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UNDERWATER ACOUSTICS AND SONAR
PERFORMANCE IN TURBID ENVIRONMENTS

SD Richards  QinetiQ

1 INTRODUCTION

This paper reviews some of the current and recent research carried out by the author and
colleagues on the subject of underwater acoustics and sonar performance in undersea
environments characterized by relatively high concentrations of suspended inorganic particles.
Whilst the concentrations under consideration are high in terms of natural marine suspensions, we
are in fact concerned with suspensions which may be regarded as dilute in acoustic terms.

Suspended solid particles may influence acoustic wave propagation in a number of ways: they may
increase the volume absorption coefficient of the medium through visco-inertial absorption and
thermal absorption; they may scatter the sound waves, resulting in increased attenuation of the
forward-propagating wave and increased volume reverberation; and they may lead to changes in
the sound speed of the medium. For suspensions in which the density ratio between the solid and
liquid phases is around 2 or greater, which will usually be the case for mineral particles suspended
in water, the thermal absorption term is very small compared with the visco-inertial absorption term,
and we can therefore neglect thermal absorption. Similarly, for practical sonar frequencies and
naturally-occurring suspension concentrations, the effect of the particles on the speed of sound may
be neglected".

2 THEORY

2.1 Spherical particles

The absorption of sound in a suspension of small particles was considered theoretically by Sewell®
in 1910 and, more recently, by Epsteine’. Sewell considered the case of small, rigid, spherical
particles which are taken to be immobile in that they do not oscillate in the sound field. He was
interested in the propagation of sound in fogs and clouds, and the assumption of immobile particles
is valid for water droplets in air at audio frequencies. However, in the case of agueous suspensions
at megahertz and sub-megahertz frequencies, the particles do respond to the acoustic field and
Sewell's theory breaks down.

Lamb* extended Sewell's theory to the case of rigid, incompressible particles that are free to move
in the sound field. His approach was to obtain an expression for the velocity potential of the waves
scattered by such a particle and to obtain the absorption by finding the average rate at which work
is done over a large spherical surface surrounding the particle.

Urick® obtained the same result as Lamb by employing the expression for the viscous drag
developed by Stokes®. Isakovich’ noted that sound propagation in a suspension can produce
temperature gradients at the particle-fluid interface, due to the adiabatic character of acoustic
waves and may result in a significant attenuation through thermal diffusion. Epstein and Carhart®
independently deduced the thermal loss contribution in a detailed theoretical examination of the
problem. Their work was primarily aimed at attenuation in aerosols, although the bulk of their
analysis may also be applied to dispersions in condensed media.
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Allegra and Hawleyg, closely following the work of Epstein and Carhart, have extended the theory to
include the case of elastic, heat-conducting, solid spheres suspended in a viscous, heat-conducting
fluid, and the resulting formulation, sometimes known as the ECAH model, would appear to be the
most complete description of the problem. However, the complexity of the model obscures physical
insight into the underlying mechanisms. Furthermore, there are a number of difficulties associated
with implementing the ECAH model including: a number of typographic errors in the original papers;
very large amplitudes arising in the values of the spherical Bessel and Hankel functions; and a
resulting matrix equation which is ill-conditioned. It has been shown' that the predictions of Urick’s
expression for visco-inertial absorption, coupled with a simple, heuristic expression for the
attenuation due to scatteringlo, are in reasonable agreement with the predictions of the ECAH
model over the range of particle sizes likely to be found in suspension in the sea, at practical sonar
frequencies. Therefore these simpler models have been used for the basis of the results presented
in this paper.

The additional contribution to the plane wave attenuation coefficient due to a suspension of solid
particles, neglecting thermal absorption, may be written

a,=a,+as, 1)

where the subscripts v and s refer to the visco-inertial absorption and scattering contributions
respectively.

For dilute suspensions of spherical particles the visco-inertial absorption coefficient is given by5

k@-1’0 s O
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where ¢ is the volume fraction of suspended particles, k is the acoustic wavenumber, o is the

fluid-solid density ratio, and 7 and s are, respectively, the coefficients of the inertial and drag terms
in the equation for the force acting on the particles, given by

r:£+gBJ—VB 3
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and

s:gBJ—"%+iH 4

In these equations a is the particle radius and J, =v2v/w is the skin depth for shear waves

in the fluid, where v is the kinematic viscosity and « is the angular frequency of the
acoustic waves.

