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The presence of mineral particles in suspension results in excess acoustic attenu-
ation which may be significant for high-frequency (tens to hundreds of kilohertz)
sonar systems operating in shallow water. Laboratory measurements of absorption
at 50-150 kHz in dilute suspensions of spherical, highly non-spherical and natural
marine sediment particles are presented and compared with predictions of models for
visco-inertial absorption by spherical and spheroidal particles. The methods are vali-
dated by the good agreement obtained between the predictions of the spherical model
and measurements made with glass spheres. Good agreement is obtained between
measurements with plate-like kaolin particles and the predictions of the model for
oblate spheroids. Both the spherical and spheroidal models give the approximate
magnitude of the attenuation in suspensions of natural marine sediment particles
over the frequency range of the measurements.
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1. Introduction

The operation of high-frequency (tens to hundreds of kilohertz) sonar systems in
shallow, coastal environments is complicated by many phenomena, including rapidly
varying bathymetry and sound speed profiles, seabed and sea-surface interactions,
tides, currents, turbulence, ambient noise (waves, surf, rain, shipping, marine life)
and the effects of bubbles and suspended mineral particles dispersed throughout the
water column.

This paper is concerned with the excess acoustic attenuation that arises as a
result of the suspended mineral particles that are typically present in shallow, coastal
waters. Richards et al. (1996) discussed including the effects of suspended particles in
high-frequency sonar-performance predictions, using models in which the particles
were assumed to be spherical. This work showed that concentrations of the order
of 0.1 kg m~3 could have a significant impact on high-frequency sonar performance.
To test the validity of the spherical models for suspensions of irregular particles,
a laboratory measurement technique was developed (Brown et al. 1998). This had
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to be capable of measuring the very small contributions to absorption which dilute
suspensions made in a laboratory-scale system.

The aim of the paper is to present the results of measuring absorption in dilute
suspensions of spherical and non-spherical particles, and to compare these measure-
ments with predictions based on models for both spherical and spheroidal particles.

2. Theory

Sound propagating in heterogeneous suspensions and emulsions is attenuated by a
number of mechanisms in addition to the intrinsic absorption in the constituent
components. The sound may be scattered, leading to a loss of energy from the
forward-propagating wave, or it may be absorbed through visco-inertial and ther-
mal absorption. Visco-inertial absorption arises when the density of the suspended
particles differs from that of the suspending fluid. In this case, the inertia of the par-
ticle is not the same as that of the fluid it displaces, and there is a phase lag between
the particle and fluid motion. As a result of this, there is a boundary layer at the
surface of the particle, in which a velocity gradient exists, leading to damping of the
relative motion of the particle by virtue of the fluid viscosity. Thermal absorption
results from adiabatic heating and cooling caused by compression and rarefaction in
the acoustic field. When the two phases have different thermal diffusivities there is
a net transfer of energy from the acoustic field to heat.

A number of modelling approaches have been adopted for computing the co-
efficients of absorption and scattering in suspensions. Urick (1948) derived the visco-
inertial absorption coefficient using simple energy balancing arguments, based on the
viscous drag on an oscillating sphere (Stokes 1851). Temkin & Dobbins (1966) discuss
a coupled-phase theory, and this has been extended by Evans (1996) to include the
effects of particle shape by employing an effective-radius approach. Qian (1996) has
presented a modified scattering model which treats suspensions as fractal media, with
the Reynolds number as the fractal dimension, and this has been shown experimen-
tally to give good agreement with measured data for various airborne suspensions
of irregular particles (Wang et al. 2000). However, it is noted that this approach
requires that the fractal dimension characterizing the suspension be determined by
fitting the model to the observations at a given frequency.

The most complete model for spherical particles is that of Allegra & Hawley (1972),
who extended the earlier work of Epstein & Carhart (1953) to include a solid, elastic
dispersed phase. The ECAH (Epstein—Carhart—Allegra—Hawley) model yields the
total attenuation due to scattering, visco-inertial absorption and thermal absorp-
tion by thermally conducting, viscous or elastic spheres suspended in a thermally
conducting, viscous fluid.

