore general theory]] and obtained an
approximation for thz growth rate that is easy to apply to the data of
this experiment. The rate of change of the equilibrium bubble radius

vith time is

cb 0 | 201 - 27y9) [P\ 20 0
dt R 3§( - (,;2)2 Po RPO ’

witere U is tne divfusion constant, Py is the acoustic pressure amplitude,
P, 1s the ambient pressure, ¢ is the surface tensicn of the liquid, d is
the ratio of the concentration, in mass per unit volume, of dissolved gas

to the density of gas in equilibrium with the solution, and 8° is given b
S G Y

R? = pw’R7/38P . (2)

intq. 2, p is the density of the liquid and w the angular frequency. In

these egquations, & is & constany that has the value 1.0 for isothermal
pulsations and the value 1.4 for the adiabatic case. Since the gas in

the interior of the bubbie behaves isothermdally in some cases and adiabatically
in others, Eller fourd it simpler to solve the diffusion problem for the

two 1imits rather than the general case. Unfortunately, for the range

of values in this experiment, the gas behaves neither isothermally nor
adiabatically, but in an intermediate region. It is possible to approxinate
the effect of heat conduction on the diffusion problen by using the value

of the heat conduction parameter n calculated for a pulsating bubbie without

based on the work of Devin]s.

diffusion and obtained by Crum and E]]er]D

4=




E' it 1s thus assumed that the gradual diffusion will not affect the heat
conduction properties of the gas within the bubble. The heat conduction

parameter is given by

i
§ ) - 3(y - 1, fsinn{x) - sin{x; h
é o=y (14 dyy) KI* X (Ebﬂﬂﬂ -coﬂXQ] ’ (3)

where

o gy = 3y - 1) | Ksian(d) + sin(s cc o
(X)) + 3(y - 1) X(sinh(X) - sin{x)?

) - 2(cosh{X) - cosi{X))
X?(cosh(X) - cos(x)

)

X
1.

and X = R {Zw/D)>

y is tne ratio of specific heats of the gas within the bubbie. The

constant 0, = K]/plcpl, where K is the thermal conductivity of the gas

o

in the bubble, p, 1s the density of the gas, and ¢ is the specific heat

pl
at constant pressur2 fer the gas.

The growih rate eqguation used for calculations in this experiment was
thus tg. 1T with § replaced by n as given in Eq. 3. The equation for the

threshoid for rectified diffusion is obtained by setting the growth rate

equal to zero in Eq. 1 and solving for the acoustic pressure amplitude.

The tnreshold acoustic pressure amplitude required for growth is then

r i 3

i , 3no/RP 2

. Pa =Py (1 -37) | ——=21 . 4

‘ a * P Ty (4)

; Note that & has been replaced by n. !?

The Constants that were used in the above equations and applicable to

this experiment are f = /2 = 21.6 kHz, v = 1.4, 0, = 0.20 cn?/sec,
g P = 1.01 x 10° dyn/cm?, and p = 1.0 yw/em®. The constants D and d were -5
g . corrected for temperature variations by the following equations: ﬁ
' D= (6.15 x 1677 T - 15.6 x 167%) cw?/sec and d = 1.02 x 107! - 2.80 x 10°* T f;
?f
-5-
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{unitless), wherc T is the alsolute tewmperature. Uistilied waler used

for the experiment was tested with an oxygen analyzer and found to be

PR

near saturation.

IT. EXPCRIMENTAL PROCEDURL AND SOML RESULTS

The various data cencerning the growth of bubbles by rectitied

PO Ry

diffusion was obtained by acoustically levitating the air bubbles ncar

1,2,3,17,18

; the antincde of an acoustic stationary wave. This technique has

et A ol

becoine quito comion for many applications and will not be described here.
The stationary wave system was constructed by cementing a hollow glass

cylinder between two matched hcllow cylindrical transducers, fitted with

Yy g

é 7lexibic prossure release diaphragm on one end and open al the other.

