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Sound velocity and absorption in a coarsening foam
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We present experimental measurements of sound velocity and absorption in a commercial shaving foam. We
observe that both quantities evolve with time as the foam coarsens increasing its mean bubblgRjadiys
varying the acoustic frequency we probe the foam from the large wavelength regini®0Q R), down to the
scalen~2R). Sound absorptior varies significantly with both the foam age and the excitation frequency.
After an initial transition time of 20 min, the attenuation per wavelength, varies linearly with the foam age.
In addition, for evolution times smaller than90 min, we observe that\ scales linearly with both foam age
and frequency. From these scalings we show that the thermal dissipation mechanism is the dominant one.
Sound velocityc is initially frequency independent but the medium becomes slightly dispersive as the foam
coarsens. We observe that sound velocity depends on the evolution of the structure of the foam, even in the
large wavelength regime. Afte h of foam coarseninge decreases at least by a factor of 20%, due to the
softening of the foam. These facts are explained by considering the liquid matrix elasticity, due to the presence
of surfactant molecules. A simple model of foam structure, combined with results of Biot's theory for porous
media, gives both good qualitative and quantitative agreement with our experimental results in the low fre-
quency regime.
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I. INTRODUCTION Wijngaarden—Papanicolaou modgl,4,5) by comparison
with the experimental data available at the time. They con-
Sound propagation through bubbly liquids has attractedtlude that the quoted model is valid for acoustic frequencies
much attention, from both theoretiddl-5] and experimen- » much smaller than the bubble resonant frequengy
tal points of view[6—10]. The presence of gas bubbles in a Even at gas volume fractions of the order ok 504, dis-
liqguid profoundly affects its acoustic properties. For ex-crepancies between the experimental and theoretical values
ample, a common feature of bubbly liquids is the very lowof sound attenuation were found far~w,. They offer as
speed of sound that can be reached, even at very small gasplanation the fact that at resonance the scattering cross
volume fractions. In general, the effective sound spegd section of a single bubble increases dramatically, then break-
can be lower than both the speed in the pure liqyiednd in  ing down the assumption that the bubbles do not interact.
the pure gagy. This reduction is in fact due to the high The problem of the effect of bubble interactions on the sound
contrast of acoustic properties of both media. More preciselypropagation has been theoretically studied only recently, both
the density of the mixture is dominated by the density of theat low [15] and high gas volume fractiori46]. An interest-
liquid and its compressibility is given by that of the gas, thusing prediction of these theoretical studies is that the sound
a lower effective sound velocity is expected. velocity is found to increase with respect to the noninteract-
It is also known that liquids containing a small amount of ing effective-medium resulf15,1€, but almost no experi-
gas bubbles possess a relatively high sound attenuation commental work has been carried out to test this result.
pared to the gas-free liquid1,12. The sound wave damp- If we increasep enough, bubbles will eventually come in
ing is mainly due to three mechanisms, namely, the viscositgontact, producing a foam. Contrary to bubbly liquids of
of the surrounding liquid, the gas thermal conductivity, andsmall gas volume fraction, very little work has been done on
the scattering of sound by the bubllELl—14. We note that sound propagation through foams. From an experimental
the last mechanism is not a dissipative phenomenon, but fioint of view we believe that this is due to the high absorp-
effectively removes energy from the incident sound wavetion of acoustic waves in these systems, which makes acous-
reemitting it in other directions than the incident one. tic measurements a difficult task. Another possible reason is
Most of theoretical and experimental studies on soundhe difficulty in obtaining reproductive bubble distributions,
propagation in bubbly liquids deal with the limit of very a problem also found in the experiments concerning low
small gas volume fractionp<1. In addition, theoretical bubble concentrationgl0]. However, some interesting ex-
models generally assume that the acoustic wavelength jgerimental results were obtained by Orenbakh and Shushkov
much larger than the typical bubble size. Commander anfil7], who present an attempt of verification of the depen-
Prosperett{ 10] give an extensive review of the subject and dence of the effective sound velocityon the gas volume
show the validity of an effective-medium approathe van fraction ¢ [as given by Eq(2) of Sec. | B. For ¢~0.95
they measured~50 m/s, which is of the order of our mea-
sured values. In addition, they measured the sound attenua-
*Permanent address: Departamento dech) Facultad de Cien- tion coefficienta; for acoustic frequencies between 1 and 3
cias Fsicas y Matemticas, Universidad de Chile, Avenida Blanco kHz they found that it varies from 1 to 5 ™. Another
Encalada 2008, Santiago, Chile. interesting work is the study of shear wave propagation by
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Sunet al.[18], where a much lower velocity=~3 m/s was the sample{ii) the films that separate bubbles can become
reported. The difference in magnitude between the compregeo thin and, in consequence, unstable, causing their rupture
sional and shear velocities shows that a foam is much easiand the coalescence of adjacent bubh(i&g;the bubble vol-

to shear than to compress. Concerning theoretical studiesme can vary due to gas diffusion through the liquid films
Gol'dfarb and co-workers have studied the heat transfer efdue to Laplace pressure differences. In foams of high con-
fect on the absorption of sound in foarf9,2(. We note  centration of bubbles, i.e., of high gas volume fraction, there
that they neglect the heat transfer between bubbles, thus nare large viscous forces that oppose the fluid drainage. In
glecting thermal interactions. In R€R20] they also review fact, polymers are generally added to the liquid to increase
the experimental results known at the time and they compariés viscosity, thus mechanisii) can be very slow. Also, if
them with their theory. Concerning thg dependence of, surfactants are added to the liquid, the bubble interfaces are
the situation seems somewhat confusing, as they presewery stable under coalescence processes, so mech@nisn
some experimental results in agreement with their predictiomegligible too. As in most foams the bubble size distribution
and some others in disagreement. In general, the few expelis random, so procegsi) cannot be eliminated and it always
mental results that they were aware of seem to indicatecthatoccurs. Nevertheless, gases of poor solubility and poor dif-
is higher than the predicted value given by a simplefusivity can be used to minimize coarsening. Thus, under
effective-medium approach, the difference varying from 10%certain conditions, the dominant aging mechanism is the gas

to 50%. diffusion between bubbles. This is indeed the case in shaving
In this work we present an experimental study of soundoams, as it has been shown experimentgg,23.
propagation through a coarsening shaving foéBillette When the coarsening process is due to interbubble gas

regular[21]). We study the aging and the frequency depen-diffusion, experiments have shown that foams reach a scal-
dence of acoustic propagation. In particular, we show thaing state[22—24. This means that the foam structure is
sound velocity and absorption are quantities that evolve imlominated by the time evolution of a single length scale,
time. As the mean bubble radius grows by coarsening and byhich can be the radius mean val(ie(t)) (the average is
varying the acoustic frequency, we are then able to vary theerformed over a given bubble configuratioMore pre-
acoustic wavelength. from the large wavelength regime, cisely, this means that if we rescale the bubble radius by this
A~1500R), down to A\~2XR), where(R) is the mean time-dependent length, then the bubble size distribution be-
bubble radius. In the later regime either dissipative effects ocomes asymptotically time independent. As a consequence of
multiple scattering effects and bubble interactions are exthis scaling state, it has been shown that the mean bubble
pected to become important. From the dependence of th@dius follows a parabolic law of the forf25]

sound absorption on both time and sound frequency we can ) )

also identify the dominant damping mechanism as the ther- (RIDY =(R(te))*~A(t—t,), 1)

mal dissipation. Finally, we also address in this paper the

guestion of the theoretical prediction of the sound speed in her.eto IS an "?“b'”f“y refﬁrencerme arﬁ\*llstafolréstggt.
foam and the mechanism that explains its evolution, namel revious experiments on shaving foams giét))~15, 30,

the liquid matrix elasticity due to the presence of surfactanfhnd 50 ,ubmlforlthlo, 120d’ :;mcj{ 4?ant1ri‘ﬁ22f,2?i- lﬂ practiceh, d
molecules. To our knowledge, this is the first experimental € parabolic law 15 used fo test It the foam has reached a