The attenuation due to scattering0 by suspended particles may be determined using the
common high-pass approximation1
_ oK, x*

o a(% K, x* +&° +1) '

©)

where x=ka is the dimensionless size parameter, K, contains the dependence on density and

compressibility contrasts™ and £ is a free parameter controlling the behaviour of the function for
intermediate values of x between the Rayleigh (small x) and geometric (large x) regimes.
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Figure 1. Normalized attenuation as a function of frequency and particle radius, for quartz-like
spherical particles suspended in water.

Figure 1 shows the additional attenuation due to a suspension of quartz-like spherical particles in
water, as a function of particle radius and acoustic frequency. This figure was calculated using
Equations 2 and 5, and the results have been normalized with respect to concentration. The large
peak which dominates much of the parameter space is due to the visco-inertial absorption term,
whilst the peak at the extreme of high frequency and large particle size is due to scattering in the
Rayleigh regime. It will be noted that the peak in the visco-inertial absorption shifts to larger particle

sizes as the acoustic frequency is reduced.

2.2 Non-spherical particles

Thus far only spherical particles have been considered. Natural marine particles are not, of course,
spherical and an approach is required to estimate the attenuation due to non-spherical particles in
suspension. To attempt this by employing scattering theory, such as the ECAH model, involves
significant additional complication and the problem rapidly becomes intractable.
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Figure 2: Oblate and prolate spheroids orientated with their axes of symmetry parallel or
perpendicular to the direction of motion through the fluid. The motion is parallel to the axis plotted.

Equation 1 may be extended to account for spheroidal particles of the forms shown in Figure 2 by
employing suitable expressions forr and s ™

_ .90, 0 2
r—Li+4BJ—§<Sf (6)

and

- 9 v 2 0 1 v
=il K

where L;is an inertia factor, K, is a shape factor and a and b’ are, respectively, the semi-major

and semi-minor axes for oblate spheroids and the semi-minor and semi-major axes for prolate
spheroids. In the case of spheres L, =1/2, K4 =1, a =b'=a and Equations 6 and 7 reduce to

Equations 3 and 4 respectively.

The kaolin particles used in the experiments described in Section 3" are plate-like in form, and
these particles may therefore be represented as oblate spheroids, the degenerate form of which is a
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circular disél1<. The inertia coefficient for oblate spheroids oscillating parallel to their axis of symmetry
is given by

_Qq
Lo, —ﬁ ) (8)
0

where

0, =F2H- Vi %% ©
e g £

with the eccentricity £ given by

E=,1-—. (20)
For oblate spheres oscillating perpendicularly to their axis of symmetry, the inertia coefficient is

- ¥
L, = , 11
ob, [ 2 yo ( )

where

/ 2 _ ZD
1-¢ sn?e- %—ED (12)
£ 0€& 0O

Vo=

The shape factor for oblate spheroids with h=b'/a' <1, for motion parallel to the axis of symmetry,
is given by™

8H 2h +21 2n?) _1E(1 h2 %

Ko "= _étl 2 2/3 (13)
=1 | (1 hZ %
and
88 h  2n?-3 ( )1/25_1
K, =— - sin*{Ll-h? ) 14
ob, 0 3§1—h2 (1_h2)3/2 é] ( )

It has been shown experimentally** *° that scattering from non-spherical particles behaves very

much like scattering from spheres when averaged over all particle orientations. Therefore the
details of scattering from non-spherical particles are not considered in this paper.

3 EXPERIMENT
3.1 Method

Whilst the ultrasonic attenuation may be significant in the sea over ranges of the order of hundreds
of metres, it can be a challenging quantity to measure in a laboratory-scale experiment. This is
because the loss per metre is very small, and typically very much smaller than other acoustic losses
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in the system, especially the boundary losses. To address this problem a reverberation time method
was developele, using the apparatus shown schematically in Figure 3a, and photographically in
Figure 3b. In this apparatus a test volume of 16 litres of filtered, degassed water is contained within
a thin-walled (30 pm) plastic membrane, surrounded by air. This results in a boundary condition
which is a good approximation to a pressure-release boundary with a reflection coefficient close to
-1, such that boundary losses are minimized.
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Figure 3: a) Schematic of the experimental apparatus for measuring absorption in dilute particulate
suspensions. b) Photograph of the apparatus, showing the light scattering sensor (LSS), the two
hydrophones, and the stirrer. The diameter of the bag at the water surface was 235 mm. The
hydrophones are mounted in rigid tubes to prevent movement. The majority of experiments were
carried out with the LSS mounted horizontally on the outside of the bag, and the stirrer was
removed during acoustic measurements.