The ECAH model has the advantage of implicitly including all of the important
loss mechanisms. However, its complexity has the effect of obscuring physical insight.
Furthermore, its numerical solution is challenging due to problems of ill-conditioning
and the large, complex arguments associated with Bessel and Hankel functions and
their first and second derivatives. The extension of this model to include the effects
of particle shape is impractical.

The current investigation considers suspensions of mineral particles suspended in
water, insonified at frequencies of interest to high-frequency sonar systems. This
permits two important simplifications. First, there is a large contrast between the
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density of the two phases (more than a factor of two), which has the effect that the
thermal-absorption term is negligible compared with the visco-inertial term. Second,
the wavelengths are large compared with the particle size. Even at 1 MHz, which is in
excess of practical sonar frequencies, the acoustic wavelength is ca. 1.5 mm, i.e. larger
than the particles which are likely to remain in suspension. In this paper, the high-
est measurement frequency is 150 kHz, corresponding to a wavelength in water of
ca.1 cm. This permits long-wavelength approximations to be used for the scatter-
ing, i.e. Rayleigh scattering. In fact, in all but the most extreme case of the highest
frequency considered (1 MHz) and the largest particles remaining in suspension (of
the order of 100 um), visco-inertial absorption is by far the dominant absorption
mechanism. The remainder of this paper is restricted to the analysis of visco-inertial
absorption, although it should be noted that, when this work is applied to problems
of sonar performance prediction (Richards et al. 1996; Richards & Leighton 2000)
and monitoring of suspended sediment load in rivers (Richards & Leighton 2001),
the scattering term is also included.

Urick (1948) obtained the following expression for the visco-inertial attenuation
coefficient by employing the expression for the viscous drag on an oscillating sphere
developed by Stokes (1851),

Qy =

¢k(02— = [32 o7 7)2]’ 21)

L o

() (142, 2

Here ¢ is the volume fraction of suspended particles, k is the acoustic wavenumber,
o is the ratio of the densities of the solid and fluid phases, a is the particle radius and
dv = v/2v/w is the skin depth for shear waves, where v is the kinematic viscosity of
the fluid and w is the acoustic frequency.

Implicit in equation (2.1) is the assumption that the absorption coefficient in a
suspension of similar particles is linearly proportional to the volume fraction, ¢,
i.e. the process is linearly additive. This assumption is valid for dilute suspensions,
in which inter-particle interactions may be neglected. Urick (1948) showed experi-
mentally that this linear relationship between the viscous absorption coefficient and
concentration holds for volume fractions of up to 8-9% for kaolin particles at MHz
frequencies. Note that a volume fraction of 8% corresponds to a mass concentration
of ca.200 kg m~3 for kaolin particles. This is far higher than concentrations found in
the natural environment, except perhaps in the boundary region near the seabed.

Equation (2.1) may be extended to account for spheroidal particles by employing
expressions for 7 and s (Ahuja & Hendee 1978),

where

and

9 /6,
T=L;+ 1 (b’)KSQf (24)
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where L; is an inertia factor, K, is a shape factor and a’ and b’ are, respectively, the
semi-major and semi-minor axes for oblate spheroids and the semi-minor and semi-
major axes for prolate spheroids. In the case of spheres Li = 1/2, K¢ =1,d’ =0 =a
and equations (2.4) and (2.5) reduce to equations (2.2) and (2.3), respectively.

The kaolin particles described in §4 ¢ are plate-like in form, and these particles
may therefore be represented as oblate spheroids, the degenerate form of which is a
circular disc. The inertia coefficient for oblate spheroids oscillating parallel to their
axis of symmetry is given by (Lamb 1945)

and

@

Loy, = (2.6)

27&0’

where

(@) e

with the eccentricity € given by
b/2
5:\/17ﬁ. (2.8)

For oblate spheroids oscillating perpendicularly to their axis of symmetry, the

inertia coefficient is o

Lop 1 = , 2.9
b= 5 (2.9)
where )
J1 =22 1
o= Y sinle - [ = } (2.10)
9 3

The shape factor for oblate spheroids with h = b'/a’ < 1, for motion parallel to
the axis of symmetry, is given by (Happel & Brenner 1965)

