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The visco-thermal absorption of sound by suspended particulate matter can be reliably measured
using a reverberation technique. This absorption may have an adverse effect on the performance of
sonars operating at 50–300 kHz in coastal waters where suspensions are often present in significant
concentrations. A series of experiments has been performed to study the viscous absorption by
suspensions in the frequency range of 50–150 kHz. In the test volumes employed, the effect is
small. It is therefore measured by taking the difference in reverberation times of a volume of water
with and without particles. This greatly reduces the effect on the measurement of the other sources
of absorption. Even so, it is necessary to design the experiment to characterize and minimize
acoustic losses which occur at the surfaces of the container, the hydrophones, and their cables, and
losses associated with bubbles and turbulence. These effects are discussed and results for particulate
absorption for suspensions of spherical glass beads are presented and compared to theoretical
predictions. Measured absorption agrees well with that predicted by theory for concentrations above
0.5 kg/m3 and up to 2.0 kg/m3. @S0001-4966~98!01610-5#

PACS numbers: 43.30.Es, 43.35.Bf@DLB#
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INTRODUCTION

The acoustic absorption properties of suspended par
late matter in natural bodies of water are not well charac
ized, although there are a number of applications~e.g., naval
mine-hunting sonars, acoustic Doppler current profile!
where such knowledge would be important, particularly
shallow water in the frequency range 50–300 kHz. Typi
suspensions contain particles in the size range 1–100mm
where a variety of shapes and concentrations from 0.1 kg3

up to 4 kg/m3 are possible. They are liable to produce s
nificant absorption losses.1 There may also be the potenti
for flocculation and turbulence. The acoustic absorption
such systems is not known and, if models or inversion p
cedures are to be successfully implemented, must
quantified.2

There are many potential contributory factors to sig
loss in the water column. Most of the work concerning s
pensions has focused on scattering. Absorption from cer
phenomena other than particles is, by comparison with p
ticulate absorption, well understood. Within the water c
umn, temperature, salinity, pressure, and the concentra
of absorbed gas may vary, affecting the overall acou
absorption.3 If bubbles are present, they may contribute s
nificantly to the loss of acoustic energy through thermal a
viscous effects, and also through acoustic re-radiation.4,5 It is
possible to incorporate such factors individually into a d
scription of the acoustic absorption. For deployments in
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environment in question, however, it may not be sufficie
simply to quantify the contribution from the suspended p
ticulate matter: The possibility of synergy between these f
tors should be explored. There is, for example, an associa
between suspended particulate matter and the stabilisatio
gas pockets.6

This paper presents results from an experimental st
which aims to quantify the viscous absorption associa
with suspended particulate matter. Recent theoretical
scriptions of the phenomenon have been published by tw
the authors,1,7 and these are compared here with experim
tal measurements. The viscous absorption effects of the
pensions, once determined, can be incorporated into aco
propagation models.

I. THEORY

The theory for visco-thermal attenuation by particles
well established and has been presented in some d
previously.1,7 A brief synopsis is given here for clarity
Sound propagating in seawater is attenuated via a numb
mechanisms such that the intensity,I, after propagation over
range,r, is given by

I 5I 0e22ar , ~1!

where a is the volume attenuation coefficient of the se
water. In this equationa is in units of Nepers/m but units o
dB/m have been used in the remainder of the paper. The
21144(4)/2114/7/$15.00
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attenuation is the sum of the attenuation due to clear
water,aw , and that due to scattering and viscous absorp
by the suspended sediment,as andan , respectively, i.e.,

a5aw1as1an . ~2!

Sound absorption in clear seawater is itself the sum of
sorption due to pure water and ionic relaxation proces
involving boric acid and magnesium sulphate. One expr
sion for the seawater absorption term commonly employe
given by Fisher and Simmons,8 which was derived from
laboratory data using Lyman and Fleming artific
seawater.9 A more recent and arguably more complete e
pression is given by Francois and Garrison.3 The boric acid
relaxation frequency isO$1 kHz%, while that for magnesium
sulphate isO$100 kHz%. Both are temperature andpH de-
pendent. For the frequency range of interest in this st
only magnesium sulphate would make a significant contri
tion to the total attenuation and its behavior is well doc
mented. Since the experimental protocol involved minim
ing as far as practicable sources of absorption other t
particles, the water used in the current study was filtered
degased.