Tre composite systeit was approximately 7.5 ¢m in diameter by 10 ¢cm in
. neighty tne width of the glass in the middle about 2.5 ¢m. This system

was driven at its (r,0,z) = (1,0,1) mode at a freguency of 21.6 kHz. The

' bubble was clearly visible through the glass cylinder under dark field

c etk chadk e i ., dre

ilTumination and measurements of its terminal rise velocity were made
through the glass wail with a precision cathetcmeter. The bubble's size i
wis measured by iterating the rise velocity equation ¢f Langmuir and

: B‘:odgettm’l\J :

wnere v is tne kineratic viscosity of the liquid, u is the terminal rise

velocity, g is the gravitational acceleration and Ry, = 2Ru/v the Reynolds é

nutsher.
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The veriation of the acoustic pressure ampiitude alony the vertical
axis of the systeni was measured with a small calibrated probe hydrophone,
and by positioning the hydrophone accordingly, wusrusud te monitur the
acoustic pressure at the buoble position during measurements. 3ecause the
position of the bubble in the stationary wave system is a function
of the acousiic pressure amplitude and its gradient, but independent of
bubble size, measurements of the growth rate of the bubble for a particular
acoustic pressure amplituac could be ebtained simply by measuring the
rise velocity as a function of time. This investigation of rectified
diffusion wus also made as & fuaction of the surface tension of the liguid.
A commercially available suarfactant, ethoxylated octapnenol, marketed under
the brand rame Pnotoflo, and commen in photographic applications, was used.
the suirface
ternsion from 72.4 dyn/cm to 50 dyn/cm. Addition of large amounts of
surtactant iowered the surface tension to a minimui, of approximately
30 dyn/cm.  The surface tensicn of the bulk liquid was measurcd while in
the transducer system with a Du Nouy ring tensiometer.

The various rectified diffusion measurements will now be described.

A. Threshold for Rectified Diffusion
The threshold fur rectified diffusion was ueternined by observing the
bubt:le's growih rate as a funciion of time and acoustic pressure amplitude.
A Lubbie was levitated in the systei and observed through the cathetometer,

[ts rise velocity was measured for equal time intervals, and if the rise

veiocity decreasea or increased the pressure amplitude was below or above

threshold respectively.
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Figure 1 shows a graph of the acoustic pressure amplitude as a functiaon
of bubble radius for a surface tension of 5% dyn/cm. Plotted on the graph
are points where the bubble was observed to be growina, dissolving or
stable. Also shown are tnedretical curves calculated using Eq. 4 with
n = 1.0 (isothermal case), n = 1.4 (adiabatic case) and n given by Eq. 3.

It is seen first of ali that reasonably gocd agreemernt is obtained
betwean theory and experiment in confirmation of the earlier results of
E1]er1’2. Further, the addition of the heat conduction parameter does nct
significantiy improve the agreement; it merely solves the dilema of the
choice between the two heat conduction limits. Actually, the data
are probably not good enough to resolve the difference in this particular
case.

Similtar data t¢ these were taken for other Tiquid surfdee tensions and
a graph of the threshold acoustic pressure amplitude as a function of
surface tension for a radius of 5.6 x 107® c¢m is shown in Fig. 2. Again
good agreement is found and it is reasonc®le to assert that the threshold
for rectified diffusion of gas into air bubbles for a wide range of bubble

radii and surface tension can be adeguately predicted by theory.

B. Bubble Growth Rates
In this experiment, it was possible also to obtain the absolute radius
of the air bubblie as a function of time. Data ¥~ the bubS]e radius as

a function of time for a surface tension of ¢° ., » :m and acoustic pressure

amplituces of 0.20 bar and 0.36 bar are sho Tius. 3 and 4 respectively.