8 2h 201 —2h2) _ [a—-r)Y2 "
Kob,|| = 3{ 12 + = h2)3/2 tan 7 s (2.11)

and the shape factor for motion perpendicular to the axis of symmetry is

8 h 2h2 -3 ., s
Kob,L:3{—1_h2—(1_h2)3/281n (1—h)/} . (2.12)

3. Experiment

Urick (1948) measured acoustic absorption in suspensions in the MHz frequency
range using a pulse-reflection technique. For the frequency range in question, how-
ever, no experimental data exist. This reflects the difficulty of taking measurements of
the absorption due to dilute suspensions when this is very much less than the absorp-
tion due to the boundaries and instrumentation. Previous experimental studies in
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Figure 1. Schematic of the experimental apparatus used to measure absorption in dilute
suspensions over 50-150 kHz. The stirrer is removed during acoustic measurements. LSS,
light-scattering sensor; ADC/DAC, analog-to-digital and digital-to-analog convertor; DSO, dig-
ital storage oscilloscope; PC, personal computer.

aqueous suspensions (e.g. Holmes et al. 1994) have employed higher frequencies and
volume fractions than those under investigation in this paper. Hence, we have devel-
oped a reverberation-time method for measuring absorption in dilute suspensions
over the frequency range 50-150 kHz (Brown et al. 1998). The use of reverberation-
time measurements to determine the attenuation in fluids has been credited by
Kurtze & Tamm (1953) to the work of Meyer & Skudrzyk. More recently, the use
of reverberation-time measurements to characterize aerosols has been published by
Moss & Attenborough (1996). However, application of the reverberation-time tech-
nique to examine aqueous suspensions, as in this paper, is complicated by the poten-
tial for greater losses at the walls (where the acoustic impedance mismatch is far less
than that for airborne suspensions). To overcome this, the sample (which comprises
161 of deionized and degassed water) is contained within a thin-walled (30 um) poly-
thene bag, suspended in air by supporting wires, as shown in figure 1 (Brown et al.
1997). This arrangement minimizes transmission and absorption at the boundaries
by approximating the ideal case of a pressure-release boundary condition. A light-
scattering sensor (LSS), mounted horizontally in close contact with the transparent
walls of the bag, is used to ensure that the concentration of particles in suspension
does not change significantly during the course of the acoustic measurements. A
mechanical stirrer is used to re-suspend settled particles prior to the measurements
and this is removed while the measurements are made.

A personal computer (PC) equipped with an analog-to-digital and digital-to-
analog convertor (ADC/DAC) card generates a 20 ms burst of pseudo-random noise,
which is transmitted to the test volume via an amplifier driving a Briiel & Kjaer
(B&K) 8103 hydrophone. The aim is to establish a diffuse sound field in the test vol-
ume, i.e. one in which the average energy density is the same everywhere and all direc-
tions of propagation are equally probable. The lowest frequency at which the sound
field may be considered diffuse is given by the Schroeder cut-off frequency (Pierce
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1994), which was determined to be ca.50-75kHz for the test volume described,
depending on the reverberation time of the volume. To examine whether an ideally
diffuse sound field was achieved, measurements of reverberation time were made with
the hydrophones in different positions. This revealed a 4% standard deviation in the
reverberation time as a result of the spatial structure in the sound field, and this was
found to be the dominant contribution to the overall experimental error (Leighton
et al. 2002). A second B&K 8103 measures the decaying sound field and the signal is
amplified and captured by a digital storage oscilloscope (DSO). The data are trans-
ferred to the PC, where they are processed using the method of integrated impulse
response (Schroeder 1965) to determine the decay rate of the sound-pressure level.
This decay rate is used to find the reverberation time of the volume, i.e. the time
taken for the sound-pressure level to decay by 60 dB after the source is switched off.

Each series of measurements begins with the measurement of the reverberation
time of the clear water. Carefully weighed quantities of particles are added in stages
and measurements are made of the reverberation time of the volume. The additional
attenuation due to the particles is inferred from the change in reverberation time of
the volume using standard theory for the reverberation time of enclosures (Brown et
al. 1998).

