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Knowledge of the particle size distribution is required in order to predict ultrasonic absorption in
polydisperse particulate suspensions. This paper shows that the method used to measure the particle
size distribution can lead to important differences in the predicted absorption. A reverberation
technique developed for measuring ultrasonic absorption by suspended particles is used to measure
the absorption in suspensions of nonspherical particles. Two types of particulates are studied: (i )
kaolin ~china clay! particles which are platelike in form; and (i i ) calcium carbonate particles which
are more granular. Results are compared to theoretical predictions of visco-inertial absorption by
suspensions of spherical particles. The particle size distributions, which are required for these
predictions, are measured by laser diffraction, gravitational sedimentation and centrifugal
sedimentation, all of which assume spherical particles. For a given sample, each sizing technique
yields a different size distribution, leading to differences in the predicted absorption. The particle
size distributions obtained by gravitational and centrifugal sedimentation are reinterpreted to yield
a representative size distribution of oblate spheroids, and predictions for absorption by these
spheroids are compared with the measurements. Good agreement between theory and measurement
for the flat kaolin particles is obtained, demonstrating that these particles can be adequately
represented by oblate spheroids. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1610449#
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I. INTRODUCTION

The propagation of high frequency~tens to hundreds o
kHz! sound in shallow, littoral seas is complicated by ma
phenomena, including variable bathymetry and sound sp
profiles, seabed and sea surface interactions, tides, curr
turbulence, ambient noise and the effects of bubbles and
pended mineral particles throughout the water column.

The last of these, the effect of suspended mineral p
ticles, has been shown1,2 to be important for high frequenc
sonar performance in turbid environments. In order to
count for this effect in sonar performance predictions it
necessary to calculate the absorption coefficient in part
late suspensions. A reverberation time technique has b
developed for the laboratory measurement of absorptio
dilute suspensions and measurements made with sphe
glass particles have been shown3 to be in good agreemen
with predictions which assume the particles to be hom
enous spheres.

Natural particles are not generally spherical, and th
have been a number of studies of attenuation by irreg
particles. A coupled-phase theory4 has been modified5 to in-

a!Electronic mail: sdrichards@qinetiq.com
b!Present address: Industrial Research Limited, PO Box 2225, A

land 1015, New Zealand.
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clude the effects of particle shape using an effective rad
approach. Another approach6 treats the suspension as a fra
tal medium, with the Reynolds number as the fractal dim
sion, and this has been shown7 to give good agreement with
measured data for airborne suspensions. This approach
limited use since it requires that the fractal dimension
determined by fitting the model to observations at a giv
frequency. In this paper Urick’s8 formula for visco-inertial
absorption by spherical particles has been used, along
an extension9 to that model which accounts for spheroid
particles.

In order to characterize absorption by natural mar
particles measurements in representative suspensions a
quired. This paper addresses that issue by comparing
measured absorption in suspensions of nonspherical part
with predictions for both spheres and spheroids. Particu
attention is paid to the interpretation of the measurement
particle size distribution, which are required as inputs to
theoretical predictions.

II. EXPERIMENT

A. Protocol

The experimental method used in this study emplo
measurements of reverberation time to infer the acoustic

k-
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sorption in the system. The use of reverberation time m
surements has been credited10 to the work of Meyer and
Skudrzyk. Relative measurements of the reverberation de
rate between clear water and water containing suspen
particles are used to determine the absorption due to the
ticles. Initial experiments showed the importance of reduc
boundary losses in the system.3,11 This resulted in the devel
opment of the current system in which 0.016 m3 of water is
contained within a thin-walled plastic membrane, suspen
in air by means of fine wires. This configuration appro
mates well to a pressure-release boundary condition
rounding the volume, thus minimizing the losses at
boundary. It may be noted that, even with the system o
mized for minimum boundary losses in this way, the abso
tion due to a dilute suspension of particles is a small con
bution to the total attenuation in the system. For exampl
small increase~O~mm!! in the depth of the hydrophones wa
observed to produce a significant change in the reverbera
time of the system. Experiments conducted with a th
hydrophone11 demonstrated that this was caused by ad
tional attenuation due to the increased length of submer
hydrophone cable, thus illustrating the challenging nature
the measurements. The apparatus is shown schematica
Fig. 1, and Fig. 2 shows a photograph of the apparatus.

