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"1e scattering of sound from a sphere is a classical problem in acoustics.
$.nce Rzaynleigh's pioneering work a number of theoretical and experimental
studies have been conducted to examine the interaction of sound with a
body underwater. Particularly the early analysis of E‘aranz,l'li¢:klingl
Neu'bauer eta-l established a framework for the interpretation of the
scattering from a sphereuln more recent years the theoretical and
experimental developments have investigated scattering for spheroids
under increasing complex geometries and detailed.the numerous resonances
stimulated‘ These studies have concerned themselves with single particle
scatterin and it is only in the last few years that this analysis has been
applied“‘ ’ to the problem of scattering by a suspension of scatterers.

and

The work reported here examines the interaction of sound with a homogeneous
suspension of nominally spherical particles with a narrow size distribution.
Initially measurements were obtained on single particles to establish the
form function. for the material. This was required for the interpretation of
the suspension measurements. Observations of the ensemble root-mean-square
backscattered pressure level and attenuation were recorded for a variety of
conditions. A number ofparameters were varied and data were collected for a
selection of pulse lengths between 10-200us, over a range of suspended
concentration, 0.06-lthgm . covering distances between 0.02-1.50m from the
transceiver.

Comparison of the theoretical predictions with the experimental data is
conducted using the form function description of single sphere scattering.An
integral is conducted over the insonified volume and the rms scattered signal
evaluated. The particles in suspension are treated as uniform in size and the
concentration sufficiently dilute that multiple scattering effects are not
significant.’lhe assumption is also made that the scatterers are sufficiently
dispersed that the phase is random and uniformly distributed over Zn, and the
scattered signal is therefore incoherent.

Although the data set obtained to date is still relatively limited,
comparison of the theoretical predictions with the experimental measurements
show good agreement for the parameter changes examined.
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The evaluation of the applicability of the backseatter theory was conducted

using the sediment tower shown in Figla. This consisted of a hopper and an

impeller mounted on a perspex tower with a collection tray at the base. To

obtain an absolute estimate of the suspended sediment concentration pump

samples were taken. This was carried out by pumping typically 0.015m of

suspension out of the tower, passing it through a filter and measuring the

dry weight of material collected.

The acoustic transceiver was mounted near the base of the tower. Sediment was

prevented from settling on the transceiver by passing a horizontal jet of

water just over its surface. The transducer used in the tower operated at

31414:. was 10mm in diameter and had a -3d3 half beamwidth of l.4°. The

arrangement for collecting the data is shown in Figlb. The envelope of the

transceiver signal, backseattered from the sediment in suspension. was

digitized and fed directly into a microcomputer.' The system sampled the

backscattered signal at 256 contiguous range bins to yield an acoustic

profile of the returned echo.1‘ypically 200 profiles were collected and the

rms ensemble average backscattered pressure profile computed.These mean

profiles were employed for comparison with the theoretical developments. Also

obtained using a hydrophone placed at the top of the tower were measurements

of the attenuation due the presence of the suspended sediments. Usually lOD

estimates of the attenuation were taken during a pump sample and these were

digitized and recorded in a similar manner to the backscattared data.

The material used for the suspension was solid glass spheres, known as

ballotini. The particles were nominally spherical with a minimum of 80. being

true spheres The ballotini was sieved and found to' have a peak in the size

distribution at lGDum diameterfi‘he results are shown in Fig2.

It was crucial to the experiment that the suspension was uniform over the

length and crossection of the tower and a number of measurements to examine

this were_ taken on several occasions, covering a concentration range

0.1-0.8Kgm ’. The results of these observations are presentEd in Fig3a. The

values obtained from the pump sample show no significant trend in the

suspended concentration profile over the usable length of the sediment

tower. Although there was some variability between measurements there was no

discernible systematic variation. The standard error in the pump sample

measurement of the concentration was calculated to be 103. Profiles of the

acoustic backseattered signal taken during pump sampling are shown in Fig3b

and these yield very consistent results which reaffirmed that no substantial

change in concentration occurred over the period of an acoustic measurement.

It was therefore concluded that the homogeneity of the concentration profile

in the tower was adequate for a critical examination of the theoretical

predictions.

As mentioned in the INTRODUCTION. to establish the scattering properties of
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the ballotini a series of measurements were conducted to obtain the farm
function. These were carried out using a number of different particle sizes
between (1.68-6.34an diameter, and covering a frequency range 0.8-3.5Mz. The
experimental arrangement was similar to that used in the tower with the
suspension replaced by a single glass sphere. The particle was suspended in
the water using a fine nylon line. The transceiver insonified the sphere from
below using a pulse of typically twenty or more particle diameters in length.
The pressure at the sphere was measured and the backscattered signal recorded
was normally averaged over 256 returns to improve the signal to noise ratio.

WMW

To investigate the process of scattering by ballotini a series of primary
measurements focused upon anexamination of the form function over a broad
range of Ra in the backseatter direction. 1: is the wave number in water and a
is the particle radius. The definition of the form function is given by.

