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Abstract

The development of a theoretical description of how sound interacts with flocculating
sediments has been lacking and this deficiency has impeded sound being used to extract
quantitative suspended sediment parameters in suspensions containing flocs. As a step
towards theoretically examining this problem a relatively simple heuristic approach has been
adopted to provide a description of the interaction of sound with suspensions that undergo
flocculation. A model is presented for the interpretation of acoustic scattering from
suspensions of fine sediments as they transition from primary particles, through an
intermediate regime, to the case where low density flocs dominate the acoustic scattering.
The approach is based on modified spherical elastic solid and elastic fluid scatterers and a
combination of both. To evaluate the model the variation of density and compressional
velocity within the flocs as they form and grow in size is required. The density can be
estimated from previous studies; however, the velocity is unknown and is formulated here
using a fluid mixture approach. Uncertainties in these parameters can have a significant effect
on the predicted scattering characteristics and are therefore investigated in the present study.
Further, to assess the proposed model, outputs are compared with recently published

laboratory observations of acoustic scattering by flocculating cohesive suspensions.

Key words: Acoustic scattering, suspended cohesive sediments, flocculation, modelling,

sediment transport.
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List of main parameters and their units

a. Particle radius. (m)

a,. Mean radius based on n(a). (m)

cw. Sound velocity in water. (ms™)

ct. Sound velocity in a fluid scatterer. (ms™)

c.. Sound velocity in the primary particles. (ms™)
C:. Effective density flocculation constant. (kgm(3'm))

f. Intrinsic backscatter form function. (-)

fis. Intrinsic backscatter form function for a solid elastic sphere. (-)

fi. Intrinsic backscatter form function for an irregularly shaped solid elastic particle. (-)
f. Intrinsic backscatter form function for a fluid elastic sphere. (-)

fs. Intrinsic backscatter form function for an irregularly shaped fluid elastic scatterer. (-)
fh. Intrinsic hybrid backscatter form function for a scatter of variable density. (-)

f,. Ensemble backscatter form function. (-)

fho. Ensemble hybrid backscatter form function for a scatter of variable density. (-)

k. Acoustic wavenumber, 2mw/A. (m™)

K. Sediment backscattering property. (kg™

m)

m. Exponent to which the particle size is raised to parameterise flocculation.
M. The suspended concentration. (kgm™)

n(a). Particle number radius probability density function. (-)

N. Number of particles per m’ (m'3).

r. Range from the transducer. (m)

R. The system constant. (Vm™?)

V. Root-mean-square backscattered signal. (V)

x=ka (-), Xo=ka, (-)

ayw. Attenuation due to water absorption. (Nepers m™’)

0s. Attenuation due to sediment scattering and viscous absportion. (Nepers m™)
v. Normalised density of the scatter relative to the density of water. (-)

Yo- Minimum normalised density of the scatter relative to the density of water. (-)

0. Normalised standard deviation o/a, of n(a). (-)

€. Fluid heuristic formulation coefficients (-)
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. Normalised sound velocity of the scatter relative to the sound velocity in water. (-)

Co- Minimum normalised sound velocity of the scatter relative to the sound velocity in water.
)

Kw. Compressibility of water. (Pa)

Ks. Compressibility of the solid primary particles. (Pa)

L. Wavelength of sound. (m)

v. Kinematic viscosity (m’s™)

£. Sediment attenuation constant. (kg™'m?)

pw. Density of water. (kgm™)

p. Density of the suspended scatterers. (kgm™)

ps. Density of the solid primary particles. (kgm™)

pr. Density of a fluid scatterer. (kgm™)

Po. Minimum density of the suspended scatterers. (kgm™)

p.. Effective density of the suspended scatterers. (kgm™)

o. Standard deviation of n(a). (m)

¢. Porosity of the suspended scattterer.

- Intrinsic normalised total scattering cross-section. (-)

Yss- Intrinsic normalised total scattering cross-section for a solid elastic sphere. (-)

Ysv- Intrinsic normalised total scattering cross-section for the viscous attenuation of a solid
elastic sphere. (-)

Yss. Intrinsic normalised total scattering cross-section for a fluid elastic sphere. (-)

¥si- Intrinsic normalised total scattering cross-section for an irregularly shaped solid elastic
particle. (-)

. Intrinsic normalised total scattering cross-section for an irregularly shaped fluid elastic
scatterer. (-)

¥n- Intrinsic hybrid normalised total cross-section for a scatter of variable density. (-)

Yo- Ensemble normalised total scattering cross-section. (-)