The signal generation, data acquisition and signal p
cessing were all performed under the LabVIEW laborat
instrument management system, running on a personal c
puter ~PC!. The signal from the PC’s digital-to-analog co
verter ~DAC! board was fed to a power amplifier driving
Brüel and Kjær~B&K ! 8103 hydrophone. A second B&K
8103 hydrophone was used for the receiving transducer
the signal from this was amplified and fed to a LeCroy di
tal storage oscilloscope~DSO!. The DSO was connected t
the PC via a GPIB interface, and the data were transferre
the computer for storage and post processing. A mechan
stirring device~propeller! was used to resuspend particl
that had settled out of suspension. This was removed f
the water when the acoustic measurements were perform
as additional absorbing/reflecting surfaces complicate
acoustic system. The temporal variation in the concentra
of the suspension was monitored using a Sea Tech light s

FIG. 1. A schematic of the experimental apparatus used to measure ab
tion in dilute suspensions over the frequency range 50 to 150 kHz.
stirrer is removed during acoustic measurements.
1842 J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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tering sensor~LSS!. The LSS was mounted horizontally o
the outside of the bag, with its window in close contact w
the side of the bag. The mating faces of the LSS window a
the side of the bag were wetted to ensure good optical c
pling. This configuration ensured that any spatial integrat
inherent in the LSS measurements would be in the horizo
direction, not in the vertical where the concentration wou
be expected to be spatially varying after a finite period
settling.

The photograph~Fig. 2! shows the polythene bag su
pended from its mechanical support by means of fine w
attached to a metal hoop. The items dipping into the wa
are, from left to right, the LSS used to monitor the conce
tration of the suspended particles~shown here mounted ver
tically, rather than in the more usual horizontal configurati
as described above!, the transmitting and receiving hydro

rp-
e

FIG. 2. Photograph of the experimental apparatus. The bag containing
test fluid is surrounded by air, resulting in a boundary condition which
close to pressure-release. This photograph is illustrative only, as the LSS
stirrer were removed during acoustic measurements. The majority of ex
ments were carried out with the LSS mounted horizontally on the outsid
the bag~see text!. Other instrumentation included temperature and dissol
oxygen probes~not shown!. The hydrophones are mounted in rigid tubes
prevent movement.
Richards et al.: Sound absorption by nonspherical particles
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phones and the propeller used to stir the water in orde
suspend the particles. The diameter of the bag at the w
surface is about 235 mm.

Prior to acoustic measurements the water was pa
through a reverse osmosis system and then filtered to rem
particulate matter. This ensured that no particles of diam
greater than 0.22mm remained in the water. The water wa
then degassed under partial vacuum in order to avoid
presence of bubbles which may be acoustically significa
The temperature of the water was measured using a Jen
3071 pH and temperature meter and this measurement
used to calculate the speed of sound in the ambient w
The level of dissolved oxygen was monitored throughout
experiments~between acoustic runs! using a Jenway 9010
dissolved oxygen probe attached to the 3071 meter. This
to ensure that the addition of the particles or the stirr
process did not cause significant gas entrainment. The
solved oxygen content was found to vary from 51% to 65
~expressed as a percentage of the saturation level! over the
course of a measurement period, and no bubbles were
served.

In each series of experiments, reverberation time m
surements were first made in particulate-free water in or
to provide a reference measurement. Particles were
added in stages, in known quantities by mass, to enab
series of measurements to be made at varying concentrat
The concentration was taken to be the spatial average
the volume, i.e., the mass of particles added divided by
volume of water.

Before each series of acoustic measurements, the
pension was stirred by the mechanical stirrer until the p
ticles were evenly distributed in the suspension. The ti
taken for this to occur was shown, by measurements m
with the LSS, to be of the order of a few seconds. Care w
taken to ensure that the particles that collect in the corn
formed by the bottom seam of the bag were resuspende
the stirring. As the stirring takes place just before each se
acoustic measurements, the clear water reference mea
ments were also made on stirred water. This ensured tha
reference signal used was obtained under conditions w
most closely represented those experienced during the m
surements made with the particles in suspension. It may
noted that stirring induces turbulence which can, in princip
lead to absorption. The mechanism for this absorption is
interaction between two phenomena: the perturbation of
turblence field by the acoustic wave, leading to anisotro
Reynolds stresses; and the redistribution of turbulent kin
energy as it cascades from the large scale to the dissipa
scale. As a result of these two effects the Reynolds stres
not in phase with the acoustic field and there is a net tran
of energy from the acoustic field to turbulent kinetic ener
This absorption mechanism has been shown12 to be negli-
gible for the current measurements.

The acoustic measurement itself involved first gene
ing the sound field, then switching off the sound source a
recording the decay of the reverberant sound field.

Two techniques for generating the sound field were
vestigated; an impulse and a long burst~20 ms! of uniform
white noise. Both of these methods produce a broadb
J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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sound field. The advantage of using the long burst techni
is that it gives sufficient time for a steady-state sound field
build up before the source is switched off, and the decay
sound field is also less prone to large perturbations resul
from direct reflections and particular modes of the volum
For these reasons the long burst generation method was
for the results presented in this paper.

Typically a series of measurements consisted of emitt
ten noise bursts from the transmitting transducer and rec
ing their responses via the receiver hydrophone, with
entire sequence lasting approximately 35 s. During this
riod there was no observable decrease in the concentra
according to the estimates obtained using the LSS.

