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Results are presented from an acoustic attenuation spectroscopy study of suspensions of irregularly
shaped sediment particles and of nominally spherical lead-glass beads. The measured spectra cover
a wide frequency band of 1-100 MHz. It is shown that the spectra can be brought into close
agreement with the rigid movable sphere model using two equivalent sphere size parameters. One
parameter is the diametel; of an equal cross-sectional area sphere, and is used to scale the
frequency to obtain the nondimensional size/frequency pararkaterhe other parameter is the
diameterd,, of an equal volume sphere, and is used to scale the particle volume to obtain the particle
number densityN. It was observed that for the irregular particles the attenuatiork&or1 is
enhanced with respect to the sphere case. The observed enhancement factors are considerable: up to
1.6 for natural sand particles and 1.8 for the most irregular particles stggiiednd quartg In

terms of the two-parameter model the enhancement factor is equal to a shape palameter
=(dG/dp)3 and can indeed be explained as a shape effect. The implications of this result for the
acoustic detection of suspended sediments in agueous environments are discusd€@7 ©
Acoustical Society of AmericfS0001-496€27)00909-0

PACS numbers: 43.30.Pc, 43.30.Ft, 43.30.Gv, 43.35J4M]

LIST OF SYMBOLS G, geometric cross-sectional area of particle
a particle radius k acoustic wave number
ag radius of equal cross-sectional area sphere N number density of particles
an measured particle radius Vo particle volume
a, radius of equal volume sphere Vg volume of equal cross-sectional area sphere
ag scaling parameter for measured particle radius X ka, nondimensional size/frequency parameter
bg scaling parameter for particle volume
Cm mass concentration of particles Greek
C, volume concentration of particles a linear attenuation constant for pressure
d particle diameter N wavelength
ds average sieve diameter p density of particle
d, diameter aly% of cumulative particle size distribu- o standard deviation
tion by volume 3 total attenuation cross section
INTRODUCTION attention®8-21 This method cannot provide profiles, but it

It]ltels been shown that it can provide accurate local measure-

There has been considerable interest in the developme . o .
i ) ments of the concentration and size in the case of spherical
of acoustic methods for sediment transport measurement dur- ticles? The present ris a further step in the devel
ing recent yeard-6 The main attraction of the acoustic ap- Particies.” 1ne present paperis a iuriner step € devel-

proach is that it has the potential of providing vertical pro_opment of this method, by extending the analysis to irregu-

files of suspended sediment concentration and size remotel{y shaped sediment particles, following a semi-empirical

and therefore with negligible flow disturbance at the bed@PProach.
with high spatial and temporal resolution. The most direct ~ Very few measurements have been made of the scatter-

way to obtain these profiles would be from backscatteringnd cross sections of natural sediment particles. In particular,
measurements, as in acoustic current profitihghis is the there have been few measurements made of the total scatter-
reason that most of the interest referred to above has beeniiig cross section of suspended sand. With respect to the
backscattering systems. However, the interpretation of thackscattering inversion problem, the total scattering cross
backscattered signals is a rather complex inversion problensection appears in an exponential tetive attenuation due to
which is far from being solved completely. scattering in the equation for the backscattered signal am-

The measurement of the frequency dependence of thglitude. Therefore the estimated concentrations are rather
attenuation (or extinction), has also received some sensitive to errors in this term.
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In this paper results are presented from a series of exsize corresponds, for measurements of the total scattering
periments in which the total scattering cross section wagross section, to the average geometric cross-sectional area
measured in a frequency-swept acoustic attenuation speof the particles. The second effective particle size corre-
trometer, operating from 1 to 100 MHz, for natural sandsponds to an equivalent sphere with the same volvinas
particles and for lead-glass beads. It is noted that some préhe particle, and is required to convert the measured volume
liminary results have been presentéd® since the experi- concentration of particles to the number concentratian

mental data became availaBfe. One effective size therefore corresponds to the diameter of a
The relation between the total cross sectihrand the circle of area equal to the projected area of the particle, the
attenuation constant is, by definition, other to the diameter of an equal volume sphere. These two
2 sizes will not in general be the same. It may therefore be

2= N (1) anticipated that there should be two different renormalization

whereN is the number concentration of particles in suspen-scales involved in making comparisons between total scatter-
sion. In principle it is possible to determiiteexperimentally  ing cross-section measurements for irregular particles, and
by measuringx for known values olN. The measured cross theoretical calculations for spherical scatterers.

sections can then be compared with theoretical calculations,

using a suitable estimate of the scatterer raditis normal-

ize the acoustic wave numbkr For part_|cles in suspension, | EypERIMENTAL METHODS

it is usually not possible to measuke directly. Instead the _

volume concentratiofs, of the particles is determined, often A. Laboratory measuring system

from a gravimetric measurement of the mass concentration The experimental setup used to perform the acoustic at-

in a sample of the suspension and the known bulk density ofyation measurements in the frequency range of 1-100

the particles. Thei is given by MHz is shown schematically in Fig. 1. The main features can
N= 2 Cv ) be summarized as follows. The suspension to be measured is
Vp contained in a circuit and circulated by means of a slurry

whereV, s the particle volume. If the particle volume can- pump. Measuring sections are mounted in a vertical perspex
not be measured directly, it is usually estimated from a meacylinder (inner diameter 10 cin A diffuser at the top of the
surement of the particle diameter. For spherical particles, thgertical cylinder homogenizes the particle suspension.