Attenuation from scattering is due to sound energy be
reflected and diffracted from the main propagation path
the suspended particles. A number of models for scatte
exist. The scatterers can be modeled as homogen
spheres, which may be rigid and movable, rigid and imm
able, or elastic.10,11 From the point of view of a closed re
verberation volume, however, as is used experimentally h
scattering does not produce an attenuationper se. This is
because, if the walls are perfectly reflecting, the acou
energy would remain within the volume and continue to
attenuated by other loss mechanisms.

The method of attenuation of interest here is that due
viscous absorption which occurs in the viscous bound
layer surrounding the particles. The boundary layer is gen
ated because the acoustic wave causes out-of-phase m
ment between the fluid and the particle which creates a
locity difference between the two. Unlike scattering, whe
the acoustic impedance mismatch at the particle surface
importance, viscous absorption is an inertial effect gover
by the density difference between the fluid and particle. B
cause of this, it is not possible to use neutrally bouyant p
ticles as they would simply move in-phase with the fluid an
thus, create no viscous boundary layer. Using Urick’s12 ex-
pression for the viscous absorption coefficient, and taking
attenuation to be constant along the path length and ass
ing all particles are the same size, the attenuation coeffic
due to viscous absorption may be expressed as

an5~10 log e2!S ek~s21!2

2 F s

s21~s1d!2G DdB/m,

~3!

where

d5
1

2 F11
9

2baG , ~4!

s5
9

4ba F11
1

baG , ~5!
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s5rs /r0 , b5Av/2n is the reciprocal of the viscous ski
depth,rs andr0 are the densities of the particulate and flu
respectively,n is the kinematic viscosity of the ambient fluid
e is the volume concentration of particulate,a is the particle
radius,k is the acoustic wave number, andv is the angular
frequency of the incident pressure wave. The first term
the right-hand side of Eq.~3! is a constant which convert
attenuation from Nepers/m to dB/m.

In this theory the assumption is made that the atten
tion depends linearly on sediment concentration. Uric12

showed that this linear dependence is valid up to volu
concentrations of about 8%–9%. Below this concentrat
the suspension may be considered to be dilute, meaning
the effects of particle interaction, such as multiple scatteri
may be ignored. The maximum mass concentration con
ered in this paper is 2 kg/m3, which for quartz particles cor-
responds to a volume concentration of about 0.08%. T
suspensions may therefore be considered to be dilute an
assumption of linear dependence on concentration is take
be valid.

II. EXPERIMENTAL METHOD

The use of reverberation time to determine the attenu
ing characteristics of fluids has been credited by Kurtze
Tamm13 to the work of Meyer and Skudrzyk. Differences
decay rates for a given volume of fluid may be equated
variations in the absorptive properties of the fluid and
boundaries of the volume. Preliminary tests14 in the current
study were performed in a large, thick-walled plastic ta
containing approximately 0.6 m3 of water. Decay traces from
this apparatus were compared to traces taken from a sm
system comprising a suspended polythene bag contai
only 16 l of water. Although the ratio of surface area
volume was increased in the smaller system, the reverb
tion time increased, emphasizing the importance of reduc
the losses at the boundaries in order to maximize the rela
losses in the fluid. It should be noted here that the attenua
of pure water at 20 °C and 1 atm is only 0.002 dB/m at 1
kHz according to Fisher and Simmons.8 Clearly any reduc-
tion in the boundary losses will greatly improve the estim
tion of the fluid losses.

