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Ultrasonic wave propagation in reticulated foams saturated by different
gases: High frequency limit of the classical models

Ph. Leclaire, L. Kelders, W. Lauriks, J. F. Allard, and C. Glorieux
Laboratoriumvoor Akoestieken ThermischeFysica, DepartemenfNatuurkunde,
KatholiekeUniversiteitLeuven,Celestijnenlaar200D, 3001 Leuven, Belgium

Transmissiorexperimentsareperformedon high porosityreticulatedpolyurethandoamssaturated
by differentgasest ultrasonicfrequenciesip to 800kHz. An excessttenuatioris observedat high
frequencieswhenthewavelengths not sufficiently largecomparedo the lateraldimensionof the
fibers. At lower frequenciestheseexperimentdead by using classicalmodelsof equivalentfluids,
to a fast and reliablenethodfor determiningthe characteristitength A.

Nagy et al! have proposed a simple experiment to gen-dynamic permeability of the material and substantially in-
erate and detect a slow compressional wave in air-filled poerease the wave attenuation at high frequencies when the
rous material and natural rocks at ultrasonic frequenciesiscous skin depth becomes smaller than the surface rough-
[70-600 kHZ. The measured velocities are in good agreeness or the dimensions of the microcracks. The viscous skin
ment with the theoretical predictions of Biaind of Johnson depth is given bys= \2v/w, wherev is the kinematic vis-
et al.? while an additional attenuation appears at high fre-cosity and », the angular frequency. Totally reticulated
quencies. Other experiments were performed by Nagy foams have a quite simple structure. They are constituted of
samples with different permeabilities. It appears that if theinterconnected solid bonds that can be considered, in a first
wavelength is much greater than the pore size, the attenuapproximation, as cylinders having a circular cross section.
tion is dominated by the viscous mechanism predicted by th@he bonds form structures such as dodecahtdmich are
classical theorie$? while other mechanisms must be in- contiguous. Electronic microscopy of reticulated fodms
voked as the wavelength decrea&eSimilar experiments does not show any evidence of microcracks or surface rough-
were made recently in high porosity plastic foams saturatetiess. As a consequence, the excess attenuation observed in
by air or by another gas, in order to measure important pareticulated foams cannot be attributed to viscous mechanisms
rameters that are necessary for the theoretical description aihd only scattering must be invoked. This assertion, deduced
absorbent materialsThe foams investigated are totally re- from qualitative considerations, is confirmed by the experi-
ticulated, i.e., the membranes of the bubbles are removeenents presented in this letter, which consist in measuring the
The parameters determined by this ultrasonic method are trettenuation in samples saturated by different gases.
tortuosity®’ the viscous characteristic lendtf A, defined The experimental setup is similar to the one described in
by Johnsoret al.? and the thermal characteristic length’, Ref. 9 with the difference that the vacuum chamber contain-
defined by Champoux and Allafd.The additional attenua- ing the sample and the transducers can be filled, at atmo-
tion also occurs for absorbent materials and appears as spheric pressure, with air, helium or Forane 132a,lcGH
limiting factor to the use of the ultrasonic method. CF; (CFC).(This CFC has no bad consequence in the envi-

The purpose of this letter is to show the excess attenuaonment after being evaluated out of the chamb&apaci-
tion in these materials can mainly be attributed to scatteringtive transducer$ are used to generate and to detect an

An extensive review of the attenuation mechanisms inacoustic pulse propagating in the gas saturating the sample.
sandstones has recently been given by 8isflost of the  Mylar films of 6 um thickness are used as vibrating mem-
mechanism mentioned by Gist are specific to media saturatdstanes resulting in a frequency range between 50 and 800
by water or by oil studied in geophysics and are not relevankHz. The sound speeziand attenuatiom in the material are
for high porosity foams saturated by air. The phenomenaleduced from the comparison between the amplitude and
responsible for attenuation are partial saturation, frictionaphase of the reference sign@bithout the sample between
sliding between the solid grains, matrix anelasticity, andthe transducersand of the signal crossing the sample. The
nonlinear deformation responses. Other attenuation mechauality factorQ, defined as half the ratio of the real to the
nisms exist and they may apply to porous foams: the thermamaginary part of the wave numbky is expressed as a func-
exchanges between air and frame, two new mechahtsmstion of ¢ and @ by Q= w/(2ac). The asymptotic expression
occurring when the viscous skin depth is sufficiently smallfor k at high frequenciésis
and scattering. The thermal effect has already been ac-
counted for'® The two viscous mechanisms are the local
flows in microcracks created by the solid grain contacts and K= © \/a—
on the rough surface of the pore walls. They can decrease the Co *
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wherea,, is the tortuosityc, the sound speed in the free gas,
Pr the Prandtl numberA and A’ the viscous and thermal



kHzx7.6=1.95 MHz and not 763 kHz as observed in Fig.

