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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 diameterdG of an equal cross-sectional area sphere, and is used to scale the
frequency to obtain the nondimensional size/frequency parameterka. The other parameter is the
diameterdp 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 attenuation forka.1 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 studied~ground quartz!. In
terms of the two-parameter model the enhancement factor is equal to a shape parameterb0

5(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 aqueous environments are discussed. ©1997
Acoustical Society of America.@S0001-4966~97!00909-0#

PACS numbers: 43.30.Pc, 43.30.Ft, 43.30.Gv, 43.35.Yb@JHM#
-

e
d

p-
o
te
ed
ec
in

en
th

le

t
e

it
ure-
rical
el-
gu-
cal

tter-
lar,
tter-
the

oss

m-
ther
LIST OF SYMBOLS

a particle radius
aG radius of equal cross-sectional area sphere
am measured particle radius
ap radius of equal volume sphere
a0 scaling parameter for measured particle radius
b0 scaling parameter for particle volume
Cm mass concentration of particles
Cn volume concentration of particles
d particle diameter
ds average sieve diameter
dy diameter aty% of cumulative particle size distribu

tion by volume

INTRODUCTION

There has been considerable interest in the developm
of acoustic methods for sediment transport measurement
ing recent years.1–16 The main attraction of the acoustic a
proach is that it has the potential of providing vertical pr
files of suspended sediment concentration and size remo
and therefore with negligible flow disturbance at the b
with high spatial and temporal resolution. The most dir
way to obtain these profiles would be from backscatter
measurements, as in acoustic current profiling.17 This is the
reason that most of the interest referred to above has be
backscattering systems. However, the interpretation of
backscattered signals is a rather complex inversion prob
which is far from being solved completely.

The measurement of the frequency dependence of
attenuation ~or extinction!, has also received som
1485 J. Acoust. Soc. Am. 102 (3), September 1997 0001-4966/97/1
Gp geometric cross-sectional area of particle
k acoustic wave number
N number density of particles
Vp particle volume
VG volume of equal cross-sectional area sphere
x ka, nondimensional size/frequency parameter

Greek

a linear attenuation constant for pressure
l wavelength
r density of particle
s standard deviation
S total attenuation cross section
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attention.6,18–21 This method cannot provide profiles, but
has been shown that it can provide accurate local meas
ments of the concentration and size in the case of sphe
particles.21 The present paper is a further step in the dev
opment of this method, by extending the analysis to irre
larly shaped sediment particles, following a semi-empiri
approach.

Very few measurements have been made of the sca
ing cross sections of natural sediment particles. In particu
there have been few measurements made of the total sca
ing cross section of suspended sand. With respect to
backscattering inversion problem, the total scattering cr
section appears in an exponential term~the attenuation due to
scattering! in the equation for the backscattered signal a
plitude. Therefore the estimated concentrations are ra
sensitive to errors in this term.
148502(3)/1485/18/$10.00 © 1997 Acoustical Society of America
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In this paper results are presented from a series of
periments in which the total scattering cross section w
measured in a frequency-swept acoustic attenuation s
trometer, operating from 1 to 100 MHz, for natural sa
particles and for lead-glass beads. It is noted that some
liminary results have been presented,22,23 since the experi-
mental data became available.24

The relation between the total cross sectionS and the
attenuation constanta is, by definition,

S5
2a

N
, ~1!

whereN is the number concentration of particles in susp
sion. In principle it is possible to determineS experimentally
by measuringa for known values ofN. The measured cros
sections can then be compared with theoretical calculati
using a suitable estimate of the scatterer radiusa to normal-
ize the acoustic wave numberk. For particles in suspension
it is usually not possible to measureN directly. Instead the
volume concentrationCn of the particles is determined, ofte
from a gravimetric measurement of the mass concentra
in a sample of the suspension and the known bulk densit
the particles. ThenN is given by

N5
Cn

Vp
, ~2!

whereVp is the particle volume. If the particle volume ca
not be measured directly, it is usually estimated from a m
surement of the particle diameter. For spherical particles,
exact relation

Vp5
4p

3
a3 ~3!

can be used. It is clear that a small error in the estimate oa
will lead to a comparatively large error inVp , and therefore
in N. For irregular particles the errors in these estimates
likely to be larger, since the above equation can be used i
effective sense only, and supposes that the relevant~equiva-
lent volume! effective size can be measured.

Consider now the problem of sound scattering in a t
bulent suspension of irregularly shaped particles. Beca
the particles have random shapes and adopt random ori
tions as a function of time due to the turbulent motion, o
might expect that the time-averaged behavior of the scatt
sound field could be described, to a reasonable first appr
mation, by assuming a spherical shape for the scatterers
some effective size. The few available measurements of
total scattering and backscattering cross sections of na
sand particles support this assumption.6,16,18,20,25–27 The
choice of effective size for the equivalent sphere for natu
sand grains has not yet been examined, however. It is
question which is investigated here.

It is clear from Eqs.~1!–~3! that two effective sizes for
the equivalent sphere are involved: one is required to s
the wavelength to obtainka, the other to scale the particl
volume to obtainN. To illustrate, the left-hand side of Eq
~1! can be computed theoretically, for any value of the no
dimensional size/frequency parameterka. Comparison with
the experimentally determined quantity on the right-ha
side then requires a suitable choice of effective radius w
which to normalize the values ofk at which the measure
ments ofa were made. The natural choice for this effecti
1486 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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size corresponds, for measurements of the total scatte
cross section, to the average geometric cross-sectional
of the particles. The second effective particle size cor
sponds to an equivalent sphere with the same volumeVp as
the particle, and is required to convert the measured volu
concentration of particles to the number concentrationN.
One effective size therefore corresponds to the diameter
circle of area equal to the projected area of the particle,
other to the diameter of an equal volume sphere. These
sizes will not in general be the same. It may therefore
anticipated that there should be two different renormalizat
scales involved in making comparisons between total sca
ing cross-section measurements for irregular particles,
theoretical calculations for spherical scatterers.