The decaying, reverberant sound field measured by
receiving hydrophone demonstrates fluctuations resul
from the interference between the many modes within
reverberating volume. These fluctuations limit the accura
with which the decay rate of the reverberant field may
determined from the measured decay curve. In order to
prove the accuracy of the estimate of the reverberation t
of a reverberating volume, it is usual practice to repeat
measurement many times and average the decay rates
tained from the individual measurements. This method
however, inefficient owing to the large number of measu
ments which must be made in order to obtain an accu
estimate of the decay rate or reverberation time. This a
aging also obscures any ping-to-ping variations in the de
rate and any temporal variation within the integration tim
which can be long due to the requirement for a large num
of measurements.

The decay rates were therefore determined by apply
the method of integrated impulse response13 ~IIR! to the
sound field from the time that the driving signal wa
switched off. This method was used, even for signals deri
from the noise burst, as it gives a smooth decay curve.

The raw data were filtered using second-order Butt
worth bandpass filters in 10-kHz bands over the freque
range 50 to 150 kHz, and the IIR analysis was performed
each band. A second-order Butterworth filter has a roll-off
12 dB per octave outside of the pass band, and it is there
recognized that there will be some out of band data in e
of the 10-kHz bands. The data were also reduced into t
bins representing the rms value of the signal for a us
defined number of samples, typically 100. The sampling r
of the DSO was 500 kHz.

Errors in the determination of the decay rate in such
experiment can arise as a result of spatial variations in
sound field. There are two approaches to mitigating aga
this problem: (i ) the measurements should be made at m
points and the spatial average determined; or (i i ) the mea-
surements must be made under diffuse field conditions
which the average energy density is the same throughou
entire volume and all directions of propagation are equa
probable. The diffuse field approach was adopted for t
study, and this is discussed later.

It will be noted that while these experiments are broa
band, the theory referred to Sec. III is obtained for a sin
insonifying frequency. However, under the assumption t
the individual frequency components are linearly indep
1843Richards et al.: Sound absorption by nonspherical particles
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dent, the single-frequency models may be applied to the
terpretation of the broadband measurements in each na
band. The results of frequency-binned measurements m
with spherical particles were found to be in very good agr
ment with single-frequency predictions,3 thus validating the
assumption that the frequency components may be con
ered as linearly independent.

B. Interpretation

In the experiments described in this paper the to
acoustic loss in a volume of fluid containing suspended p
ticles was inferred from measurements of the reverbera
time of the system. The attenuation due to the suspen
particles may thus be estimated by comparing the reverb
tion times of the system with and without the particl
present. Making measurements relative to the clear w
case in this way partially corrects for the effects of t
boundary losses and other contributions to the total atten
tion in the system, such as absorption by the hydroph
mounts and the hydrophones themselves. However, it sh
be noted that when the suspended particles’ contributio
the total attenuation is small~i.e., at low concentration! the
effect of the relatively large losses due to the boundary
the hydrophones will be to give large errors in the relat
measurement of the influence of the suspended particle
the reverberation time.

The reverberation time of a reverberating volume is
fined as the time taken for the sound pressure level to fal
60 dB after the sound source is removed and may be g
by14

t605
55.26Venc

c~Sencā18zVenc!
, ~1!

whereVenc is the volume of the enclosure,Senc is the surface
area,c is the compression wave speed,ā is the average Sab
ine absorptivity andz is the absorption coefficient of th
fluid in Nepers per meter. The average Sabine absorptivit
defined

ā5
Aenc

Senc
, ~2!

where Aenc is the total sound absorption of the enclosu
expressed in units of m2, such thatā is dimensionless.

If t60 is the reverberation time of a volume o
particulate-free water, thent608 is the corresponding rever
beration time in water containing suspended particles, dif
ing only from the definition given in Eq.~1! in that z is
replaced byz8. It is then clear from Eq.~1!, and the relation
a520 log(e)z, that the difference in the attenuation coef
cients of the two fluids, expressed in dB m21, is given by

Da520 log~e!
55.26

8c S 1

t608
2

1

t60
D 5

60

c S 1

t608
2

1

t60
D , ~3!

provided that the addition of the particles does not sign
cantly affect (i ) the sound speed in the medium; (i i ) the
volume of fluid; or (i i i ) the absorption at the boundaries.
should be noted that whileDa is defined in terms of the
reverberation timest60 and t608 , in practice it is determined
1844 J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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from the rate of decay of the sound field rather than from
direct measurement oft60.

The change in sound speed resulting from the introd
tion of the particles at concentrations used in the experime
is sufficiently small12 ~less than a few tens of cm s21 even at
the highest concentrations! not to invalidate Eq.~3!. Simi-
larly, the volume change due to the addition of the partic
at the concentrations used in these experiments is sufficie
small ~volume fractions are typically much smaller tha
1023), and it may be assumed that the particles in suspen
have little effect on the absorption properties of the wa
Particles that settle to the bottom of the volume may, ho
ever, affect the boundary losses, but attempts were mad
make measurements with the great majority of the partic
in suspension.