Aiso shown in these figures is the theoretical radius as a function of time

obtained by numerically integrating Eg. 1 (with & replaced by n) and the

v -

e

i
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initial radius eaual to the experimental one. In Fig. 3 it is seen that
the experimental growth rate is not constant, but increases with time, and
after a few minutes deviates markedly from the theory. Although the
tneoretical growth is also not exactly linear with time, it is approximately
sc for the range of radii covered. It should also be noted that the last
data point shows a rapid increase in the growth rate. This rapid growth
at radii greater than approximately 6.0 x 10™% cm was common to most of
the nieasurements and was accompanied by a perceptible change in the
intensity and character of the scattered light from the bubble. Gould3
has reported direct observatioqs of surface wave actiyity during rectified
diffusion measurements and has shown that growth rates increased rapidly
after the onset of these oscillations, probably due to the induced
microstreaming. In these experiments, it was not possible to observe

the bubble oscillations directly but only via the scattering of light

used to illuminate the bubble. Both Figs. 3 and 4 show the increased
growth rates that appeared shortly after the onset of the surface waves.
The fluctuating light intensity indicative of surface wave activity was
not accompanied by any relative translatory motion of the bubble until

the bubble had grown beyond this initial stage. The erratic dancing
motion that tollowed has been examined previously,ZO’Z] and during this
experiment measurements we}; made of the incipiaent threshold for dancinc
rotion for surface tensions of 72 dyn/cm and 32 dyn/cm. 1t was discovered

that the threshold for dancing motion for the two surface tensions was

nea: ly identical for a range of bubble radii from 20 to S0 microns.

Gou]d3 observed the threshold for surface waves on bubbles with radii of
4% microns end a surface tension of 72 dyn/cm to be on the order of

0.45 bar (See Fig. 3, Ref. 3). In this experiment, valuves of the acoustic

-13-

v oA aeidon o AL,

b
B

b

PP A o YT



O e L -

pressure ampiitude almost never exceeded 0.40 bar.

In Fig. 4 it is seen that the experimental growth rate is essentially
constant and considerably greater than predicted. For example, at a bubble
radius of 45 microns the experimental growth rate is 15.8 x 10~ %cm/sec
while the predicted value is 8.4 x 107 %cm/sec. Note also that the theory
{ predicts an initig’ reduction in growth rate followed by a region in which

the rate remains essentially constant.

Figure 5 is a major result of this study and shows several important

Teatures. In thic graph the rectifiec diffusion growth rate is plotted

PRI o]

versus the accustic pressure amplitude for three different values of the

-

liguid surface tension and for a fixed radius of 4.5 x 107 3%cm. The following
features are to be noted from this graph. First, as shown earlier, the
Observeu thresholds for rectified diflusion agree veasonably well with

the predicted thresholds. Second, the observed growth rates for lower
surface tensions soon deviate from the predicted values and become

appreciabl: larger for higher pressure amplitudes. For example, for a

i A [ G o =5 0 TO T P S e VN

surface tension of 32 dyn/cm and a pressure amplitude of 0.325 bar, the

observed growth rate is nearly three times the predicted rate. Third,

REPRSREyS P

although the theory shows only a slight dependence of the growth rate

e

on the surface tension, the observed growth rates deperd markedly on it. i
For high surface tensions theory and experiment agree reasonably well but

for low surface tensions the growth rate is appreciably larger for : f:f

acoustic pressure amplitudes only slightly above threshold. f 3

The exaggerated dependence ¢f the growth rate on the surface tension

i is shown in more detail in Fig. 6. Here, the growth rate is plotted

versus the surface tension for a fixed value of the radius {5 x 107 3cm)

-14-
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and a fixed pressure amp]ifude (0.22 bar). Note the increased deviation
from theory for lower surface tensions.

When increasing amounts of surfactant are added to water, the surface
tension is reduced until the monomolecular film saturates the surface.
It is thoug'nt22 that the long thin molecules are oriented with their polar
ends interacting with the water and their nonpolar ends projecting
away from the water. After the surfactant molecules have saturated the
surface, the surface tension remains constant, and is not reduced upon
the addition of more surfactant. In this experimant, it was found that
130G ppm of Photoflo added to water was sufficient to reduce the surface
tension to 32 dyn/cm; additional amounts had no further surtace tension
?eduction.