I. EXPERIMENTAL METHODS

A. Laboratory measuring system

The experimental setup used to perform the acoustic
tenuation measurements in the frequency range of 1–
MHz is shown schematically in Fig. 1. The main features c
be summarized as follows. The suspension to be measur
contained in a circuit and circulated by means of a slu
pump. Measuring sections are mounted in a vertical pers
cylinder ~inner diameter 10 cm!. A diffuser at the top of the
vertical cylinder homogenizes the particle suspensi
Samples of the suspension can be taken by a suction t
used to obtain reference values for the mass concentra
and the particle size distribution. The temperature of the w
ter is regulated to within60.01 °C. This is necessary be
cause the temperature dependence of the attenuation is
at higher frequencies, about 80 dB/m per °C at 100 MHz28

The attenuation measurements are carried out with
pairs of diametrically opposed broadband acoustic transd
ers, placed in two measuring sections. Basically, meas
ments are taken at a single frequency and the frequenc
swept to obtain a spectrum. The signal generation and
cessing are explained briefly, referring to the block diagr
in Fig. 1. Of each transducer pair, one transmits and
opposite one receives. The transmitted signal is a sin
frequency sine wave burst. The burst duration is relativ
short with respect to the acoustic path length in water,
order to avoid reflections and interference effects. Typi
burst lengths are 15ms below 20 MHz and 2ms above. The
average amplitude of the received burst signal is determin
digitized, and stored. An average over a large number
bursts~typically 1000! is taken to increase the measureme
accuracy. The burst repetition rate is 1 kHz. At each f
quency an electronic reference signal is measured, sto
and subtracted from the detected acoustic signal. This pa
eliminates the drift and the frequency dependence of
electronic system. The center frequencies of the transd
pairs are 2.25, 4.5, 10, 30, 50, and 100 MHz. The transdu
are commercially available, broadband, immersion-ty
transducers~from Panametrics, except the 4.5-MHz tran
ducers!. Their bandwidths overlap partially, so that depen
ing upon frequency, measurements can be taken with on
more pairs. The separations between the transducer pair
1486A. S. Schaafsma and A. E. Hay: Suspension attenuation



FIG. 1. Sketch of the experimental setup, showing a block diagram of the electronics and the suspension circuit.
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given in Table I along with other characteristic properties
The attenuation spectrum of suspended particles is m

sured relative to pure water. That is, attenuation data are
collected for pure water, in the above described way,
each transducer pair, at a chosen number of frequen
These data represent the sum of the electronic and aco
attenuation, with respect to some fixed reference signal le
Second, a similar set of data is collected for the parti
suspension. The difference between the second and the
set of data is the acoustic attenuation spectrum of the
pended particles. Typically, it takes about 1 h to collect a
complete data set.

TABLE I. Characteristic parameters of the six transducer pairs used fo
attenuation measurements: the center frequencyf 0 , the effective transmis-
sion bandwidth BW, the diameter of the piezoelectric elementDt , the near-
field distance in waterr 0 ~at f 0!, and the transducer separationl . The near-
field distance is defined as the region where the beam is approxim
cylindrical @see, e.g., L. E. Kinsler and A. R. Frey,Fundamentals of Acous
tics ~Wiley, New York, 1962!, 2nd ed., Chap. 7.12#: r 051.64Dt

2/(4l0).

f 0

~MHz!
BW

~MHz!
Dt

~mm!
r 0

~mm!
l

~mm!

2.25 1–3.5 12.7 100 100
4.5 2.4–5.3 5.0 31 100

10 4.9–15 6.35 112 72
30 11.5–34 6.35 336 100
50 12–50 3.18 140 50

100 24–100 3.18 280 28
1487 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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B. Validation experiments

The attenuation as defined by Eq.~1! can be measured
directly by determining the intensity decay of the acous
wave in its propagation direction over a known distan
This is straightforward for well-defined wave patterns, like
plane wave or a spherical wave. However, for the pres
measuring system the transducer configurations are such
most or all of the acoustic path length is within the near-fie
zone of the transducers~see Table I!. It is well-known that in
this zone the beam pattern of a transducer has a rather c
plex structure and is approximately nondiverging. It is e
pected that, because the transmit and receive transdu
used have the same area, an averaging takes place ove
structure in the near-field beam pattern. Therefore it is
pected that changes in the measured attenuation should
resent the average attenuation in the space separating
transducers. Nevertheless, it is worthwhile to verify the
fluence of near-field effects experimentally. For this purpo
two types of experiments were carried out.

In the first place, the change of the attenuation spectr
of pure water with temperature was measured and comp
with results available in the literature. The results of the
relative measurements are shown in Fig. 2. The chang
the attenuation constanta, relative to its value at 19.8 °C
was measured for four values of the temperature differen
21.0, 20.5, 10.5, and11.0 °C. Also shown in the figure
are continuous curves, which correspond to the empir
equation given by Fisher and Simmons@Ref. 28, Eq.~10!#.

e

ly
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This equation agrees to within64% with the experimenta
data of Pinkerton,29 which are in the MHz range up to abou
70 MHz. Pinkerton verified that his measurements were
affected by near-field effects, by carrying out separate m
surements in the near-field as well as in the far-field zone
the transducers. It is shown in Fig. 2 that the present exp
mental data agree very well with those of Pinkerton. T
agreement is within610% ~standard deviation! over the
whole frequency range.