As discussed above, the reverberation time should
determined from the decay of a diffuse sound field. The on
of a diffuse sound field in an enclosure can be described
the Schroeder cut-off frequency, which gives an indication
the lowest frequency at which the modal density, i.e.,
number of modes per unit bandwidth, is sufficient to cons
tute a diffuse field. The Schroeder cut-off frequency,f s , may
be written15

f s5S c3

4 ln 10D
1/2S t60

Venc
D 1/2

. ~4!

Ideally then, all experiments should be carried out
frequencies well above the Schroeder cut-off in order to
sure that the measurements are not influenced by m
structure in the sound field. For the experimental system
scribed in this paper the Schroeder cut-off frequency w
typically around 50 to 75 kHz. To test the assumption th
the field is diffuse, measurements of reverberation time w
made with the hydrophones in different positions.11 It was
found that the change in reverberation time occurring wh
the hydrophones were moved vertically was dominated
the change in absorption owing to the difference in length
submerged hydrophone cables. It was therefore not poss
to investigate experimentally the variation in reverberat
time in the vertical direction. However, measurements m
in a number of hydrophone positions in the horizontal pla
i.e., with the hydrophones at a constant depth such that
amount of submerged cable is unchanging, showed a
standard deviation in the reverberation time. This is
dominant source of experimental error in the system an
taken into account in the error analysis.

C. Particle concentration and size distributions

The attenuation depends on both the absolute conce
tion of particles in suspension, and the size distribution of
particles. As described previously, the concentration is de
mined by carefully weighing the dry particles before they a
added to the volume and ensuring that the acoustic meas
ments are made with all of the particles in suspension.

Because the particles settle out of suspension over ti
the LSS was used to monitor the concentration to ensure
Richards et al.: Sound absorption by nonspherical particles
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it did not change significantly over the time taken for a ser
of acoustic measurements to be carried out.

The LSS only provides a relative measurement of
total concentration of suspended particles in the meas
ment volume, and does not provide any information on
sizes of the particles present. Since the particle size is
important parameter influencing the acoustic absorption
suspended particles, it is important to know the size distri
tion of the particles in suspension. While this is possible w
spherical particles, it is not a simple matter where nonsph
cal particles are used. This is discussed in the following s
tions.

The particle size distribution was determined using th
standard techniques: (i ) laser diffraction analysis; (i i ) gravi-
tational sedimentation; and (i i i ) centrifugal sedimentation
These measurements were carried out independently a
was not possible to measure the particle size distribu
dynamically during the acoustic measurements.

1. Light scattering sensor

It is important here to note the limitations of the LS
device for quantitative measurements of suspended par
concentration. The LSS device emits light in the forwa
direction and detects the light which is backscattered fr
the medium. While the intensity of the backscattered lig
depends upon the concentration of particles in suspensio
also depends upon the properties of the particles, suc
their size relative to the wavelength of the laser light, sha
and complex refractive index. The LSS may be calibra
using a known concentration of the suspension of inter
However, in cases where the suspension contains part
with a range of sizes, larger particles will settle out of su
pension more quickly. The size distribution will therefore
time-varying, thus invalidating the calibration. It should
noted that the LSS was not used to obtain quantitative m
surements of particle concentration for normalization of
attenuation measurements. This was done by weight, as
viously described.

2. Laser diffraction analysis

Laser diffraction analysis uses the diffraction pattern
laser light scattered by a sample of particulate in suspen
to infer the particle size distribution. The instrument used
this study measured particle diameters in the range 0.
1000mm.

It is instructive to describe briefly the laser diffractio
method of particle sizing, which exploits the fact that sm
particles in a laser beam scatter light in a characteristic
tern, i.e., the diffraction pattern. The details of the diffracti
pattern depend upon the distribution of particle sizes cont
uting to the light scattering. Information about the partic
size distribution can thus be inferred from the details of
light flux pattern.

The simplest diffraction pattern due to a collection
spheres is that from a monomodal dispersion. It is the fam
iar Airy pattern consisting of a central bright spot surround
by concentric light and dark rings, the intensity of whic
diminish further from the center of the diffraction patter
J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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that is to say at higher scattering angles. The scatte
angles at which the diffraction maxima and minima occ
depend on the size of the particles relative to the laser wa
length, with smaller particles leading to higher scatteri
angles. The particle size in such a monomodal dispersio
spheres can therefore be simply inferred from the scatte
angles.

These diffraction patterns obey the principle of line
superposition, meaning that the total scattering pattern fo
mixture of two or more monomodal dispersions is obtain
by adding the intensities of the scattering patterns from e
constituent monomodal dispersion. This allows the possi
ity of inferring the particle size distribution from sufficientl
accurate measurements of the scattering pattern due to a
timodal dispersion of spherical particles.

