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Determination of the viscous and thermal characteristic lengths of plastic
foams by ultrasonic measurements in helium and air
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M. Melon, N. Brown, and B. Castagnéde
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Avenue O. Messiaen, 72017 Le Mans, France

The acousticwave mostcommonlytransmittedand detectedn the high-porosityabsorbentnaterialsusedin noisecontrolis
generallythe air-borneslow compressionalvave.ln a newexperimentthe air saturatinghe sampleis replacedy heliumand
the transmissioris studiedat ultrasonicfrequencieq70-600kHz). The experimentis quite easily performedusing standard
ultrasonicsand vacuumequipment.The main purposeof this work is to proposea methodto determinesimultaneouslboth
the viscousandthermalcharacteristidengthswith the sameprecision.Thesetwo parametergharacterizeéhe viscousandthe
thermalinteractionsbetweerthe frameandthe fluid at high frequenciesThe characteristidengthsarededucedrom the high-
frequencyasymptoticbehaviorof eitherthe velocity or the attenuatiorcurvesobtainedin the samplesaturatedy air andby
helium. It also appearghat due to the propertiesof helium, the discrepancypreviously observedbetweenpredictionsand
measurements shifted toward higher frequencies.

I. INTRODUCTION II. SLOW WAVE PROPAGATION IN HIGH-POROSITY
PLASTIC FOAMS

A very particular prediction of the theory established by
Biot! in 1956 on the acoustics of fluid-saturated porous me-  Recent developments have been carried out in the noise
dia is the existence of a second compressional wave in corgontrol research field. In many circumstances, a strong at-
solidated media. At low frequencies, this wave is stronglytenuation of the slow wave is a great advantage for sound
attenuated and does not propagate, i.e., its velocity tends &bsorption. A rigorous description of the wave propagation
zero as the frequency tends to zero. Above a characteristio absorbent materials has been proposegw materials
frequency, which depends on the fluid viscosity and the persuch as polymeric foams are studied, and techniques have
meability, the wave becomes propagatory and its attenuatiobeen developed to measure their tortudSignd characteris-
varies as the square root of frequency. The experimental cottic lengths''~**These materials have generally a high poros-
firmation of this prediction was done by Pldnia an artifi- ity (more than 95%and a tortuosity fairly close to one. At
cial rock made of sintered glass beads saturated by water batidible and ultrasonic frequencies, one of the compressional
no confirmation in normal conditions in real rocks has beerwaves propagates mainly in air in the porous material and
performed. Indeed, a slow wave can be generated in naturtile frame remains motionless. The other compressional wave
rocks saturated with superfluid helium Her Helv because propagates in both media, but its velocity is close to the
of the very particular properties of these fluids. Such experivelocity of compressional waves in the frame in vacuum.
ments were made to confirm the theory and to determine allhis is due to the fact that an acoustic field in air in the
the necessary parametéré,and to probe porous medid. porous material cannot generate vibrations of the frame,
These experiments are not easy to implement for a commowhich is too heavy, but vibrations of the frame can induce a
laboratory although they look attractive. In most of the casesglisplacement of air. It is more appropriate to call these waves
the slow wave cannot be easily observed because it igir- and frame-borne waves, but traditionally the air-borne
strongly dispersive at low frequencies and highly attenuatetvave, which is highly damped at low frequencies due to the
at higher frequencies although it is propagative. Nevertheviscous interactions with the frame, is called the slow wave.
less, Nagy, Adler, and Bonrfenave shown that it is possible Indeed, this slow compressional wave is very commonly ex-
with a standard experimental setup to detect a slow compresited and detected in such materials. The problem of exces-
sional wave in both artificial and natural rocks saturated bysive attenuation is not so crucial as for fluid- or gas-saturated
air in a frequency window where the mode is propagativerocks because of the high porosity. The slow wave can even
and not too heavily attenuated. This window is rather narrowbe easily detected in many cases and especially in reticulated
for air-saturated materials because of the high kinematic vistoams, i.e., with open cells. The permeability of these
cosity v of air. It is set by the condition that the viscous skin samples is fairly high and the main part of the incident en-
depth,6 = y2v/w at the angular frequenay, must be less ergy is transmitted as the solid proportion is small. Else-
than the pore size while the wavelength must be greater thamhere, at high frequencies, an acoustic wave in air outside
the grain sizé. the material will generate only the air-borne wave in the



material, leaving the frame motionless and the approximatained with helium. This must lead to two distinct values of
tion of a rigid frame can be made. We show that the slowthe slope and only one value of,. The lengthsA and A’
compressional wave can also be detected in high-porositgre determined solving the system

foams saturated with helium instead of air.
The main contribution of this work is to give a method ~ Sair~ @=(VVair/ m)/Lair,
providing simultaneously the viscousand thermal\’ char- Shie= (Ve T/ L e, )

