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Recently developed airborne ultrasonic inspection techniques can supplement other methods
routinely used for materials characterization of permeable solids. In particular, the velocity and
attenuation of the slow compressional wave transmitted through thin plates of a few millimeter
thickness can be used to assess the tortuosity and dynamic permeability of the specimen. The main
advantage of the ultrasonic method over conventional flow resistivity, electrical conductivity, and
other measurements is that it can be used to study the heterogeneity of the pore structure at scales
comparable to the grain size. In the 100-500 kHz frequency range slow wave images can be
obtained with resolution on the order of 1 mm or better. However, due to substantial viscous and
scattering losses, the sensitivity of the method is relatively low therefore, the technique is limited to
materials of at least 10% connected porosity and permeability higher than 200 mD. It is
demonstrated in this letter that varying the air pressure significantly enhances the capabilities of
slow wave inspection. Using high-pressure air saturation significantly reduces the absorption losses
so that better resolution can be achieved by increasing the frequency. Alternatively, materials of
lower permeability or specimens of higher thickness can be inspected at the same frequency. In
addition, scattering losses can be eliminated by subtracting images taken at the same frequency but
at different pressures. @996 American Institute of PhysidsS0003-695(96)00526-§

On the scale of hundreds of grains, the average macrorelocity but not for the attenuation coefficient. Here, the
scopic properties of permeable rocks can be most easily aghase velocity asymptotically approaches a maximum value
sessed by static or quasistatic methods such as flow resistidetermined by the tortuosity of the specimen while the at-
ity or electrical conductance measurements on standargnuation coefficient apparently becomes linearly propor-
specimens of a few inches in dimensions. However, the detional to frequency instead of the expected square-root rela-
gree of disorder on the scale of a couple of grains is also ofionship. More recently, Leclairet al. also found a similar
crucial importance in characterizing the material. Suchexcess attenuation in a very high poros{®8% air-filled
small-scale variations of the permeability due to inhomoge-absorbent above 300 kHz.
neity and anisotropy of the pore structure are much more A point-by-point analysis of the transmitted field
difficult to measure by conventional techniques. One obvioushrough coarse-grain specimens at different frequencies re-
way of concentrating the fluid flow to a small area of thevealed a significant variance in both insertion loss and delay,
specimen is to use high-frequency dynamic measurements imhich suggested the presence of strong incoherent compo-
the ultrasonic range where the acoustic wavelength is smatlents in the transmitted fiefbln all coarse-grain specimens,
enough to assure the required inspection resolution. For thia readily perceivable incoherent component was found. The
purpose, we previously introduced an experimental techuneveness of the total transmitted field is primarily due to the
nigue based on the transmission of airborne ultrasonic wavgsesence of highly transparent and strongly attenuating re-
through air-filled permeable plates between 10 and 50@ions instead of random interference caused by strong inco-
kHz.}? Based on this method, a high-resolution slow waveherent waves. This observation leads to the basic idea of
imaging system was developed to study the inhomogeneoussing slow waves to map the local permeability distribution
pore structure in permeable formaticits. in heterogeneous permeable solids. Certain natural rocks ex-

First, the velocity and attenuation coefficient of the slowhibit quite even distribution on this scale while others show
compressional wave through thin slabs of air-filled specidow permeability, tightly packed layers or high permeability,
mens were studied as functions of frequency in porous cdeose layers, and cracksThere is a perceivable scattering
ramics of 2—70 D and natural rocks of 200—700 mDnoise on most pictures, which is an artifact caused by the
permeability? In the low-frequencydiffuse) regime, the ex- dynamic nature of the ultrasonic “permeability” measure-
perimental results were in good agreement with theoreticainent. At low frequencies, the scattering noise does not sig-
predictions. Here, the phase velocity and attenuation coeffinificantly interfere with the mapping of the permeability dis-
cient are determined by the permeability of the specimen anttibution. However, the scattering noise limits our ability to
both increase proportionally to the square-root of frequencyincrease the imaging resolution by raising the inspection fre-
In the high-frequencypropagatingregime, the experimental quency. In this letter, we will show that this adverse scatter-
results agreed with the theoretical predictions for the phasig noise can be significantly reduced by exploiting the pres-
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sure dependence of the slow wave attenuation in air-filled “ Grade 40 Grade 55
permeable solids.

The total attenuation of slow waves through air-filled
permeable solids can be attributed to absorption and scatter-
ing effects. The absorption loss is mainly due to viscous
friction and partly to thermal effects. Generally, the viscous
loss is an unknown functiorso,sOf the pore sizea,,. as
measured by the viscous skin de@hSimilarly, the usually
lower thermal loss is an unknown functio®e;mg Of the 0 0
pore size as measured by the relevant yardstick, i.e., the dif- 0 02 04 06 08 0 02 04 06 08
fusion lengthd in the gas. In most cases discussed in the
open literature, the inspection frequency is chosen to be low
enough(below 5 kH2 to neglect scattering losses. However, 30
in pursuit of better lateral imaging resolution, we increased
the inspection frequency well above the scattering limit
therefore we have to either eliminate or account for the ad-
ditional losses in our measurements. The scattering loss is
another unknown functiorscaeringOf the pore size as mea-
sured by the relevant yardstick, i.e., the acoustic wavelength
\ in the gas. The viscous skin depth, diffusion length, and
acoustic wavelength aré=u/(p7f), d=x/(pcymf), 0 02 04 06 08 1 0 02 04 06 08 I
and N=c/f, respectively. Heref denotes the frequency, is Air Pressure [atm] Air Pressure [atm]
the thermal conductivity, and, is the specific heat at con-
stant pressure. From all the parameters involved, the densiﬁ}G- 1_. Slow wave attenugtiqn coefficient as a function of air_pressure for
of the gasp s the only one that depends on pressprac- s Srenl e of alfled cemerted giss bead specimens at 60
cording top=p/(RT), whereR=289 J/kg K is the universal nomials of the forma(p) = ag+ ap~ 2
gas constant divided by the average molecular weight of air.