The interpretation of laser diffraction measurements
particle size distribution becomes complicated when n
spherical particles are involved. The standard analysis yie
the size distribution of spherical particles which would gi
the observed diffraction pattern. In principle it would be po
sible to infer the size distribution of particles of a differe
shape by inverting a model for the diffraction pattern o
tained from forward scattering by such particles. Howev
for highly irregular particles and suspensions contain
many different particles, this becomes impractical. A mo
fundamental question is what exactly we mean by the s
when discussing nonspherical particles. In general n
spherical particles cannot be described by a single num
such as the diameter of a sphere. The laser diffraction te
nique may be considered to yield an effective spherical
ameter for optical scattering. Other particle sizing techniq
are available which also yield effective spherical diamet
for nonspherical particles. In order to compare with the m
surements made by laser diffraction, measurements have
been made using two alternative techniques: (i ) gravitational
sedimentation and (i i ) centrifugal sedimentation.

3. Gravitational sedimentation

The gravitational sedimentation technique is based
the measurement of the steady-state settling velocity of
particles as they fall through a fluid under the influence
gravity. This method yields the Stokes diameter of the p
ticle, defined as the diameter of a sphere which has the s
density and the same free falling velocity in a given fluid
the particle, within the viscous flow regime. From Stoke
equation the Stokes diameter may be written

dst5S 18hhs

~r82r!gtD
1/2

, ~5!

whereh is the molecular viscosity of the suspending fluid,hs

is the distance the particle falls in timet, r8 and r are the
densities of the particle and fluid, andg is the acceleration
due to gravity. Typically, in gravitational sedimentation me
surements, the time taken for the particle to reach its term
velocity is negligible.16 The free fall velocity is therefore
taken to bevs5hs/t.
1845Richards et al.: Sound absorption by nonspherical particles
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Stokes’ equation is only valid in the region of visco
flow, which sets an upper limit on the particle size whi
may be determined by this technique. This limit is det
mined by the Reynolds number

Re5
rvsdst

h
. ~6!

The Reynolds number should not exceed 0.25 if the
ror in the Stokes diameter is not to exceed 3%.16 Setting
Re50.25 and equating Eq.~5! and Eq.~6! yields the follow-
ing expression for the limiting Stokes diameter:

dstumax5S 4.5h2

~r82r!rgD 1/3

. ~7!

For example, for silica (r852650 kg m23) settling in
water (r51000 kg m23; h50.001 Pa s), the limiting Stoke
diameter is 65.3mm.

The lower size limit is determined partly by the lon
settling times experienced by small particles, and partly
other motions which may be significant compared to
small settling velocities, such as Brownian motion, diffusi
and convection currents which may be set up over long
tegration periods. For these reasons the use of gravitati
sedimentation is not usually recommended for partic
smaller than about 1mm.

4. Centrifugal sedimentation

Some of the difficulties associated with the use of gra
tational sedimentation for fine particles may be reduced
speeding up the settling time. This can be achieved thro
the use of centrifugal sedimentation techniques.

As in the case of gravitational sedimentation the Sto
diameter is determined from Stokes’ law, but now the acc
eration due to gravity is replaced by the centrifugal accele
tion and the free fall velocity is replaced by the radial settli
velocity to give

dst5S 18h

~r82r!vc
2r c

dr c

dt D 1/2

, ~8!

wherer c is the radial distance of the particle from the axis
the centrifuge, dr c /dt is the radial settling velocity andvc is
the rotation speed of the centrifuge in radian s21.

Centrifugal sedimentation is usually used for partic
up to a few microns in diameter, although this can easily
extended using more viscous suspending fluids and lon
settling times. The lower limit on particle size is determin
by the consideration that the radial displacement of the p
ticles by Brownian motion during sedimentation should
much smaller than the displacement due to centrifugal m
tion. For a typical example17 the minimum Stokes diamete
is less than 0.01mm.

For the measurements of the size distributions of cl
like particles presented in this paper, all samples were
persed in the suspension media and insonified with ul
sound~normally for one minute! to assist in dispersal an
breaking up of agglomerates. Additionally, the sample p
tions used for the centrifugal sedimentation were disper
using more prolonged ultrasonics in an attempt to furt
1846 J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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disseminate the aggregates and obtain a particle size d
bution more representative of the discrete particles. This
ditional deflocculation was only used for the centrifugal se
mentation samples, in order to exploit the ability of th
technique to characterize smaller particles.

III. THEORY

Urick8 obtained the following expression for the visc
inertial attenuation coefficient by employing the express
for the viscous drag on an oscillating sphere developed
Stokes:18

av520 log~e!
fk~s21!2

2 F s

s21~s1t!2G dBm21, ~9!

where

t5
1

2
1

9

4 S dv

a D ~10!

and

s5
9

4 S dv

a D S 11
dv

a D . ~11!

Heref is the volume fraction of suspended particlesk
is the acoustic wavenumber,s is the ratio of the densities o
the solid and fluid phases,a is the particle radius anddv

5A2h/(vr) is the skin depth for shear waves, wherev is
the acoustic frequency. Polydisperse suspensions may b
counted for by summing the contributions from each s
bin.