acteristic lengths from the exploitation of the dispersion _
curves in air- and helium-filled materials. These physical pa¥Vhere Sk and Sl are the slopes measured when saturating
rameters have a major importance. They were introduced b{j)® Sample with air and helium, respectively. The second
Johnson, Koplik, and Dash¥hand by Champoux and Method Qé), suggested by Johnson and.co—worléérson—
Allard® for the description of the high-frequency acousticalSiSts of plotting the product of the quality factor and the
behavior of fluid-saturated porous media without making any/iScous skin deptiQ as a function of frequ_en_c%/ providing
assumption on the pore geometry. Until now, the thermaflirectly a value ?ﬂ- in the high-frequency limit* The pa-
characteristic lengttA’ which is namely two times the aver- rametersA andA’ are then deduced from the system,

age volume—to-surface ratio of the pores, has been evaluated |im (Qé);=Lar, lIM (Q6)pue=Lpe. (3)

by a nonacoustic method from the measurement of the spe- - 0

cific area using the standard Brunauer—Emmet—T&B&T)

techniquet! The viscous characteristic length has been V. EXPERIMENTAL PROCEDURE

recently evaluated from the high-frequency asymptotic be-

havior of the velocity curvk or of the attenuation curve.
The major disadvantage of these methods is thais re-

The practical implementation of the method can easily
be done. Experiments are made in air and helium using stan-

quired and must be determined before. The precisiof &f d_ard equipment.. Pulses of about 350 V amplitude are pro-
rather poor as it depends on the precisionAdfwhich is vided by a.funcuon ggnerator coupled to a power am_phﬁer.
about 20% with the BET method. Furthermofeand A’ are The detectlon_ system is composed of a c_harge amplifier con-
not evaluated in the same experimental conditions. In thé1eCtEd to a digital QSC'IIOSCOpe' Ultrasonic waves are gener-
method proposed here\ and A’ are evaluated simulta- ated and detected in the two gases by capacitive transducers

neously, with the same precision and on the same area in tIY&'th 6-um-thick Mylar films as vibrating membranes. The

sample. The values of and A’ obtained are therefore rel- transducers’ diameters are 1.5 cm for the experiments in air

evant only in the area of the sample where they are meae;nd 1 cm for the experiments in helium in order to favor

sured. Problems of inhomogeneity in the porosity, tortuosity,h'gher frequencies. The transmission experiments in air are

or permeability are not considered here and must be tackle@lnalogous to those of Refs. 12 and 13. The procedure for an

through a systematic study involving@scan over the sur- experiment in helium is described as follows: The sample
face of the sample and the transducers are enclosed in a vacuum chamber of

about 107. The distance between the transducers is of a few
centimeters and the sample is placed between them in the
configuration of normal incidence. A primary vacuum is
. METHOD PRINCIPLE made to a pressure of more or less than 0.5 Torr so that the
proportion of air remaining is less than 0.07%. Then the
chamber is filled with helium to the atmospheric pressure
and the transmission experiments are made. No problem of
saturation is expected since the sample has open cells and a

The principle of the method consists of utilizing the dif-
ference in physical properties of air and helium in conjunc-
tion with the high-frequency asymptotic behavior of the dis-
persion curves. In the high-frequency limit and in the
approximation of a rigid frame, the complex wave number is
given by®

81 y-1
R V-V

wherea, is the tortuosityc, the sound speed in the g&>

the Prandtl number, angthe specific heat ratio. Two meth-
ods are used to extradt and A" from this expression. The
first method (SI) consists of plotting the real part of the
propagation index, i.e., the squared ratio of the reference
velocity and the phase velocity in the sample as a function of
the square root of the inverse frequenty'? (Ref. 12). -0.15 I T I I |
A linear behavior is obtained at high frequencies; the slope 30 35 40 45 50 35 60
leads to a value of the length L=[A"?
+(y—1)(BA") Y]~ while the intercept with the ordinate

axis gives the tormOSitVfoc_- Thi§ p_lOt is made for the experi- rig. 1. Reference signal and signal transmitted in a high-porosity foam
mental data obtained with air first and then for those ob-saturated by helium.

) 1) 0.10 — — Reference
——- Sample

k= e,
Co

Amplitude (V)

Time (us)

2



TABLE |. Sample characteristics.