It is well known that the viscosity, thermal conductivityy,

and sound velocityc of gases are independent of pressure  1h€ @, andas coefficients of the best-fitting polynomial
and are functions of temperatufeonly.® can be regarded as the experimentally determined absorption

The viscous skin depth and diffusion length are Strong|ycoefficient at atmospheric pressure and pressure-independent
pressure dependent because they are inversely proportiorigattering coefficient, respectively. Figur@@shows the to-
to the square-root of density. In comparison, since the pulital attenuation coefficient and its absorption component for
modulus of air increases with pressure in the same way as it§e same four grades of air-filled porous glass specimens as
density, the acoustic wavelength is independent of pressuréletermined from the best-fitting polynomial. The theoretical
As a result, absorption losses are also pressure depende#sorption coefficients were taken from an earlier sfudy.
while scattering losses are not. Although the pressure depefreviously, we had to rely on the measured total attenuation
dence of the absorption loss is not genera”y known, CertaiﬁoefﬁCient which correlated very poorly with the theoretical
assumptions can be made. In a wide range of applicationgbsorption coefficient calculated from the permeability of the
both the low- and high-frequency absorption coefficients arénaterial. Clearly, the absorption coefficient as determined
proportional to the square-root of the kinematic viscosityfrom the pressure-dependent component of the measured to-
n=ulp of the gas, 12i.e., the attenuation is expected to be tal attenuation correlates much better with the theoretical
inversely proportional to the square-root of pressure. Th@rediction. We can conclude that, in coarse-grain materials,

pressure dependence of the total attenuation is then of tienly the thereby determined absorption coefficient can be
form ayo= a,p"+ as, Where a, is the absorption loss at regarded as a reliable measure of dynamic permeability. The

unit pressure,as is the constant scattering loss, and thesignificant excess attenuation observed in the two largest
powern is close to—0.5. grades appears to mainly be due to scattering as indicated by
In order to study the pressure dependence of slow-wavthe weak pressure dependence of the total loss. Figime 2
propagation in air-filled permeable solids we used our previshows the scattering coefficient as a function of the intersti-
ous developed experimental systérout placed the ultra- tial pore size. As expected, the scattering coefficient greatly
sonic transducers and the specimen in a vacuum chambiicreases with grain size, but more quantitative analytical
that allowed us to decrease the ambient pressure. As we eRredictions are currently not available for comparison with
pected, there was no appreciable change in the slow waweur experimental data.
velocity. In comparison with the velocity, the attenuation For slow wave propagation, an ideal saturating fluid
was found to be very sensitive to air pressure. Figure Bhould really have physical properties somewhere between
shows the slow wave attenuation coefficient as a function othose of water and air so that the viscous losses would be
air pressure for four different grades of air-filled porous glasdow, but the fluid motion still would not cause significant
specimens at 350 kHz. Symbols are experimental data andbrations in the frame. Although there is not such natural
the solid lines are best-fitting polynomials of the form of fluid, ordinary high-pressure air combines the best of both
a(p)=ast ap” Y2 worlds. It is expected that the permeability threshold of the
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FIG. 3. Measured slow wave attenuation coefficient through a 2-mm-thick
Berea sandstone of 200 mD permeability at 350 kHz.

b)

12
to expand the feasibility of the method in a practical situa-
tion.
Grads 90 Grade 175 We can demonstrate the feasibility of enhanced slow
wave inspection based on high-pressure air saturation by a
simple transmission measurement through a highly attenuat-
ing specimen. Figure 3 shows the measured slow wave at-
tenuation coefficient through a 2-mme-thick Berea sandstone
of 200 mD permeability at 350 kHz. This is a relativity low
Grade 55 permeability specimen which could not be inspected above
Grade 40 150-200 kHz by our previous technique at atmospheric pres-
0 ' ' T sure since the insertion loss exceeded the 70 dB dynamic
0 50 100 150 200 range of our system. The slow wave attenuation in such low-
Interstitial Pore Diameter [um] permeability materials is dominated by viscous absorption
_ _ » which greatly decreases with increasing pressure. Abe®e
f'G' 2. Measureda) absorptiona, , and(b) scattering s, coefficient for at, the insertion loss drops the into acceptable dynamic range
our different grades of air-filled cemented glass bead specimens a . . -
350 kHz. and we can measure the slow wave attenuation coefficient in
spite of the relatively high inspection frequency. In such
] ) . low-permeability materials, the slow compressional wave
slow wave inspection technique could be lowered tOcannot he detected at this frequency without raising the air
~10-20 mD simply by taking the slow wave images at e"pressure.
evated pressures. This work was partially sponsored by the U.S. Depart-
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spection frequencies required to achieve desirable resolu-
tions, acoustic scattering superimposes on and partially
overshadows the viscous losses we would like to map. Sec-
ond, because of the very high attenuation of the slow wave in
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