Yno- Ensemble hybrid normalised total cross-section for a scatter of variable density. (-)

y. Transducer nearfield correction term. (-)

®. Angular acoustic frequency. (s™)
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1. Introduction

The transport of sediments in coastal and estuarine waters is important because of the impact
it has on aquatic habitats, water quality, turbidity, biogeochemistry and morphology
(Amoudry and Souza, 2011). Developing capabilities to monitor and model marine sediment
transport is therefore an essential component of coastal management (Davies and Thorne,
2008). To facilitate these developments new technologies are continually being investigated
and acoustics is one of the techniques being used to advance our measurement capabilities
(Thorne and Hay, 2012). Acoustics is being developed for sediment transport process studies
because it is recognised as having the capability to measure non-intrusively, co-located,
simultaneously and with high spatial-temporal resolution, suspended sediment (Pedocchi and
Garcia, 2012) and flow profiles (Hurther and Thorne 2011) and provide information on
bedforms (Hay, 2011).

The use of acoustics in non-cohesive inorganic sedimentary environments has been very
successful, with many studies utilising sound to examine sediment transport processes over
sandy beds (Hay et al, 2012; O’Hara Murray et al, 2012; Bolanos et al, 2012; Chassagneux
and Hurther, 2014). In particular the acoustic approach has been successfully applied to the
measurement of suspended sediments (Hay and Bowden, 1994; Thorne et al, 2009; O’Hara
Murray et al, 2011). Apart from the technology developments, the success of the use of sound
for suspension measurements has been due to an evolving description of the acoustic
scattering properties of irregularly shaped sandy particles (Hay, 1991; Thorne and Meral,
2008; Moate and Thorne, 2013) and the development of inversion methodologies to extract
suspension parameters from the backscattered sound (Crawford and Hay, 1993; Thosteson
and Hanes, 1998; Hurther et al 2011, Moore et al 2013; Thorne and Hurther 2014). This has
led to the development of multi-frequency acoustic backscatter systems for suspended
sediment studies becoming available as commercial products and these are being utilised by

the coastal and estuarine community.

Although acoustics has had success in measuring suspended sediments in regions
predominantly composed of non-cohesive sandy sediments, its application in the regime of
fine grained sediments, usually considered to be silts and clays, has been more problematic
(Gartner, 2004; Ha et al, 2009; Ha et al, 2011; Sahin et al, 2013). When acoustic systems are

used in studies on fine grained sediment transport, it is usually in combination with in-situ
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samples to calibrate and quantify the acoustic measurements (Shi et al, 1999; Holdaway et al;
1999; Fugate and Friedrichs, 2002; Moore et al, 2012), however, it is generally
acknowledged that if the process of flocculation occurs during the measurement campaign,
interpretation of the acoustic observations are challenging and uncertain. The main reason for
this uncertainty arises because there has been neither measurements collected on the
interaction of sound with flocculating sediments under controlled conditions, nor the
development of a theoretical framework to describe such interactions. Therefore the use of
multi-frequency acoustic backscatter systems to study sediment transport processes in
cohesive fine grained environments is much less developed than that in the non-cohesive

sandy regime.

To expand the quantitative use of acoustics, from non-cohesive sediments, to fine grained
cohesive flocculating environments, a recent experimental study (MacDonald et al 2013) was
carried out. In a series of acoustics backscatter measurements on suspensions of fine grained
primary particles, of which flocs are composed, and, through the addition of a flocculating
agent, on flocs formed by the aggregation of the primary particles, controlled acoustic
observations were made on the interaction of sound with a suspension of flocculating
sediments. As a complementary study to the experimental work, developments to model the

observations have been in progress (Thorne et al, 2012a, b) and the result is reported here.

The methodology adopted for the flocculating scattering model is comparable to the
heuristics approaches used in the description of non-cohesive sediment scattering (Hay, 1991;
Schaafsma and Hay 1997; Thorne and Meral, 2008, Moate and Thorne, 2009) and
zooplankton scattering (Johnson, 1977; Stanton 1990, Wiebe et al, 1990; Stanton and Chu,
2000). The concept is to utilise the acoustic scattering characteristic of well understood
bodies with analytical solutions, such as spheres and cylinders, to form the basis of the
scattering description, and modify, and often simplify, the analytical expressions to obtain
formulae which can be usefully applied to more asymmetric irregularly shaped scattering
bodies. This approach is well developed and used successfully in acoustics (Stanton and Chu
2000; Lawson et al, 2006; Thorne and Meral, 2008, Moate and Thorne, 2012). For the present
study a modified solid elastic sphere is used to represent the scattering by primary particles
and this has been validated with published data (Thorne and Meral, 2008). To represent the

