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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 patrticles is used to measure
the absorption in suspensions of nonspherical particles. Two types of particulates are stydied: (
kaolin (china clay particles which are platelike in form; and ) 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.
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I. INTRODUCTION clude the effects of particle shape using an effective radius
approach. Another approdttreats the suspension as a frac-

The propagation of high frequenctens to hundreds of  tal medium, with the Reynolds number as the fractal dimen-
kHZ) sound in Sha”OW, littoral seas is Complicated by manysion, and this has been Sho(/\ln give good agreement with
phenomena, including variable bathymetry and sound spea@leasured data for airborne suspensions. This approach is of
profiles, seabed and sea surface interactions, tides, currenfigaited use since it requires that the fractal dimension be
turbulence, ambient noise and the effects of bubbles and sugetermined by fitting the model to observations at a given
pended mineral particles throughout the water column.  frequency. In this paper Uricsformula for visco-inertial

The last of these, the effect of suspended mineral parabsorption by spherical particles has been used, along with
ticles, has been showfto be important for high frequency an extensiofto that model which accounts for spheroidal
sonar performance in turbid environments. In order to acparticles.
count for this effect in sonar performance predictions it is In order to characterize absorption by natural marine
necessary to calculate the absorption coefficient in particuparticles measurements in representative suspensions are re-
late suspensions. A reverberation time technique has beejuired. This paper addresses that issue by comparing the
developed for the laboratory measurement of absorption ifneasured absorption in suspensions of nonspherical particles
dilute suspensions and measurements made with spheriGglth predictions for both spheres and spheroids. Particular
glass particles have been shdw be in good agreement attention is paid to the interpretation of the measurements of
with predictions which assume the particles to be homogparticle size distribution, which are required as inputs to the

enous spheres. theoretical predictions.
Natural particles are not generally spherical, and there

have been a number of studies of attenuation by irregular
particles. A coupled-phase thediiyas been modifiedto in-  1I. EXPERIMENT

A. Protocol

3E|ectronic mail: sdrichards@qjinetiq.com . . .
bpresent address: Industrial Research Limited, PO Box 2225, Auck-  1he experimental method used in this study employs

land 1015, New Zealand. measurements of reverberation time to infer the acoustic ab-
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FIG. 1. A schematic of the experimental apparatus used to measure absorp-
tion in dilute suspensions over the frequency range 50 to 150 kHz. The
stirrer is removed during acoustic measurements.

sorption in the system. The use of reverberation time mea-
surements has been creditédo the work of Meyer and
Skudrzyk. Relative measurements of the reverberation decay

rate between clear water and water containing suspended : - 3"
particles are used to determine the absorption due to the par- ’ Hydrophones R
ticles. Initial experiments showed the importance of reducing 4 /
boundary losses in the systérh: This resulted in the devel-

opment of the current system in which 0.018 of water is 3 B
contained within a thin-walled plastic membrane, suspended g
in air by means of fine wires. This configuration approxi-

mates well to a pressure-release boundary condition sur-
rounding the volume, thus minimizing the losses at the

boundary. It may be noted that, even with the system opti-
mized for minimum boundary losses in this way, the absorp-
tion due to a dilute suspension of particles is a small contri-
bution to the total attenuation in the system. For example, a

small increas€O(mm)) in the depth of the hydrophones was ) o
HG. 2. Photograph of the experimental apparatus. The bag containing the

O_bserved to produce a Slgmf_lcant Change in the rgverbera‘_th';st fluid is surrounded by air, resulting in a boundary condition which is
time of the system. Experiments conducted with a thirdgjose to pressure-release. This photograph is illustrative only, as the LSS and
hydl‘ophoné1 demonstrated that this was caused by addistirrer were removed during acoustic measurements. The majority of experi-

tional attenuation due to the increased Iength of submerge'ﬂe”ts were carried out with the LSS mounted horizontally on the outside of
e bag(see text. Other instrumentation included temperature and dissolved

hydmphone cable, thus IIIUStratmg t_he chaIIenglng nat.ure 0g]xygen probegnot shown. The hydrophones are mounted in rigid tubes to
the measurements. The apparatus is shown schematically prevent movement.

Fig. 1, and Fig. 2 shows a photograph of the apparatus.