exact relation Samples of the suspension can be taken by a suction tube,
V.= 4_77 28 3) used to obtain reference values for the mass concentration
P 3 and the particle size distribution. The temperature of the wa-

can be used. It is clear that a small error in the estimate of ter is regulated to within=0.01 °C. This is necessary be-
will lead to a comparatively large error M,, and therefore cause the temperature dependence of the attenuation is large
in N. For irregular particles the errors in these estimates arat higher frequencies, about 80 dB/m per °C at 100 MHz.
likely to be larger, since the above equation can be used inan The attenuation measurements are carried out with six
effective sense only, and supposes that the relefeantiva-  pairs of diametrically opposed broadband acoustic transduc-
lent volume effective size can be measured. ers, placed in two measuring sections. Basically, measure-
Consider now the problem of sound scattering in a tur-ments are taken at a single frequency and the frequency is
bulent suspension of irregularly shaped particles. Becausewnept to obtain a spectrum. The signal generation and pro-
the particles have random shapes and adopt random orienteessing are explained briefly, referring to the block diagram
tions as a function of time due to the turbulent motion, onein Fig. 1. Of each transducer pair, one transmits and the
might expect that the time-averaged behavior of the scattereapposite one receives. The transmitted signal is a single-
sound field could be described, to a reasonable first approxfrequency sine wave burst. The burst duration is relatively
mation, by assuming a spherical shape for the scatterers aistiort with respect to the acoustic path length in water, in
some effective size. The few available measurements of therder to avoid reflections and interference effects. Typical
total scattering and backscattering cross sections of naturdurst lengths are 1ps below 20 MHz and s above. The
sand particles support this assumptidfil®2925-2’ The  average amplitude of the received burst signal is determined,
choice of effective size for the equivalent sphere for naturatligitized, and stored. An average over a large number of
sand grains has not yet been examined, however. It is thigursts(typically 100Q is taken to increase the measurement
guestion which is investigated here. accuracy. The burst repetition rate is 1 kHz. At each fre-
It is clear from Eqgs(1)—(3) that two effective sizes for quency an electronic reference signal is measured, stored,
the equivalent sphere are involved: one is required to scaland subtracted from the detected acoustic signal. This partly
the wavelength to obtaika, the other to scale the particle eliminates the drift and the frequency dependence of the
volume to obtainN. To illustrate, the left-hand side of Eq. electronic system. The center frequencies of the transducer
(1) can be computed theoretically, for any value of the non-pairs are 2.25, 4.5, 10, 30, 50, and 100 MHz. The transducers
dimensional size/frequency parameker. Comparison with are commercially available, broadband, immersion-type
the experimentally determined quantity on the right-handransducergfrom Panametrics, except the 4.5-MHz trans-
side then requires a suitable choice of effective radius witlducers. Their bandwidths overlap partially, so that depend-
which to normalize the values d&f at which the measure- ing upon frequency, measurements can be taken with one or
ments ofa were made. The natural choice for this effective more pairs. The separations between the transducer pairs are
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FIG. 1. Sketch of the experimental setup, showing a block diagram of the electronics and the suspension circuit.

given in Table | along with other characteristic properties. B. Validation experiments
The attenuation spectrum of suspended particles is mea-
sured relative to pure water. That is, attenuation data are fir%}.

: ) ire
collected for pure water, in the above described way, fo
each transducer pair, at a chosen number Qf frequenCIe‘?his is straightforward for well-defined wave patterns, like a
These data represent the sum of the electronic and acoust

. ! \ . ane wave or a spherical wave. However, for the present
attenuation, with respect to some fixed reference signal level,

o . .~ “rheasuring system the transducer configurations are such that
Second, a similar set of data is collected for the particle g sy 9

suspension. The difference between the second and the firraOSt or all of the acoustic path length is within the near-field

set of data is the acoustic attenuation spectrum of the su Zone of the transducefsee Table)l Itis well-known that in

. . . is zone the beam pattern of a transducer has a rather com-
pended particles. Typically, it takes alidli h to collect a . . . . :

plex structure and is approximately nondiverging. It is ex-
complete data set. . -

pected that, because the transmit and receive transducers

used have the same area, an averaging takes place over the
TABLE I. Characteristic parameters of the six transducer pairs used for th&tructure in the near-field beam pattern. Therefore it is ex-
attenuation measurements: the center frequépeythe effective transmis-  pected that changes in the measured attenuation should rep-
sion bandwidth BW, the diameter of the piezoelectric elenigntthe near- resent the average attenuation in the space Separating the

field distance in water (at f,), and the transducer separatioriThe near- transducers. Nevertheless, it is worthwhile to verify the in-
field distance is defined as the region where the beam is approximatel ) '

cylindrical[see, e.g., L. E. Kinsler and A. R. Freéundamentals of Acous- fluence of near'ﬁe|q effects eXperim_entaIIy. For this purpose,
tics (Wiley, New York, 1963, 2nd ed., Chap. 7.32r,=1.64D%/(4)\,). two types of experiments were carried out.
In the first place, the change of the attenuation spectrum

The attenuation as defined by EG) can be measured
ctly by determining the intensity decay of the acoustic
ave in its propagation direction over a known distance.

fo BW Dy Mo ' of pure water with temperature was measured and compared
(MH2) (MHz) (mm) (mm) (mm) with results available in the literature. The results of these
2.25 1-35 12.7 100 100 relative measurements are shown in Fig. 2. The change of
4.5 2.4-53 5.0 31 100 the attenuation constant, relative to its value at 19.8 °C,
10 4.9-15 6.35 112 72 was measured for four values of the temperature difference:
28 111.5:261 gfg fig lgg -1.0, —Q.5, +0.5, and+ l.Q °C. Also shown in the figure_
100 24-100 3.18 280 28 are continuous curves, which correspond to the empirical

equation given by Fisher and SimmaiRef. 28, Eq.(10)].
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100 spectrum as measured with the present system, is accurate to
within approximately 10% and that effects related to the
near-field geometry are not important within this error.
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50 C. Characterization of suspensions and particles

Aa (dB/m)

For a discussion of the acoustic measurements in terms
of suspension concentration, particle size, and shape, an in-
dependent reference measurement of these parameters is
needed. The measurement of the suspension concentration
using the suction system of the experimental setup has been
developed into a reliable and accurate method. As discussed
in some detail before, an accuracy of $8tandard deviation
has been realized for the mass concentration measurément.
In the laboratory experiments suspension concentrations rep-
resentative for field conditions were used, up to a mass con-
~100 A — centration of 5 kg/my corresponding to a maximum concen-

0 20 40 60 80 100 tration by volume of 0.19%. Because of these low
frequency (MHz) concentrations it is unlikely that multiple-scattering effects
are important.