scattering characteristics of the somewhat nebulous collection of primary particles which
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compose a large low density floc, a single scattering body is proposed which has the
combined acoustic properties of the water and the primary particles. A modified fluid elastic
sphere model is used to characterise the scattering characteristics of the body using an
approach similar to Johnson (1977). This fluid model was chosen because large flocculated
scatterers have densities closer to that of water than the primary particles and would probably
not sustain shear wave propagation. To obtain a description which covers the whole range
from primary particles to low density flocs a hybrid model is proposed which provides
continuous scattering behaviour based on the variation of particle density as the flocculation
process occurs. To compare the scattering characteristics from such a hybrid model with
observations, measured parameters from the experimental study of MacDonald et al (2013)
are used to constrain the model output. Software to calculate floc scattering responses is
given at http://noc.ac.uk/using-science/products/software/csr-acoustic-inversions Program

name (3) - model floc paper.m.
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2. Suspension scattering theory
2.1 Backscattered signal

The root-mean-square backscattered voltage, V, from an aqueous suspension of particles
insonified using a disc transceiver, under conditions of incoherent scattering and when
multiple scattering can be ignored (Sheng and Hay, 1988; Crawford and Hay, 1993; Thorne
et al, 1993; Thorne and Hanes, 2002; Hurther et al, 2011) can be expressed as

V= <@) M1/2a-2r(awtas) )
ry

K represents the sediment backscattering properties, r is the range from the transceiver, y

accounts for the departure from spherical spreading within the transducer nearfield (Downing

et al 1995) and R is the system constant (Betteridge et al 2008). The term a, is the sound

attenuation due to water absorption and o5 is the attenuation due to suspended particle

absorption and scattering. M is the suspended concentration and is based on the

4mp(ag)N

approximation M = .

) Ooo a®n(a)da, where N the number of scatterers per unit volume,

p(a,) is the density of the scatterer and a, is the suspension mean particle radius. The
dependency of scatterer density on particles size is used to introduce the process of

flocculation into the suspension scattering characteristics.

The scattering and attenuation terms can be formulated as follows

— fo 1T Md 3%
©T G ST ?fo M oGy
[e%) 0 1/2
[ an(a)da [ 2Fn(a)da
fo (ao) = J-Ooo a3n(a)da ] (Za)
B fooo an(a)da fooo a’yn(a)da
Xo(a,) = fooo 2n(2)da (2b)
a, = fooan(a)da (2¢)
0

8
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f and y are respectively the intrinsic form function and intrinsic normalised total scattering
cross-section for the particles in suspension. Here intrinsic refers to the scattering
characteristics measured using suspensions sieved into narrow size fractions. Physically, f
describes the backscattering characteristics of a particle relative to its geometrical size, whilst
v quantifies the scattering from a particle over all angles, including viscous attenuation,
relative to its cross-sectional area, and is proportional to attenuation. f, and y, represent the
ensemble mean scattering values obtained by integrating the intrinsic scattering
characteristics over the particle size probability density function, n(a), of the particles in

suspension.
2.2 Solid particle scattering characteristics

In their primary unflocculated state the primary particles can be considered as being solid
elastic particles and represented using a modified sphere model. Such an approach has been
used in a number of studies (Moate and Thorne, 2013). The intrinsic expressions for the
backscatter form function and the normalised total scattering and viscous cross-section for a

solid elastic sphere are given by

£ = %Z(—nn(m + )b, (3a)
2 [oe]
Xos = ;;(Zn +1)lby| (3b)
2
ey = 23y~ 1)? (30

2+ (v + 6)?

Where

=g (145) 0= (14 55)
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The subscript ‘ss’ refers to solid sphere. In equations (3a) and (3b) b, is a function containing
spherical Bessel and Hankel functions and their derivatives, x=ka, where k=2mn/A, A is the
wavelength of the sound in water and a is the radius of the spheres in suspension
(Faran,1951; Gaunaurd and Uberall, 1983; Thorne et al 1993 appendix and MacDonald et al
2013 Appendix A give b, explicitly). The expression in equation (3¢) (Urick 1948) accounts
for viscous losses when for x<<I; y=p¢/py and B=m, where o is the acoustic angular
frequency, v the kinematic viscosity for water, py is the density of water and ps is the density
of the solid particles. In the evaluation of &, y= yst ¥sv. Figures la and 1b show the form of
the expressions given in equation (3) for solid elastic spheres with shear and compressional
velocities of cg;=3545 ms™ and ¢=5550 ms™, density of p=2600 kgm™ and water properties
of ¢y =1480 ms™, p,, =1000 kgm™, v=1.10° m%s™".