The signal generation, data acquisition and signal pro-
cessing were all performed under the LabVIEW laboratorytering sensokLSS). The LSS was mounted horizontally on
instrument management system, running on a personal corthe outside of the bag, with its window in close contact with
puter (PO). The signal from the PC’s digital-to-analog con- the side of the bag. The mating faces of the LSS window and
verter (DAC) board was fed to a power amplifier driving a the side of the bag were wetted to ensure good optical cou-
Bruel and Kjeer(B&K) 8103 hydrophone. A second B&K pling. This configuration ensured that any spatial integrating
8103 hydrophone was used for the receiving transducer aridherent in the LSS measurements would be in the horizontal
the signal from this was amplified and fed to a LeCroy digi-direction, not in the vertical where the concentration would
tal storage oscilloscopdSO). The DSO was connected to be expected to be spatially varying after a finite period of
the PC via a GPIB interface, and the data were transferred tgettling.
the computer for storage and post processing. A mechanical The photographFig. 2 shows the polythene bag sus-
stirring device (propelley was used to resuspend particles pended from its mechanical support by means of fine wires
that had settled out of suspension. This was removed frorattached to a metal hoop. The items dipping into the water
the water when the acoustic measurements were performedre, from left to right, the LSS used to monitor the concen-
as additional absorbing/reflecting surfaces complicate th&ation of the suspended particleshown here mounted ver-
acoustic system. The temporal variation in the concentratiotically, rather than in the more usual horizontal configuration
of the suspension was monitored using a Sea Tech light scaas described aboyethe transmitting and receiving hydro-
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phones and the propeller used to stir the water in order tgound field. The advantage of using the long burst technique
suspend the particles. The diameter of the bag at the watés that it gives sufficient time for a steady-state sound field to
surface is about 235 mm. build up before the source is switched off, and the decaying
Prior to acoustic measurements the water was passexbund field is also less prone to large perturbations resulting
through a reverse osmosis system and then filtered to remo¥eom direct reflections and particular modes of the volume.
particulate matter. This ensured that no particles of diametdfor these reasons the long burst generation method was used
greater than 0.22um remained in the water. The water was for the results presented in this paper.
then degassed under partial vacuum in order to avoid the Typically a series of measurements consisted of emitting
presence of bubbles which may be acoustically significantten noise bursts from the transmitting transducer and record-
The temperature of the water was measured using a Jenwayg their responses via the receiver hydrophone, with the
3071 pH and temperature meter and this measurement wasntire sequence lasting approximately 35 s. During this pe-
used to calculate the speed of sound in the ambient wateriod there was no observable decrease in the concentration
The level of dissolved oxygen was monitored throughout theaccording to the estimates obtained using the LSS.
experiments(between acoustic rupsising a Jenway 9010 The decaying, reverberant sound field measured by the
dissolved oxygen probe attached to the 3071 meter. This wagceiving hydrophone demonstrates fluctuations resulting
to ensure that the addition of the particles or the stirringfrom the interference between the many modes within the
process did not cause significant gas entrainment. The diseverberating volume. These fluctuations limit the accuracy
solved oxygen content was found to vary from 51% to 65%with which the decay rate of the reverberant field may be
(expressed as a percentage of the saturation)levelr the  determined from the measured decay curve. In order to im-
course of a measurement period, and no bubbles were oprove the accuracy of the estimate of the reverberation time
served. of a reverberating volume, it is usual practice to repeat the
In each series of experiments, reverberation time meameasurement many times and average the decay rates ob-
surements were first made in particulate-free water in ordetained from the individual measurements. This method is,
to provide a reference measurement. Particles were themowever, inefficient owing to the large number of measure-
added in stages, in known quantities by mass, to enable ments which must be made in order to obtain an accurate
series of measurements to be made at varying concentratiorestimate of the decay rate or reverberation time. This aver-
The concentration was taken to be the spatial average oveaging also obscures any ping-to-ping variations in the decay
the volume, i.e., the mass of particles added divided by theate and any temporal variation within the integration time,
volume of water. which can be long due to the requirement for a large number
Before each series of acoustic measurements, the susft measurements.
pension was stirred by the mechanical stirrer until the par- The decay rates were therefore determined by applying
ticles were evenly distributed in the suspension. The timehe method of integrated impulse respdriséiR) to the
taken for this to occur was shown, by measurements madsound field from the time that the driving signal was
with the LSS, to be of the order of a few seconds. Care waswitched off. This method was used, even for signals derived
taken to ensure that the particles that collect in the cornerBom the noise burst, as it gives a smooth decay curve.
formed by the bottom seam of the bag were resuspended by The raw data were filtered using second-order Butter-
the stirring. As the stirring takes place just before each set ofvorth bandpass filters in 10-kHz bands over the frequency
acoustic measurements, the clear water reference measurange 50 to 150 kHz, and the IIR analysis was performed in
ments were also made on stirred water. This ensured that theach band. A second-order Butterworth filter has a roll-off of
reference signal used was obtained under conditions which2 dB per octave outside of the pass band, and it is therefore
most closely represented those experienced during the meeecognized that there will be some out of band data in each
surements made with the particles in suspension. It may bef the 10-kHz bands. The data were also reduced into time
noted that stirring induces turbulence which can, in principlepins representing the rms value of the signal for a user-
lead to absorption. The mechanism for this absorption is thelefined number of samples, typically 100. The sampling rate
interaction between two phenomena: the perturbation of thef the DSO was 500 kHz.
turblence field by the acoustic wave, leading to anisotropic  Errors in the determination of the decay rate in such an
Reynolds stresses; and the redistribution of turbulent kinetiexperiment can arise as a result of spatial variations in the
energy as it cascades from the large scale to the dissipaticound field. There are two approaches to mitigating against
scale. As a result of these two effects the Reynolds stress this problem: () the measurements should be made at many
not in phase with the acoustic field and there is a net transfguoints and the spatial average determined;ioy the mea-
of energy from the acoustic field to turbulent kinetic energy.surements must be made under diffuse field conditions, in
This absorption mechanism has been shdvwio be negli-  which the average energy density is the same throughout the
gible for the current measurements. entire volume and all directions of propagation are equally
The acoustic measurement itself involved first generatprobable. The diffuse field approach was adopted for this
ing the sound field, then switching off the sound source andtudy, and this is discussed later.
recording the decay of the reverberant sound field. It will be noted that while these experiments are broad-
Two techniques for generating the sound field were in-band, the theory referred to Sec. Il is obtained for a single
vestigated; an impulse and a long buf2® m9 of uniform  insonifying frequency. However, under the assumption that
white noise. Both of these methods produce a broadbanthe individual frequency components are linearly indepen-
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dent, the single-frequency models may be applied to the infrom the rate of decay of the sound field rather than from a
terpretation of the broadband measurements in each narrogirect measurement af.
band. The results of frequency-binned measurements made The change in sound speed resulting from the introduc-
with spherical particles were found to be in very good agreetion of the particles at concentrations used in the experiments
ment with single-frequency predictioAghus validating the is sufficiently smaft? (less than a few tens of cm$even at
assumption that the frequency components may be considhe highest concentrationsiot to invalidate Eq(3). Simi-
ered as linearly independent. larly, the volume change due to the addition of the particles
at the concentrations used in these experiments is sufficiently
small (volume fractions are typically much smaller than
10"3), and it may be assumed that the particles in suspension