Implicit in Eq. ~9! is the assumption that the absorptio
coefficient in a suspension of similar particles is linearly p
portional to the volume fraction,f, i.e., the process is lin-
early additive. This assumption is valid for dilute suspe
sions, in which interparticle interactions may be neglect
Urick8 showed experimentally that this linear relationsh
between the viscous absorption coefficient and concentra
holds for volume fractions of up to 8% to 9% for kaoli
particles at MHz frequencies. Note that a volume fraction
8% corresponds to a mass concentration of approxima
200 kg m23 for kaolin particles. This is far higher than con
centrations found in the natural environment, except perh
in the boundary region near the seabed.

Equation~9! may be extended to account for spheroid
particles by employing suitable expressions9 for t and s,
employing a shape factor19 and inertia coefficient20 for the
drag on spheroidal bodies. The application of these equat
to the calculation of attenuation by the suspensions un
investigation in this paper was first described by the curr
authors in another paper21 and the equations will not there
fore be reproduced here. The only additional parameters
troduced in this analysis are the semimajor and semim
axes of the spheroids.

The absorption due to spheroidal bodies in suspens
depends on the orientation of the body with respect to
insonifying wave. The model used in this work accounts
Richards et al.: Sound absorption by nonspherical particles
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particles having the two orthogonal orientations: with t
axis of symmetry orientated parallel to the direction of m
tion, and with the axis perpendicular to the direction of m
tion. For comparison with the measurements made using
reverberation technique it is appropriate to assume that
particles are orientated randomly with respect to the acou
field. That is not to say that they are randomly orienta
with respect to the gravitational field. Indeed, there may w
be a preferred orientation for particles settling slowly und
gravity. However, under diffuse field conditions all propag
tion directions are equally probable and so it may be
sumed that there is no preferred particle orientation with
spect to the insonifying sound waves.

When one is considering attenuation by suspended
ticles in a directional sonar beam, the dependence on or
tation should be taken into account if the particles are
pected to have a preferred orientation. This will be dealt w
in a forthcoming paper.

IV. RESULTS

The results of measurements made with spherical g
particles were found to be in very good agreement with
predictions of Eqs.~9!–~11!.3 In this paper results are pre
sented for two types of nonspherical particle. The first i
form of kaolin ~china clay! with the trade name Speswhite
and the second is a form of calcium carbonate with the tr
name Polcarb. Both are well characterized industrial sam
obtained from English China Clays International~ECCI, now
Imerys!. These particulates were chosen because they
nonspherical particles representative of some of the type
particles found in the marine environment, but with w
known properties, avoiding the problems of working wi
poorly characterized natural samples. Results from nat
marine sediment particles will be presented in a future pa

Samples of both types of particles were examined us
a scanning electron microscope.12,21 The Speswhite particle
were found to take the form of very thin, flat plates, whi
the Polcarb particles were more angular in form. The de
ties of the Speswhite and Polcarb particles are, respectiv
2600 and 2700 kg m23.

A. Particle size distributions

Figures 3 and 4 show particle size distributions for t
Speswhite and Polcarb particles, respectively, measured
ing laser diffraction analysis, gravitational sedimentation a
centrifugal sedimentation.

Clearly there are very significant differences betwe
the size distributions obtained using these different metho
This serves as an illustration of the fundamental difficult
of characterizing irregular particles. As described in S
II C, the laser diffraction technique may be considered
yield an effective optical scatterer dimension, since it giv
the size distribution of spherical particles which would gi
the observed optical diffraction pattern. Both the gravi
tional and centrifugal sedimentation techniques use Sto
law to determine particle size, and hence yield an effec
Stokes diameter.

In the case of Speswhite in particular the centrifug
sedimentation measurement shows a strong bias tow
J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003
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smaller particles. Since samples used for the centrifugal s
mentation measurements were treated with prolonged u
sound to break up aggregates this might possibly be an i
cation that there was some degree of aggregation of
Speswhite particles. This is consistent with scanning elec
microscope images of the Speswhite particles,12 which do
show some clumping of particles.

B. Absorption measurements

Figure 5 shows the measured attenuation coefficient
the Speswhite~kaolin! particles as a function of frequency
normalized with respect to concentration. The symbols in
cate measurements made at different concentrations.
measurements are binned at 10 kHz intervals over the ra
50–150 kHz, but are shown offset slightly so that the in
vidual error bars can be resolved.

Also shown on this graph is the attenuation predicted
Eqs.~9!–~11! for spherical particles using the three size d
tributions shown in Fig. 3. These three predictions are
surprisingly close agreement with each other, given the
parent differences displayed by the size distributions m
sured by the different techniques. However, it must be
membered that the absorption is dominated by those part

FIG. 3. Size distribution of Speswhite particles measured by centrifu
sedimentation, gravitational sedimentation and laser diffraction.