Measurements (Hay, 1991; Schaafsma, and Hay, 1997; Moate and Thorne, 2009) have shown
that for natural irregularly shaped sedimentary particles the detailed resonance structures
associated with sharp dips in fi are not generally present due to the lack of symmetry in the
shape of the particles and this allows simpler heuristic expressions to replace the relatively
complex terms in equations (3a) and (3b). A number of similar intrinsic expressions have
been published and the ones used here are based on a fit to a number of data sets (Thorne and

Meral 2008) for suspensions of sands.

kepx?(1 — 0.25e(19)/09%) (1 + (.35e~((x-20)/20)%)

fsi = 1.13 + 0.8k X2 (4)

4
KX

T T+ x2+ 0.9k, x4

Xsi (4b)

The subscript ‘si’ refers to solid irregular. Generally ki and kg, are given by (Morse and

Ingard, 1986)

2 4 Mmi+n/3
ksf:§|n1<_np| ksa:§<T
Nk = (Ks — Kyw)/ Ky Np = 3(ps — Pw)/(2ps + pw)

Ks and Ky are respectively the compressibility for the solid particles in suspension and the
surrounding water. Values used are k=2.7.10"" Pa’'and k,=4.5.10"° Pa”' (Kay and Laby,

1986) which gives values of ks =1.15 and kg, =0.24. The expressions for f;; and ys; reduce to

10
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x’kys and x*ky, for x<<1, the Rayleigh scattering regime, and to a constant value generally
greater than unity in the geometrical regime x>>1. In figures la and 1b the heuristic
equations (4a) and (4b) are compared with the exact solutions of equations (3a) and (3b)
where it can be seen that the results are comparable, though with the heuristic expressions

lacking the resonance oscillations when x>1.

A number of measurements have been collected on scattering by inorganic non-cohesive
sediments and these data are compared with the predictions in figure 1a and 1b. The solid
circles in the figures are the mean of a number of measurements (Thorne and Meral 2008)
and the crosses are from a series of studies summarised in Richards et al 2003. The
comparisons show that equations (3c), (4a) and (4b) provide a reasonable description of
scattering by solid elastic irregularly shaped particles. Therefore the non-cohesive elastic
model given by equations (3c) and (4a) and 4(b) should represent the scattering

characteristics of the elemental particles reasonably well.

2.3 Fluid particle scattering characteristics

When particles undergo flocculation the primary particles become loosely bound to form
large fragile floc structures of dimensions tens to hundreds of times larger than the primary
particles. These flocs are predominately composed of the water itself and are therefore not
solid scatterers, but have densities close to water and easily shear apart. They could therefore
be considered to have scattering characteristics closer to that of a fluid sphere rather than that
of a solid elastic sphere. Considering flocs with densities much closer to that of water than
the primary particles as fluid spheres, their intrinsic scattering characteristics can be

expressed as (Anderson, 1950)

2| (-DP@n + 1)
frs =3 1+iC, >(a)
n=0
2 v (-D)"(2n + 1)
Xis = 2 1+C2 (5b)
n=0

11
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The subscript ‘fs’ refers to fluid sphere and C, is composed of spherical Bessel and spherical
Neumann functions (Anderson, 1950 equation (9) and MacDonald et al, 2013 Appendix A
give C, explicitly). Figure 1c and 1d show the form of the expressions given in equation (5)

for fluid spheres having a compressional velocity of c¢=1.02cy, and a density of p=1.02py,.

As with the primary particles, modified sphere heuristic expressions exist for the
backscattering characteristics of irregular fluid scatterers (Stanton and Chu, 2000). Here the
intrinsic backscatter form function uses a heuristic expression for a fluid sphere (Johnson
(1977) which in the present study is modified to retain a form similar to equation (4a), though

without the bracketed terms associated with solid particle oscillations.

kffX 2

fo= —
fi 1+ gx2

(6a)
The subscript “fi’ refers to fluid irregular. For the total normalise scattering cross-section a

modified version of equation (4b) is used

kfaX4

Xfi = (6b)

T 1—e,x+esx2+Kpgx?