In the experiments described in this paper the totahave little effect on the absorption properties of the walls.
acoustic loss in a volume of fluid containing suspended parParticles that settle to the bottom of the volume may, how-
ticles was inferred from measurements of the reverberatioaver, affect the boundary losses, but attempts were made to
time of the system. The attenuation due to the suspendefiake measurements with the great majority of the particles
particles may thus be estimated by comparing the reverberan suspension.
tion times of the system with and without the particles  As discussed above, the reverberation time should be
present. Making measurements relative to the clear watefetermined from the decay of a diffuse sound field. The onset
case in this way partially corrects for the effects of theof a diffuse sound field in an enclosure can be described by
boundary losses and other contributions to the total attenuahe Schroeder cut-off frequency, which gives an indication of
tion in the system, such as absorption by the hydrophoneéhe lowest frequency at which the modal density, i.e., the
mounts and the hydrophones themselves. However, it shoulfumber of modes per unit bandwidth, is sufficient to consti-
be noted that when the suspended particles’ contribution teute a diffuse field. The Schroeder cut-off frequerfgy, may
the total attenuation is sma(i.e., at low concentrationthe  pe writter}®
effect of the relatively large losses due to the boundary and

tGOJ 1/2
V. 4

B. Interpretation

the hydrophones will be to give large errors in the relative
measurement of the influence of the suspended particles on fs=
the reverberation time.

The reverberation time of a reverberating volume is de-
fined as the time taken for the sound pressure level to fall b
60 dB after the sound source is removed and may be give

o3 |12
41n10

Ideally then, all experiments should be carried out at
equencies well above the Schroeder cut-off in order to en-

by sure that the measurements are not influenced by modal
structure in the sound field. For the experimental system de-

- 55.26Venc ! scribed in this paper the Schroeder cut-off frequency was
60 c(Sep@+8&Vend ' @ typically around 50 to 75 kHz. To test the assumption that

the field is diffuse, measurements of reverberation time were
made with the hydrophones in different positidhst was

found that the change in reverberation time occurring when
the hydrophones were moved vertically was dominated by
the change in absorption owing to the difference in length of

whereVg,.is the volume of the enclosurg,,is the surface
area.c is the compression wave speedis the average Sab-
ine absorptivity and{ is the absorption coefficient of the
fluid in Nepers per meter. The average Sabine absorptivity i

defined submerged hydrophone cables. It was therefore not possible
_ Acnc to investigate experimentally the variation in reverberation
a= , (2) . . . . .
Senc time in the vertical direction. However, measurements made

i ] in a number of hydrophone positions in the horizontal plane,
where A is the total sound absorption of the enclosure,; o ith the hydrophones at a constant depth such that the
expressed in units of fn such tha@ is dimensionless. amount of submerged cable is unchanging, showed a 4%