FIG. 4. Size distribution of Polcarb particles measured by centrifugal s
mentation, gravitational sedimentation and laser diffraction.
1847Richards et al.: Sound absorption by nonspherical particles
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whose size is of the order of the skin depth for shear wav
At 100 kHz, for example, the skin depth in water is appro
mately 2mm, and 80% of the absorption is due to particl
smaller than 6.5mm. As expected for these highly nonsphe
cal particles, the prediction of the theory for spherical p
ticles does not agree well with the measured attenuation

Figure 6 shows the results of the measurements of
tenuation with Polcarb~calcium carbonate! particles. Again,
the symbols indicate measurements made at different
centrations, and the data have been normalized with res
to concentration. In this case the theoretical predictions us
the size distributions yielded by the different sizing tec
niques show greater differences than in the case of
Speswhite. This is because the size distributions have gre
differences in the particle size range contributing most to
absorption, although this is not immediately apparent fr
visual inspection of the curves showing cumulative mass p
centage oversize.

The measurements for Polcarb show much better ag
ment with the theoretical predictions than was the case
Speswhite. Although the theoretical curves do not have
same form for the frequency dependence as suggested b

FIG. 5. Normalized attenuation coefficient for Speswhite particles: exp
mental data and theoretical predictions assuming spherical particles.
points have been offset in frequency to show individual error bars~see text!.

FIG. 6. Normalized attenuation coefficient for Polcarb particles: experim
tal data and theoretical predictions assuming spherical particles. Data p
have been offset in frequency to show individual error bars~see text!.
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data, the magnitude of the predicted absorption is close to
measured absorption over much of the frequency range.
fact that the Polcarb measurements agree better with the
dictions of the spherical particle theory than the Speswh
measurements is not surprising, since inspection of elec
microscope images shows the Speswhite particles to
highly platelike whereas the Polcarb particles, although c
tainly irregular and nonspherical, are closer to spheres
aspect ratio.

These figures show the comparison between the pre
tions of Eq. ~9! with Eqs. ~10! and ~11!, which assumes
spherical particles, and measurements made with nonsp
cal particles. These results demonstrate that the sphe
model is of some limited use in providing estimates of t
attenuation from the Polcarb particles. In the case of
highly nonspherical Speswhite particles, the spherical the
significantly overpredicts the attenuation.

A method for calculating the attenuation due to susp
sions of oblate spheroids was referred to in Sec. III. Since
degenerate form of an oblate spheroid is a thin circular d
it is appropriate to approximate the platelike Speswhite p
ticles as oblate spheroids.

In order to apply this method it is necessary to know t
size distribution of the spheroids representing the particle
is not appropriate to use the size distributions shown in F
3 and 4 as these are distributions of equivalent sphe
Therefore these distributions have been used to derive
distributions for spheroids.

The starting point for this process is the distribution
Stokes diameters obtained from gravitational sedimenta
measurements. These were originally derived by apply
Eq. ~5! to measurements of the fraction of particles whi
settle out of suspension as a function of time. Although
original time-domain data were not available, it was possi
to recalculate them by inverting Eq.~5! and applying it to the
distributions of Stokes diameters. This gives the fraction
particles which settle out of suspension as a function of tim
Now, if the settling velocity of spheroids is known as a fun
tion of their major and minor radii, these data can be used
derive a particle size distribution for the spheroids.

The steady-state settling velocity,vs, for spheroids with
shape factor19 Ksf ~which depends on the aspect ratio! may
be obtained by equating the drag force on a spheroid:

F056phKsfa8vs ~12!

with the gravitational force and rearranging to give

vs5
4pa8b8~r82r!g

18phKsf
, ~13!

wherea8 andb8 are, respectively, the semi-major and sem
minor axes for oblate spheroids and the semi-minor a
semi-major axes for prolate spheroids.

In this way the size distribution for Speswhite particl
derived by gravitational sedimentation, shown in Fig. 3, w
used to calculate the size distribution of spheroids of giv
aspect ratio,h5b8/a8, which would give the same measure
settling time history. A similar analysis is used for the ce
trifugal sedimentation measurements.

i-
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-
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These particle size distributions were then used to
culate the attenuation spectrum due to the suspensio
spheroids, using the approach referred to in Sec. III. T
attenuation measurements, as described in Sec. II, emplo
approximately diffuse field in which all directions of prop
gation are equally probable. Ideally, then, these calculati
would be integrated over all particle orientations. Howev
the method only yields solutions for the two orthogon
cases. In the case of oblate spheroids the three indepen
spatial directions may be resolved into the broadside di
tion and two edgewise directions, and the results prese
below were therefore obtained assuming that two-thirds
the particles were orientated edgewise to the sound field
one-third orientated broadside.