The second type of experiments involved a detai
comparison between measured and calculated attenu
spectra for spherical lead-glass particles. The result wa
good quantitative agreement, the discrepancy was maxim
10% in the high end of the frequency range and smalle
the remaining part.21

The above results give confidence that an attenua

FIG. 2. Measured temperature dependence of the attenuation, relative
value at 19.8 °C, compared with the empirical equation given by Fisher
Simmons, corresponding to the solid curves~Ref. 28!. To improve readabil-
ity, the data between 1 and 25 MHz, which are close together on the
curves, are not shown and above 25 MHz only half of the data points
plotted.
1488 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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spectrum as measured with the present system, is accura
within approximately 10% and that effects related to t
near-field geometry are not important within this error.

C. Characterization of suspensions and particles

For a discussion of the acoustic measurements in te
of suspension concentration, particle size, and shape, a
dependent reference measurement of these paramete
needed. The measurement of the suspension concentr
using the suction system of the experimental setup has b
developed into a reliable and accurate method. As discus
in some detail before, an accuracy of 5%~standard deviation!
has been realized for the mass concentration measureme21

In the laboratory experiments suspension concentrations
resentative for field conditions were used, up to a mass c
centration of 5 kg/m3, corresponding to a maximum conce
tration by volume of 0.19%. Because of these lo
concentrations it is unlikely that multiple-scattering effec
are important.

Three sets of particle size fractions were prepared for
present study by sieving or by the use of a hydrocyclone
reference for the particle size has been obtained by a s
dard optical diffraction analysis method, using a commerc
instrument~Malvern particle sizer 3600 D!. Some character-
istic results of the particle size analysis for the first set of s
fractions, consisting of natural sediment and ground qua
particles, are given in Table II. Average sizes range fr
about 200mm down to 30mm. A second set of size frac
tions, in approximately the same size range, was made ou
nominally spherical lead-glass beads and size analysis re
are given in Table III. These particles were chosen for
purpose of comparison with the irregularly shaped sedim
particles. Finally, a third set of sediment size fractions w
prepared out of three natural sediments of a different ori
in two subsets of average size 100 and 200mm, respectively
~see Table IV!. In this case also the so-called sphericity w
determined, a geological classification by optical microsco
methods.30

The densities of the particles are needed to convert m
sured concentrations by mass to concentrations by volu
Cn5Cm /r. Densities were measured by a volumet

its
d

lid
re
for the

8

TABLE II. Summary of optical diffraction~OD! size analysis data and of the two-parameter model interpretation of the acoustic attenuation spectra
sand sieve size fractions and the quartz hydrocyclone fraction~HC!. Assuming a Gaussian size distribution, the standard deviationsm was calculated from the
OD sizes. The semiempirical analysis was carried out for a single size (s th50) and in four cases also for a Gaussian size distribution, withs th close to the
experimental value. Apart from the indicated exceptions, all measurements were carried out at 19.8 °C.

Particles

Size
fraction
~mm!

OD sizes 2-p model 2-p model

d16 d50 d84 sm s th a0 b0 s th a0 b0

~mm! ~%! ~%! ~2! ~%! ~2!

Dune sand 180–212 176 212 288 26 0 0.80 1.14 30 0.80 1.1
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
Assena 0 0.68 1.59
Assen 45–53 44 62 82 31 0 0.67 1.59
Assenb 0 0.62 1.53
Quartz HC4 21 30 45 40 0 0.63 1.82 40 0.60 2.05

aMeasurement at 9.9 °C.
bMeasurement at 29.7 °C.
1488A. S. Schaafsma and A. E. Hay: Suspension attenuation
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TABLE III. Summary of optical diffraction~OD! size analysis data and of the two-parameter model interp
tation of the acoustic attenuation spectra for the sieve size and hydrocyclone~HC! fractions of lead-glass beads
Assuming a~split-!Gaussian size distribution, the standard deviation~s! sm was~were! calculated from the OD
sizes. The semiempirical analysis was carried out for a single size (s th50) and in most cases also for
~split-!Gaussian size distribution, with as th close to the experimental one. Apart from the indicated exceptio
all measurements were carried out at 19.8 °C.

Size
fraction
~mm!

OD sizes 2-p model 2-p model

d16 d50 d84 sm s th a0 b0 s th a0 b0

~mm! ~%! ~%! ~2! ~%! ~2!

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
45–53a 0 0.88 1.28
45–53 36 46 60 26 0 0.87 1.24
45–53b 0 0.85 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

aMeasurement at 11.0 °C.
bMeasurement at 29.6 °C.
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method for the individual size fractions, as a check for h
mogeneity. For sand and quartz all values were within 1%
the average value of 2650 kg/m3. For the lead-glass beads,
value of 2870 kg/m3 was found for a bulk piece of the sam
lead-glass and for all size fractions, except for the two sm
est sizes~obtained by a hydrocyclone!. In the latter cases the
densities were 2520 and 2495 kg/m3, for the HC4 and HC5
size fractions, respectively~cf. Table III!. Possible reason
for this inhomogeneity are discussed below.

A qualitative characterization of particle shape was c
ried out by scanning electron microscopy~SEM!. Typical
SEM micrographs for the three sets of size fractions
shown in Figs. 3–5, respectively. The sand particles from
three size fractions obtained by sieving, have an increasin
irregular shape the smaller their average size. This tren
continued for the quartz particles from the hydrocyclone s
fraction. One can describe the general shape of these
ment particles as irregular polyhedra, with a varying num
of faces and a varying degree of rounding~smoothing! of the
edges. In this picture, the 200-mm sand particles are like
polyhedra with a relatively large number of faces and re
tively rounded edges. On the other, more irregular, end
this scale are the quartz particles~30-mm size fraction!,
which are closer to polyhedra with a relatively small numb
oc. Am., Vol. 102, No. 3, September 1997
-
f

l-

-

e
e
ly
is
e
di-
r

-
f

r

of faces ~e.g., a tetrahedron! and further relatively sharp
edges.