study of the acoustic properties of a coarsening foam. scaling state or not. .
This paper is organized as follows: we first review some Nevertheless, some attention should be drawn to the foam

eneral characteristics of aqueous foams in Sec. | A and th%ens?ty evolution due to drainage. Expe_rimental observations
g d n Gillette regular samples, 67 cm height, show that the

theoretical treatments of sound propagation through bubbl i s '
liquids in Sec. I B. The experimental setup and the acousti verage gas volume fraction remains constant for the first 2 h

measurement methods are presented in Sec. Il. We thé)rlf folam %g|n%[23]: At Ia:jgr times, ¢ |s'seﬁn to Increase
present our experimental results in Sec. 1l and we show how'©Wly and a density gradient appears in the sampiert

the foam coarsening is probed by acoustic measurement§ €aS€S More rapid!y at the highe_r part of the sajnpifter
Finally, a discussion of our results and the conclusions arg @nd 8 h, the spatial average ¢fincreases by a factor of
given in Sec. IV, .5% and 1%, respectivelyhe spatial average is taken over

two measurements, at 1.5 and 5 cm above the bottom of the

vessel. Thus, over the same time scales, the average density
A. Aqueous foams decreases by factors 6f7% and~ 14%, respectively. Such
relatively small changes inp are crucial to the density
rEhanges, which can indeed affect the foam acoustic proper-
ties. It must be noticed that as drainage depends on the foam
sample geometry, in particular, on its height, these numbers
Sre not universal. However, they agree in order of magnitude
with the density changes of our own foam samples.

Aqueous foams are diphasic systems with a high conce
tration of gas bubbles in a liquid matrix of small volume
fraction, thus¢=<1. In general, surfactant molecules are

tension(reducing then the energy required to form a bupble
and to increase the stability of the liquid films.

An important characteristic of foams is that they are never
in equilibrium. They are intrinsically unstable and evolve in
time. Three aging mechanisms can be identifigdthe lig- This section consists in a review of the most important
uid can drain due to gravity, imposing density gradients inaspects of sound propagation through bubbly liquids in the

B. Theoretical aspects of sound propagation in bubbly liquids
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limit ¢<<1. Nevertheless, we note that the very definition ofwhereP, is the ambient pressure andis the specific heat
the effective sound speed does not depend on this limit. ratio. This expression can be understood as follows: a gas
The most simple effective-medium approach states thadbubble that undergoes adiabatic compressions lsiffiaess
when the wavelength is much larger than the scale of thef orderyP,R and aradiation massof order p,R3, thus the
inhomogeneties, the wave propagation does not depend amtural frequency scales lik¢yP,/p,R?. For an air bubble
the fine details of the mixture. The wave then probes arf radiusR~10 um in water, the resonance frequency is
effective homogeneous medium with average acoustic props /27~325 kHz. It is interesting to note that at resonance,
erties[1,4,5,10. Thus, for a liquid/gas mixture we can write the associated acoustic wavelength is much larger than the
for the effective sound speed, bubble size\,=2mc,/w,~4.5 mm. In addition, for small
bubbles, we must take into account surface tension effects.
c2 — 1 ) We then replace in the above expressip—P,+20¢/R,
T (p)(x)’ whereo is the liquid/gas surface tension.
A more elaborated effective-medium approach, the van
where(p)=¢pg+(1—¢)p and(x)=dxy+(1—¢)x, are  Wijngaarden-Papanicolaou moddl0], gives the following
the average density and the average compressibility, respedispersion relation for the complex wave numbem the
tively. We note that this definition is quite general, in thelow gas volume fraction limigp<<1:
sense that it is used for different kinds of diphasic systems,

such as suspensions, emulsions, and bubbly liquids. It was w2 = RF(R)AR
apparently first written by WoofR6] and Herzfeld 27], and k2=—2+477w2f ——— (6)
is often referred as Wood’s formula. In this simple model, the Ci 0 wy—w —2ibw

system is characterized by the knowledge of the macroscopic
quantity ¢, and no details on the statistical bubble distribu-where w is the acoustic pulsatiorf;(R) is the normalized

tion are needed. o bubble size distribution function, aralis the damping con-
In the case of bubbly liquidg>pq andx,;<xq, and Eq.  stant(note that in spite of its namé, is a function ofR and
(2) takes the approximated form w). This dispersion relation is analogous to the complex in-
dex of refraction of dilute gases and “nondense” dielectric
1 materials[29]. In a bubbly liquid,b involves three contribu-
e —— 3 : . S .
eff pixg(l—d) ¢’ tions, viscous and thermal dissipation mechanisms and sound

scattering,b=b,+ by, +bg. [11-14. The phase velocityc

We note that this expression implicitly assumes that the qu—and the absorptiow are, therefore, defined as

uid and the bubbles move with the same velocity throughout
the acoustic wave. This is indeed the case at low acoustic
frequencies, when the viscous boundary layer is much larger
than the bubble sizey /w>R? (v,=u,/p, is the liquid ki-

nematic viscosityw is the acoustic angular frequency, #Rd  Thjs effective-medium approach has the advantage that it
is the typical bubple sizeln this case viscous forcgs domi- provides an explicit form for the damping constartL0]. It
nate over dynamic forces and the bubbles are driven by thg jnteresting to note that the dispersion relatipcan also
liquid. This was noted by Crzes;{d], who also showed that pe gptained by a multiple scattering approach for the coher-
in the opposite limity; /w<R*, Eq.(3) must be replaced by gn¢ part of the acoustic wavih6], but in this caseb is
introduced by hand.
2 1+2¢ Concerning the validity of this dispersion relation, we re-
Ceff% —_ . (4) < < i
pixg(l— )¢ mark that wherw< w, and¢<1, such that scattering effects
are small, there is a good agreement between the values of
Thus, if bubbles move with respect to the liquid, sound@nd « predicted by Eq(6) and those obtained experimen-
waves propagate faster. tally [10]. Only for wide bubble size distributiorig] and for
None of the above expressions af take into account two-dlmensmnal_ bubble screef8], the_agreement can be

the structure of the bubbly liquid, thus the statistics of the€Xtended to a wider range of frequencies, upt w, [10].
bubble distribution do not play any role. In addition, sound A final remark concerning the dispersion relatit): if
attenuation is discarded. To go a step further, one has to take definexy=1/yP, and use the definition
into account the fact that a bubble in a sound field behaves as
a forced harmonic oscillator, its stiffness being given by the A (= 4
gas compressibility and the inertia by the liquid density. For = 3 Jo R°F(R)dR, ®
an isolated bubble that undergoes adiabatic radial oscilla-
tions, the angular resonance frequency is givef28}

c a=Imlk(w)]. )

" Rek(w)]’

it is easy to show that foF(R’)=nd(R’'—R) and small
dissipation, such thabw<w,2, and considering the leading
wrZZ%’ (5) order terms iw/ 0, <1, $<<1, andc,/c,<1, the dispersion
pR? relation (6) becomes
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i
1+

w
k= —
Ceff

. 9

where 6=2bw/w?

andc. is given by Eq.(3) up to order¢. From Eq.(7) we
also obtainc=c.t and = w o/ (2Cg).