The system used is shown in schematic form in Fig.
The signal generation, data acquisition, and signal proces
are controlled by a personal computer runningLABVIEW soft-

FIG. 1. Schematic diagram of the experimental apparatus.
2115Brown et al.: Measuring viscous sound absorption
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ware. The output signal is sent to a power amplifier and t
to a Brüel & Kjær 8103 hydrophone. Signals are received
a second 8103 hydrophone and are monitored, after suit
amplification, by a LeCroy digital storage oscilloscope a
are finally transferred to the computer via a GPIB interfa
for storage and analysis. The 16l of water is contained in a
thin-walled polythene bag which is supported on a s
pended ring. This provides an approximation to a press
release surface around the whole volume, thus minimiz
boundary losses. A mechanical stirrer is used to lift the p
ticulate into suspension and is removed while data are b
recorded. The dynamic concentration of the suspension
be monitored using a light scattering sensor~LSS!. This
monitors the settling out from suspension of the particula
The acoustic and LSS measurements are performed s
rately as the presence of the LSS and the stirrer in the
pension represent additional absorbing surfaces which m
measurement of the particulate contribution more difficul

To measure the reverberation time of the volume it
necessary to record the decay of a sound field as a func
of time. Ideally, the reverberation time is determined fro
the decay of a diffuse sound field. A diffuse sound field
one where the average energy density is the same throug
the volume considered and all directions of propagation
equally probable.15 The onset of a diffuse sound field in a
enclosure can be described by the Schroeder cutoff
quency. This gives an indication of the lowest frequency
which the modal density is sufficient to constitute a diffu
field. The Schroeder cutoff frequency,f Sch, can be expresse
as16

f Sch5S c3

4 ln 10D
1/2S T

VD 1/2

, ~6!

where T is the reverberation time of an impulsive noi
source~i.e., the time for the sound pressure level to fall by
dB!, c is the speed of sound in the fluid, andV is the volume
of the enclosure. Values off Sch for the system used wer
between 50 and 75 kHz. This is near the lower limit of t
frequency range under consideration in this project.

Two techniques have been used to generate a so
field: an impulse and a burst of uniform white noise. Bo
these techniques produce a broadband sound field. The
vantages of a long burst are that the sound field is given t
to build up to a constant level before being cut. This i
proves the signal-to-noise ratio. Also, because there
more uniform sound field, the decaying sound field is le
prone to large perturbations due to direct reflections and
ticular modes of the volume.

A typical test sequence consists of the suspension b
stirred until the particulate is homogeneously spre
throughout. The time for this to occur can be verified by t
LSS and is of the order of a few seconds. Care must be ta
to ensure that particulate does not collect in the eddies g
erated in the corners of the bag adjacent to the bottom s
during the stirring. Ten noise bursts are sent to the emit
hydrophone and their responses are recorded by the c
puter. The test sequence takes approximately 35 s. Th
about the time limit before there is a significant change in
suspended particulate concentration as measured by the
2116 J. Acoust. Soc. Am., Vol. 104, No. 4, October 1998
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Figure 2 shows a typical LSS output. In this instance
stirrer was turned on at 12 s and off at 32 s. The parti
concentration is more accurately determined by weighing
the particulate to give the desired suspension concentrati
The LSS is simply used to verify the mixing and settlin
processes prior to acoustic tests being performed.

The particle size distribution was also determined ind
pendently of the acoustic tests by analyzing a sample of
particulate in a laser diffraction analyzer. This determines
volume distribution of particles over the size range, 0.4mm–
1000 mm. The dynamic variation of the particle size distr
bution cannot, however, readily be obtained by this meth
as a relatively substantial volume of water must be tak
from the suspension. This would obviously affect the rev
beration characteristics of the volume. Figure 3 shows
particle size distribution for the glass beads used in t
study.

The decay rates were determined by applying
method of integrated impulse response17 ~IIR! to the sound
field from the time that the driving signal was cutoff. Th
method was used, even for signals derived from nonimp
sional sources, as it gave a smooth estimate of the decay
The value of the integrated impulse response represents
ensemble average of the squared noise responses at tt
5t8 after the onset of decay which is equal to the squa
tone-burst response integrated from timet5t8 to t5` or, in
practice, to when the background noise level is greater t
the signal of interest. The practical implementation of th
method is as follows. The response of the volume to
burst of random noise~which contains the frequency rang
of interest! is squared, then backward integrated from
upper time limit~some time before the response is exceed

FIG. 2. Variation of suspended particulate concentration with time fo
2.0-kg/m3 suspension.