If teo is the reverberation time of a volume of ganqard deviation in the reverberation time. This is the

particulate-free water, thetf, is the corresponding rever- qominant source of experimental error in the system and is
beration time in water containing suspended particles, differizxen into account in the error analysis.

ing only from the definition given in Eq(l) in that ¢ is

replaced by’. It is then clear from Eq(l), and the relation

a=20logE)¢, that the difference in the attenuation coeffi-

cients of the two fluids, expressed in dB f is given by C. Particle concentration and size distributions

5526/ 1 1 60/ 1 1 The attenuation depends on both the absolute concentra-
Aa=20loge) 8_( ) = —(T— —) , (3 tion of particles in suspension, and the size distribution of the
particles. As described previously, the concentration is deter-
provided that the addition of the particles does not signifi-mined by carefully weighing the dry particles before they are
cantly affect () the sound speed in the mediunij)(the added to the volume and ensuring that the acoustic measure-
volume of fluid; or (ii) the absorption at the boundaries. It ments are made with all of the particles in suspension.
should be noted that whild« is defined in terms of the Because the particles settle out of suspension over time,
reverberation timesgy andtg,, in practice it is determined the LSS was used to monitor the concentration to ensure that

teo teo
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it did not change significantly over the time taken for a serieghat is to say at higher scattering angles. The scattering
of acoustic measurements to be carried out. angles at which the diffraction maxima and minima occur
The LSS only provides a relative measurement of thedepend on the size of the particles relative to the laser wave-
total concentration of suspended particles in the measurdength, with smaller particles leading to higher scattering
ment volume, and does not provide any information on theangles. The particle size in such a monomodal dispersion of
sizes of the particles present. Since the particle size is aspheres can therefore be simply inferred from the scattering
important parameter influencing the acoustic absorption byngles.
suspended particles, it is important to know the size distribu-  These diffraction patterns obey the principle of linear
tion of the particles in suspension. While this is possible withsuperposition, meaning that the total scattering pattern for a
spherical particles, it is not a simple matter where nonspherimixture of two or more monomodal dispersions is obtained
cal particles are used. This is discussed in the following sedsy adding the intensities of the scattering patterns from each
tions. constituent monomodal dispersion. This allows the possibil-
The particle size distribution was determined using threety of inferring the particle size distribution from sufficiently
standard techniquesi)(laser diffraction analysis;i{) gravi-  accurate measurements of the scattering pattern due to a mul-
tational sedimentation; andi() centrifugal sedimentation. timodal dispersion of spherical particles.
These measurements were carried out independently and it The interpretation of laser diffraction measurements of
was not possible to measure the particle size distributiomparticle size distribution becomes complicated when non-
dynamically during the acoustic measurements. spherical particles are involved. The standard analysis yields
the size distribution of spherical particles which would give
the observed diffraction pattern. In principle it would be pos-
o o sible to infer the size distribution of particles of a different
It is important here to note the limitations of the LSS ghane by inverting a model for the diffraction pattern ob-
device for quantitative measurements of suspended particigineqd from forward scattering by such particles. However,
concentration. The LSS device emits light in the forwardy,, highly irregular particles and suspensions containing
direction and detects the light which is backscattered frorqmmy different particles, this becomes impractical. A more
the medium. While the intensity of the backscattered lighty,nqamental question is what exactly we mean by the size
depends upon the concentration_ of particles in _suspension,\j@hen discussing nonspherical particles. In general non-
also depends upon the properties of the particles, such anerical particles cannot be described by a single number,
their size relative to the wavelength of the laser light, shapg,ch as the diameter of a sphere. The laser diffraction tech-
and complex refractive index. The LSS may be calibrated,ique may be considered to yield an effective spherical di-
using a known concentration of the suspension of interestmeter for optical scattering. Other particle sizing techniques
However, in cases where the suspension contains particlege ayailable which also yield effective spherical diameters
with a range of sizes, larger particles will settle out of SUS-or nonspherical particles. In order to compare with the mea-
pension more quickly. The size distribution will therefore beg,;ements made by laser diffraction, measurements have also

time-varying, thus invalidating the calibration. It should be yeen made using two alternative techniquésgfavitational
noted that the LSS was not used to obtain quantitative measgdimentation andi i) centrifugal sedimentation.

surements of particle concentration for normalization of the
attenuation measurements. This was done by weight, as pre-
viously described.