7 is the dimensionless damping constant
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for n—oo, wherecs=\f. We finally remark that these ex-
pressions are valid to leading orderdn

Il. EXPERIMENTAL SETUP

The experiment consists in measuring the propagation of

In most of the experimental situations of interest it is well acoustic pulses through aging foams. In all the experiments,
accepted that for driving frequencies less than the bubblghaving cream is used as a sam(@illette regular[21]).
resonance, thermal dissipation is the dominant dampindhis choice has been motivated in part by the number of
mechanism; on the contrary, for frequencies greater than thexperimental studies done on this kind of foam and in part by

bubble resonance, the scattering damping domirjafies14
(for a review, see the book of Leighton, Chap. 4./3Q]).

the stability and reproducibility of the samplgz2—24].
Two different experimental setups are used depending on

It is interesting to have a look at the form of each term ofthe explored acoustic frequencies. At low frequencies we

the dimensionless damping constih®,14):

dp o
=", (10
! P|szr2
Rw?®
5502_21 (11)
| Wy
8 Po, [F(Rw)] (12
th— 5 oI1M yW) |,
pIR?w}

whereF (R, ») is a complex function that turns out to depend

on the single variable;=2R/l;, wherel;=+2Dg4/w is the
gas thermal boundary layer thickness dlis the gas ther-
mal diffusivity. The low frequency limity— 0 gives

4R?%w

3Dy

Oh— 13

which is accurate within 5% and 10% foj<2.4 and »
=2.8, respectively. The high frequency limjt—o gives

3(y-1) [2D,

2R o’ (14)

th™—

which in turn is accurate within 5% and 10% fgie=50 and

7=25, respectively. To give an idea of the relative value of

the different damping terms, for a water/air mixture with
~10 um and w/27~40 kHz, we estimates,~1.6, J,
~2.4x10 3, and 6,.~2.5<107°. Thus, in the low fre-

guency range, the thermal dissipation is indeed the domina
damping mechanism. Finally, in view of our experimental

results, using Eq913) and (14) in Eqg. (9), such thaté<1,

we find that for a water/air mixture the following scalings for
the thermal contribution to the sound absorption are ob

tained:
\ 4rwR? (15
Ah\ —
‘ 3D,
for »—0 and
3m(y—1) [2D
aph— Voo (16)

only measure the sound velocityThis is due to the fact that

at low frequencies the acoustic absorption length & of

the order of 0.3—1 nf17], and we then need an experiment
of these dimensions in order to measure it accurately. As we
work with commercial shaving foams, we cannot produce
these amounts of foam in a homogeneous way. At higher
frequencies, as & becomes of the order of 1 cm or less, we
are able to measure bothand o by probing the acoustic
pressure as a function of the distance of propagation in a
more reasonable volume of foam.

For all the experiments the average density of the foam
(p) is controlled at the beginning of foam aging and after
each measurement, at a given foam age. This is done by
measuring the mass of foam contained in a known volume.
The balance has a sensitivity of 0.01 (lylettler Toledo
PB602, so the final density sensitivity is=+2 mg/cn?.

The foam temperature is maintained constant by controlling
the ambient temperature at 2% °C.

At low frequencies a 45-mm-diameter and 7-mme-thick
piston is used as an acoustic source. Figu@® &hows a
sketch of this setup. The frequency can be varied in the range
1 kHz-10 kHz. The experimental results presented here cor-
respond tof =5 kHz. The piston is driven by an electrome-
chanical vibration excitefB&K 4810) and its response is
followed by a piezoelectric acceleromet€B&K 4393).
Fresh foam samples are injected in a 60-mm-interior-
diameter and 90-mm-height cylindrical container. The con-
tainer’s wall is made of plexiglass and the vibrator is used as
a base. With this setup, the foam is enclosed in the plexiglass
tube (however, the sample is not sealeand no humidity air
saturation was found to be necessary. The incident acoustic

ulse is obtained by means of exciting the vibrator with an

plitude modulated electric pulse, centered at a frequency

with N, cycles. The reception is done by a piezoelectric pres-
sure sensor with a 40 kHz resonant frequen@®CB
106B50, the sensitivity being 80.8 mV/kPa. As we measure
both the piston response and the acoustic pressure, we can
measure both the time of flight and the amplitude of the
pressure signal. Thus, the distance between the piston surface
and the pressure sensor is left fixedlat 56 mm, which
ensures that measurements are done in the far field of the
piston. The electric pulse is generated by an arbitrary func-
tion generatofWavetek 395 and the number of cycles can
be varied between a few cycleN (= 3) to a semicontinuous
pulse (N,=100). Nevertheless, to avoid interferences due to
reflections at the ends of the tube, all the pulses are chosen to
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(a) (b) ments are done in the same way as for the first setup. But in
this case, the electric signal used to excite the acoustic trans-
“ ducers is amplified by a high speed power amplifisiF
(4) Electronic Instruments 4005Finally, the electric impulse

— and the amplified acoustic pressure are the signals that are
measured by the oscilloscope and transferred to the power
PC. To measure and«, the distancé. is varied by constant
steps.

At high frequencies and for large distances of propaga-
tion, or large aging times, the acoustic pressures can be quite
low, of the order of a few pascals. As the level of the elec-
tronic noise of the pressure sensor is of the order of 40 Pa, it
is necessary to average the pressure signal for about 100 to
400 sweeps. Depending on the number of sweeps, this aver-
aging process takes between 2 and 6 s, which is fast com-
pared to the time evolution of the foam. Finally, within the
second setup, only the upper surface of the foam sample is in
contact with air. As the pressure sensor is immersed in the
foam sample, this surface is always quite far from the probed
volume, at least 20 mm farther. For the explored foam ages
the evaporation of water is only seen to affect a thin layer on
the surface of the sample, typically 1-2 mm thin. Thus, we
do not need to saturate the air humidity because the probed
volume is not affected by water evaporation. We verified this
point by performing some measurements under humidity
saturated atmosphere; no changes were observed.
be shorter tharl (thus, in generalN.<7). This electric An important point is the reproducibility of the experi-
pulse is amplified by a power amplifiéB&K 2706) and the =~ ments. We observe that our measurements are very sensitive
detected pressure signal is filtered and amplified by a lowto the foam production. As we use commercial shaving
noise preamplifiefStandford Research Systems h60ypi-  foams, the state of the initial foam varies from one sample to
cal gains vary between $@nd 10. The piston velocity and another. There are at least two important parameters: the
the amplified acoustic pressure signal are then measured i§am average densityp) and the bubble size distribution
an oscilloscopdLecroy 43741 and transferred to a power F(R,t), wheret denotes the aging time. The foam density
PC via a general purpose interface bus board. The sourgepends slightly on the foam tube history; it is mainly con-
speedc is then obtained by measuring the time of flight  stant for the first 10-20 samples produced from the same
between the piston velocity and the pressure signal. tube (the foam then tends to become more liquiBor dif-

The second experimental setup is almost the same but tHerent tubes, we find that the density varies slightly. In gen-
incident acoustic pulses are now generated by acoustic trangral, the average foam density is measured to (pg
ducers. Figure (b) shows a sketch of this setup. To explore =0.076+0.005 g/cm, which corresponds to a gas volume
different frequencies, two different transducers are used fofraction ¢=0.924+0.005.
the pulse emission: a contact transducer is usedf at Once the density is controlled, the principal effect on the
=37 kHz (Panametrics X1021and an air coupled trans- acoustic measurements is due to the bubble size distribution.
ducer atf =63 and 84 kHZITC 9071). With this last trans- We observe that for short evolution times, or low excitation
ducer the acoustic impedance matching with the foam idrequencies, it is the mean bubble s{&{t)) that determines
much better. The fresh foam samples are injected in a 43he foam acoustic properties. Nevertheless, as we increase
mm-diameter and 40-mm-height cylindrical container. Thethe excitation frequency and tend to probe more effectively
container’s wall is plexiglass, while the base is polyvinyl the “details” of the foam structure, the measurements be-
chloride. The acoustic transducers are mounted concentréome quite sensitive to the details B{R,t) and its evolu-
cally on the base, with the active surface directed into thdion. It is clear thatF(R,t) is in part fixed by the interior
plexiglass cylinder. Thus, during an experiment, the acoustigeometry of the foam tubésize of pores through which the
transducer is in contact with the foam sample. In this case théoam is forced, et¢, parameters that we do not control at all.
reception is also done by a piezoelectric pressure sensor banother parameter that is seen to afféqiR,t) at the pro-
with a 500 kHz resonant frequen¢fCB 113A02. The sen-  duction of the foam is the velocity of the foam at the exit of
sor is followed by an in-line charge amplifi?CB 402A1),  the tube. In practice, this means that we have to produce the
the final sensitivity being 3.2 mV/kPa. The distaricdbe- foam at a constant velocity, constant during its production
tween the acoustic transducer and the pressure sensor is c@mnd also between different sample productions.
trolled by a micrometer displacement controller, with a reso- To reduce then the possible errors due to the variations in
lution of 20 wm (Micro-Controle M-UMR5.25. The F(R,t) and{p) from one sample to another, we perform
electric signal generation and the pressure signal measureeveral measurements efandc (between 5 and 20keep-