Figure 7 shows the variation in the bubb]e.growth rate with acoustic
pressure amplitude for surfactant concentirations exceeding saturation.
By saturation is meant that additional surfactant would not lower the
surface tension. Growth rates are plotted for two cases: one in which
the surfactant concentration is at saturation (approximately 1300 ppm)
and another in which the surfactant concentration was increased to 3300 ppm.
In both cases the growth rates were determined at 4.5 x 107 3%¢m. It is
observed that in the case of surfactant concentration above saturation,
the threshcld for rectifieg diffusion is lowered below the predicted value.
The actual threshold could not be determined because of eqdipment limitations.

The liquid sample with surfactant concentration exceeding saturation
was obtained by sinply adding extra amounts of surfactant to the liquid
sampie at saturation. Although the growth rate curve in Fig. 7 for the
second cases seems to indicate a solution oversaturated with gas, the two

curves were obtained using the same sample of water. Also, measurements

-17-
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of the oxygen concentration of water with an oxygen analyzer showed no
variation in the oxygen concentration of samples with varying amounts of
surfactant.

Figures 5,6 ana 7 give considerable support to the view that Phc
poor agreemnent between observed and predicted values of the rate of
bubble growth by rectified diffusion is related to surface effects on

the liquid-gas interface.

ITI. DISCUSSION

Eller' 2

had found that observed growth rates were larger than
predicted even though observed and predicted thresholds were about the

same. He suggested that a possible exp]anation.for the increased growth
rate was due to acoustic microstreaming hat greatly increased the avail-
ability of gas for diffusion into the bubble. Gou]d3 examined the effect of
microsireaming on diffusion rates and concluded that the onset of surface
wave activity did indeed induce streaming which markedly increased the
diffusion rate. Further, he found essential agreement for the predicted

and observed growth rates when microstreaming was absent. The results of
this experiment corroborate these findings. However, it has been discovered

in this experiment that at reduced surface tension, observed and predicted

growth rates began to increasingly diverge as the surface tension is reduced.

It was first thought that surface wave activity was responsible for the

increased growth rates observed. However, in the observations by Gould3

(see for example his Figs. 7 and 8) these surface oscillations were
accompanied by such a rapid increase in the growth rate that a readily

cbservable kink occurred in the radius-time curve. Figures 3 and 4 of this
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study, which are similar to over 75 other radius-time observations made, show
similar kinks in the growth curves, but only after the cbserved growth

has deviated significantly from the theory. The possibility that surface
wave activity is present in all the cases and Tor all the ranges observed
appears highly unlikely, and thus an alternative explanation is required

to expiain the increased growth rates.

It has been known for some t1m923,24,?5

that surface active agents
can reduce the evapovation rate of water. Mansfieldz4 has shown that
the water loss by evaporation from large lakes may be reduced by as much
as 50% by addition of an appropr.ate moncmolecular film. Archer and

La Mer26 found that the rate of evaporation may he reduced by a factor
of 104 by the application of a fatiy acid monclayer. "In an attempt to
account for these large reductions in the evapofation rate, Barnesz7 and
co-workers calculated the evaporation resistance assuming that water
molecuies could only evaporate through holes in the monolayer film.

With a reasonable estimate of the ratio of hole area to monolayer area
they were able to calculate values of the evaporation resistance that
approximated the measured values. Mansfie1d24 also found that expansien
of the film by as little as 10% reduced the evaporation resistance
considerably, while compression of the film had 1ittle effect on the
evaporation resistance.