The lead-glass beads are quite spherical on the wh
but most have surface and volume defects, some parti
have a distorted shape. The surface defects are scratche
pits, the volume defects are interior holes, which can be c
cluded from an examination of the cross sections of
beads, as in a previous study.21 The number of these defect
appears to increase with decreasing average size of
beads, but cannot be quantified accurately. It is noted th
large number of internal cavities could explain the low
measured densities for the two smallest size fractions, m
tioned above. These densities are lower with respect to
bulk value by 12% and 13% for the 23- and 17-mm size
fractions, respectively. However, an alternative explanat
for the lower densities is that these particles have a so
what different composition: that is, a lower content of lead
is not unlikely that this can happen in the melt spray prod
tion process of the lead-glass beads.

The SEM micrographs for the three 100-mm sand frac-
tions of different origin~Fig. 5! show subtle differences in
agreement with the geological sphericity classificati
~Table IV!. In particular, the Assen sand particles appe
-called

TABLE IV. Summary of size and acoustic analysis, as in Table II, for 100- and 200-mm size fractions of some
different natural sands. Also given is the result of a geological classification by optical methods, the so
sphericity, to be compared with the acoustic shape parameterb0 .

Particles

Size
fraction
~mm!

OD sizes 2-p model

Geological
sphericity

d16 d50 d84 sm s th a0 b0

~mm! ~%! ~%! ~2!

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 1.46 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
1489A. S. Schaafsma and A. E. Hay: Suspension attenuation
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FIG. 3. Scanning electron micrographs of four size fractions of the sand
quartz particles, each at two different magnifications given in the lo
right-hand corner of the micrographs together with a size scale. From to
bottom: ~a! and ~b! dune sand of average sized505212mm, ~c! and ~d!
Assen sand withd505110mm, ~e! and ~f! Assen sand withd50560mm,
and ~g! and ~h! quartz particles withd50530mm.
1490 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
somewhat less smooth and rounded, i.e., more irregular,
the other two size fractions.

II. RESULTS

Figure 6 shows two typical measured attenuation spe
for the 200-mm size fractions of natural sand and lead-gla
beads, respectively. Referring only to the left half of t
figure,~a! and~c! show the spectra on a linear and~e! and~g!
on a logarithmicka scale. The attenuation is presented
a/(kb0Cn), whereb051, a normalization which will be ex-
plained below. The wave numbers corresponding to the m
surements have been nondimensionalized using the me
radii determined by optical diffraction (dm/2), as given in
Tables II and III, noting thatdm5d50. Also shown in the
figure is the theoretical attenuation for an acoustically rig

nd
r
to

FIG. 4. Scanning electron micrographs of three size fractions of the le
glass beads:~a! and ~b! for average sized505196mm, ~c! and ~d! for d50

540mm, and~e! and ~f! for d50523mm. Further explanation is the sam
as for Fig. 3.
1490A. S. Schaafsma and A. E. Hay: Suspension attenuation



FIG. 5. Scanning electron micrographs of the 90–106-mm sieve size fractions of three sands of different sphericity:~a! Assen,~b! Twente, and~c! Ottawa
sand~see Table IV!. Further explanation is the same as for Fig. 3.
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but mechanically movable sphere with the density of sand
the same plots as the sand experimental data. Similarly
lead-glass, the theoretical attenuation for an elastic lead-g
sphere is shown.21 It can be seen that in the case of t
lead-glass beads there is close agreement between the c
lated and measured spectra. Also it is seen that for the s
particles the shape of the measured spectrum is very sim
to that calculated theoretically, in particular resonance f
tures are absent in the spectra of these nonspherical part
However, the measured peak attenuation is somewhat gr
than predicted by the rigid sphere model and occurs a
somewhat higher value ofka. It will now be demonstrated
that this observed discrepancy in the case of the irregul
shaped sand particles, can be attributed to the scaling p
lems, related to the choice of effective size, discussed in
Introduction.

Let Gp be the average geometric~i.e., projected! cross-
sectional area of the particles. The logical choice of scale
the total scattering cross section, in the high-frequency lim
is 2Gp . Defining an equivalent circular radiusaG such that

paG
25Gp ~4!

then Eq.~1! becomes

S~x!

2paG
2 5

Vp

Gp

a~x!

Cn
~5!

in which Eq. ~2! has been used to eliminateN, and x
5kaG . Though the further treatment could have been ba
on Eq. ~5!, it has several advantages to remove the exp
size dependence from the right-hand side of this equat
while preserving its nondimensional form, by dividing b
4kaG/3, yielding

3S~x!

8kaGpaG
2 5

Vp

VG

a~x!

kCn
~6!

in which now the ratio of the actual particle volumeVp to the
volume of the equal cross-sectional area sphereVG

54paG
3/3 appears on the right-hand side. This ratio is eq

to unity for a sphere and this is the main advantage to
1491 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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Eq. ~6!, instead of~5!, for an analysis of deviations from th
sphere case. Making the substitutionx5kaG , the above
equation can be rewritten as

3S~kaG!

8kaGpaG
2 5

a~a0kam!

kb0Cn
~7!

where the nondimensional parametersa0 and b0 have been
defined such that

a05
aG

am
~8!

where 2am is the measured particle diameter~here, by opti-
cal diffraction! and

b05
VG

Vp
. ~9!

It can be seen from Eq.~7! that a0 and b0 are scaling
parameters,a0 scaling the measured sizes, andb0 the mea-
sured concentrations. Again, the existence of the two par
etersa0 andb0 reflects the two scaling problems involved
approximating irregularly shaped particles by spherical sc
terers: one being the size required to nondimensionalize
wavelength, the other the size required to determineN from
measurements ofCn .

Because of the choice ofaG to scale the acoustic wave
length, so thatx5kaG , the left-hand side of Eq.~7! is
readily computed from the theory for a spherical scatte
Denoting the left-hand side byF th(x),

F th~x!5
3S~x!