200 - - (a) 1(a). In CFC, it should occur at 257/6=2.1 kHz and not at
2 175 1 lcre : @ 130 KHz.
%L 150 T Alr o He T What is remarkable is that the ratio of the cutoff frequen-
O a5 de=rTil E— TN cies corresponds to the ratio of the limit sound speeds in the
100 ’ ‘ sample saturated by the different gases, which is also the

ratio of the sound speeds in free gases. From this observa-
tion, it can be inferred that the additional attenuation mecha-
Frequency (kHz) nism is due to scattering because scattering amplitude de-
pends on the ratio of wavelength and the size of the scatterer.
When replacing a gas by another one in the sample, the
speed of sound in the gas is modified, but the critical wave-
length A .= c/f,\/a.. for which the scattering becomes sig-
nificant does not change. This implies that the cutoff fre-
quency is multiplied by a factor that is precisely the ratio of
the sound speeds in the two gases. The speed of sound at
20 °C being 1007 m/s in helium, 163 m/s in CFC, and 344
m/s in air(Table I), the factor between the cutoff frequencies
in helium and in air must be 2.9 and 2.1 when replacing air
by CFC. A good confirmation of this statement is provided
by the behavior ofQé§ in Fig. 1 where the corresponding

100 1000

Frequency (kHz) ratios of cutoff frequencies are, respectively, 763 kHz/257
kHz~3 and 257 kHz/130 kHz~2.
FIG. 1. (a) Product of the quality facto® and the viscous skin depihas Another confirmation can be obtained with a simple

a function of frequency for high porosity foams saturated by air, by helium,mode"ng of wave propagation in the foams at high frequen-

and by Forane 132a GR-CF;. These curves are experimental reslls. ~  oiag The model is carried out by considering the foam as a

Comparison between @/ (full lines) obtained from the experiments and L . . . . . .

A(1/Q5) (dashed linesgalculated theoreticallfoam 1). random distribution of identical hard cylindrical fibeiideu-

man cylindershaving a radius equal to the radiasof the

bonds, and a number density of fiberssuch thatnwa?

=1-¢, whereg is the porosity of the foam. The porosity of

this collection of cylinders is equal to the porosity of the real

material. The attenuation due to viscosity and thermal ex-

1 vy—1 change is given by the imaginary part of the wave number

XJF A \/;r 2 «in Eqg. (1). When the scattering amplitude is negligible, the
wave propagates in an “equivalent fluid” having an intrinsic

The results for two foams are presented. The prougtis  absorption mean-free-path given by

plotted in Fig. 1a) as a function of frequency for a foam B .

made of solid bonds having a diameter =260 um, a la=(21m[k]) ", )

porosity of $=0.97, and a tortuosity of..=1.06 (foam 1).  wherek is given by Eq(1). Viscosity and thermal exchange

The foam is saturated either by air, or helium, or by CFC. Inpeing taken into account, the attenuation due to the elastic

the example of Fig. 1, the effect of the previously discussedcattering by the frame can be calculated by different meth-

excess attenuation is accounted for through a decrease of théls. A review and synthesis of literature on wave propaga-

quality factor and a “fall down” ofQé starting from a “cut-  tjon in random media can be found in Refs. 14—16. An elas-

off” frequency f.. of about 130 kHz in CFC, 257 kHz in air, tic mean-free-path, can be related to scattering. Whigpis

and 763 kHz in helium. These results confirm that the excessufficiently large, the global effect of elastic scattering and

attenuation cannot be a consequence of a viscous effect. jitrinsic absorption corresponds to a mean-free-pagtven

the decrease @4 is due to a viscous effect, it will occur in  py6

helium or in CFC when the viscous skin depth has a similar |

value as in air. The kinematic viscosity of helium being 7.6 7 =1 "+l 4)

times greater than the one of &free Table), the frequency g gcattering mean-free palth can be calculated by using
at which the decrease @4 should occur should be 257 ¢ geff_consistent diagrammatic appro&tH This method
was used in acoustics by Kirkpatriék, Condat?® and
Weaver’! The volume of fiberg1—¢) per unit volume is
small in the foams studiefless than 5%), and around the

characteristic lengths, andthe specific heat ratio. When the
asymptotic expression is valid, the real partkois close to
wVa.lcg and the producQd is close to

-1

lim Qo=

w— %

TABLE I. Physical properties of air, helium, and Forane 132gEHCF; at
20 °C. P, is the atmospheric pressurBd=1.01x10° Pa).

P v JyPo/lp cutoff frequency, the wavelength is still very large compared
(kg m™3) (m?s™ y Pr (m/s) to the radius of the bonds. In Ref. 20, the scattering mean-
Air 12 154x10 5 1.4 071 344 free path is given, in the long wavelength and low concen-
He 0.166 11.64%0°5 1667 0.67 1007 tration limit, and for Neuman cylinders by
CH,F-CF 4.24 0.247X10°° 1118 061 163

ls=(Gm*a*Rek]®n) %, 5)




Frequency (kHz)

FIG. 2. Comparison between 1&Xfull lines) obtained from the experi-
ments andA (1/Q46) (dashed linesgalculated theoreticallffoam 2).

With a definition analogous to Eq3), the term 1. in Eq.
(4) corresponds to an increaggIm[k]) of the imaginary
part ofk given by

A(Im[K])=2n%a*Rd k]°n. (6)
It can be showtf*?*that Re[R is a weakly modified by scat-
tering in the long wavelength limit. Then the increas® &/
is given by

( 1 )_ 2A(Im[K])

Qs/~ oRdK] @

The measured @6 and the calculatec (1/Q6) are com-

tering is the main phenomenon responsible for the excess
attenuation observed at high frequencies in reticulated
foams. It should also be mentioned that the thermal charac-
teristic lengthA’ has no influence in Forane GH-CR;, due

to the fact that the specific heat ratio of this gas is close to 1
(see Table )l This property can lead to a fast and reliable
method to evaluate the viscous characteristic lenytiof
porous media. Applying this method to foam 1, a value of
165 um is estimated directly from th@ 6 curve obtained in
CFC. The interest in this method is that it is simpler and
much easier to implement than methods using superfluids
He 323 On the other hand, media encountered in geophysics
are not so simple as reticulated porous foams. In these me-
dia, viscous lossé$can also modify the high frequency as-
ymptotic behavior of the wave.
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