Figure 7 shows the comparison between the attenua
predicted using the oblate spheroid model and the meas
attenuation for Speswhite particles. The range of typical
pect ratios of the Speswhite particles as quoted by the
pliers ish5 1

30 to h5 1
40. The figure therefore, shows predi

tions for these values of aspect ratio, together with the cu
for h51, i.e., for spherical particles. The predictions f
spheres, using the spheroidal model withh51, are in agree-
ment with the predictions of the spherical model shown
Fig. 5, and thus overestimate the attenuation. The predict
for the aspect ratios which are representative of
Speswhite particles, however, show much better agreem
with the measured attenuation. It is notable that this ag
ment is achieved without using anya priori knowledge of
the attenuation measurements. While the predictions of
spheroid model show significantly improved agreement w
the data, it is noted that the exact form of the frequen
dependence suggested by the data is not predicted by
model. In particular there is a prominent increase in atte
ation over the range 50 to 70 kHz which is not predicte
This is in the frequency range of the Schroeder cut-off a
this is suggested as a possible explanation for this featur
the data. It is also noted that the predictions based on
centrifugal sedimentation measurements of particle size
tribution appear to be slightly closer to the measurement t

FIG. 7. Normalized attenuation coefficient for Speswhite particles: exp
mental data and theoretical predictions using the model for spheroidal
ticles. The predictions are based on size distributions derived from gra
tional sedimentation ~GS! and centrifugal sedimentation ~CS!
measurements.
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those based on gravitational sedimentation, but the data
not really support any definitive conclusions on this matt

The spheroidal approach has also been applied to
Polcarb particles in exactly the same manner. However,
spection of the scanning electron microscope images12,21

showed that they are very angular and irregular. The sp
roidal approach was therefore not expected to yield sign
cantly improved agreement over the spherical model. F
thermore, no information was available on the aspect ra
other than perhaps what could be inferred from the mic
scope images. Therefore calculations were performed fo
number of different aspect ratios and those which gave p
dictions which were reasonably close to the measured
are shown in Fig. 8. All that can really be concluded fro
this result is that the predictions of the spheroidal model
0.05<h<1 are neither better nor worse than the predictio
of the spherical model. This is consistent with expectatio
given the nature of the particles.

Particle size data based on laser diffraction analy
were also presented in Sec. IV A. It is not, however, app
priate to use these data in the spheroidal analysis, as
done using the gravitational and centrifugal sedimentat
data. That is because the analysis relies on equating
steady-state settling velocities of spheres and spheroids
do that with the laser diffraction data would require that t
effective optical scatterer diameter be equated to the Sto
diameter, a step which would be both arbitrary and nonph
cal.

V. DISCUSSION

The experimental method described in this paper
previously been shown3 to give results for absorption by sus
pensions of spherical particles which are in good agreem
with theory. In this paper the method has been applied to
measurement of absorption in suspensions of highly n
spherical particles of Speswhite~kaolin! and Polcarb~cal-
cium carbonate!. With these nonspherical particles th
method of obtaining the particle size distribution became
important issue, and three different particle sizing techniq

i-
r-

a-

FIG. 8. Normalized attenuation coefficient for Polcarb particles: experim
tal data and theoretical predictions using the model for spheroidal parti
The predictions are based on size distributions derived from gravitatio
sedimentation~GS! and centrifugal sedimentation~CS! measurements.
1849Richards et al.: Sound absorption by nonspherical particles



th
e

b-
di
e

hi
he
ee
fo
t

nu
ec
se

n
nu
de

a
is
a
u
e
h

e
P
pe

a
om

it
re

p
f

lik

g
d
L
e

a
e

of
oust.

in

w,
del

by

ul-

nd
onic

ar-

ion

and

tic
mea-
VR

te

J.

d

e
id

e
di-

of

s

p-
on,

nd
were employed. Significant differences were observed in
particle size distributions yielded by the three techniqu
leading to differences in the predicted attenuation.

The predictions of Urick’s equation for visco-inertial a
sorption by spherical particles, integrated over the size
tributions obtained using the three particle sizing techniqu
significantly overestimate the attenuation by the Spesw
particles. This poor agreement is to be expected since t
platelike particles are far from spherical. Agreement betw
the spherical particle model and the experimental data
Polcarb particles is much better, although the model fails
predict the observed frequency dependence in the atte
tion. These particles, while still highly irregular, have asp
ratios closer to unity than the kaolin particles do. The clo
agreement is therefore consistent with expectation.

A model for acoustic attenuation by dilute suspensio
of spheroidal particles has been used to predict the atte
tion in suspensions of the two different particles. This mo
is most appropriate for the platelike Speswhite particles
the degenerate form of an oblate spheroid is a circular d
The predictions of the model for oblate spheroids, using p
ticle size data based on gravitational sedimentation meas
ments, were found to be in good agreement with the m
surements of attenuation by Speswhite particles. T
agreement was obtained without the need for anya priori
information about the attenuation measurements. Agreem
between this model and the measurements made with
carb particles was less good, as expected due to the sha
these particles.

It may be noted that instruments based on the stand
spherical analysis of laser diffraction measurements are c
monly used forin situ particle sizing.22 The results given in
this paper suggest that such measurements may be of lim
use when applying the derived size distributions to the p
diction of acoustic attenuation spectra.

It is concluded that the model for visco-inertial absor
tion by oblate spheroids used in this paper is appropriate
estimating the absorption in dilute suspensions of plate
clay particles.
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