4x2pa2 5
3

4x2 Im@ f `~x,0!#, ~10!

where f `(x,0) is the forward scattering form factor. Thus
is seen that the choice of the geometric cross section as
appropriate scale for the total scattering cross section lead
a straightforward way toaG being the most suitable measu
of size with which to nondimensionalize the acoustic wav
length. Note that dividing Eq.~5! by x leads to a 1/x2 depen-
dence in Eq.~10!. As will be seen, this scaling gives th
1491A. S. Schaafsma and A. E. Hay: Suspension attenuation
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ata and the
FIG. 6. Comparison of the measured normalized attenuation spectra of the 180–212-mm sieve size fractions of sand and lead-glass beads with the approp
sphere models~rigid movable quartz and elastic lead-glass, respectively, for which the calculations were made untilka530!. In the left half of the figure the
experimental data points are given as they were measured (a05b051). In the right half of the figure, the measured data have been fitted to the model cu
using a two-parameter fitting procedure. The only difference between the plots~a!–~d! in the upper half of the figure and plots~e!–~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 d
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 ne
borhood ofx52, that is where the main broad peak of t
spectra is located, which is not unreasonable, since this is
region of the spectrum which provides the size sensitiv
This is seen easily if it is realized that when the normaliz
spectra are plotted versus frequencyf , the peak position is
size dependent~inversely proportional to the size!.

The right-hand side of Eq.~7! can be determined from
the measurements. That is,

Fexp~x!5
a~x5a0kam!

kb0Cn
~11!

for given values ofa0 and b0 . Here the values of thes
parameters are the unknowns, and are estimated for
experiment with particles of a given size by least-squa
fitting the measurements to the theory for a rigid mova
spherical scatterer. This is done by minimizing

x25
( j 51

n ~Fexp,j2F th,j !
2

~n22!s2 , n.2, ~12!

wheres is the standard deviation of the measurements,n is
the number of frequencies used in the fit, andxj is the value
of x at thej th frequency. The standard deviation of the me
surementss has been assumed equal for all data points, si
the experimental error in the attenuationa increases approxi
mately linear with frequency.

The results of applying this procedure to the data in
left half of Fig. 6 are presented in the right half of the sam
figure. The values ofa0 and b0 are 0.80 and 1.14 for the
200-mm sand particles. It is important to note that choos
a0 different from unity results in a rescaling of the values
x corresponding to the measurements only, and therefore
displacement of the measured points parallel to the horiz
tal axis, with the theoretical curve fixed. Similarly, choosi
b0 different from unity amounts to rescalingCn only, and
results in a vertical displacement of the measured po
leaving the theoretical curve unchanged. For comparison
result of applying the same fitting procedure to the qu
spherical lead-glass beads, using the appropriate el
sphere model in this case, is also shown in Fig. 6~right half!.
The values ofa0 andb0 for the lead-glass beads are 0.99 a
1.06, reflecting the good agreement between spherical s
terer theory and measured data~i.e., within about 5% or bet-
ter! for these particles.

The result for the 200-mm sand particles in Fig. 6 show
that with the rescaling, the spherical scatterer theory prov
an acceptable fit to the data. In Fig. 7 this result is repeate
the two plots at the top and further similar results are sho
for the other three size fractions of natural sand and qu
particles listed in Table II. The renormalization works we
for all sizes in this range. The quartz particle result is es
cially interesting because these were the most angular o
particles tested~Fig. 3!.

The two-parameter size renormalization also results
good fit between the rescaled measurements and the the
ical curve for lead-glass beads of different size~Fig. 8; see
also Table III! and for natural sand of the same size b
different sphericity~Fig. 9; see also Table IV!. The results
for sands of different sphericity are also interesting. In Fig
1493 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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it can be seen that the discrepancy between the experim
data and the sphere model is somewhat larger for Assen
than for Twente and Ottawa sand. This is consistent wit
10% higher value of the parameterb0 for the scaled mea-
surements. It is noted further that the geological sphericity
the Assen sand is lower than for the other two sands~see
Table IV!, consistent with the SEM results~see Fig. 5!. All
values ofa0 and b0 , corresponding to the results in Fig
6–9, are listed in Tables II, III, and IV. Summary plo
showing the variations of these parameters with particle s
and type are presented in Fig. 10.

Before discussing the results further, it is necessary
make two remarks about the spectra and the analysis pr
dure. In the first place, it is noted that in the low-frequen
part (ka,0.5) of most of the spectra, the experimental d
have a relatively large uncertainty, because the value of
attenuation is rather low. This is especially the case for
smallest particle sizes. For lead-glass beads there seem
systematic trends in the low-frequency data, which, althou
it should be realized that they are overemphasized becau
the 1/f weighting, are not understood at present. These d
~i.e., the points belowka50.5! were left out of the fitting
procedure.

In the second place it should be noted that in the ab
analysis, a single size has been assumed for the theore
curves. However, the actual particle size fractions are dis
butions which have a nonzero width. The effect this has
the fitted values of the two parametersa0 and b0 was as-
sessed as follows. Most of the spectra were also fitted u
a theoretical curve, convolved with a Gaussian or sp
Gaussian size distribution, as an approximation to the ac
size distribution. The width of the distribution was take
close to the experimental one as determined by the op
diffraction size analysis. Results in Tables II and III~last
columns! show that the effect on the values ofa0 andb0 is
relatively small if the standard deviation of the size distrib
tion is not larger than about 30%. Two examples are sho
in Fig. 11. It is seen that for the 60-mm sand size fraction, the
fit and the parameter values are only slightly different fro
the single size case@see Fig. 7~f!#. The other example of the
lead-glass 40-mm size fraction, shows only slightly differen
parameter values but an improved quality of the fit due to
smoothing of the sphere resonances in the theoretical c
@cf. the single size case in Fig. 8~d!#. For the three cases o
the present study where the width of the size distribution
40% or more, the approximation of the actual size distrib
tion by a Gaussian one is rather crude. The resulting va
of b0 are larger than for the single size case. For the t
hydrocyclone lead-glass size fractions, the size distributio
so strongly asymmetrical, that a split Gaussian distribut
was used to generate the theoretical curve. In these cases
the resulting values ofa0 are different from the single size
fits, they are smaller. The main conclusion for the purpose
the present paper is that the effect of including the part
size distribution in the analysis certainly does not result
smaller values forb0 . Also it can be concluded that the tren
as regards the variation of the two parameters for the dif
ent size fractions of sand~and quartz! and lead-glass par
1493A. S. Schaafsma and A. E. Hay: Suspension attenuation