As shown in Figures 3a and b, two hydrophones are present within the water volume, both of which
are Briel and Kjeer 8103 hydrophones. One of these is used as a transmitter, exciting the volume
into reverberation by transmitting a sequence of 20 ms bursts of pseudo-random noise. The other is
used as a receiver, measuring the decay of the reverberant sound field. By measuring the
reverberation time of the volume of clear water, t,,, then the reverberation time, t,, in water to

which a known quantity of particles have been added, the additional attenuation may be determined
from

1

c 60 t60

Ag = BOHL _iE, (15)

provided that the addition of the particles does not significantly affect: the sound speed in the
medium; the volume of the fluid; the absorption at the boundaries. It has been shown' that these
conditions were met in the experiments described here.

Also shown in Figure 3 is a light scattering sensor (LSS) which was used to monitor the
concentration during experiments, and a mechanical stirrer which was used to resuspend the
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particles between experiments. Neither of these items were present in the water during acoustic
measurements.

Ideally the reverberation time should be determined from the decay of a diffuse sound field, that is
to say one in which the average energy denS|ty is the same throughout the entire volume and all
directions of propagation are equally probable The onset of a diffuse field in an enclosure can be
described by the Schroeder cut-off frequency which gives an indication of the lowest frequency at
which the modal density, i.e. the number of modes per unit bandwidth, is sufficient to constitute a
diffuse field. The Schroeder cut-off frequency, f,, may be written

=Harior v a9

where ¢ is the speed of sound and V is the volume of the enclosure. The Schroeder cut-off
frequency for the volume used in these experiments was typically in the range 50 kHz to 75 kHz,
depending on the reverberation time and hence on the absorption in the volume.

3.2 Results

Initial experiments were carried out using a suspension of spherical glass particles, enabling direct
comparison with the theoretical predictions for visco-inertial absorption in suspensions of spherical
particles. Figure 4 shows some example results for these particles. Measured attenuation data for
three different concentrations are plotted against frequency. These data have been processed to
yield results at integer multiples of 10 kHz, but the data plotted have been offset slightly in
frequency in order that the individual error bars may be resolved. The theoretical curve was
obtained by integrating Urick’s equation (Equation 2) over the particle size distribution, which was
measured by laser diffraction analysis. This figure demonstrates very good agreement between the
predictions and measurements for spherical particles.
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Figure 4: Normalized absorption coefficient for spherical particles: experimental data and prediction
using Urick’s equation. The data points have been offset in frequency as described in the text.
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Of course, natural marine sediment particles are not generally spherical, as shown in Figure 5a,
which is a scanning electron microscope image of a sample fine marine sediment particles. This
material is difficult to characterize so, as an intermediate step between spherical particles and real
sediment particles, measurements have been carried out using well characterized, industrial
samples of china clay particles with the trade name ‘Speswhite’. These particles are very flat in
form, as is shown by the scanning electron microscope image in Figure 5b.

Figure 5: Scanning electron microscope images obtained with an original instrument magnification
of x10000. a) Natural marine sediment particles, b) ‘Speswhite’ china clay particles.

The size distribution of the particles was measured by laser diffraction analysis, as was done for the
spherical particles, but also by gravitational sedimentation and centrifugal sedimentation. The
standard analysis for each of these techniques yields an equivalent spherical diameter, but this will
be different for different techniques (an equivalent optical scatter diameter in the case of laser
diffraction and a Stokes diameter in the case of the sedimentation methods). The differences
between the techniques and the significance of these differences for predicting acoustic absorption
in suspensions is discussed elsewhere™.

In order to predict the absorption due to the Speswhite particles using the spheroidal model it was
first necessary to obtain a representative size distribution of spheroids rather than the equivalent
Stokes diameters, d., yielded by the sedimentation techniques. To achieve this the settling velocity,

Vv, , was computed for each size bin in the distribution using

o = (o -1)gdZ

s T 17)

where g is the acceleration due to gravity. From this set of settling velocities the major radii of
oblate spheroids with the same set of settling velocities were determined. The Stokes drag force on

an oblate spheroid of major radius a' and shape factor K, settling at velocity v in a fluid with
molecular viscosity 77 is given by

F, =6rmK,a'y;. (18)

Equating this to the gravitational/buoyancy force on the spheroid and rearranging to give a' as a
function of v, yields

389



¥ bresiiiby ik
(i * U

ACOUSTI G

Main Menu

Proceedings of the Institute of Acoustics

a? = 18K 4V,

T anfo-1)g (19)

The aspect ratio for the Speswhite particles is stated by the suppliers to be in the range % to L. It

was assumed that the particles were randomly orientated with respect to the acoustic field and, in
the absence of shape factors for arbitrary orientation, the calculations were averaged over the two
orthogonal orientations, weighted to allow for the one broadside direction and two orthogonal
edgewise directions.
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Figure 6: The normalized attenuation coefficient for Speswhite particles: comparison of
experimental data with predictions for oblate spheroids. The data points have been offset in
frequency as in Figure 4.