Further experimental details, including a calculation to show that the turbulence
caused by the stirring results in a negligible contribution to the absorption, can be
found in Brown et al. (1998).

The measurement of low ultrasonic attenuation in very dilute suspensions in a
laboratory-scale system was found to be experimentally challenging. The attenuation
due to the particles is a very small contribution to the total attenuation in the system,
compared with the losses due to the boundaries or the hydrophones themselves. For
example, it was observed that a small increase in the hydrophone depth (of the order
of millimetres) produced a large increase in the volume attenuation by virtue of the
absorption due to the additional length of submerged hydrophone cable (Leighton
et al. 2002). This effect could be sufficient to obscure the effect of the suspended
particles, and care was therefore taken to ensure that the hydrophone positions were
kept fixed.

4. Results
(a) Particle characterization

Absorption measurements are presented for four different particle types: spherical
glass beads; kaolin; calcium carbonate; and natural marine sediment particles. Fig-
ure 2 shows the measured particle-size distributions, plotted as the percentage of
particles by mass whose diameters exceed a particular value, for samples of each
of these. In the case of the glass spheres, the particle-size distribution was deter-
mined by laser-diffraction analysis. For the other, non-spherical, particulates, three
standard particle-sizing techniques were used: laser diffraction; gravitational sedi-
mentation; and centrifugal sedimentation. The samples were exposed to prolonged
ultrasound prior to sizing, in an attempt to break up aggregates and ensure that
the size distribution of the constituent particles was obtained. The distributions
obtained by these methods showed significant differences (Richards 2002), owing
to the nature of the measurements: the laser-diffraction method yields the effective
sphere diameter for optical scattering, while the sedimentation techniques yield the
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Figure 2. Measured particle-size distributions for the particles under investigation, plotted as
the percentage of particles by mass having diameters greater than a given value. The result for
glass spheres was determined from laser-diffraction measurements, while the other results are
Stokes diameters obtained by gravitational sedimentation.

Stokes diameter, i.e. the diameter of a homogeneous sphere having the same density
and settling velocity as the particles under investigation. These differences highlight
a fundamental issue in characterizing suspensions of irregular particles and this will
be discussed in a future paper. In the current study it was appropriate to use the
gravitational-sedimentation result, because both settling under gravity and visco-
inertial absorption are characterized by Stokes law. The particle size distributions
are taken into account in the theoretical predictions by summing the contributions
from each particle-size bin.

(b) Spherical particles

Initial experiments were performed with homogeneous glass particles. These par-
ticles had a high degree of sphericity, enabling direct comparison with the theory for
absorption in dilute suspensions of homogeneous spheres.

Figure 3 shows some examples of results for the glass spheres. Measured attenu-
ation data obtained with three different concentrations, normalized with respect to
concentration, are plotted against frequency. The data have been processed to yield
results at integer multiples of 10 kHz, but the data plotted have been offset slightly
in frequency in order that the individual error bars may be resolved. Also shown
is the predicted attenuation obtained by integrating equation (2.1) (using equations
(2.2) and (2.3)) over the measured particle size distribution shown in figure 2.

While some spread in the data is evident, this figure shows that the majority of the
data are in agreement with theory to within experimental error. This gives confidence

in the experimental arrangement for measuring attenuation in dilute suspensions over
50-150 kHz.
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Figure 3. The normalized attenuation coefficient for spherical particles: experimental data and
theoretical predictions using Urick’s equation. The data points have offsets in frequency as
described in the text.

(¢) Non-spherical particles

The preceding section demonstrated the degree of agreement between measure-
ments of absorption made with spherical particles and the Urick model for viscous
absorption by spherical particles. The next stage in the experimental programme
was to make measurements with non-spherical particles to assess the applicability of
the spherical models as the particles depart from sphericity.