compared
-parameter
FIG. 7. The left half of the figure shows the measured normalized attenuation spectra of four different size fractions of sand and quartz particles,
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
model, to obtain a best fit with the theoretical model.
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ared to the
er model, to
FIG. 8. The left half of the figure shows the measured normalized attenuation spectra of four different size fractions of lead-glass beads, comp
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-paramet
obtain a best fit with the theoretical model.
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igid
between the
meter
FIG. 9. As-measured, as well as scaled normalized attenuation spectra of 90–106-mm sieve size fractions of three different sands, compared with the r
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
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 the parab0 for
the scaled measurements. This difference correlates well with the geological sphericity of the samples~see Table IV!.
tio
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rge
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of

m-
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ticles remains the same, whether or not the size distribu
is taken into account.

III. DISCUSSION

A. Physical meaning of b 0

The parameterb0 , as defined by Eq.~9!, is determined
by the ratio of the two effective volumesVG andVp so it is
seen thatb0 actually is a measure for the departure from
spherical shape, both in terms of~effective! volume and pro-
1496 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
njected area. The question is then how the relatively la
values of the attenuation and thus of the parameterb0 for the
sand and quartz particles~Figs. 7, 9, and 10; Tables II, IV!
can be interpreted in terms of what is known about the sh
of the particles. Here the results will be discussed in terms
projected area, since this is most directly related to mediu
and high-frequency acoustic cross sections, which were
quantities actually measured.

It follows directly from Eq.~9! that b0
2/3 is equal to the

ratio of the average projected area of the particle to that o
1496A. S. Schaafsma and A. E. Hay: Suspension attenuation
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equal volume sphere. This ratio can be calculated easily f
given convex shape, using a well-known theorem~see, e.g.,
van der Hulst31!. The theorem states that the average g
metrical cross section of a convex particle with random o

FIG. 10. Summary of all values of the two scaling parametersa0 andb0 for
the size fractions of sand and quartz particles and lead-glass beads
present study~see also Tables II, III, and IV!.
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a

-
-

entation is one-fourth of its surface area. This provides
possibility to compare the experimental values ofb0 with
those for some well-known simple polyhedral shapes, wh
is done in Fig. 12. The interesting point is that the acous
shape classification for the natural sand and ground qu
particles, provided by this figure, is consistent with the qua
tative shape characterization by scanning electron mic
copy as described in Sec. I. Therefore it appears that
observed values ofb0 are consistent with a shape effect.

For the lead-glass beads, the magnitude of the atten
tion and so the value of the parameterb0 is definitely larger
than it should be for a perfect sphere, at least for all si
below 100mm ~Figs. 6, 7, and 10; Table III!. The lead-glass
beads were chosen to provide an experimental sphere r
ence for the irregular sediment particles in the same s
range. This choice was based on the good agreement
tween theory and experiment obtained for the 200- a
100-mm size fractions in a previous study.21 Therefore the
present results for the lead-glass beads are unexpected. H
ever, some suggestions can be made to explain the res
First it is noted that the possibility to explain the lead-gla
results as a shape effect, in the same way as the sand
quartz particle results, can be ruled out on the basis of
SEM micrographs~Fig. 4!. These show that the majority o
the lead-glass beads have a very spherical shape and t
fore there will be no increase of the average projected a

the
.3, which

eads
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
was used to obtain the smoothed~solid! curves for the rigid movable sand or quartz sphere model and the elastic lead-glass sphere model~upper plots!. Clearly
this also has an effect on the two-parameter scaling procedure~lower plots!, where especially the quality of the fit is improved for the case of lead-glass b
~more results are given in Tables II and III!.
1497A. S. Schaafsma and A. E. Hay: Suspension attenuation
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One suggested explanation is that the extra scatterin
due to surface and volume defects~see Sec. I C!. However,
apart from the observed trend that the number of defect
larger for the smaller size fractions, this contribution can
be quantified any further without making some assumptio
If it is assumed, for example, that interior holes are resp
sible for the 12% to 13% lower densities of the small
lead-glass bead size fractions, this would require a sin
cavity with a diameter of about half of the diameter of t
lead-glass bead. Such cavities would certainly increase
scattering by the beads. Indeed, a strong enhancement o
~backscattering! form function in theka range between 2 an
10 was found theoretically for hollow metallic spheres
water by Hickling32 and the enhancement was found to
crease with cavity size.

In the present context, it should also be noted that
extra scattering may have been overestimated by 10%–
for the two smallest size fractions. The reason is the follo
ing. In the analysis given up to this point, the same b
value of the density has been assumed for all size fracti
This means that the lower measured densities for the
smallest size fractions have been ignored. The lower va
of the density may be attributed to the presence of inte
holes, or alternatively, to a slightly lower lead content of t
beads~ignoring the effect of the holes on the density!. Actu-
ally, whatever their origin, the lower measured densit
should be used in the two-parameter model analysis of
attenuation. This leads to proportionally lower values ofb0

@see Eq.~11!#: 1.23 and 1.29 instead of, respectively, 1.
and 1.49 given in Table III for the two smallest size fra
tions. These lower values ofb0 are included in Fig. 12
~only!.