FIG. 2. Measured temperature dependence of the attenuation, relative to its Th f icle size f . d for th
value at 19.8 °C, compared with the empirical equation given by Fisher and ree sets of particle size fractions were prepared for the

Simmons, corresponding to the solid curyBef. 28. To improve readabil- ~ present study by sieving or by the use of a hydrocyclone. A
ity, the data between 1 and 25 MHz, which are close together on the soligeference for the particle size has been obtained by a stan-
;‘IJO'X:' are not shown and above 25 MHz only half of the data points argy5,q optical diffraction analysis method, using a commercial
' instrument(Malvern particle sizer 3600 D Some character-
istic results of the particle size analysis for the first set of size
This equation agrees to withitt 4% with the experimental fractions, consisting of natural sediment and ground quartz
data of Pinkertor® which are in the MHz range up to about particles, are given in Table Il. Average sizes range from
70 MHz. Pinkerton verified that his measurements were noabout 200um down to 30um. A second set of size frac-
affected by near-field effects, by carrying out separate meations, in approximately the same size range, was made out of
surements in the near-field as well as in the far-field zones afiominally spherical lead-glass beads and size analysis results
the transducers. It is shown in Fig. 2 that the present experare given in Table Ill. These particles were chosen for the
mental data agree very well with those of Pinkerton. Thepurpose of comparison with the irregularly shaped sediment
agreement is within=10% (standard deviationover the particles. Finally, a third set of sediment size fractions was
whole frequency range. prepared out of three natural sediments of a different origin
The second type of experiments involved a detailedn two subsets of average size 100 and 200, respectively
comparison between measured and calculated attenuatigsee Table IV. In this case also the so-called sphericity was
spectra for spherical lead-glass particles. The result was determined, a geological classification by optical microscopy
good quantitative agreement, the discrepancy was maximumethods™°
10% in the high end of the frequency range and smaller in  The densities of the particles are needed to convert mea-
the remaining part* sured concentrations by mass to concentrations by volume:
The above results give confidence that an attenuatio€,=C,,/p. Densities were measured by a volumetric

—— Fisher and Simmons (1977)

TABLE Il. Summary of optical diffractionOD) size analysis data and of the two-parameter model interpretation of the acoustic attenuation spectra for the
sand sieve size fractions and the quartz hydrocyclone fragd@. Assuming a Gaussian size distribution, the standard deviatjowas calculated from the

OD sizes. The semiempirical analysis was carried out for a single sige Q) and in four cases also for a Gaussian size distribution, sjtftlose to the
experimental value. Apart from the indicated exceptions, all measurements were carried out at 19.8 °C.

) OD sizes 2p model 29 model
Size
fraction dig dsg dga Om s ag b, O ao by
Particles (pm) () (%) (%) (=) (%) (=)
Dune sand 180-212 176 212 288 26 0 0.80 1.14 30 0.80 1.18
Assen 90-106 86 110 137 24 0 0.71 1.46 20 0.72 1.48
Assen 45-53 43 60 79 30 0 0.71 1.56 30 0.75 1.61
Asserd 0 0.68 1.59
Assen 45-53 44 62 82 31 0 0.67 1.59
Asseff 0 0.62 1.53
Quartz HC4 21 30 45 40 0 0.63 1.82 40 0.60 2.05

8Measurement at 9.9 °C.
PMeasurement at 29.7 °C.
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TABLE Ill. Summary of optical diffraction(OD) size analysis data and of the two-parameter model interpre-
tation of the acoustic attenuation spectra for the sieve size and hydrocytlGéractions of lead-glass beads.
Assuming a(split-)Gaussian size distribution, the standard devidsioo,,, was(were calculated from the OD
sizes. The semiempirical analysis was carried out for a single sige=0) and in most cases also for a
(split-)Gaussian size distribution, withag, close to the experimental one. Apart from the indicated exceptions,

all measurements were carried out at 19.8 °C.

. OD sizes 2p model 2 model
Size
fraction d16 d5o dg4 Om Tth ag bo Tth ag bo
(pm) () (%) (%) (=) (%) (=)
180-212 >168 196 <225 <15 0 0.99 1.05 10 0.99 1.07
90-106 85 104 131 22 0 0.94 1.15 20 0.95 1.17
45-53 27 40 50 30 0 0.88 1.44 30 0.90 1.48
45-53 0 0.88 1.28
45-53 36 46 60 26 0 0.87 1.24
45-53% 0 085 1.28
HC4 18 23 43 54 0 0.89 1.40 22/87 0.78 1.59
HC5 12 17 30 53 0 0.95 1.49 29/76 0.71 1.89

#Measurement at 11.0 °C.
bMeasurement at 29.6 °C.