FIG. 1. Sketches of the experimental apparatasLow acous-
tic frequenciesi(l) electromechanical vibration excitgg) piston,
(3) piezoelectric accelerometer, aid) pressure sensotb) High
acoustic frequencieql) acoustic transducef?) pressure Sensor,
and (3) micrometer displacement controller.
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ing unchanged the other experimental conditions. We ther 08 77T T T T (a)-
perform ensemble averages owerand c. This averaging . 04} ]
procedure allows us to determine these quantities with rela ¢, £ E
tive errors smaller than 15%n most cases 10%@and 5%, E 0 i q PW - ]
respectively. - : ]
a 02 ]

> 04 [ 3

IIl. EXPERIMENTAL RESULTS 8 _ _

A. Low frequency results 3;—H"""""”"”"””"”"””"('b')'-I

We start this section by presenting our experimental re-
sults at low frequency, namelf/=5 kHz andN.=5. Figure
2 shows typical time series of the piston veloaity and the
acoustic pressurp. The foam age is about 10 min and the

initial time is given by the end of foam production. As the 4 E
vibration exciter has a nearly flat frequency response arount s , , , , , , , E
the excitation frequency, the piston velocity is seen to follow 0 1 2 3 4 5 6 7 8

the electric pulse quite well. The acoustic pressure signal i<
also seen to follow the piston velocity, with the expected
delay due to the pulse propagation. From this kind of data we
definepaxandr; as the maximum pressure amplitude of the
acoustic pulse and the time between the maxima of the pis
ton velocity and acoustic pressure pulse. Finally, the ob-
served small second pulse in FigbRis due to reflections at
both ends of the tube, as its extra flight time is approximately 5"
double of the flight time of the first acoustic pulse. E
We then present in Fig.(2) the time evolution of the ;’
ensemble-averaged sound velocity: L/, for =8 h of
foam aging. To avoid confusions we note that we are dealing
with the propagation of finite pulses and that there does not
seems to be much pulse distortion, thus the measured veloc
ity is the group velocity. As the system can be dispersive it
should not be identified with the phase velocity. Measure-

ments on five different foam samples were done. The erroi as L ! ! . .
bars correspond to the standard deviations obtained. Th 0 100 200 300 400 500
ensemble-averaged density i)=0.076+0.005 g/cm. t (min)

For each sample the value @) is measured at the begin-
ning of the foam aging. Within this setup the foam density ~FIG. 2. Time series of piston velocity, (a) and acoustic pres-
does not vary during the fir€ h of foam aging. Afte 8 h of ~ surep (b), for L=56 mm, f=5 kHz, N.=5, and(p)=0.074
aging, a 5%—20% average decrease with respect to the initia0-002 g/cr. Foam age is about 10 min. From this kind of data
value of (p) is measured. We observe that the exact valudVe d€finePmax and 7y as the maximum pressure amplitude of the
depends on the height at which the foam density is measurefS°Ustic pulse and the time of flight, which is measured between the
the density change being higher near the top surface angima of the piston velocity and acoustic pressure pl@é['me
. evolution of the ensemble-averaged sound velodityfor f

smaller at the middle of the foam sample. In fact, for Iong:5 KHz. The ensemble-averaged densi N
. . . o . ge ensity i§p)=0.076
times we observe the formation of a very thin layer of liquid +0.005 glcr
on the vibration exciter surface, which confirms that the av- '
erage density change is due to liquid drainage. The order of
magnitude of the observed average density reduction is itished for the shear elastic modulus of a coarsening foam
agreement with previously published d&2s]. [23,24). However, the bulk elastic modulus of a foam does

We then observe a decreasing behavior of the sound vétot seem to have been studied. Considering a foam as a
locity with time. At early times it has a value of 65 m/s and Viscoelastic solid, we can define the longitudinal sound speed
then decreases and tends #60 m/s. The corresponding asc=(K+4u/3)/{p), whereK andu are the macroscopic
acoustic wavelength =c/f varies from 1.3 cm to~1 cm  bulk and shear elastic moduli, respectivg8i]. Therefore,
with foam aging. This indeed corresponds to the large wavefor fresh foamsc~65 m/s and therK~3.2x10° Pa, and
length regimex>(R). As expected from the discussions after 2 h of coarseningc~53 m/s, andK decreases to
given in the Introduction, we measure a much lower effective~2.1x 10° Pa. We remark that we have usée u, since a
sound speed compared to both sound speeds in the liquid afeam is usually considered as incompressible. In fact, we
gas components of the mixture that composes the foam. find that for fresh foamsk is ~700 times larger than the

A very important experimental observation is that thereported values ofx [23,24). It should be noticed that the
foam softens with aging. This point has been clearly estabfrequencies of the shearing experiments reportef2824
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are very low, typically in the range=0.04—-3 Hz. Thus, the 64 (a)
exact value ofu (to be compared witlk) is expected to be
different atf=5 kHz, but we do not expect it to change in
order of magnitude.

Thus, as foam density does not vary significantly during
the first few hours of foam aging, we can then conclude that
the main mechanism responsible for the reduction of the 04 s
sound speed with time is the increment of foam compress- 0 20 40 60 80 100 120 140
ibility, or in other words, the softening of its elastic bulk
modulus. Furthermore, we believe that the observed satura (b)
tion of c is due to a competition between the increment of
foam compressibility and the average density reduction ing
the foam’s volume. In fact, measurements performed up to§; 0.35-
17 h of foam aging show thatfinally slightly increases with %
time, about 3% during the last 8 h. If the density reduction is

i0g, R.o(Pa)]

the only mechanism for this small incrementayfive expect 030 . . . . .

it to change by an amount of the order of 10%. Therefore, the 0 2 4 S 10 12
observed long time behavior ofmust be due to the compe- t (min™)

tition between both effects. FIG. 3. (@ In logglinear scale, time evolution ob,,, for L

The main results of the low frequency experiments are the- 15 mm, =37 kHz, N.=7, and(p)=0.078+0.002 g/cri. (b)
following ones:(i) acoustic measurements allow us to probe ys (2 Continuous lines show the fitsya—=poe V" and =
the foam coarseningii) As expected, the effective sound —g+pt¥2 with p,=314+3 Pa, r=22.1+0.3 min, a=0.308
speed is found to be much lower than the sound speeds 10.001 ms, andb=8.2+0.1 us/min2
both components of the foanii) The sound speed reduc-
tion is due to the softening of the foam, i.e., the foam tend
to be more compressible with aging time.

Nevertheless, for long times the liquid drainage is seen t

affe_ct the foam density profile, a_nd thus sound prppagatmncreases exponentially with time, with a characteristic decay
Taking into acqount our observations on the evolutiofdf time 7 of the order of 22 min. We note that this decay time
we then consider that acoustic measurements are of mog pends ok, and we roughly find->1/L. At this propaga-
utility during the firg 4 h of foam coarsening. This means tion distancéL:15 mm, after 120 min the acoustic signal

that we can use acoustic measurements for the determinati%creases te-1 Pa. This value corresponds to the resolu-
of the bulk elastic modulus of a coarsening foam. For IongeEion of our acquisitién systerfsensor sensitivity- averag-

times, the main problem is t'he _appearance of a density gr%g process+ oscilloscope resolution On the other hand,
dient in the system and a significant change of the average. .

o . . : ig. 3(b) shows thatr; evolves according to the law
density; however, combined acoustic and density measure-

A cOVSHY . +btY2  with a=0.308£0.001 ms and b=8.2
ggnmtspfggeﬂ:\éz ;mng?[;aggiﬂgahtatwe information about the 0.1 ws/min’?. We remark that these “nice” behaviors of

Pmax @nd 7 with aging timet are not observed at low fre-
quencies.