1. Light scattering sensor

3. Gravitational sedimentation

2. Laser diffraction analysis The gravitational sedimentation technique is based on

Laser diffraction analysis uses the diffraction pattern ofthe measurement of the steady-stgte settling V?"OC'W of the
laser light scattered by a sample of particulate in suspensio‘ﬁ"’“t',(:Eles_l_"r’]‘t5 the);hfaél thr? dug?ha 25[“?( unggr th? 'nﬂ;’fﬁce of
to infer the particle size distribution. The instrument used jpdravity. This method yields the Slokes diameter of the par-

this study measured particle diameters in the range 0.4 t cle, defined as the diameter of a sphere which has the same
1000 um ensity and the same free falling velocity in a given fluid as

the particle, within the viscous flow regime. From Stokes’

It is instructive to describe briefly the laser diffraction X i .
|equation the Stokes diameter may be written

method of particle sizing, which exploits the fact that smal

particles in a laser beam scatter light in a characteristic pat- 2

tern, i.e., the diffraction pattern. The details of the diffraction =( 187hs ) (5)

pattern depend upon the distribution of particle sizes contrib- S\ (p' —p)gt)

uting to the light scattering. Information about the particle

size distribution can thus be inferred from the details of thewherey is the molecular viscosity of the suspending fluid,

light flux pattern. is the distance the particle falls in timie p’ and p are the
The simplest diffraction pattern due to a collection of densities of the particle and fluid, amdis the acceleration

spheres is that from a monomodal dispersion. It is the famildue to gravity. Typically, in gravitational sedimentation mea-

iar Airy pattern consisting of a central bright spot surroundedsurements, the time taken for the particle to reach its terminal

by concentric light and dark rings, the intensity of which velocity is negligible!® The free fall velocity is therefore

diminish further from the center of the diffraction pattern, taken to bev=hg/t.
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Stokes’ equation is only valid in the region of viscous disseminate the aggregates and obtain a particle size distri-
flow, which sets an upper limit on the particle size which bution more representative of the discrete particles. This ad-
may be determined by this technique. This limit is deter-ditional deflocculation was only used for the centrifugal sedi-
mined by the Reynolds number mentation samples, in order to exploit the ability of that
technique to characterize smaller particles.

pv s
Re= ——. (6)
n

The Reynolds number should not exceed 0.25 if the erlll. THEORY
ror in the Stokes diameter is not to exceed ¥9Getting
Re=0.25 and equating Ed5) and Eq.(6) yields the follow-
ing expression for the limiting Stokes diameter:

Urick® obtained the following expression for the visco-
inertial attenuation coefficient by employing the expression
for the viscous drag on an oscillating sphere developed by

4.57? )1/3 Stokes'®
d = —— 7
st|max (p _p)pg ( ) )
dk(o—1) s 4
For example, for silica g’ =2650 kgm °) settling in @, =20loge) 5 Zr (ot )2 dBm™, (9)
water (p=1000 kgm 3; »=0.001 Pas), the limiting Stokes
diameter is 65.3um. where
The lower size limit is determined partly by the long
settling tir’r_1es expgrienced by smal! .particles, and partly by 1 9/8,
other motions which may be significant compared to the T:§+Z 2 (10
small settling velocities, such as Brownian motion, diffusion
and convection currents which may be set up over long in-
) ) L apd
tegration periods. For these reasons the use of gravitationa
sedimentation is not usually recommended for particles
9/ 46, Sy
smaller than about Lm. s= iy — (11
a a

4. ifugal ] 1 . . .
Centrifugal sedimentation Here ¢ is the volume fraction of suspended particlks,

Some of the difficulties associated with the use of gravi-is the acoustic wavenumber,is the ratio of the densities of
tational sedimentation for fine particles may be reduced byhe solid and fluid phases, is the particle radius and,
Speeding Up the Settling t|me Th|S can be. achieved through: R Zn/(wp) is the skin depth for shear waves, whesas
the use of centrifugal sedimentation techniques. the acoustic frequency. Polydisperse suspensions may be ac-

As in the case of gravitational sedimentation the Stokegounted for by summing the contributions from each size
diameter is determined from Stokes’ law, but now the accelpip.
eration due to gravity is replaced by the centrifugal accelera-  mpiicit in Eq. (9) is the assumption that the absorption
tion and the free fall velocity is replaced by the radial settlingcoefficient in a suspension of similar particles is linearly pro-

velocity to give portional to the volume fractiongp, i.e., the process is lin-
5 early additive. This assumption is valid for dilute suspen-
o 187 ch ® sions, in which interparticle interactions may be neglected.
st (p’—p)wczrc dt | Urick® showed experimentally that this linear relationship

between the viscous absorption coefficient and concentration

wherer . is the radial distance of the particle from the axis of holds for volume fractions of up to 8% to 9% for kaolin
the centrifuge, d./dt is the radial settling velocity and.is  particles at MHz frequencies. Note that a volume fraction of
the rotation speed of the centrifuge in radiart s 8% corresponds to a mass concentration of approximately