FIG. 3. Particle size distribution for glass beads.
2116Brown et al.: Measuring viscous sound absorption
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by the background noise! to the lower time limit when the
sound burst was cut off. This produces the IIR curves sho
in the results section. The slope of this curve is determi
from a linear regression over the initial, linear part of t
curve. Typically, the lower time limit for the linear regre
sion was 10 ms after the sound was cut off~the burst lasted
20 ms! and the upper limit was variable, the choice depe
ing on the rapidity of the decay and the linearity of the
sponse.

Post-processing of the results involved performing
IIR analysis at each of the desired frequency bands. The
data were filtered after acquisition using a Butterworth ba
pass filter in 10-kHz bands over the frequency range 50–
kHz. Above this frequency, the response becomes incr
ingly nonlinear making it difficult to obtain an estimate fo
the linear decay of the sound field. The data were also
duced into time bins which represent the rms of the signal
a user-defined number of samples. This was typically 1
samples. The sampling frequency of the oscilloscope
500 kHz and the sample duration was 0.2 s.

Measurements were made on particulate-free water
then on water containing varying concentrations of gl
beads. Prior to experimentation, the water was pas
through a reverse osmosis system, then filtered to rem
any remaining particulate matter. The water was then
gased under vacuum and the level of dissolved oxygen
monitored throughout the test to see what effect the addi
of particles or the stirring process had. The dissolved oxy
content varied from 51% to 65% over the course of the m
surements~approximately four hours!. No bubbles could be
detected. The glass beads have a high sphericity and
thus, representative of the spherical particles used in the
oretical modeling. The difference in reverberation of the t
systems determines the contribution of the particles to
total absorption according to the following analysis.

Determination of absorption from reverberation times

The decay of a diffuse sound field where absorption
curs at the boundary and within the propagating medium
characterized by the reverberation time,T, given by18

T5
55.3V

c~A18aV!
, ~7!

whereA is the total sound absorption at the boundaries of
volume, anda is the attenuation coefficient of the fluid i
Nepers/m. The quantityA5Sā is expressed in units of met
ric sabin, m2, whereS is the surface area of the volume~m2!
and ā is the average Sabine absorptivity~dimensionless!.
The first term in the brackets,A, represents the sound absor
tion at the boundaries; the second term, 8aV, is the absorp-
tion in the medium. IfTw andTs are the reverberation time
of the particulate-free water and the water containing
particulate, respectively, then the difference in the atten
tion coefficients of the fluids,Da, in dB/m is given by

Da5~10 log e2!
55.3

8c S 1

Ts
2

1

Tw
D . ~8!
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This represents the attenuation due to the addition of
particulate. This equation makes three important assu
tions:

~i! that the speed of sound of the suspension stays c
stant as particles are added;

~ii ! that the volume remains constant; and
~iii ! that the addition of the particles does not affect t

absorptivity of the boundaries.

The sound speed in suspensions can be calculated by u
the formulation developed by Ahuja.19 Assuming a rigid par-
ticle ~i.e., the particle ‘‘viscosity’’ is much greater than th
fluid viscosity!, then the change in sound speed for the s
pensions considered in this work is less than 0.01%. T
volume fraction of a 2-kg/m3 suspension of glass beads ha
ing a density of 2400 kg/m3 is only 0.08%, so that the as
sumption of constant volume is reasonable. Finally,
changes in acoustic impedance are principally respons
for changes in behavior at the boundary, then the produc
the change in density and change in sound speed of the
ticulate suspension represents an error of less than 0
Thus the properties of the bag can be assumed to have al
no contribution to the sound transmission at the bounda
This is reasonable to assume as the walls of the bag are
~0.03 mm!, certainly in terms of the wavelengths under co
sideration, and there is very little acoustic impedance m
match with the water. Hence, the walls will move in pha
with the water and be virtually acoustically transparent. T
bag itself acts like an approximately pressure release sur
and any change in behavior at the boundary will be due
changes in the properties of the fluid. There may be visc
boundary layer losses at the bag but these will be consis
between the clearwater and particulate suspension ca
These losses, along with losses due to the presence o
hydrophones, prevent a simple measurement of the abso
attenuation of the fluid as is the case for other measurem
systems such as a spherical resonator, as noted by one o
early workers in that field.13