method for the individual size fractions, as a check for ho-of faces (e.g., a tetrahedrgnand further relatively sharp
mogeneity. For sand and quartz all values were within 1% otdges.
the average value of 2650 kginFor the lead-glass beads, a  The lead-glass beads are quite spherical on the whole,
value of 2870 kg/mwas found for a bulk piece of the same but most have surface and volume defects, some particles
lead-glass and for all size fractions, except for the two smallhave a distorted shape. The surface defects are scratches and
est sizegobtained by a hydrocycloneln the latter cases the pits, the volume defects are interior holes, which can be con-
densities were 2520 and 2495 kgnfor the HC4 and HCS ¢ ded from an examination of the cross sections of the
size fragt|ons, respe_ctlvelgcf._ Table Ill). Possible reasons beads, as in a previous stutlyThe number of these defects
for t2|s mt:_?n;_ogenr:alty atre_dls:;:uss?d bet_lolvv. h appears to increase with decreasing average size of the
fied ogtu?)l aslc\:/aen?]ir?raglggtigr:ogizrc?sirc;g@eETvl)apT? V\;i; Car'beads, but cannot be quantified accurately. It is noted that a
SEM micrzgraphs fgr the three sets of size .frazgons aréarge number of internal cavities could explain the lower

A . : easured densities for the two smallest size fractions, men-
shown in Figs. 3-5, respectively. The sand particles from thg_nOned above. These densities are lower with respect to the
three size fractions obtained by sieving, have an increasingl : pec

ulk value by 12% and 13% for the 23- and Aim size

irregular shape the smaller their average size. This trend i . ) _ )
continued for the quartz particles from the hydrocyclone sizd"@ctions, respectively. However, an alternative explanation

fraction. One can describe the general shape of these sedf’ the lower densities is that these particles have a some-
ment particles as irregular polyhedra, with a varying numbethat different composition: that is, a lower content of lead. It
of faces and a varying degree of roundiisgnoothing of the  is not unlikely that this can happen in the melt spray produc-
edges. In this picture, the 20@m sand particles are like tion process of the lead-glass beads.

polyhedra with a relatively large number of faces and rela-  The SEM micrographs for the three 1@@n sand frac-
tively rounded edges. On the other, more irregular, end ofions of different origin(Fig. 5 show subtle differences in
this scale are the quartz particl€30-um size fraction, agreement with the geological sphericity classification
which are closer to polyhedra with a relatively small number(Table IV). In particular, the Assen sand particles appear

TABLE IV. Summary of size and acoustic analysis, as in Table Il, for 100- andu20Gize fractions of some
different natural sands. Also given is the result of a geological classification by optical methods, the so-called

sphericity, to be compared with the acoustic shape pararbgter

) OD sizes 2p model
Size
fraction dig dsg dga Om s ao by Geological
Particles (pem) (pm) (%) (%) (=) sphericity
Dune sand 180-212 176 212 288 26 0 0.80 1.14 middle
Twente 180-212 171 208 283 27 0 0.79 1.10 high
Ottawa 180-212 178 212 283 25 0 0.81 1.11 middle to high
Assen 90-106 86 110 137 24 0 0.71 146 low
Twente 90-106 93 115 142 21 0 0.73 1.32 high
Ottawa 90-106 91 115 143 23 0 0.74 1.28 middle to high
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FIG. 4. Scanning electron micrographs of three size fractions of the lead-
glass beads(a) and (b) for average size&lsp=196 um, (c) and (d) for dsq

=40 um, and(e) and(f) for dsg=23 um. Further explanation is the same
as for Fig. 3.

somewhat less smooth and rounded, i.e., more irregular, than
the other two size fractions.

II. RESULTS

Figure 6 shows two typical measured attenuation spectra
for the 200um size fractions of natural sand and lead-glass
beads, respectively. Referring only to the left half of the
figure,(a@) and(c) show the spectra on a linear af@ and(g)
on a logarithmicka scale. The attenuation is presented as
al(kbyC,), whereby=1, a normalization which will be ex-
FIG. 3. Scanning electron micrographs of four size fractions of the sand anghlained below. The wave numbers corresponding to the mea-

quartz particles, each at two different magnifications given in the lowergrements have been nondimensionalized using the median
right-hand corner of the micrographs together with a size scale. From top t?adii determined bv optical diffractiond(nIZ) as aiven in
bottom: (a) and (b) dune sand of average sizg,=212um, (c) and (d) y op ! 9

Assen sand withlg,=110um, () and (f) Assen sand withds,=60 um, Tables Il and IlI, noting that,=ds,. Also shown in the
and(g) and (h) quartz particles withdsy=30 xm. figure is the theoretical attenuation for an acoustically rigid,
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FIG. 5. Scanning electron micrographs of the 90— 1®6-sieve size fractions of three sands of different spheri¢#yAssen,(b) Twente, andc) Ottawa
sand(see Table IV. Further explanation is the same as for Fig. 3.

but mechanically movable sphere with the density of sand, irfEq. (6), instead of(5), for an analysis of deviations from the
the same plots as the sand experimental data. Similarly, f@phere case. Making the substitutiar=kag, the above
lead-glass, the theoretical attenuation for an elastic lead-glaggjuation can be rewritten as

sphere is showf It can be seen that in the case of the
lead-glass beads there is close agreement between the calcu- 3 (kag) = a(aokar) )
lated and measured spectra. Also it is seen that for the sand 8kacmag®  kbeC,

particles the shape of the measured spectrum is very similg{here the nondimensional parametagsand b, have been
to that calculated theoretically, in particular resonance feagefined such that
tures are absent in the spectra of these nonspherical particles.