200
Sample sl s2 s3

Thickness(mm) 10.0 8.8 8.8 175 —

Porosity 0.98 0.97 0.97 )

Permeability(m?) 3.08x10° 2.06x10°° 6.47x10° 150 air

g

. . . . = 125 He
high porosity. For each experiment two signals are captured: &
the signal crossing the sample and the reference signal ob- 100 -
tained after removing the sample. A simple “trick” is used
to do the removal: A small piece of metal is fixed on the
sample so that it can be easily displaced from outside the 75
vacuum chamber with the help of a simple magnet. The ve-
locity of the slow wave is deduced as a function of frequency 50 T T T T I I
from the phase difference between the reference signal and 0 100 200 300 400 500 600 700

the transmitted signal. The attenuation is obtained from the . \Hy
ratio of the amplitude spectra. requency (kHz)

FIG. 3. Product of the quality factor and the viscous skin depth as a function

V. RESULTS of frequency.

Figure 1 shows the reference signal and the signal trans-

mitted in the sample s1 when the saturating gas is heliumparagraph; the results are discussed in the following para-
The quantity(y—1)/Bis equal to 0.815 in helium and 0.475 graph. The real part of the propagation index is plotted in
in air. Using these numerical values and assuming that thﬁig_ 2 as a function of 2 for the sample s1 when it is
order of magnitude of\" is approximately double that of,  saturated with helium and with air. A linear behavior is ob-
it can be calculated from Eql) that the ratiov,J/V,, of the  tained as expected. In this example, the valued @ind A’
limit velocities of the slow wave when the sample is satu-geduced from the slopes of the curves are, respectively 202
rated by helium and by air is approximately 2.9 while theang 367,um. A tortuosity of 1.052 is deduced from the in-
ratio of attenuation is about 1[Eq. (1)]. As a result, the tercept while theY axis in air, and of 1.048 in helium. In
slow wave can be detected in the material saturated by hgyder to implement the second meth@.d), the producQ &
lium as well as by air as shown in Fig. 1 but the arrival timesjg plotted in Fig. 3 as a function of frequency for a sample
are approximately three times less. saturated by air and by helium. The values /ofand A’
Three samples were studied; their useful characteristic§educed from the high-frequency limit €5 in air and in
are summarized in Table I. The methd®) and Q) pre-  helium are, respectively, 180 and 428n.
viously described were applied to determiag, A, andA’. The results are summarized in Table II. About five ex-
The numerical values for the sample s1 are presented in thEeriments were performed for each sample in air and in he-
lium. The values ofw,, were obtained using the SI method.
After averaging, they were found to be about 0.7% less when
working in helium than when working in air. The dispersion
being higher in helium, the signals were treated slightly dif-
ferently than in air. This may explain the small systematic
error observed. The paramet&f has also been evaluated
using the BET technique. A good agreement is found be-
tween the values ok’ given by the Sl and) 5§ methods with
a maximum discrepancy of 15% for the sample s1. When
comparing the BET method to the acoustic meth(gisand
QJ), the maximum difference is 15% for the sample s3, 24%

1.16

He
1.12

Real part of the propagation index
~

1.08 — / - air
/ / TABLE Il. Numerical values ofa,,, A, and A’ determined by different
/, ~ methods.
1.04 I I I Sample sl s2 s3
0 1 2 3 4 a, (Sl) 1.052 1.042 1.054
A’ (BET) (um) 610 370 750
A" (SI) (um) 367 318 672
-3 -2
s (x10 "Hz ™) A’ (Q8) (um) 429 292 650
A (SI) (um) 202 134 273
FIG. 2. Real part of the propagation index as a function of the square root of A (Q6) (um) 180 132 249

the inverse frequency.




for the sample s2, and 50% for the sample s1. These resultsirves in the high frequency limit. The two parameters are
can be considered to be not too bad as only an order aheasured simultaneously in the same experimental condi-
magnitude is given by the BET method. In addition, the meations and with the same precision. A good agreement is
surements are not made with rigorously the same sampldsund between the two acoustic meth@g8sandQ §) for the

and in the same experimental conditions with the BETthree samples studied. The difference between the BET and
method than with the acoustic methods. Comparing the Shcoustic methods is higher; it is explained by the fact that the
and Q46 method for the determination of, the maximum BET method is rather inaccurate and that samples are not
difference is 12% for the sample s1. The SI method givestudied in the same experimental conditions. The excess at-
simultaneously a value af,,, A, andA’, but it is sensitive to  tenuation already observed by Nagiimits the applicability

the windowing and noise because it requires the determinasf the acoustics methods to materials with low diameter solid
tion of phase differences. TH@4d method is less sensitive to fibers.

windowing but provides only values of and A’ and, fur-

thermore, this method breaks down when additional attenuackNOWLEDGMENTS

ation phenomena occur as seen in Fig. 3 where a “fall _

down” can be observed from a frequency of about 250 kHz ~ We are grateful to Professor J. F. Allard for his com-
for the curve that corresponds to the experiment in airments on earlier versions of this article. This work was sup-
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