2r P B-i(kr -ut)ea'r

f - R
m a PI

Where PT is the transmitted pressure incidence on a sphere located on the

acoustic axis, PR is the received pressure at the transceiver, r is the range

from the sphere, and a. is the attenuation of sound due to the water. The

results of the measurements are presented in F‘ng where the dependence of
[fml on Rs in the backscatter direction is shown. The main feature of the

form function is seen to be its high variability associated with the complex
interactions of the sound with the sphere. Calculations for the form function
were computed using

a
- nfm-E Z (2n+1) (-1) Ian (2)

n-o

Where b,I is the solution to the boundary conditions at the sphere and can be

found in Refllo. Comparison of the theoretical predictions with the
observations show good agreement over most of the its range. There is some
degree of departure for ka<2, however. in this region the signal to noise
ratio of the system was relatively poor, due to the small spheres employed.
There was also some concern on the influence of the sphere mounting. Further
measurements are required to resolve these differences. Howaver. the results
do show that we are justified in using the spherical desaription of
scattering for investigating the interaction of sound with a suspension of
ballotini.

To obtain the backscattered signal from a suspension of spheres an integral
needs to be carried out over the insonified volume. For the present
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analysis the spheres are treated as uniform in size and of sufficient

dilution that multiple scattering is not significant. Initially we start with

the single sphere expression and from equation (1) we have

2
a P t D

a o lfml é2a'r e“Mr-wt) (3)
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1’° is the is the far field reference pressure at range :5, usually calculated

to be at rg-lm and D is the transceiever directivity function. For a

monostatic configuration the ensemble average ms backscattered pressure,

<Pm>. from a suspension can be written as

1! 2r nit/2 1/2
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The attenuation due to the sediments is giVen by a., which for the present

analysis-is linearly related to the concentration profile through 6”. p5 ia

the density of the suspended sediment, N is the number of particles per unit

volume, v is the pulse length and c is the speed of sound in water. For the

usual disc transceiver employed the directivity function is a first order

Bessel function, j‘, also rewriting in terms of mass concentration. H(r).

equation (to) can be expressed as

P r 1/: 2j (ka Sina) A 1/:
o 0 31¢: fl -2r(a +0 ) I r

<Pm> - T fullmapl] e ‘1 . [fl—r—ka‘sm‘I» sin 0 do] (5)

The transceiver radius is given by at. The backseattered pressure is seen to

be a function of a number of variables and those specifically considered here

are the dependence on VH, fire) and rt Absolute measurements of the pressure

were obtained by calibrating the transmitting and receiving systems using a

PVDF hydrophone, and predictions were computed by evaluating equation(5)

Fig5 shows the results for the variation of (Pm: with VM. For low values of

\fM there is a linear dependence. however, as the concentration gradually
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increases the relationship becomes strongly non-linear. This divergence from
linearity is due to the influence of the suspended sediment attenuation on
the backscattered signal. It can be seen in FigS that a situation is being
reached where further increases in concentration would result in a reduction
in the backseattered pressure for the range. 0.5-0.6m, shown in the diagram.
The form of the curve is a function of range. due to the effect of the
sediment attenuation. with the departure from linearity occurring at lower
values of v/H for increasing distance from the transceiver. Two theoretical
urves are shown in Figs. the linear curve with al-O and the solution where

tne sediment attenuation is accounted for. The agreement between prediction
and measurement is good, with the form of the curve and the absolute level in
close agreement. There is a degree of over prediction at the highest
concentrations investigated. and further observations are required to
determine the source of this discrepancy.

Measurements of the backscattered pressure level were obtained at the same
range. 0.5—0.6m. for a fixed concentration as the pulse duration was
extended. The results of these observations are shown in Figé. There is seen
to be a linear increase in the backscattered signal with V(1c). This is due
to the number of simultaneously received backseattered signals at the
transceiver. from the scatterers within the insonified volume. being given by
A(rc/2) where A is the insonified crossoction. This linear dependence
reaffirms the incoherency of <Pm>. The theoretical line is in close

agreement with the data showing that the absolute level of the backseattered
pressure is being correctly predicted.

The dependence of the backseattered pressure on range for three
concentrations is presented in F157. There is a steady decrease in signal
with distance due to the combined attenuation of the water and the suspension
and the inverse dependency with range. Comparison of the predictions with the
measurements shows favourable agreement for the three curves over the
farfield‘range. There is some discrepancy at the highest concentration with
an increasing divergence as the range is increased. The most likely cause of
this is an underestimation for the value of on, however, experimental

measurements of attenuation were unable to confirm this due to the limited
concentration range covered to date. An interesting feature and one remarked
upon when looking at the <Pms> dependency on VH. is the variation in

backscattered signal with range due to the combined influence of the signal
increase owing to the linear influence of the VM term and the signal
reduction arising from the H dependency in the argument of the exponent.
Backscattered pressure levels of the same value can be obtained for
concentrations having different orders of magnitude. albeit though for a
limited distance from the transceiver. This does make it essential to know
accurately the value for 5 since at high concentrations small uncertainties
in this value will yield significant errors in the predicted backscattered
pressure
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A number of measurements of the ensemble average rms beckscattered pressure

have been taken. Attention has focused 'on the dependence with mass

concentration. pulse duration and range from the transceiver. Comparison of

the theoretical predictions. based on an integral evaluation over the

insonified volume with the backseattered pressure described using the form

function. has shown good agreement with the date. The assumption of

incoherent backscattering and insignificant multiple scattering is seen to be

valid for the concentrations investigated here. Some degree of discrepancy

was noted at high concentration levels and this was consistent with an

underestimate of the attenuation. Further observations are required in this

region to resolve precisely the origins of the differences.
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