For this purpose, two samples of particulates were obtained from ECCI (English
China Clays International, now Imerys). The first was a type of kaolin (china clay)
with the trade name Speswhite, and the second was a form of calcium carbonate
with the trade name Polcarb. Both of these samples were relatively pure and rel-
atively well characterized industrial samples, allowing the study of absorption by
non-spherical particles without the problems associated with using natural marine
sediments of unknown composition and physical parameters. The Speswhite particles
have a density of ca. 2600 kg m~—3, while the density of the Polcarb is ca. 2700 kg m 3.
Figure 4 shows an SEM image of a sample of the Speswhite particles and figure 5
shows an image of the Polcarb particles, both imaged at an instrument magnifica-
tion of x10000. The Speswhite particles are clearly very plate-like in form, while the
Polcarb particles are angular and irregular.

In order to apply the theory for spheroids to these particles it was necessary to
determine a representative size distribution of spheroids, rather than the equivalent
Stokes diameters, dg, obtained by sedimentation. To achieve this, the settling velocity
vs was computed for each particle-size bin in the distribution using

(0 —1)gdZ

s — 5 4.1
Y 180 (4.1)

where g is the acceleration due to gravity.
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Figure 4. Scanning electron microscope (SEM) image of Speswhite (kaolin)
particles using an original instrument magnification of x10000.

Figure 5. SEM image of Polcarb (calcium carbonate) particles using
an original instrument magnification of x10000.
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Figure 6. The normalized attenuation coefficient for Speswhite particles: experimental data and
theoretical predictions using the model for spheroidal particles. The data points have been offset
in frequency as in figure 3.

From this set of settling velocities, the major radii of oblate spheroids with the
same set of settling velocities were determined. The Stokes drag force on an oblate
spheroid of major radius a’ and shape factor K¢ settling at velocity v in a fluid with
molecular viscosity 7 is given by

Fy = 6mnKga'vs. (4.2)

Equating this to the gravitational /buoyancy force on the spheroid and rearranging
to give a’ as a function of vy yields

18v K v
P 4.
4h(oc —1)g (43)

The aspect ratio h for the Speswhite particles was stated by the suppliers to be
11

3030+ 1t was assumed that the particles are randomly orientated with respect to the
gravitational field and, in the absence of shape factors for arbitrary orientation, it
was necessary to average over the two orthogonal orientations. The three independent
spatial axes may be resolved into the broadside direction and the two perpendicular
edgewise directions for an oblate spheroid. The size distribution was therefore com-
puted assuming two-thirds of the particles to be orientated parallel to the field and
one-third to be perpendicular to the field. This is not an important limitation, as
the differences between the shape factors for the orthogonal cases were not large.
Figure 6 shows results of measuring the attenuation in suspensions of Speswhite
particles, measured at different concentrations and normalized with respect to con-
centration. The figure also shows the predicted attenuation using equations (2.1),
(2.4) and (2.5), assuming h = 1 (spheres), 5 and 4. It was assumed that the par-
ticles were randomly orientated with respect to the acoustic field, which is a good
approximation, since the field is nearly diffuse. This was again approximated by
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Figure 7. The normalized attenuation coefficient for Polcarb particles: experimental data and
theoretical predictions using the model for spheroidal particles. The data points have been offset
in frequency as in figure 3.

modelling one-third of the particles in the broadside orientation and two-thirds in
the edgewise orientation.

This figure shows that the spherical model significantly overestimates the attenu-
ation due to these flat particles, and this is not surprising given their small aspect
ratio. However, the predictions obtained using the aspect ratios quoted by the sup-
pliers show significantly better agreement with the measurements. It is important to
note that this agreement was obtained without assuming any a prior: information
about the measurements when modelling the attenuation. It is noted, however, that
the predicted frequency dependence differs from the frequency dependence observed
in the data.

Figure 7 shows the equivalent result for the Polcarb particles. In this case no
aspect ratio data were available and predictions for h = 1, 1—10 and 2—10 were chosen
as they bound the values giving the best agreement with the measurements. Clearly,
the agreement between the predictions and measurements is much less good in the
Polcarb case than it was in the Speswhite case. This is to be expected, since the
plate-like Speswhite particles are approximated well by oblate spheroids, whereas
the angular Polcarb particles are not. In this case, the spheroidal model cannot be
said to perform any better than the spherical model. Neither model predicts the form
of the frequency dependence well, but both give results of a similar magnitude to
that obtained by measurement over the frequency range covered.