III. RESULTS

A series of tests was performed on water and glass b
suspensions with concentrations from 0.25 to 2.0 kg/m3 in
steps of 0.25 kg/m3. Figure 4 shows typical binned tim
traces and their corresponding IIR curve at 100 kHz for p
water and a 1.0-kg/m3 suspension of glass beads. The I
curve clearly represents the decay rate of the sound energ
the volume. They-axis scale is the sound pressure lev
~SPL! in dB re: 1 mPa. The two curves are offset because
the processing performed to obtain the IIR curve. At th
frequency there is almost a 60-dB dynamic range. The ou
burst lasted 20 ms and the increase in the sound pres
over this time can be observed in the figures. The effec
the particulate is clearly seen. Note that for presentation p
poses the time over which the IIR has been applied has b
extended to cover the whole sample period, hence the ta
off of the IIR curve once the signal approaches the ba
ground noise level.

Figure 5 shows the reverberation time variation as
particulate concentration is increased. Each curve repres
2117Brown et al.: Measuring viscous sound absorption
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the mean of three tests of ten pings each. Also shown are
curves for pure water: one for calm water and a second
stirred water. As the test suspensions containing particu
must be stirred, the stirred water response was taken a
reference signal for the subsequent calculation of the part
late attenuation. The error bars on the pure water cur
represent the uncertainty in measuring the reverberation
at one point rather than throughout the volume. This is d
cussed fully in the following section. For clarity, only eve
other concentration is shown in Fig. 5. The decreasing tr

FIG. 4. Typical binned time traces at 100 kHz for reverberation time c
culation ~upper trace! with their corresponding integrated impulse respon
curve ~lower trace! for ~a! pure water, and~b! a 1.0-kg/m3 suspension of
glass beads.

FIG. 5. Reverberation time for calm and stirred pure water and for var
concentrations of glass beads. Error bars for water curves represent u
tainty due to measurement at a single location.
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in reverberation time with increasing particulate concent
tion is quite apparent.

The reverberation times are converted to changes in
tenuation according to Eq.~8! and are then normalized with
respect to particle concentration. The units of dB m2/kg can
be converted to dB/m via multiplication by the given co
centration. They can then be compared to a theoretical
diction @Eq. ~3!# which has been calculated for a 1-kg/m3

suspension having the same particle size distribution
shown in Fig. 3. The normalized attenuation due to the p
ticles is shown in Fig. 6 at each of the measured concen
tions. For all data, the theoretical prediction lies within tw
standard deviations of the data, and in most cases, wi
one. As expected, the magnitudes of both the uncertainty
the discrepancy between the data points and theory incr
at the lowest concentrations. Appreciation of the errors
extremely important in interpreting these results, and th
are discussed in the next section.

IV. DISCUSSION

The previous results show that this simple system is
pable of producing reliable results for particulate suspensi
once there is sufficient difference between the reference p
water signal and the particulate suspension signal. Takin
difference in this way in principle eliminates the effects
other loss mechanisms, such as the boundaries and the
drophones. However, their effects should be minimized
order to enhance the behavior of the particulate attenuat
That is why the suspended thin-walled bag has been de
oped as opposed to using a solid containment vessel.