Figure 6 shows the measured attenuation in suspensions of Speswhite particles, compared with the
predictions of model described in Section 2.2. Calculations are shown for h=1(spheres), h==%

and h=%,
spheroids was derived from gravitational sedimentation measurements of Stokes diameters using

Equations 17 to 19.

corresponding to the aspect ratios quoted by the suppliers. The size distribution of the

This figure shows that the spherical model significantly overestimates the attenuation due to these
flat particles, and the predictions based on the nominal aspect ratios of the particles shows
significantly better agreement. It is noteworthy that this improved agreement is achieved without
assuming any a priori information about the measurements when modelling the absorption.

Figure 7 shows the results for the natural marine sediment particles shown in Figure 3a. No aspect

ratio data were available for these particles and calculations are shown for h=1, h=% and h=%,

spanning the range from spheres to the flattest of the Speswhite particles. It is not apparent whether
the spheroidal model yields significantly better agreement with the measurements than the
spherical model in this case. Because the sample is characterized by many different particle shapes
randomly orientated with respect to the acoustic field, there is an ensemble averaging effect. This
means that the spherical particle model gives reasonable agreement with the measurements, even
though the individual particles are not spherical.
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Figure 7: The normalized attenuation coefficient for natural marine sediment particles: comparison
of experimental data with predictions for oblate spheroids. The data points have been offset in
frequency as in Figure 4.

4 SONAR PERFORMANCE

Sonar performance calculations have been carried out using a ray-based environmental sonar
model. This model computes ray paths in a horizontally stratified, range-independent environment
assuming a linear sound speed gradient in each horizontal layer. The signal-to-noise ratio along
each ray path is calculated using the active sonar equation, including the effects of geometric
spreading; volume absorption; surface, bottom and volume reverberation; and various propagating
and non-propagating noise contributions.

The additional attenuation due to suspended particles has been incorporated into this model using
Equations 1 to 5. The model has further been enhanced® by the inclusion of the effects of
microbubbles on the volume absorption and the sound speed profile.

Figure 8 shows the computed signal-to-noise ratio for a typical high frequency, shallow water sonar
scenario. In this example the water depth was 40 m, the bottom type was mud and the water
column was isothermal. The horizontally looking, monostatic projector/receiver was at a depth of
20 m and the source frequency was 80 kHz. The calculations for water containing suspended solid
particles assume a monodisperse population of Earticles with radius 2 um, density 2600 kg m?, and
a depth-independent concentration of 0.2 kg m™. A depth-dependent distribution®* of microbubbles
with equilibrium radii in the range 10-200 um was used, with coefficients chosen to approximate at-
sea bubble density measurements® *. This bubble population is appropriate for the persistent
background bubble population in calm, isothermal coastal waters and not for conditions where there
is a large surface-generated bubble population.

391



¥ bresiiiby ik
(@ U

ACOUSTI G

Main Menu ' prgceedings of the Institute of Acoustics

100 T T .
—— Clear
— — - Particles only
- 0 I -----=-- Bubbles only
'%' 5 — - - Particles and bubbles
=
B
(=]
T 0
B!
k=) g
w =50 L
_"l DO I 1 \ it 1
] 200 400 600 800 1000
Range (m)

Figure 8: Computed signal-to-noise ratio for a typical high frequency, shallow water sonar scenario
(see text) showing the effects of suspended particles and microbubbles.

Taking a ‘figure of merit' of 0 dB (shown by the horizontal line in the figure) results in a detection
range in clear water of about 615 m in this example. The additional attenuation due to the chosen
population of suspended particles reduces this range to 403 m. The bubble population has an even
greater effect, reducing the detection range to 243 m, whilst the combined effect of bubbles and
suspended particles reduces the detection range to just 209 m.

5 SUMMARY

This papers summarizes some recent and current research by the author and colleagues on the
subject of underwater acoustics and sonar performance in turbid environments. Models for visco-
inertial absorption by dilute particulate suspensions have been compared with experimental
measurements made with suspensions of spherical particles, plate-like clay particles, and natural
marine sediment particles. Good agreement was obtained between measurement and prediction for
the spherical particles, and the model for absorption by oblate spheroids was shown to give better
predictions than the spherical particle model for the refined clay particles. In the case of the marine
sediment particles investigated here both models were in reasonable agreement with the
measurements, owing to ensemble averaging effects over many different particle shapes.

The effects of both suspended mineral particles and microbubbles on high frequency sonar

performance were found to be significant and should therefore be included in high frequency sonar
performance prediction models.
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