Centrifugal sedimentation is usually used for particles200 kg m 2 for kaolin particles. This is far higher than con-
up to a few microns in diameter, although this can easily beentrations found in the natural environment, except perhaps
extended using more viscous suspending fluids and longeén the boundary region near the seabed.
settling times. The lower limit on particle size is determined Equation(9) may be extended to account for spheroidal
by the consideration that the radial displacement of the parparticles by employing suitable expressidrer 7 and s,
ticles by Brownian motion during sedimentation should beemploying a shape factSrand inertia coefficieRt for the
much smaller than the displacement due to centrifugal modrag on spheroidal bodies. The application of these equations
tion. For a typical exampté the minimum Stokes diameter to the calculation of attenuation by the suspensions under
is less than 0.0m. investigation in this paper was first described by the current

For the measurements of the size distributions of clay-authors in another pagerand the equations will not there-
like particles presented in this paper, all samples were disfore be reproduced here. The only additional parameters in-
persed in the suspension media and insonified with ultratroduced in this analysis are the semimajor and semiminor
sound (normally for one minutgto assist in dispersal and axes of the spheroids.
breaking up of agglomerates. Additionally, the sample por-  The absorption due to spheroidal bodies in suspension
tions used for the centrifugal sedimentation were dispersedepends on the orientation of the body with respect to the
using more prolonged ultrasonics in an attempt to furtheinsonifying wave. The model used in this work accounts for
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particles having the two orthogonal orientations: with the 100

axis of symmetry orientated parallel to the direction of mo- \\"'-._‘ Centrifugal sedimentation

tion, and with the axis perpendicular to the direction of mo- § | "\, - Graviational sedimertatin ]
tion. For comparison with the measurements made using the§ ‘-\ seereliaenen

reverberation technique it is appropriate to assume that the \

particles are orientated randomly with respect to the acoustic§ 0 13 )
field. That is not to say that they are randomly orientated & ‘\‘

with respect to the gravitational field. Indeed, there may well é 20 - A i
be a preferred orientation for particles settling slowly under ¢ \\

gravity. However, under diffuse field conditions all propaga- & N

tion directions are equally probable and so it may be as- § 20 f \ i
sumed that there is no preferred particle orientation with re- S

spect to the insonifying sound waves. 0 - B = o

When one is considering attenuation by suspended par-
ticles in a directional sonar beam, the dependence on orien-
tation should be taken into account if the particles are exFlG. 3. Size distribution of Speswhite particles measured by centrifugal

. . . . .., sedimentation, gravitational sedimentation and laser diffraction.
pected to have a preferred orientation. This will be dealt with
in a forthcoming paper.

Diameter (um)

smaller particles. Since samples used for the centrifugal sedi-

IV. RESULTS mentation measurements were treated with prolonged ultra-
) ) sound to break up aggregates this might possibly be an indi-

The results of measurements made with spherical glassation that there was some degree of aggregation of the
particles were found to be in very good agreement with thespeswhite particles. This is consistent with scanning electron

predictions of Eqs(9)—(11).2 In this paper results are pre- microscope images of the Speswhite parti¢feshich do
sented for two types of nonspherical particle. The first is &how some clumping of particles.

form of kaolin (china clay with the trade name Speswhite,
and the second is a form of calcium carbonate with the trade )
name Polcarb. Both are well characterized industrial sample: Absorption measurements

obtained from English China Clays Internatio(@CCI, now Figure 5 shows the measured attenuation coefficient for
Imerys. These particulates were chosen because they atBe Speswhitekaolin) particles as a function of frequency,
nonspherical particles representative of some of the types gformalized with respect to concentration. The symbols indi-
particles found in the marine environment, but with well cate measurements made at different concentrations. The
known properties, avoiding the problems of working with measurements are binned at 10 kHz intervals over the range
poorly characterized natural samples. Results from natur@0—150 kHz, but are shown offset slightly so that the indi-
marine sediment particles will be presented in a future papetidual error bars can be resolved.

Samples of both types of particles were examined using  Also shown on this graph is the attenuation predicted by
a scanning electron microscoffe?' The Speswhite particles Eqgs.(9)—(11) for spherical particles using the three size dis-
were found to take the form of very thin, flat plates, whilst tributions shown in Fig. 3. These three predictions are in
the Polcarb particles were more angular in form. The densisurprisingly close agreement with each other, given the ap-
ties of the Speswhite and Polcarb particles are, respectivelparent differences displayed by the size distributions mea-
2600 and 2700 kg . sured by the different techniques. However, it must be re-
A. Particle size distributions membered that the absorption is dominated by those particles

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

Clearly there are very significant differences between
the size distributions obtained using these different methods.
This serves as an illustration of the fundamental difficulties
of characterizing irregular particles. As described in Sec.
IIC, the laser diffraction technique may be considered to
yield an effective optical scatterer dimension, since it gives
the size distribution of spherical particles which would give
the observed optical diffraction pattern. Both the gravita-
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------- Gravitational sedimentation
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tional and centrifugal sedimentation techniques use Stokes’ . h 5‘____"_"':-:._____ N ‘
law to determine particle size, and hence yield an effective 0 10 20 30 40 50
Stokes diameter. Diameter (um)

.ln the case of Speswhite in particular the ?entringalFlG. 4. Size distribution of Polcarb particles measured by centrifugal sedi-
sedimentation measurement shows a strong bias towardsentation, gravitational sedimentation and laser diffraction.