However, the measured peak attenuation is somewhat greater _8g

than predicted by the rigid sphere model and occurs at a ao—a—m

somewhat higher value da. It will now be demonstrated

that this observed discrepancy in the case of the irregularlg/here &y, is the measured particle diametéere, by opti-

shaped sand particles, can be attributed to the scaling pro al diffractiory and

lems, related to the choice of effective size, discussed in the Vg
Introduction. bo=¢~ 9
Let G, be the average geometfice., projectegl cross- P
sectional area of the particles. The logical choice of scale for It can be seen from Ed7) thata, andb, are scaling
the total scattering cross section, in the high-frequency limitparametersa, scaling the measured sizes, amdthe mea-
is 2G,,. Defining an equivalent circular raditg; such that sured concentrations. Again, the existence of the two param-
9 etersa, andb, reflects the two scaling problems involved in
mag =Gy (4) approximating irregularly shaped patrticles by spherical scat-
then Eq.(1) becomes terers: one being the size required to nondimensionalize the
wavelength, the other the size required to deternNnfieom
2(x)  Vpax)
— L =_F (5)  measurements &€, .
2mag” Gy C, Because of the choice af; to scale the acoustic wave-
in which Eq. (2) has been used to eliminatd, and x  length, so thatx=kag, the left-hand side of Eq(7) is
=kag. Though the further treatment could have been basetpadily computed from the theory for a spherical scatterer.
on Eq.(5), it has several advantages to remove the expliciDenoting the left-hand side by,(x),

®

size dependence from the right-hand side of this equation, 33(x) 3
while preserving its nondimensional form, by dividing by Fin(X)= Iomal = Il Im[ f..(x,0)], (10

4dkag/3, yielding
33(x) V, a(X) yvherefx(x,O) is the .forward scattering_form factor. Thus it
8kag mag? = V. kC (6) is seen that the choice of the geometric cross section as the
G G v appropriate scale for the total scattering cross section leads in
in which now the ratio of the actual particle volurig to the  a straightforward way tag being the most suitable measure
volume of the equal cross-sectional area sph&fg  of size with which to nondimensionalize the acoustic wave-
=4ag’/3 appears on the right-hand side. This ratio is equalength. Note that dividing Eq5) by x leads to a ? depen-
to unity for a sphere and this is the main advantage to usdence in Eq.(10). As will be seen, this scaling gives the
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FIG. 6. Comparison of the measured normalized attenuation spectra of the 18@rPdidve size fractions of sand and lead-glass beads with the appropriate
sphere modelgrigid movable quartz and elastic lead-glass, respectively, for which the calculations were maées3d). In the left half of the figure the
experimental data points are given as they were measaggdi(,=1). In the right half of the figure, the measured data have been fitted to the model curves,

using a two-parameter fitting procedure. The only difference between the(@letd) in the upper half of the figure and plotg)—(h) in the lower half is the

normalized frequency scale, which is linear and logarithmic, respectively. Note that there is a significant discrepancy between the as-measured data and the
theoretical model for the sand particles, whereas for the lead-glass beads there is a good agreement.
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greatest weight to the attenuation measurements in the neighi-can be seen that the discrepancy between the experimental
borhood ofx=2, that is where the main broad peak of the data and the sphere model is somewhat larger for Assen sand
spectra is located, which is not unreasonable, since this is thtdan for Twente and Ottawa sand. This is consistent with a
region of the spectrum which provides the size sensitivity.10% higher value of the parametby for the scaled mea-
This is seen easily if it is realized that when the normalizedsurements. It is noted further that the geological sphericity of
spectra are plotted versus frequerfcythe peak position is the Assen sand is lower than for the other two safsi®

size dependerfinversely proportional to the size Table 1V), consistent with the SEM resul{see Fig. 5. All
The right-hand side of Eq7) can be determined from values ofa, and by, corresponding to the results in Figs.
the measurements. That is, 6-9, are listed in Tables I, lll, and IV. Summary plots
a(x=aokan) showing the variations of thgse parameters with particle size
FedX)=—pc (1))  and type are presented in Fig. 10.
o~ v

Before discussing the results further, it is necessary to
for given values ofa, and by. Here the values of these make two remarks about the spectra and the analysis proce-
parameters are the unknowns, and are estimated for eaefure. In the first place, it is noted that in the low-frequency
experiment with particles of a given size by least-squarepart (ka<0.5) of most of the spectra, the experimental data
fitting the measurements to the theory for a rigid movablenaye a relatively large uncertainty, because the value of the

spherical scatterer. This is done by minimizing attenuation is rather low. This is especially the case for the
S (Fexpi — Fini)? smallest particle sizes. For lead-glass beads there seem to be
2= (n—pZJ)o'z = n>2, (12 systematic trends in the low-frequency data, which, although

it should be realized that they are overemphasized because of
whereo is the standard deviation of the measurememtss,  the 1f weighting, are not understood at present. These data
the number of frequencies used in the fit, aqds the value (i.e., the points belovka=0.5) were left out of the fitting
of x at thejth frequency. The standard deviation of the mea-procedure.
surementsr has been assumed equal for all data points, since  |n the second place it should be noted that in the above
the experimental error in the attenuatieincreases approxi- analysis, a single size has been assumed for the theoretical
mately linear with frequency. curves. However, the actual particle size fractions are distri-
The results of applying this procedure to the data in theyytions which have a nonzero width. The effect this has on
Igft half of Fig. 6 are presented in the right half of the samene fitted values of the two parameteas and b, was as-
figure. The values o, andb, are 0.80 and 1.14 for the gsessed as follows. Most of the spectra were also fitted using
200-um sand particles. It is important to note that choosing; iheoretical curve, convolved with a Gaussian or split-

a, different from unity results in a rescaling of the values of 5 ,ssjan size distribution, as an approximation to the actual
x corresponding to the measurements only, and therefore ing, ¢ gistribution. The width of the distribution was taken

displqcem_ent of the megsured F’O"_‘ts para_llle_l to the hori_zonélose to the experimental one as determined by the optical
tal axis, with the thepretlcal curve fixed. S!mllarly, choosing itraction size analysis. Results in Tables Il and (lst

b dlffer_ent from_unlty_amounts to rescaling, only, and ___columng show that the effect on the values &af andby is
resu_lts n a vert|c_al displacement of the measureq IOOInt?elatively small if the standard deviation of the size distribu-
leaving the theoretical curve unchanged. For comparison, thtcleon is not larger than about 30%. Two examples are shown