An important feature is the dependencepgf,, and ; on

We now present results concerning higher excitation freL. As the foam evolves with time, we must make fast mea-
guencies, namelyf =37, 63, and 84 kHz. Considering the surements for different values &f The term “fast” means
foam sound velocity to be of the order of 50 m/s, thesethat the measurement should take a time much smaller than
frequencies correspond to wavelengths of the order of 1.3he typical decay times. This is done by moving the pressure
0.8, and 0.6 mm, respectively. We recall that our experimensensor manually with the micrometer displacement controller
tal setup allows us to measure battandc in this frequency and measurin@,,, and ;. The motion is in the direction of
regime. the acoustic transducer, so we decrelag®/ constant steps.

In Fig. 3 we present the time evolution of the pressureA typical run for severalL’s takes about 1 min, which is
pulse maximum pn.x and the flight time 7y for L indeed short compared to the decay times. Figag shows
=15 mm, =37 kHz, N.=7, and (p)=0.078 thatpy. also decreases exponentially with(for a “fixed”
+0.002 g/cm. We note that the flight timey is now de-  evolution time. The data were taken 30 min after the foam
fined as the time difference between the maxima of the elegroduction. The continuous line shows an exponential fit of
tric input and the acoustic pulse. We observe that as the foatie form pp.=p.,e ", with p,=1.07+0.01 kPa anda
coarsens the transmitted acoustic signal becomes smaller. A&=160+3 m *. Now, we defineAL=L—L, and Ar4=y
ter 90 min, the acoustic amplitud®e, ., decreases approxi- — 7y,, whereL, and 7y, are the shortest measured distance
mately by a factor of 50. Thus, at high frequencies and as thef propagation and flight time. Figurdl) then presentaL
mean bubble size increases with time, the acoustic absoras a function ofAr;, and the slope of this curve gives a
tion in the foam increases in a significant way. Also, afterdirect measurement of sound velocity; in this case55.1

his time, the flight timery slightly increases. Thus, as we
already observed at low frequencies, as the foam coarsens,
%ound velocity decreases. Figuré)3shows thatp,., de-

B. High frequency results
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L)
1

log[R,.(Fa)]
+

(@

are the basic acoustic quantities that we can measure. We
note that in our problem there are clearly two different time
scales, one associated with the foam evolution and the other
with the sound frequency, such that1/f. There are also
three length scales, given by 1/«, and(R), which in gen-

eral are well separated, i.e.,al# \>(R). However, as will

be shown for high frequencies and large foam ages, the ab-

L (mm)

sorption length can be comparable to the acoustic wave-
length,\ ~1/a (see below.

(b)

The evolution in time ofe\ andc for different frequen-
cies is displayed in Fig. 5. For comparison, we also show in
Fig. 5b) the values ofc obtained atf=5 kHz. At high
frequencies, each point corresponds to an ensemble average
of at least seven independent experimental runs.

We observe tha#\ increases with time for afl Also, for
a fixed foam ageg\ increases withi. Thus, we can conclude

0,0
Av, (ms)

FIG. 4. (a) In logglinear scale,pyax versusL. (b) AL versus
A7qy. The continuous lines show the fifs,.,=p.e *- and AL
with p,=1.070.01 kPa, «=160+3 1/m, and c
=55.1+0.3 m/s. The measurement was made 30 min after th
and (p)=0.080

:CA’Tﬂ y

foam  production.
+0.002 g/cmi.

f=37 kHz,

+0.3 m/s. We remark that this method avoids the effects o
the thin liquid layer between the transducer and the foan?

formed by drainag¢32)].

Considering our experimental results we observe, as e
pected, that the acoustic pressure has the following form:

N.=7,

0,2

that as we probe the smaller scales of the foam struchyre

increasing(R) or decreasing\) the sound is more effec-

tively attenuated. We observe that the fluctuations»fin-

crease with bothH and the foam aging timésee the size of

the error bars This reflects the sensitivity of the acoustic
bsorption measurements to the details of the foam disorder.
e also observe that as foam coarsens, the two length scales

1/a and\ become comparable.

Another interesting feature is that after an initial transition
Fime of =20 min, o\ seems to follow a linear dependence
nt. We present then in Fig(8) the corresponding linear fits
aN=a+bt, which are done fort>20 min. These linear
Levolution laws fit quite well the ensemble-averaged values of

a\. Recalling the parabolic law E¢l), we conclude that the
time dependence of the quanti# is given by the evolution

P(X,1) % P X, 1) €Tt KOX] (17)  of the square of the dominant length scale in the foam, the
mean bubble radius, i.eq(t)\(t)=(R(t))?.
Pmad X, 1) oce™ O, (18 Concerning sound velocity, we observe that at high fre-

wherek(t) = w/c(t) is the wave number(t) is the sound
velocity, anda(t) is the absorption coefficiefithe «(t) and
c(t) notation indicates the effect of foam coarseninghese

quencie< also decreases with time; it has an initial value of
the order of 63 m/s and it decreasestd5 m/s after 4 h of

aging. As the density does not change significantly on the
evolution time scale, we confirm our previous result that the

wl@ ' ' T "o | ' ' ]

12 R 851 % **%} '

10 ] 60 - ¢ jﬂJ '

‘g o8 ] E 55 [ %ﬁ -

s . © :

so| # ]

04| ] }
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02 [ 1 ‘s 2o ® ]
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FIG. 5. (a) Time evolution ofa\ for f=37 (O), 63 (A), and 84 (J) kHz. The continuous lines correspond to linear dits=a+ bt for
t>20 min. The parameters age=0.159, 0.097, and 0.175=2.61x 10 3, 7.84x10 3, and 9.5&% 10" min™?, respectively. The linear
regression coefficients afR.,=0.9996, 0.9998, and 0.9992, respectivély. Time evolution ofc, in linear-log, scale, forf=5 (#), 37
(O), 63 (A), and 84 (J) kHz. The ensemble-averaged density 3= 0.076+0.005 g/cm.
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FIG. 6. (a) Time evolution of the scaled quantity\/f. (b) e\ versus(7)?, where{n)=2(R)/l;; =37 (O), 63 (A), and 84 () kHz,
andl,=6.6, 5.0, and 4.4um, respectively.

foam softens as it coarsens. Concerning the frequency depeseund is more effectively attenuated. The sound attenuation
dence we note that for short times we do not observe anfluctuations are also seen to increase with time and fre-
velocity dispersion. Nevertheless, as time evolves a clear veguency.

locity dispersion appears; after 2 h of aging, the lowest fre- (i) For all the explored frequencies the sound velocity
quency value is clearly higher than the highest frequencyecreases with foam age. Thus, the foam becomes more
value, by approximately a factor 20%, aathus becomes a compressible as it'coarsens. Velocity dispersion'is observed
decreasing function of. We believe that the only possible for long evolution times. Afte2 h of foam coarsening has
explanation for this time-dependent velocity dispersion is thé-l€arly become a decreasing functionfof -

existence of a characteristic time scale that depends on the (iif) The attenuation per wavelength\ is seen to be a
mean bubble radiuéR(t)). A natural choice seems to be the N€ar function of foam age, i.eqht. Recalling the para-
inverse of the bubble resonant frequency. In fact, in the Iimilbc?IIC law f_or the evolution OKZR(t»’ we can then stat_e that
¢<<1, sound velocity dispersion is observed as the resonarliP'S quantlty scales as)gc(R) : ".] addition, for short times,
frequency is approachd®,10], and forw=w,, ¢ decreases a\ is found to scale Ilneaérly with both foam age and fre-
with f. We note that this velocity dispersion is also predictedquency’ S0 thatrh o tfe(R)“F.

by the dispersion relatio(6). Nevertheless, the definition of

a resonant frequency in a concentrated foam does not seem IV. DISCUSSION AND CONCLUSIONS
clear, and we do not have the analogous expressions to Egs. A. Sound attenuation
(5) and(6).