B. The meaning of a0

The parametera0 , as defined by Eq.~8!, is equal to the
ratio of the acoustic cross-sectional area sizeaG and the
chosen reference sizeam . The reference size was obtaine
by a standard optical diffraction instrument, which was us
as a black box. It is not the purpose of this paper to disc
discrepancies between the size estimates obtained by the
ferent measurement methods in detail. However, some
marks can be made to indicate that the results are wi
reasonable limits. The results are visualized in Fig. 10.
the sand and quartz particles the values ofa0 mean that the
acoustic sizeaG is 20%–40% smaller than the optical di
fraction sizeam . For the lead-glass beads, the acoustic s
aG is systematically somewhat lower, up to 15%, than
optical diffraction size estimate. These results are not un
sonable or unexpected. For the spherical lead-glass b
one expects the best agreement, since the optical diffrac
instrument is calibrated for spherical particles, as are all s
dard particle sizing instruments. For the irregularly shap
sediment particles, the optical diffraction instrument w
measure some effective size. Here it is relevant to note
Syvitski et al. have found that for a range of sand sedime
samples, the size estimates obtained by an electrozone
ticle sizer were 17%–29% less than those obtained by
optical diffraction instrument.33 The electrozone instrumen
1498 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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should provide an equal volume size estimate. From
present acoustic attenuation spectra, the equal volume ra
can be derived from Eq.~9! asaG /b0

1/3, and using Eq.~8! to
obtainaG . The resulting values are 22%–49% less than
optical diffraction sizes for the sand and quartz particl
Therefore the difference between the present acoustic
optical diffraction size estimates is qualitatively consiste
with the finding of Syvitskiet al.

It is emphasized that a reference size is not required
determine the acoustic sizeaG from a measured attenuatio
spectrum. Instead of taking some measured size estimat
am , one can take any~reasonable! initial guess and then
determinea0 by the fitting procedure to obtainaG . The val-
ues ofb0 do not therefore depend uponam and the departure
from the expected value of unity~of b0! for the lead-glass
beads, discussed in the previous section, cannot be attrib
to errors in the optical diffraction sizes. Thusa0 is a scaling
parameter with no intrinsic physical meaning with respect
particle shape.

C. Comparison with Flammer’s data

In a previous study by Sheng and Hay, the measu
ments made by Flammer of attenuation in aqueous sus
sions of sand in the frequency range of 2.5–25 MHz w
compared to spherical scatterer theory.34,18 The result of this
comparison is shown in the left half of Fig. 13. It can be se
that as in the present investigation, the measured attenua
is greater than that predicted by rigid sphere theory and
there is also a slight shift to higher values ofka of the posi-
tion of the main peak. These effects are also larger for
smaller sizes. The size estimates used for theka scale were
the midpointsds of the sieve intervals, so the measured
diusam , as used in the above formal description, is equa

FIG. 12. The values of the parameterb0
2/3 , which correspond to the acous

tically determined projected area relative to that of an equal volume sp
@cf. Eq. ~9!#, are summarized here as a function of the acoustically de
mined average sizedG . They are compared with the corresponding valu
for some simple polyhedral shapes, as further explained in the text.
1498A. S. Schaafsma and A. E. Hay: Suspension attenuation



dy, with the
d

FIG. 13. Experimental data obtained by Flammer on 13 sieve size fractions made up from Missouri River and blasting sand~Ref. 18, Fig. 3, p. A16!,
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 stu
exception that the average sieve size is used to normalize the acoustic wave number. Note that the average sieve diametersds are given with the as-measure
spectra in the left half of the figure, and the parameter valuesa0 andb0 with the fitted measurements in the right half of the figure.
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ds/2 in the present case. The results of the two-param
model analysis are given in the right half of Fig. 13, showi
that also for these earlier measurements much better fi
the spherical scatterer theory are obtained, although the
quite a lot of scatter in Flammer’s data and the spectra c
sist of a small number of points~maximum 6!. It is consis-
tent with the above remarks that the scaling parameters
Flammer’s data show the same trends as those for the pre
study ~see Fig. 14!.
1499 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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On the basis of Flammer’s measurements, Sheng
Hay proposed that a modified version of Johnson’s high-p
model could be used to represent the scattering cross se
of natural sand particles,35 in order to represent the highe
measured attenuation compared to the computed values
rigid sphere. This formulation has been used by a numbe
investigators to compute the scattering attenuation when
verting backscatter profiles to obtain profiles of suspen
sand concentration.14–16,26However, in view of the presen
1499A. S. Schaafsma and A. E. Hay: Suspension attenuation
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results, it is clear that the rigid sphere model can provid
very good fit to the data if the effects of irregular shape
taken into account. This result is appealing because the
parameter spherical scatterer model attempts to include
relevant physics, whereas the high-pass model is pu
ad hoc.

D. Viscous and thermal absorption

Thus far the measured attenuation has been attribute
scattering alone. There is also the possibility that viscous
thermal absorption may have contributed to the meas
ments. This possibility is briefly considered here.

Thermal absorption by natural sediment particles
been considered elsewhere.36 It was found that viscous ab
sorption was more important, in the long-wavelength reg
at least. It can also be argued that thermal losses rem
small at shorter wavelengths. This argument is based on
theoretical and experimental work of Allegra and Hawley37

They have shown that the thermal losses peak at a valu
the ratio of the particle radius to the thermal boundary la
thickness of the order of one. This ratio is much larger th
one for all particles of the present study.