(d) Natural marine particles

The measurements with spherical particles described in §4 b enabled the models
to be tested in the idealized case. Moving to the Speswhite and Polcarb particles
allowed investigations to be carried out with highly non-spherical particles in a rel-
atively controlled way. The final part of the experimental study involved the use of
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Figure 8. SEM image of marine sediment particles using an original
instrument magnification of x10000.

real marine-sediment particles from a seabed-sediment core sample. This core was
obtained in ca. 1600 m of water on the continental slope, west of the Malin Shelf
(west of Scotland) and comprises primarily soft grey clay.

Figure 8 shows an SEM image of a typical sample of these sediment particles,
imaged at an instrument magnification of x10000. This figure, together with other
similar examples, shows that the particles are highly irregular and highly variable,
with a mixture of plate-like particles and more angular particles. This sample does
appear to have similarities with the Speswhite sample, indicating that the sediment
contains a significant component of clay-like particles. However, there also appear
to be other types of particle present. Although the SEM was not used to identify
grain mineralogy, it is likely that the sample will comprise quartz, chlorite, calcite,
feldspar and illite (S. G. Healy 2001, personal communication).

Figure 9 shows the result of measuring and modelling the attenuation in dilute
suspensions of these marine particles. There is a noticeably larger spread in the data
in this figure than was apparent in the previous cases. This may be attributed to
the fact that the particles were taken from a wet seabed core sample. The water
content was estimated by weighing, drying and re-weighing samples of the core, but
spatial variations in water content within the core led to some uncertainty in the
dry mass of particles added to the test volume. The mean density of the particles
was 2920 kg m~3. It is noted that the data measured at the highest concentration
(1.23 kg m~3) appear to be systematically higher than those measured at the lower
concentrations. It is further noted that three of the data points for the highest
concentration (at 50, 60 and 70 kHz) lie more than one standard deviation above
the predictions for spheres.
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Figure 9. Normalized attenuation coefficient for marine sediment particles: experimental data
and theoretical predictions using the model for spheroidal particles. The data points have been
offset in frequency as in figure 3.

No aspect ratio data were available for these particles and predictions are shown
1

for h =1, % and g5, spanning the range from spheres to the flattest of the kaolin
particles. It is difficult to determine whether the spheroidal model yields significantly
better agreement with the measurements in this case. Because the sample is char-
acterized by many different particle shapes randomly orientated with respect to the
acoustic field, there is an ensemble averaging effect. This means that the spherical
model shows reasonable agreement with the measurements, even though the indi-
vidual particles may not be spherical. Ideally, samples containing a range of particle
shapes should be modelled using a distribution of aspect ratios as well as particle
sizes, but the data were not available to support this approach in this case. Finally, it
is interesting to consider the case of the highest concentration data, in the frequency
range 50-70 kHz, which are systematically higher than the predictions for spheres.
While the spheroidal model can give an attenuation greater than that for an equiva-
lent distribution of spheres if the spheroids are preferentially orientated edgewise to
the flow, this is not the case for the expected averaging over orientation under the
conditions of a diffuse acoustic field.

5. Concluding remarks

Laboratory measurements of absorption in dilute suspensions of spherical particles,
pure samples of non-spherical particles and natural marine sediment particles have
been presented. These measurements have been compared with predictions based
on spherical and spheroidal particles. The measurements made with spheres agreed
very well with the predictions of the spherical model, which gives confidence in the
measurement technique. Predictions of the spheroidal model, using independently
determined values for aspect ratio and size distribution, showed good agreement
with measurement made with plate-like kaolin particles. The spheroidal model did
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not perform significantly better than the spherical model in the case of angular cal-
cium carbonate particles, as expected from the nature of these particles. Reasonable
agreement was obtained between measurements made with natural marine sediment
particles and both the spherical and spheroidal models. It is expected that the results
from the spheroidal model could be improved using a representative distribution of
aspect ratios, and the relative success of the spherical model is attributed to ensemble
averaging over particle size, shape and orientation.
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