J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003 Richards et al.: Sound absorption by nonspherical particles 1847



' ' ' ' ' data, the magnitude of the predicted absorption is close to the
——  Centrilugal sedimentation measured absorption over much of the frequency range. The
05 [ e e oraen . fact that the Polcarb measurements agree better with the pre-
- O  05kgm® dictions of the spherical particle theory than the Speswhite
200 4 kgm® measurements is not surprising, since inspection of electron
né o 15kgm® microscope images shows the Speswhite particles to be
5 015 7 highly platelike whereas the Polcarb particles, although cer-
g tainly irregular and nonspherical, are closer to spheres in
£ oo 1@ @ @ {% . aspect ratio.
: These figures show the comparison between the predic-
0.05 & @ - tions of Eq.(9) with Egs. (10) and (11), which assumes
{% spherical particles, and measurements made with nonspheri-

000 - 6'0 8'0 1(')0 1;() 1‘"0 " cal particles. These results demonstrate that the spherical
Frequency (kHz) model is of some limited use in providing estimates of the
attenuation from the Polcarb particles. In the case of the
FIG. 5. Normalized attenuation coefficient for Speswhite particles: experi-highly nonspherical Speswhite particles, the spherical theory
mental data and theoretical predictions assuming spherical particles. Da@igniﬁcantly overpredicts the attenuation
points have been offset in frequency to show individual error ts@s text . |
A method for calculating the attenuation due to suspen-
o . sions of oblate spheroids was referred to in Sec. Ill. Since the
whose size is of the order of the skin depth for shear wavegjegenerate form of an oblate spheroid is a thin circular disk
At 100 kHz, for example, the skin depth in water is approxi-j; is appropriate to approximate the platelike Speswhite par-
mately 2um, and 80% of the absorption is due to particlesijcles as oblate spheroids.
smaller than 6.um. As expected for these highly nonspheri- | grder to apply this method it is necessary to know the
cal particles, the prediction of the theory for spherical par-;,¢ distribution of the spheroids representing the particles. It
ticles does not agree well with the measured attenuation. s not appropriate to use the size distributions shown in Figs.
Figure 6 shows the results of the measurements of a3 g 4 as these are distributions of equivalent spheres.
tenuation with Polcarlfcalcium carbonajeparticles. Again,  Therefore these distributions have been used to derive new
the symbols indicate measurements made at different conyistributions for spheroids.
centrations, and the data have been normalized with respect ¢ starting point for this process is the distribution of

to concentration. In this case the theoretical predictions usingiokes diameters obtained from gravitational sedimentation
the size distributions yit_elded by the diﬁerent sizing tech-measurements. These were originally derived by applying
niques show greater differences than in the case of thgq (5) to measurements of the fraction of particles which
Speswhite. This is because the size distributions have greatggitie out of suspension as a function of time. Although the
differences in the particle size range contributing most to th%riginal time-domain data were not available, it was possible
a.bsorption, aI_though this is not immediately apparent fromy recalculate them by inverting E5) and applying it to the
visual inspection of the curves showing cumulative mass pefgistributions of Stokes diameters. This gives the fraction of
centage oversize. particles which settle out of suspension as a function of time.
The measurements for Polcarb show much better agregqo, if the settling velocity of spheroids is known as a func-
ment with the theoretical predictions than was the case f0fion of their major and minor radii, these data can be used to
Speswhite. Although the theoretical curves do not have thggive a particle size distribution for the spheroids.
same form for the frequency dependence as suggested by the 1o steady-state settling velocity,, for spheroids with
shape factd?f K¢ (which depends on the aspect ratinay
' ' ' ' ' be obtained by equating the drag force on a spheroid:

——  Centrifugal sedimentation

------- Gravitational sedimentation ’
0.25 - - —
—=—=—- Laser diffraction Fo=6mnKsa'vs (12

-3
"2 020 | 050 tgm_s with the gravitational force and rearranging to give
o 0.75 kgm
£
3 IW/ (A
:c; 0.15 4 US:47Ta b (p p)g (13)
i 187 7Kg
g“c:’, 0.10 b . . . .
< wherea’ andb’ are, respectively, the semi-major and semi-