Our measurements show that the acoustic attenuation is
very high compared to the attenuation in both components of
the foam. We can qualitatively understand this fact by fol-
lowing an argument given by Landau and Lifshi&3]. Let
. 0 . : us suppose that we have a gas bounded by a well defined
the visual observations reported in REZ4]. We obtain that surfac%? which has both high thermal conductivity and high
M(R) decreases asymptotically as a power law, efhich is  yigigity compared to the gas, and consider that a sound wave
due to the parabolic evolution dfR) and the very small jnthe gas undergoes a reflection on the wall’'s surface. In the
dependence af ont. Depending on both the foam age and sound wave, the temperature oscillates periodically about its
the excitation frequency, this quantity decreases fret500  mean value. Thus, near the rigid and highly conductive wall,
to 20. Thus, due to the explored frequency range and thehere is a periodically fluctuating temperature difference be-
foam coarsening, we see that our experiments explore botliveen the gas and the wall. But at the wall itself, the tem-
regimesh>(R) and\~20R). peratures of the wall and the fluid must be the same. This

To conclude the presentation of our experimental resultsgenerates a large temperature gradient in a thin boundary
we plot in Fig. &a) the time evolution ofaX/f, for all f  layer of the gas, where energy is dissipated by thermal con-
together. We notice that this scaling works pretty well, speduction. The same kind of argument shows that the gas vis-

From the velocity data of Fig.(b), we can estimate the
evolution of the ratio\/(R) for all the explored frequencies.
To obtain(R) we use Eq.1) and we roughly estimat&
=5.07 wm?/min, t,~20 min, and(R,)~14 um, using

cially at the shorter aging times, let us say f&£90 min. cosity also leads to a strong absorption of energy, because
Thus, the main results of the high frequency experimentshe velocity gradient is large at the boundary. We recall that
are the following. in the bulk of a homogeneous fluid, sound attenuation is due

(i) Sound attenuation varies significantly with both foamto the same physical mechanisms, but the temperature and
age and sound frequency. As we probe the smaller scales otlocity gradients are generated by the wave itself, such that
the foam structure, by increasifR) or by decreasing, the  they are of ordefl /N andv,/\, respectively{33]. Here,
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Tacandv . are the amplitude of the acoustic temperature andnotion would dominate the effects caused by the radial os-
velocity fluctuations. In general, these gradients are smalftillations[3,35]. Nevertheless, as discussed in the Introduc-
compared to the gradients formed in a boundary layer. Iion, it has been well established for bubbly liquids that the
fact, it is well known that the ratio of the power losses at thethermal damping dominates far<w, and ¢<1 [10], such
surface to the power losses in the gas volume is of axdler ~ that even if the translational viscous drag dominates the ra-
wherel is the molecular mean free path in the gsse Chap-  dial viscous damping, it does not seem to be important. In
ter 6.4 in Ref[34]). This can be easily shown by estimating general, the relative importance of the different damping
the thermal power losses on the wdll,,,, and the thermal mechanisms depends on the material constants of the system.

power losses in the volumél!,, as For example, Urick compares experimental results of sound
e attenuation in dilute kaolin and sand suspensions with a
I (Tac/1)2, TLee(Tae/N)?, (190  viscous-drag calculation at, [36]. He finds a good agree-

ment with theory and he concludes that the viscous drag

Wherelt=~/2Dg/w is the thermal boundary layer. Thus, between the fluid and the particles is the dominant damping
mechanism. On the other hand, Allegra and Hawley compare

It A2 viscous drag and thermal attenuations in an emulsion of 20%
Vtva“oc _) —. (20)  toluene in water and find that the thermal damping is domi-
My /] nant[37].

We must note that the asymptotic viscous-drag expres-
where in the last expression we have uggg~cyl, | being  sions of a,\ [36,37 take forms similar to those given by
the molecular mean free path in the gas agthe gas sound Eqgs.(15) and(16) for the thermal damping mechanism, such
speed. In a gas;wcgll\ﬁ, and the same result is obtained that
for the ratio of the viscous power losses. The fact that the

surface power losses dominate the volume power losses ex- wR?
plains why systems of high porosity and with high contrasts ayh e 7 (22)
of both thermal and acoustic properties, such as foams, are
good acoustic attenuators. for R/I,<1, with | ,= 27, /w, and
As discussed in Sec. |B, there are several damping
mechanisms of an acoustic wave in a bubbly liquid, namely,
the liquid viscosity, the gas thermal conductivity, and the A\ i (22)
sound scattering. In principle, from both the frequency and wR?

the bubble size dependence @i, we should be able to

identify which of these mechanisms is dominant. In our ex-for R/l ,>1. Thus, compared to our results, both low fre-
periments, the bubble sizes vary with time due to gas diffuquency expressiond5) and(21) give the correct scalings on
sion, according to an evolution law of the fofR)?xt. As  Randw. As the foam is concentrated, it seems quite unlikely
we measure a linear dependenceadf with time, we con- to us that the sound wave could generate a relative motion
clude thatw =(R)2. This scaling alone is a strong restriction between the bubbles and the thin liquid films. To clear up
to the possible damping mechanisms. On the other hand, whis point, we estimate the viscous boundary layer for
observe that the quantityA scales likef for early foam ages, =37, 63, and 84 kHz to blg~2.9, 2.3, and 1.9um, respec-
approximately fot<90 min. tively, where we approximate,~10 ¢ m?/s, as for water.

If we consider the scattering contribution given by Eg. As the liquid channel thicknedsin our foams is~1 um or
(12), we should expect a dependence of the foagh less, we conclude that bubbles are strongly coupled by vis-
«Rw® w?. This corresponds to Rayleigh scatterings o,  cous forces. The viscous forces are then so high, that no
valid in the large wavelength limik>R. As discussed be- relative motion between the bubbles and the liquid is pos-
fore, in the case of concentrated foams, it is clear that sible. However, if the frequency is increased enough, such
cannot be given by Eq®5), and the question of a proper thatl, decreases well belol, we can expect the viscous-
definition of the bubble resonance in a concentrated foamlrag attenuation to become important. We finally conclude
does not seems to be clear. As the density is greatly reducdtiat the main contribution to the sound attenuation is given
compared to a dilute bubbly liquid, we do expect the resoby thermal dissipation.
nance to be shifted to higher frequencies. In any case, in the We can indeed go a step further by comparing quantita-
large wavelength regime, a Rayleigh scaliagh = w® is ex-  tively our results with the theoretical predictions for the ther-
pected. Thus, from our experimental results we can concludeal attenuation. To do so, we plot in Fig(bp the experi-
that the scattering damping is not important to leading ordermental attenuation per wavelength vergug?, where(7)