result of applying the same fitting procedure to the qUItein Fig. 11. It is seen that for the 6@m sand size fraction, the

spherical Ieaq-gla_ss bead;, using the_ ap_prppnate elas?ﬁ and the parameter values are only slightly different from
sphere model in this case, is also shown in Figight half). the single si Fig. 7)]. The oth le of th
The values ofj andb, for the lead-glass beads are 0.99 and edsmlg c Sfe cas'[ese? '?' ].h €o Ier ?.X?:;pg.f? et
1.06, reflecting the good agreement between spherical sca{?-a -glass 4Qum size raction, snows only STgntly ditieren
parameter values but an improved quality of the fit due to the

terer theory and measured déit&., within about 5% or bet- : ) )
ter) for these particles. smoothing of the sphere resonances in the theoretical curve

The result for the 200sm sand particles in Fig. 6 shows LCf- the single size case in Fig(d]. For the three cases of
that with the rescaling, the spherical scatterer theory provide§® Present study where the width of the size distribution is
an acceptable fit to the data. In Fig. 7 this result is repeated i{0% Or more, the approximation of the actual size distribu-
the two plots at the top and further similar results are showrion by a Gaussian one is rather crude. The resulting values
for the other three size fractions of natural sand and quartgf Po are larger than for the single size case. For the two
particles listed in Table II. The renormalization works well hydrocyclone lead-glass size fractions, the size distribution is
for all sizes in this range. The quartz particle result is espesO strongly asymmetrical, that a split Gaussian distribution
cially interesting because these were the most angular of th&as used to generate the theoretical curve. In these cases also
particles testedFig. 3). the resulting values of, are different from the single size

The two-parameter size renormalization also results in 4its, they are smaller. The main conclusion for the purpose of
good fit between the rescaled measurements and the theor#ie present paper is that the effect of including the particle
ical curve for lead-glass beads of different siég. 8; see size distribution in the analysis certainly does not result in
also Table 1l) and for natural sand of the same size butsmaller values fob,. Also it can be concluded that the trend
different sphericity(Fig. 9; see also Table IV The results as regards the variation of the two parameters for the differ-
for sands of different sphericity are also interesting. In Fig. 9ent size fractions of santand quartz and lead-glass par-
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FIG. 7. The left half of the figure shows the measured normalized attenuation spectra of four different size fractions of sand and quartz particles, compared
to the rigid movable sphere model for a quartz sphere. The right half of the figure shows the result of scaling the experimental data, using the two-parameter
model, to obtain a best fit with the theoretical model.
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FIG. 8. The left half of the figure shows the measured normalized attenuation spectra of four different size fractions of lead-glass beads, compared to the
elastic sphere model for a lead-glass sphere. The right half of the figure shows the result of scaling the experimental data, using the two-parameter model, to
obtain a best fit with the theoretical model.
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FIG. 9. As-measured, as well as scaled normalized attenuation spectra of 9@mlfiéve size fractions of three different sands, compared with the rigid
movable sphere model for a quartz sphere, are presented in the same way as in the two preceding figures. It is noted that the discrepancy between the
experimental data and the sphere model is larger for Assen sand than for Twente and Ottawa sand and this is reflected in the values of tivg frarameter

the scaled measurements. This difference correlates well with the geological sphericity of the $aegplEsble IV.

ticles remains the same, whether or not the size distributiojected area. The question is then how the relatively large

is taken into account. values of the attenuation and thus of the paramwjdor the
sand and quartz particléfigs. 7, 9, and 10; Tables Il, IV
Il. DISCUSSION can be interpreted in terms of what is known about the shape

of the particles. Here the results will be discussed in terms of

projected area, since this is most directly related to medium-
The parameteb,, as defined by Eq9), is determined and high-frequency acoustic cross sections, which were the

by the ratio of the two effective volumeé; andV, so itis  quantities actually measured.

seen thab, actually is a measure for the departure from a It follows directly from Eq.(9) thatb3” is equal to the

spherical shape, both in terms (@fffective) volume and pro- ratio of the average projected area of the particle to that of an

A. Physical meaning of b,
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1.0 N R entation is one-fourth of its surface area. This provides the
N\ possibility to compare the experimental valueshbgf with
0.8 — | B sand, quartz particles . .
N those for some well-known simple polyhedral shapes, which
= 0.6 \‘ ® ‘eodrolass beads is done in Fig. 12. The interesting point is that the acoustic
'o ® . N m shape classification for the natural sand and ground quartz
g 04 e 7 \*]\ particles, provided by this figure, is consistent with the quali-
0.2 | e tative shape characterization by scanning electron micros-
o i“"'—\ copy as described in Sec. |. Therefore it appears that the
0.0 o e —— observed values df, are consistent with a shape effect.
o o gg | @ - For the lead-glass beads, the magnitude of the attenua-
\ = R tion and so the value of the paramebgris definitely larger
& ~0.4 — — 77 than it should be for a perfect sphere, at least for all sizes
- (0o = 1) below 100um (Figs. 6, 7, and 10; Table )l The lead-glass
—0-6 4 O sand, quariz particles beads were chosen to provide an experimental sphere refer-
—0.8 ] © 'T’d-gl'css Tequl ence for the irregular sediment particles in the same size
range. This choice was based on the good agreement be-
0 50 100 150 200 250 . .
o (urm) tween theory and experiment obtained for the 200- and

FIG. 10. Summary of all values of the two scaling parameagrandb, for | 4
the size fractions of sand and quartz particles and lead-glass beads of te&/er, some suggestions can be made to explain the results.
present studysee also Tables II, 1ll, and IV

100-um size fractions in a previous studyTherefore the
present results for the lead-glass beads are unexpected. How-

First it is noted that the possibility to explain the lead-glass
results as a shape effect, in the same way as the sand and

equal volume sphere. This ratio can be calculated easily for guartz particle results, can be ruled out on the basis of the
given convex shape, using a well-known theoresee, e.g.,
van der Hulst). The theorem states that the average geothe lead-glass beads have a very spherical shape and there-
metrical cross section of a convex particle with random ori-fore there will be no increase of the average projected area.