0.05 minor axes for oblate spheroids and the semi-minor and

"_"_",——— semi-major axes for prolate spheroids.
000 [ , , , . . In this way the size distribution for Speswhite particles
40 60 80 100 120 140 160 derived by gravitational sedimentation, shown in Fig. 3, was
Frequency (kHz) used to calculate the size distribution of spheroids of given

S . .
FIG. 6. Normalized attenuation coefficient for Polcarb particles: experimen-aSpeCt ratioh=Db’/a’, which would give the same measured

tal data and theoretical predictions assuming spherical particles. Data poinﬁ_ett“ng “m_e h|5t0ry- A similar analysis is used for the cen-
have been offset in frequency to show individual error Haes text trifugal sedimentation measurements.
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FIG. 7. Normalized attenuation coefficient for Speswhite particles: experi-FIG. 8. Normalized attenuation coefficient for Polcarb particles: experimen-
mental data and theoretical predictions using the model for spheroidal patal data and theoretical predictions using the model for spheroidal particles.
ticles. The predictions are based on size distributions derived from gravitaThe predictions are based on size distributions derived from gravitational
tional sedimentation (GS) and centrifugal sedimentation(CS) sedimentatioGS) and centrifugal sedimentatidi€S) measurements.
measurements.

those based on gravitational sedimentation, but the data do

These particle size distributions were then used to calnot really support any definitive conclusions on this matter.
culate the attenuation spectrum due to the suspension of The spheroidal approach has also been applied to the
spheroids, using the approach referred to in Sec. lll. ThéPolcarb particles in exactly the same manner. However, in-
attenuation measurements, as described in Sec. Il, employ apection of the scanning electron microscope im#gfes
approximately diffuse field in which all directions of propa- showed that they are very angular and irregular. The sphe-
gation are equally probable. Ideally, then, these calculationsidal approach was therefore not expected to yield signifi-
would be integrated over all particle orientations. Howevercantly improved agreement over the spherical model. Fur-
the method only yields solutions for the two orthogonalthermore, no information was available on the aspect ratio,
cases. In the case of oblate spheroids the three independenher than perhaps what could be inferred from the micro-
spatial directions may be resolved into the broadside direcscope images. Therefore calculations were performed for a
tion and two edgewise directions, and the results presentatumber of different aspect ratios and those which gave pre-
below were therefore obtained assuming that two-thirds otlictions which were reasonably close to the measured data
the particles were orientated edgewise to the sound field arate shown in Fig. 8. All that can really be concluded from
one-third orientated broadside. this result is that the predictions of the spheroidal model for

Figure 7 shows the comparison between the attenuatiod.05<h<1 are neither better nor worse than the predictions
predicted using the oblate spheroid model and the measured the spherical model. This is consistent with expectations,
attenuation for Speswhite particles. The range of typical asgiven the nature of the particles.
pect ratios of the Speswhite particles as quoted by the sup- Particle size data based on laser diffraction analysis
pliers ish= 35 to h= 5. The figure therefore, shows predic- were also presented in Sec. IV A. It is not, however, appro-
tions for these values of aspect ratio, together with the curvgriate to use these data in the spheroidal analysis, as was
for h=1, i.e., for spherical particles. The predictions for done using the gravitational and centrifugal sedimentation
spheres, using the spheroidal model with 1, are in agree- data. That is because the analysis relies on equating the
ment with the predictions of the spherical model shown insteady-state settling velocities of spheres and spheroids. To
Fig. 5, and thus overestimate the attenuation. The predictiongo that with the laser diffraction data would require that the
for the aspect ratios which are representative of theeffective optical scatterer diameter be equated to the Stokes
Speswhite particles, however, show much better agreemediameter, a step which would be both arbitrary and nonphysi-
with the measured attenuation. It is notable that this agreeeal.
ment is achieved without using aray priori knowledge of
the attgnuatlon measur'ern.e.nts. W'hlle the predictions of 'thg_ DISCUSSION
spheroid model show significantly improved agreement with
the data, it is noted that the exact form of the frequency  The experimental method described in this paper has
dependence suggested by the data is not predicted by tipeeviously been showrio give results for absorption by sus-
model. In particular there is a prominent increase in attenupensions of spherical particles which are in good agreement
ation over the range 50 to 70 kHz which is not predicted.with theory. In this paper the method has been applied to the
This is in the frequency range of the Schroeder cut-off andneasurement of absorption in suspensions of highly non-
this is suggested as a possible explanation for this feature apherical particles of Speswhit&aolin) and Polcarb(cal-
the data. It is also noted that the predictions based on theilum carbonate With these nonspherical particles the
centrifugal sedimentation measurements of particle size dignethod of obtaining the particle size distribution became an
tribution appear to be slightly closer to the measurement thaimportant issue, and three different particle sizing techniques
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