An important point that has not been discussed is the vis=2(R)/l;. The gas is a mixture of isobutane and propane,
cous attenuation caused by the translational motion of thee then haveb j~5X 10°% m?/s atT~21.5°C[38]. Once
bubbles. In fact, the van Wijngaarden—Papanicolaou modedgain, (R) is estimated by the parabolic lagl). As the
considers the viscous attenuation due to the radial motion dfubble size distribution is quite large, we recall tha} is an
the bubbles. But it has been argued that in the case of bubblverage value. Fdr=37 kHz and at the beginning of foam
liquids, for frequencies much smaller that the bubble resoeoarsening(z)~3; for long aging times and higher frequen-
nant frequency, the effects of viscosity on the translationaties,(z)~12. Thus the bubble diameter is, in general, larger
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than the thermal boundary layer. We observe that for theralues ofc has already been noted by Gol'dfagbal. [20],
smaller values of )2, the data collapse on a single curve. and it seems that there is a systematic deviation in some of
This collapse also corresponds to the smaller valueshaf the measured values compared to the adiabatic approxima-
For higher values of 7)%, a\ seems to increase withA  tion given by Eq.(3). Nevertheless, some experimental re-
possible explanation is that when we increase the frequencyults presented in Ref20] agree with Eq(3). This confus-

the scattering contribution of the larger bubbles to the sounghg result was already pointed out in the introduction of this
attenuation becomes important. The crossover between thgper. We note that Gol'dfarét al. did not take into account
different behaviors is obtained fgm)?~40. the foam coarsening. No attention at all was drawn to the age

We note that from Eq(16) we expectaA=1/(7) for  of the foam when the measurements were done. Our mea-
(m)>1. This means that for a large enough frequengy, surements indicate that the valge 40 m/s can be observed
should decrease withwhich is not observed experimentally. if the foam coarsens for long enough time. However, there is
We think that this is in part due to the large polydispersity ofan important difference between the estimated and the mea-
the bubble size distribution. In fact, we expect a maximumsyred values ot for fresh foams.
attenuation per wavelength fay~1, which can be inter- The estimation given by Wood’s formula must be consid-
preted as a thermal resonance conditionR. Thus, at fixed ered as a leading order approximation. In fact, we have found
frequency, the bubbles that satisfy this thermal resonancgat the effective sound velocity evolves with time, and this
condition are those that attenuate most effectively the inciaspect is not considered at all in this effective-medium ap-
dent sound wave. Due to foam coarsening, the bubble sizgroach. We know that for the first hours of foam coarsening
distribution becomes larger with time. However, the smallesthe average densityp) does not vary significantly with time.
bubbles are continuously shrinking before disappearing dume must then consider the dependence of the compressibility
ing the coarsening process. Thus, there always exist bubbles the foam structure. In particular, for short foam ages, we
that satisfy the resonance condition even at high frequencgxpect that the effective compressibility should be lower,
On the other side, for the larger bubbles, the scattering conroughly by a factor 2.5 with respect i/ yP,,.
tribution to the sound attenuation becomes important. These |t is well known that the presence of surfactant molecules
two mechanisms lead to an increasenof with time. gives elastic properties to liquid filni89,40. This elasticity
is caused by the redistribution of the surfactants between the
free surface and the bulk of the liquid during a deformation
process. When the deformations are slow, this elasticity is

Our first observation is that the value of the sound veloc-called Gibbs elasticity. Thus, during a slow deformation, the
ity is much smaller that the velocities of both components ofsurfactant molecules have time to diffuse out to the surface.
the foam, which is expected from the high contrast of acousThere is then a thermodynamic equilibrium between the sur-
tic properties between the components of the foam. As it willface and the bulk surfactant concentrations. On the contrary,
become clear after this discussion, the most important exf the deformation is fast, the elasticity is called Marangoni
perimental observations are the following) The sound elasticity, and in this case the surfactant molecules do not
speed evolves as the foam coars¢insThe initial value ofc  have time to migrate from the bulk to the free surface. In this
is markedly higher than that estimated with Wood’s formulacase, the deformation changes the film’s surface but the num-
(3). (iii) Velocity dispersion is observed for long times; after ber of surfactant molecules at the surface stays constant.
2 h of foam coarsening; is clearly a decreasing function of When the liquid film is stretched, the surfactant surface con-
f. These results show that the sound speed depends on tbentration is then reduced and the surface tension increases.
foam structure in a nontrivial way, and we will now discuss |t is the extra surface tension that tends to reduce the surface
them in more detail. deformation.

We can indeed try to estimate the sound velocity by The terms “slow” and “fast” must be compared to a dif-
means of the effective-medium approximation. We use€usion time scale. In fact, it is the timep=h?/D, that
Wood's formula, given by Eq.3). The foam average density characterizes the diffusive motion of the surfactant mol-
is (p)~0.076 g/cm, and we can consider the average com-ecules(hereh is the liquid film thickness anB, is a chemi-
pressibility to be(x)~ ¢ x4, where$~0.924 is the average cal diffusion constant Typically, for 1-um-thick films, 7 is
gas volume fraction angg~1/yP, is the adiabatic com- of the order of 0.01 $40]. However, due to contaminations,
pressibility of the gas. HereR, is the atmospheric pressure 7 can increase up to 1[89]. It is then clear that for the
and'y is the ratio of specific heats. As the gas is a mixture ofexplored acoustic frequencies, it is the Marangoni elasticity
isobutane and propane, we approximaje=1.1 for T  that could be important. For small surfactant concentrations,
~21.5°C[38]. Thus, yg~8.8X 10°°% Pal, and we find the Gibbs and Marangoni elastic constants are of the same
Ce~40 m/s, which is of the order of magnitude of the mea-order, Eg~Ey~80 mN/m [40]. For large concentrations,
sured values. For fresh foams the sound velocity has nevethe Marangoni elasticity dominates, the valuekf being
theless a value of 65 m/s, which #€60% higher than the smaller than in the small concentration limit.
estimated value. This seems to be contradictory, because at We can then consider that the foam liquid matrix has elas-
the beginning of the foam evolution the conditing-(R) is  tic properties. The problem of sound propagation through a
better satisfied than for large foam ages, so we would expetiguid-elastic matrix with gas inclusions resembles very
the effective-medium estimation to work better at short foammuch that of a porous fluid-filled solid media our case the
ages. The difference between the predicted and the measurfdid is the gas and the porous “solid” medium is the liquid-

B. Effective sound velocity
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elastic skeleton In fact, sound propagation through these —1/y,; andK;— 1/x4, and ¢ is the gas volume fractiorK,,
kind of heterogeneous systems has been widely studied. Ttend N are the bulk and shear elastic moduli of the skeletal
semiphenomenological Biot theory is considered as the mo$tame (liquid-elastic matrix. In general, they are indepen-
general effective-medium theory for two-component systemslent of the fluid in the poreggll]. N can be then identified as
and it has been shown to have a tremendous predictivihe shear modulus of the foam, previously notedyybut
power [41]. To our knowledge, this is the only effective- for a foamuc«o/(R) [23,24] and the surface tensian de-
medium theory that considers explicitly the existence of gpends on the gas. On the other hand, the first tertd ofin
skeleton elasticity, and it is therefore interesting to see unddse then identified as the elastic bulk modulus, which we
which circumstances we can apply this theory to our foandenoted byK in Sec. Il A. For a foamK> u, and we can
samples. In the Biot theory there are four basic assumptionghen consider that the first term of the right-hand side of Eq.
[41]: (i) the system can be described by two displacemen(24) is dominant. The form of this term is not obvious, but
fields, (ii) there is no force due to relative displacements ofwe can show that in the limit of a very weak skeleton, such
the centers of mass of the two constitueiiis) the fluid (in  thatK,/K.—0 andK,/K;—0, Eq.(24) then takes the form
our case the gaseither creates nor reacts to shear forces,

(iv) sound attenuation is solely due to viscous damping cre- 1

ated by the relative motion of both constituents. To apply this H~ m (25
theory to our foams, the main problems are given by assump- g

tions (i) and(iv). In fact, assumptiotiii) presumes that the anq the longitudinal sound velocity, takes the form of

fluid is interconnected throughout the sample, which is notynod's formula(2). In the case of a foam, where the elastic
the case in a foam. On the other hand, assumfionne-  yroperties of the liquid films can be important, we have
glects the possibility of thermal damping, which we know is

dominant for the high frequencies explored by our experi- 1
ments. However, it is easy to show that poiii) can be H%¢—(1+ dxgKp), (26)
completely relaxed if both constituents are described by the Xg

same displacement field, such that there is no relative mo'uo\r;vhere we have neglected terms of orde¥ . Thus, the

between the gas and the liquid; as it has already been shown, . X , )
. eleton elastic moduluk, increases the foam’s effective
this is the case for our foam samples because bubbles ;
ulk modulus, and thus the effective sound speed.