SEM micrographgFig. 4). These show that the majority of

|
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FIG. 11. Example of the effect of taking into account a distribution of sizes, for a Gaussian size distribution with a relative standard deviation of 0.3, which
was used to obtain the smooth@alid) curves for the rigid movable sand or quartz sphere model and the elastic lead-glass sphefeppedelots$. Clearly

this also has an effect on the two-parameter scaling procétiuver plots, where especially the quality of the fit is improved for the case of lead-glass beads
(more results are given in Tables Il and)lll
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One suggested explanation is that the extra scattering should provide an equal volume size estimate. From the
due to surface and volume defe¢tsee Sec. | € However, present acoustic attenuation spectra, the equal volume radius
apart from the observed trend that the number of defects isan be derived from Eq9) asag /by, and using Eq(8) to
larger for the smaller size fractions, this contribution cannotobtainag. The resulting values are 22%—-49% less than the
be quantified any further without making some assumptionsoptical diffraction sizes for the sand and quartz particles.
If it is assumed, for example, that interior holes are responTherefore the difference between the present acoustic and
sible for the 12% to 13% lower densities of the smallestoptical diffraction size estimates is qualitatively consistent
lead-glass bead size fractions, this would require a singlavith the finding of Syvitskiet al.
cavity with a diameter of about half of the diameter of the It is emphasized that a reference size is not required to
lead-glass bead. Such cavities would certainly increase th#etermine the acoustic sizg; from a measured attenuation
scattering by the beads. Indeed, a strong enhancement of tepectrum. Instead of taking some measured size estimate for
(backscatteringform function in theka range between 2 and a,,, one can take anyreasonablginitial guess and then
10 was found theoretically for hollow metallic spheres indeterminea, by the fitting procedure to obtamg. The val-
water by Hickling? and the enhancement was found to in- ues ofb, do not therefore depend upag, and the departure
crease with cavity size. from the expected value of unitof by) for the lead-glass

In the present context, it should also be noted that théeads, discussed in the previous section, cannot be attributed
extra scattering may have been overestimated by 10%—15% errors in the optical diffraction sizes. Thag is a scaling
for the two smallest size fractions. The reason is the follow-parameter with no intrinsic physical meaning with respect to
ing. In the analysis given up to this point, the same bulkparticle shape.
value of the density has been assumed for all size fractions.
This means that the lower measured densities for the tw%
smallest size fractions have been ignored. The lower values’
of the density may be attributed to the presence of interior In a previous study by Sheng and Hay, the measure-
holes, or alternatively, to a slightly lower lead content of thements made by Flammer of attenuation in aqueous suspen-
beads(ignoring the effect of the holes on the dengitfctu-  sions of sand in the frequency range of 2.5-25 MHz were
ally, whatever their origin, the lower measured densitiescompared to spherical scatterer thedy® The result of this
should be used in the two-parameter model analysis of theomparison is shown in the left half of Fig. 13. It can be seen
attenuation. This leads to proportionally lower valuesgf that as in the present investigation, the measured attenuation
[see Eq.(11)]: 1.23 and 1.29 instead of, respectively, 1.40is greater than that predicted by rigid sphere theory and that
and 1.49 given in Table Ill for the two smallest size frac-there is also a slight shift to higher valueskaf of the posi-
tions. These lower values df, are included in Fig. 12 tion of the main peak. These effects are also larger for the
(only). smaller sizes. The size estimates used forkihescale were

the midpointsdg of the sieve intervals, so the measured ra-
diusa,,, as used in the above formal description, is equal to

Comparison with Flammer’s data

B. The meaning of a,

The parametea,, as defined by Eq8), is equal to the
ratio of the acoustic cross-sectional area size and the
chosen reference sizg,. The reference size was obtained 1.6 —
by a standard optical diffraction instrument, which was used
as a black box. It is not the purpose of this paper to discuss 4 tetrahedron
discrepancies between the size estimates obtained by the di
ferent measurement methods in detail. However, some re 1.4 |
marks can be made to indicate that the results are withirs ,
reasonable limits. The results are visualized in Fig. 10. For ‘e
the sand and quartz particles the valueggimean that the O cube
acoustic sizeag is 20%—-40% smaller than the optical dif- 24 5 - octahedron
fraction sizea,,. For the lead-glass beads, the acoustic size | (o) L D
ac is systematically somewhat lower, up to 15%, than the ©

: ) . ; : . 0
optical diffraction size estimate. These results are not unrea "
sonable or unexpected. For the spherical lead-glass beac )
one expects the best agreement, since the optical diffractio
instrument is calibrated for spherical particles, as are all stan ' | ' | ' | '
dard particle sizing instruments. For the irregularly shaped 0 50 100 150 200
sediment particles, the optical diffraction instrument will dg (um)
measure some effective size. Here it is relevant to note that
Syvitski et al. have found that for a range of sand sedimentF!G. 12. The values of the parametgf°, which correspond to the acous-
samples, the size estimates obtained by an electrozone pdfey delrmined profcied srea et o hat o an e sl sphere
ticle sizer were 17%-29% less than those obtained by aRined average sizds . They are compared with the corresponding values
optical diffraction instrument® The electrozone instrument for some simple polyhedral shapes, as further explained in the text.