The principal difficulty of measuring the behavior of th
type of suspension is maintaining the particulate in susp
sion. By stirring, the suspension becomes well mixed and
particulate remains suspended for a sufficiently long time
enable the measurements to be taken~see Fig. 2!. However,
the stirring process may affect the acoustics of the wa
volume, even when there is no particulate present. Acou
energy may be absorbed by isotropic turbulence through
turbation of the turbulence field by the acoustic wave, le
ing to anisotropic Reynolds stress. Within the time taken
the Reynolds stress to return to isotropy, turbulent kine
energy will have been redistributed among turbulence co
ponents as it cascades from the large scale to the dissip
scale, resulting in a net loss of energy from the acou
wave. Noir and George20 obtained an expression for the a
sorption coefficient resulting from this effect which may b
used to estimate the absorption as a function of the rat
which turbulent kinetic energy in the system is dissipat
Consideration of the maximum rate of kinetic energy su
plied by the mechanical stirrer leads to estimates of the
bulence absorption coefficient which areO$1028 dB/m%,
which is several orders of magnitude smaller than the m
sured attenuation coefficient and the predicted viscous
sorption coefficient. The effect of turbulence is also seve
orders of magnitude smaller than the error associated w
the comparison between stirred and calm water in Fig. 5.
therefore concluded that the effect of sound absorption
turbulence may be neglected in the present system.

l-

s
er-
2118Brown et al.: Measuring viscous sound absorption
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FIG. 6. Normalized particulate attenuation at the indicated concentrations compared to the prediction~solid line!. Because of the normalization the predictio
is always the same. An explanation of the error bars is given in Sec. IV.
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Ideally the sound field would be measured at a num
of places in order to obtain a spatial average throughout
bag. This would verify that the sound field was indeed d
fuse and would give an indication as to how the settl
process affects the attenuation. Measurements have been
formed on pure water to assess the assumption of a dif
sound field. However, the mere fact that more of the hyd
2119 J. Acoust. Soc. Am., Vol. 104, No. 4, October 1998
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phone was inserted into the water caused a very signific
change in the level of absorption. For every 10 cm of ca
inserted the increased absorption was of the same leve
that due to 1 kg/m3 of the particulate used in this study.
was, therefore, not possible to perform a volume averag
the sound field. Instead the sound field was measured
number of points at the same depth so that the same am
2119Brown et al.: Measuring viscous sound absorption
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of hydrophone was in the water. One standard deviation
these tests was equivalent to a 4% error in the estimatio
the reverberation time if it were measured at one locat
rather than averaged in a plane. Error bars of 4% are sh
for the calm and stirred water reverberation traces in Fig
These show that the variation in reverberation due to stirr
is within the range of error due to single location measuri
Other sources of error, such as the variation of the spee
sound with temperature, the estimation of the concentra
based on the weight of added particulate, and the meas
ment of the water volume, were all significantly less than t
and generally less than 1%. The error bars in Fig. 6 a
therefore, calculated using a 4% error in the measuremen
the reverberation time and the cumulative error in the e
mate of the suspension concentration, even though the p
to-ping variation for reverberation measurements made
one location is less than 1%. It is clear from Fig. 6 that as
difference in the reverberation time between the refere
pure water signal and the particulate suspension signa
creases, the relative error in the attenuation, even after
malization, decreases.

The data in Fig. 6 support the trend predicted by the
~i.e., absolute values of attenuation and its gradient with
spect to frequency!. The contribution from random and sys
tematic errors are such that it is not valid to suggest ot
trends which, at first sight, may appear to be present.
example, the necessarily inexact nature of the reference
nal which is subtracted from each particulate measurem
will impose artificial trends~such as a peak at 80 kHz! in the
experimental results.

An alternative method of measuring the attenuation
fluids is the spherical resonator. The error in the meas
ment of absorption using this technique has been estimat21

at 15%, which is of similar magnitude to the error for th
normalized attenuation with this technique for suspensi
with concentrations above 1.0 kg/m3. Another technique for
measuring attenuation in suspensions, the Kramers–Kr
technique,22 is not applicable to the levels of attenuation o
served in the suspensions under consideration here.

V. CONCLUSION

A series of reverberation tests performed on particula
free water and water containing various concentrations
spherical glass beads has shown that the attenuation d
the particles is a readily measurable parameter using
technique. The measured attenuation agrees well with
predicted by theory for suspensions with a concentra
greater than 0.5 kg/m3 and improves as the difference
reverberation time increases.
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