highly coupled by viscous forces. This has another conse- We now proceed to estimaté,. It is known that pure

guence, which is the elimination of dissipative terms in Biot,. .~ . . .

theory, since the only damping source is given by velocit iquid f"”.‘s (without surfactantscan propagate in both anti-

differences at the boundaries of both constituents. symmetrical 'and symmetrlcal wave modei]. However, :
the symmetrical mode is more difficult to observe because it

Thus, the main problem is that Biot theory does not con- . . P
sider thermal attenuation. However, we note that in the IOV\,nvoIves viscous motion of the liquid from the nodes to the

frequency experiments,,.decreases very slowly during the antinodes. In a liquid film with surfactant molecules, the

explored aging times, by approximately a factor of 1.6 aftervanatlon of thickness is coupled to the variation of the sur-

8 h of coarsening. This has to be compared to the reductio];?ce density of the surfactapt molﬁecules. The corresponding
of pmax Py @ factor of 50 observed after gn2 h of coarsen- waves .propa}gate at a velocityy = v2Eu/p 'h. [40], whergh i
ing for f=37 kHz. If we assume that at low frequencies, is the film thickness. We can therefore define the liquid film

. . ; ; astic modulus aK,~2E,,/h.
;hf;mihian;?\lzgzg;gl??tg? g;zearcguosélcg t(;(;m;ar;c:jorg), ih?c?rf(ﬁj The final step is to relaté to the mean bubble radius
aging timés of 20 min2 h and 4 h, resi)ectivély. Thus, our (R(t)). As the total foam surface decreases with time and the

low frequency experiments can be considered as almost nofjduid content is constanty should increase with time. In

dissipative. We can then apply the low frequency results o dd|:|r:)n, "’Ils thﬁ foam ISttngfc“rF‘j tls QOmmatttadd b\BI/V atr:]smgle
the Biot theory. In this limit, both constituents are described€Ndth scale, a linear relatidm<(R(t)) is expected. We then

by the same displacement field and two nondissipativ@snmate an average valuetoby assuming that each bubble

: . ded by a liquid film of thickne$g2 (thickness per
propagating modes are prediciei], a transverse mode and IS surroun o
a longitudinal one, with speeds given by bubble. The gas volume fraction is then

, N, H __ (R®¥ )
T N P @3 (R(t)+h(1)/2)3 @9
with Thus, for¢~0.924,(h(t))=B(R(t)), with B~5.34x 102
The effective skeleton elastic modulus is therefore
_Ks+[¢(Ks/Kf)—(1+¢)]Kb+fN (24
T 1-¢—K /Kt (K /Ky 3 K 2Ey 29
" B(R(D)’

where¢ is the fluid volume fractionK andK; are the bulk
elastic moduli of the solid and the fluid as if they were ho- We then find that the foam’s effective bulk modulus,
mogeneous and isotropic. Thus, in the case of a fdagm, given by Eq.(26), evolves with time, which explains the
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TABLE |. Parameters of the fitc(t)/c,]? given by Eq.(29).
The fourth column presents the regression coefficients.

f (kHz) a b(min~1) Re
2 1.42+0.02 0.020£0.001 0.985
5 1.33-0.01 0.022-0.001 0.999
‘!-} 37 1.0 0.05 0.0380.005 0.977
Q 63 1.04:0.08 0.04G:-0.006 0.961
L 84 1.03£0.07 0.038:0.006 0.959

#This frequency corresponds to a single experimental run, with
(p)=0.071 g/lcm. ¢ andc, are then corrected.

I ] frequency measurements. This is surely caused by the break-
T e L e L down of the nondissipative approximation made to obtain
0 100 200 300 400 %90 Eq.(29. Table | shows that for lowi the fitted values ob
t (min) approach the expected value~=0.026 1/min, confirming
FIG. 7. Time evolution of ¢/c,)? for f=5 (0) and 37 ©)  that we can apply the Biot theqry to our low frequency re-
kHz. The continuous lines correspond to fits of the form Sults. On the other hand, the fitted valuesaoét low fre-
[c(t)/cy]?=1+a/1+Db(i—t,) for t<240 min (see Table | for quency giveEy~60 mN/m. In spite of the rather rough
the values of1 andb). The dashed line shows the extrapolation of €stimation ofB, this value is in good agreement with those
the fit for f=5 kHz. found in the literature for the Marangoni elastic constant in
the large surfactant concentration lirh&9].

time dependence of the measured sound velocity. In fact, Before concluding this discussion, we will estimate the
using Eqgs{(23), (26), and(28), we find that the longitudinal sound velocity of transverse waves. This is motivated by the

sound speed takes the form experimental results of Swat al.[18]. They effectively show
that a foam can propagate as a transverse acoustic wave. We
q(t))2 a 29 note that their measurements were performed in the fre-
—_ = +— _
Cu THb(t—ty) quency range 20—200 Hz. Compared to our measurements of

the longitudinal velocity, they report a much lower transverse
with ¢, = VyP./d(p)~40 m/s, which is Wood's value of velocny, ¢;=3.1+-0.4 m/s. Unfortunat'ely, they give little in-
the effvtvactivg s%u(ir)fdpspeed and formation about the foam characteristics. For example, the
' mean bubble size and the bubble size distribution are not
2¢Ey, reported. Nevertheless, they do mention the average density,

a= ByPo(Ry)’ (300  31+4 kg/nt. As the liquid they used is a mixture of dis-
Yol Mo tilled water and glycerine, we have approximatepy
A =1 glcn?, so the average gas volume fractiondis-0.97.

b= ' (31) They also indicate that their measurements were done with
(Ry)? 1-h-old foams. On the other hand, Cohen-Ad&aal. have
studied the viscoelastic response of a coarsening &t
As before, A~5.07 um?/min and(Ry)~14 um, thusb using Gillette shaving foams. They measured the temporal
~0.026 mint. evolution of both elastic shear and loss moduli in the fre-
We then present in Fig. 7 the time evolution of the experi-quency range 0.04-3 Hz. For a foam age of 15 mun,
mental values ofd/c,)? for f=5 and 37 kHz. This quantity increases slowly witli from 400 to 500 Pa. By Eq23), we
represents the foam’s elastic bulk modulus, normalized thavec,= \/u/(p). Considering tha{p)~76 kg/n?, we ob-
YPo/ . As discussed before, for early times of coarseningtain thatc, increases slowly between 2.3 and 2.6 m/s \fith
this bulk modulus is a factor 2.5 higher tha#®,/¢. In the  This value is very close to that found by Senal, taking
frame of the Biot theory we can understand this fact by thanto account the differences of the foams, this may be a
importance of the liquid matrix intrinsic elasticity, which coincidence. The important point is that our estimation gives
turns out to be of the same order #B,/¢. The continuous a good order of magnitude and we expect to find this value
lines are fits of Eq(29) for t<240 min, where botla andb  for our own foam samples. Finally, the difference in magni-
are adjustable parameters. We observe that for the lower freade between the estimated valuescpfand the measured
quency, the fit is quite good. In this case we also show théongitudinal sound velocity is very important. As noted be-
long time extrapolation of the fidashed ling The long time  fore, it corresponds to a factor 700 between bulk and shear
departure is caused by the average density reduction due #dastic moduli.
drainage. Atf =37 kHz the fit seems to deviate significantly  In conclusion, we have shown that frequency-dependent
for t=100 min, the experimental values being lower thatacoustic measurements can be used to probe foam coarsen-
those predicted by the fit and this is observed for all the highng. This is due to the high contrast of thermal and acoustic
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properties at the liquid-gas interface within the foam, which ACKNOWLEDGMENTS
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