Viscous absorption is expected to be important mainly
long wavelengths, as first demonstrated by Urick.38 An esti-
mate of the contribution of viscous attenuation to the m
sured attenuation can also be made for medium and
frequencies, using the spherical scatterer theory.39,40 The re-
sults of such calculations made for lead-glass spheres o
different average sizes of the present study can be sum
rized as follows. The contribution of the viscous attenuat
for values ofka between 1 and 10 around the position of t
maximum in the spectra ofa/(kb0Cn) ~cf. Fig. 6!, is about
5% of the attenuation due to scattering alone for the sma
lead-glass particles~d50517mm, see Table III! and de-

FIG. 14. Comparison of the two scaling parameters for Flammer’s data~Fig.
13!, with those for the sand sieve size fractions of the present study. N
that also for the latter data, the value ofa0 given is related to the averag
sieve size, i.e.,a05dG /ds @see Eq.~8!#.
1500 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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creases with increasing particle size to about 1.2% for
largest size~i.e., d505196mm!. Thus if the viscous attenua
tion were to be included in the theoretical model used for
two-parameter model analysis, the resulting values ofb0

would be lower by maximum 5% for the smallest~lead-glass
bead! size.

The above-mentioned results for lead-glass beads
provide an estimate of the importance of viscous absorp
in the experiments with sand and quartz particles, as
grain densities of these materials are not markedly differ
from that of lead-glass. Thus it is estimated that for the sa
and quartz particles, the maximum viscous attenuation wo
be 3% for the quartz particles and this would lead to a c
respondingly lower value ofb0 . This estimate is rathe
crude, however, as one would expect the viscous absorp
to depend on the total surface area of the particles, and
this would be significantly larger for irregular particles tha
for spheres of a given equivalent size. Therefore it was
necessary to test the importance of viscosity experimenta
This was done by measuring the attenuation spectrum f
45–53-mm-diam sieve size fraction of sand particles as w
as of lead-glass beads at three different temperatures: 10
and 30 °C. The viscosity of water changes by 50% over t
temperature range, and one would expect to observ
change in the attenuation spectrum if viscous absorp
were important. However, no significant changes were
served abovex51, as is indicated by the values ofa0 andb0

obtained from these measurements~see Tables II and III!.
In view of the above discussion, it is concluded that,

neglecting the viscous attenuation, the values ofb0 have
been overestimated a little, however, by a maximum
only. It may also be concluded from the calculations of t
viscous attenuation, that for particle sizes of about 20mm
and smaller it is necessary to include viscous effects in
accurate analysis of attenuation spectra at these frequen

IV. CONCLUSIONS

It has been shown that measurements of attenua
spectra in turbulent suspensions of irregular sand and
sized particles can be brought into agreement with ri
spherical scatterer theory, but only by invoking two differe
equivalent sizes. The use of two sizes is appealing on ph
cal grounds. One size is the diameter of a circle with eq
projected~i.e., geometric! area, which is the natural scale fo
the total scattering cross section in the high-frequency lim
This size is used to scale the acoustic wave number,
abscissa of the attenuation spectrum. The second equiv
size is the diameter of the equal volume sphere, which is
natural scale for converting the volume concentration of p
ticles to their number density. This size is used to scale
magnitude of the attenuation, which is the ordinate of
attenuation spectrum. In actual fact, the rescaling factor
the ordinate is a combination of the two equivalent siz
since the projected area of the particle also affects the m
nitude of the attenuation. Because the choice was mad
emphasize the region in the vicinity ofka52, the vertical
scaling factor (1/b0) appears here as the ratio of the actu
particle volume to the volume based upon the size of
equal area sphere.

te
1500A. S. Schaafsma and A. E. Hay: Suspension attenuation



de
en
n
a
o
es
ad
ar
t

ad
n
ro
U
ll

t f
no
is

e
ic
o
ic

in
s
e

ce
in

ha
n
se
rth
tte
o
ri
e
c
e
.

n

po
o
a
a

th
l
ro

lic
s.

c
er

nt

us-
ent,’’

for

Re-

in-

ec-

lf,’’

ic

ng
ary

nt
ter

ded
cient

nts
n by

rson,
scat-

stic

tra-
es.

.

eo-

t
s of
m.

e of
l

ns,’’

tion
ics

sedi-

om-
y-

J.

nd
oc.

ck-
The two-parameter spherical scatterer model provi
good agreement not only with the attenuation measurem
for suspensions of natural sand and ground quartz prese
here, but also with the much earlier measurements in s
suspensions made by Flammer.18 The attenuation appears t
be enhanced, i.e.,b0.1, in all cases studied. The estimat
of b0 are larger than expected for the smaller-sized le
glass beads, although still less than the values for irregul
shaped particles in the same size range. It is suggested
inhomogeneities in the composition of the smaller be
~most probably interior defects, inferred from low grain de
sities and directly observed by scanning electron mic
scope! are responsible for the observed extra scattering.
fortunately, therefore, the results obtained for the nomina
spherical lead-glass beads do not provide direct suppor
the above interpretation in terms of a shape effect only,
do they contradict it. However, direct support for the ex
tence and approximately correct magnitude of the shape
fect as found in the present study, is provided by numer
calculations of the orientation average total scattering cr
section for a number of irregularly shaped bodies, of wh
some preliminary results have been published41 and a com-
parison with experimental data is underway.42

The present results bring into focus the role of gra
shape in the propagation of sound through suspension
moderately irregular particles, natural and otherwise. The
fects of grain shape on quantitative estimates of the con
tration of suspended particles in marine environments us
acoustic remote sensing techniques have largely been
nored. Present results are cautionary, suggesting that s
effects are potentially important, especially in the fine sa
and silt-sized range, at the MHz frequencies commonly u
in acoustic backscatter systems. This might be seen as fu
complicating the problem of inverting acoustic backsca
measurements to obtain particle concentrations. The m
positive view is that the relatively simple theory for a sphe
cal scatterer provides such good agreement with the m
surements. This good agreement implies that spherical s
terer theory can be used in inversion algorithms, provid
account is taken of the need for the two equivalent sizes
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