The existence of surface active materials present on air bubble
surfaces have been previousiy suggested as effecting the disso]ution,28’29
and the resonance frequency30 of small air bubbles. E]der3] visually
observed the presence of a layer of surface a;tive materials on air bubbles
and its effect on acoustic microstreaming. Liebermann32 examined the
effect of surface contamination in reducing the diffusion of a stationary

air bubble that was allowed to slowly dissolve in water. However, he states

-20-
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that he was unable to find a significant (by a factor of two) effect on

the diffusion rate by adding surface-active agents such as detergents. %
He aid find that air bubbles 1eft a solid particulate residue when dissolveu
on a glass slide.

It appears that several facts point toward the presence of a surface
active monoiayer as an explanation tor the large growth rates observed
in rectified diffusion. 1. The observation by Mansfield that expansion
of a film allows more evaporation than when the film is compressed is
dirvectly applicable to the case of a pulsating air bubble. If the film
allows more penetration of molecules on expansion than on compression, a
rectification of diffused air would occur, in agreement with the above
observations on rectified diffusion. Further, if, on expansion, the
film is broken up, the time required for the Film to repair itself is
long compared Lo the period of the acoustic cycle. Lord Ray‘leigh,33 in an
ingenious experiment performed in 1890, showed that surface active agents
needed at least 10 ms2¢c for their migration to the surface and their
resultant reduction in surface tension. On the other hand, the compression
may cause the repair mechanically so that no diffusion of the film from
the ligquid substrate is required. At any rate, it seems lcgical to assume
that if evaporation rates can be retarded by four orders of magnitude,
diffusion rates can be effected enough each cycle to cause a significant
increase in the amount of gas containea within the bubble. The observations
by Liebermann32 that diffusion rates may be slightly uffected by surface
contaminants support this view. With the rapid pulsation, 21.6 kHz, very
Jittle rectification is required each cycle to significantly affect

the growth rate. Further, although it i1s difficult to predict the effect
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of the film on the threshould for rectified diffusion, it seems Vikely
that tne effect would be small. The retardation of cutward gas diffusion
by the film might lower the threshold, but since the mass treansfer near
threshold is small the eftect would also be smail. It is seen in Fig. 5
that the observed diffusion rate approaches the predicted rate at
threshold, which implies that the effect of the film near threshold

shouid be insignificant.

2. The cbservation that measured growth rates depend very strongly on

the surface tensich as shown in Fig. 6 tends to support the film hypothesis.
For small amounts of surfactant (high surface tension) the difference
between bbserved and predicted growth rates is much less than for large

amounts of surfactant (low surface tension).

3. The observation in Figs. 3 and 4 of smooth radius-time c..ves with no
kirks in the growth curves tends to rule out microstreaming due to surface
wave activity as the explanation for the observed large rates of growth

of an ai. bubble at low surface tensions. The observation in Fig. 5 that
observed growth rates are larger than predicted for all values of the

acoustic pressure amplitude above threshold tends to suppori this o ..clusion.

4, The curious phenomena in Fig. 7 is difficult to explain but strongly
implies that the surfactanf‘is affecting the diffusion.

Finaily, as an alternative explanation, it was ohserved by Elueralin
his studies of microstreaming that when surface active agents were added

to water, a thin surface film would form which tended to present & no-slip

boundary condition for the bubble. This boundary layer effect increased

-22-
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the microstreaming until it was broken up by the bubble pulsations. It

is possible that the acdition of small amounts of surfactant induces

"

microstreaming without surface waves. This streaming increases the growth

rate for all values of the acoustic pressure amplitude and bubble radius,

and thus shows no inception threshold.

IV, CONCLUSIONS

The principal conclusions of this report are as follows:

IR W L ST P UPRY .| v,

1. Measured values of the threshold for rectified diffusion as a function

e I Tt e v YIS TR T R T

of bubble racius and liquid surface tension agree with theory.

[

2. Measured values of the rate of growth of air bubbles by rectified |
diffusion tend to be much larger than predicted for reduced values of the

surface tension.

B T s AT o

3. It is possible that surface active agents increase the rate of bubble

growth during rectified diffusion by retarding outward gas diffusion

e A,

through the bubble surface.
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