B sand, quartz porticles
O lead—glass beads
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FIG. 13. Experimental data obtained by Flammer on 13 sieve size fractions made up from Missouri River and blastiRefsat®] Fig. 3, p. A1f

compared with the theoretical model for a rigid movable quartz sphere. The data are presented in the same way as in Figs. 7—9 for the present study, with the
exception that the average sieve size is used to normalize the acoustic wave number. Note that the average sieve gdemengiees with the as-measured

spectra in the left half of the figure, and the parameter vadyesnd b, with the fitted measurements in the right half of the figure.

dJ/2 in the present case. The results of the two-parameter On the basis of Flammer's measurements, Sheng and
model analysis are given in the right half of Fig. 13, showingHay proposed that a modified version of Johnson’s high-pass
that also for these earlier measurements much better fits tmodel could be used to represent the scattering cross section
the spherical scatterer theory are obtained, although there & natural sand particleS,in order to represent the higher
quite a lot of scatter in Flammer’s data and the spectra cormeasured attenuation compared to the computed values for a
sist of a small number of pointgnaximum . It is consis-  rigid sphere. This formulation has been used by a number of
tent with the above remarks that the scaling parameters fanvestigators to compute the scattering attenuation when in-
Flammer's data show the same trends as those for the preserdrting backscatter profiles to obtain profiles of suspended
study (see Fig. 1% sand concentratiof."1¢? However, in view of the present
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creases with increasing particle size to about 1.2% for the
largest sizdi.e., dso=196 um). Thus if the viscous attenua-
tion were to be included in the theoretical model used for the
two-parameter model analysis, the resulting valuesbf
would be lower by maximum 5% for the smalléktad-glass
bead size.

The above-mentioned results for lead-glass beads also
provide an estimate of the importance of viscous absorption
in the experiments with sand and quartz particles, as the

0.0 < <

————— grain densities of these materials are not markedly different
from that of lead-glass. Thus it is estimated that for the sand
and quartz particles, the maximum viscous attenuation would
be 3% for the quartz particles and this would lead to a cor-
respondingly lower value ob,. This estimate is rather
crude, however, as one would expect the viscous absorption
to depend on the total surface area of the particles, and that
this would be significantly larger for irregular particles than
for spheres of a given equivalent size. Therefore it was felt
necessary to test the importance of viscosity experimentally.
G 14, C _ e o i ers for i @ This was done by measuring the attenuation spectrum for a
T e e e 408 d5-53um-diam Sieve size fraction of Sand partices as wel
that also for the latter data, the value @ given is related to the average &S Of lead-glass beads at three different temperatures: 10, 20,
sieve size, i.e.a,=dg/d, [see Eq(8)]. and 30 °C. The viscosity of water changes by 50% over this
temperature range, and one would expect to observe a

results, it is clear that the rigid sphere model can provide £h@nge in the attenuation spectrum if viscous absorption
very good fit to the data if the effects of irregular shape aréVe€reé important. However, no significant changes were ob-
taken into account. This result is appealing because the tw@erved above=1, as is indicated by the values &f andb,
parameter spherical scatterer model attempts to include trPtained from these measuremefgse Tables Il and )i

relevant physics, whereas the high-pass model is purely In v_iew of thg above discuss_ion, it is concluded that, by
ad hoc neglecting the viscous attenuation, the valuesbgfhave

been overestimated a little, however, by a maximum 5%
only. It may also be concluded from the calculations of the
D. Viscous and thermal absorption viscous attenuation, that for particle sizes of about.2f

Thus far the measured attenuation has been attributed taond smaller it i§ necessary tp include viscous effects in an
scattering alone. There is also the possibility that viscous angccurate analysis of attenuation spectra at these frequencies.

thermal absorption may have contributed to the measure-
ments. This possibility is briefly considered here. IV. CONCLUSIONS

Thermal absorption by natural sediment particles has It has been shown that measurements of attenuation
been considered elsewhéfelt was found that viscous ab- spectra in turbulent suspensions of irregular sand and silt-
sorption was more important, in the long-wavelength regiorsized particles can be brought into agreement with rigid
at least. It can also be argued that thermal losses remaspherical scatterer theory, but only by invoking two different
small at shorter wavelengths. This argument is based on thequivalent sizes. The use of two sizes is appealing on physi-
theoretical and experimental work of Allegra and Hawléy. cal grounds. One size is the diameter of a circle with equal
They have shown that the thermal losses peak at a value gfojected(i.e., geometrigarea, which is the natural scale for
the ratio of the particle radius to the thermal boundary layethe total scattering cross section in the high-frequency limit.
thickness of the order of one. This ratio is much larger tharThis size is used to scale the acoustic wave number, the
one for all particles of the present study. abscissa of the attenuation spectrum. The second equivalent

Viscous absorption is expected to be important mainly asize is the diameter of the equal volume sphere, which is the
long wavelengths, as first demonstrated by Ufftlan esti-  natural scale for converting the volume concentration of par-
mate of the contribution of viscous attenuation to the meaticles to their number density. This size is used to scale the
sured attenuation can also be made for medium and higimagnitude of the attenuation, which is the ordinate of the
frequencies, using the spherical scatterer théd#)The re-  attenuation spectrum. In actual fact, the rescaling factor for
sults of such calculations made for lead-glass spheres of thee ordinate is a combination of the two equivalent sizes,
different average sizes of the present study can be summaince the projected area of the particle also affects the mag-
rized as follows. The contribution of the viscous attenuationnitude of the attenuation. Because the choice was made to
for values ofka between 1 and 10 around the position of theemphasize the region in the vicinity &fa=2, the vertical
maximum in the spectra af/(kbyC,) (cf. Fig. 6), is about  scaling factor (13,) appears here as the ratio of the actual
5% of the attenuation due to scattering alone for the smallegiarticle volume to the volume based upon the size of the
lead-glass particlegdsy=17 um, see Table IN and de- equal area sphere.
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