Values selected for the coefficients ¢, €, and &3 were 1.2, 1.0 and 1.5 respectively. These
values may well depend on floc structure and the degree of variability in the coefficients
should be realised as experimental studies on floc scattering are carried out. This was the case
for non-cohesive sediment acoustic scattering. Expressions for kg and ki (Clay and

Medwin, 1997) are

21 y—1 2-1\* 1/y-1)2
ke = 2 Y¢S LY ke =2 Y¢S +_(v )
3yC? 2y +1 3y¢? 3\2y+1

The value for ¢ is given by {=c¢cy, and as before y=ps/pw. The expressions for f5 and ys

reduce to x k¢ and x kg, in the Rayleigh scattering regime. In figures 1c and 1d equations (6a)
and (6b) are compared with equations (5a) and (5b) where it can be seen that the results are
comparable, and, as with the solid scatters, the higher resonance oscillations are not present
in the heuristic expressions. Unlike the case for solid elastic scatterers there are few
measurements on fluid spheres (Hartog and Knollman, 1963) due to the difficulty in

obtaining such measurements and none on irregularly shaped fluid bodies, although fluid

12
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sphere heuristic expressions have been applied successfully to acoustic scattering by
zooplankton (Stanton 1989). The values selected for €, €; and &3 were found to give similar
comparisons to those shown in figures Ic and 1d for a range of values for { and y between

1.001-2.0.
2.4 Hybrid particle scattering characteristics

Equations (3c), (4a) and (4b) are considered to provide a description of the acoustic
interaction with the solid primary particles and equations (6a) and (6b) have been suggested
as expressions for scattering by low density fluid flocs. To link these two descriptions into a
model that describes the scattering properties of the primary, transitional, and flocculated
scatterers, the density and compressional velocity of sound in the scatterer are made a
function of particle size. The term often used to indicate the degree of flocculation is the
effective density, pe=p(a)-pw, where p(a) is the floc density and p. generally decreases as the
floc size increases (Kranenburg, 1994; Fettweis, 2008; Manning et al 2007). The form for p.
with particle size is generally inverse linear on a log-log plot (Manning et al 2011) and can
therefore be formulated as an inverse power of particle size (MacDonald et al, 2013)

Cr
Pe = %)

G-m and m vary depending on the process of flocculation (Manning et al

The values of C¢ kgm
2011). As seen in the expressions above, equations (3c), (4) and (6), the density ratio between
the scatterer and the fluid, y=p(a)/pw, is an important acoustic parameter for scattering and

attenuation and using the expression for the effective density this can be written as

4P
ORSES ®

w

The other important ratio for scattering and attenuation is that of the sound velocity ratio in
the scatterer to that in the fluid, {(a)=c(a)/cy. The velocity of sound within the flocs of a
flocculating cohesive suspension has not been measured and is not known. To obtain an
estimate for the compressional wave velocity in the flocs the approach adopted is based on
the assumption that it has the same properties as that of a homogeneous fluid of the same
mean density and compressibility. This approach was introduced by Wood (1930) for looking
at fluid mixtures but it has also been applied to seabed porous sands (Hamilton, 1967). The

water and solid components each contribute to the bulk compressibility and bulk density of

13
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the floc proportionally through the porosity of the mixture (Urick, 1947; Hamilton and
Bachman, 1982; Buckingham, 1997). Using Wood’s equation allows { to be expressed as

1
<(a) = C_ ({d)Kw + (1 - (I))Ks}{d)pw + (1 - d))ps})_l/z (9)

Here ky=1/(pwc?) k=1/(psc?) and ¢ is the porosity of the floc. Defining x, as equal to
1/(psc?) is not strictly correct as cZ = (k5! +§G)/pS for a solid, where G is the shear

modulus, however, using 1/(psc2) with the compressional velocity for the primary particles,
provides the correct value for {(a) as ¢ — 0and results in kg=ks and kg~kg,, thereby
allowing equations 6(a) and 6(b) to also represent the primary particle scattering when x<<I.

The porosity, ¢, of the scatterer is given by

N C))

(I) Ps — Pw

(10)

Using equations (3c), (6a) and (6b) with equations (7-10) provides a description for the
suspension backscattering and attenuation characteristics of flocculation which transitions
from solid scatterers, the primary particles, in the Rayleigh regime, through the intermediate
region as flocs are formed, towards fluid scatterers as large low density flocs become
dominant. For the modelling an upper value is placed on p. such that p. <ps-pw and a lower
imposed value of p. = po,. The former value is a physical restriction dictated by the grain

density of the primary particles, while the latter is chosen as a minimum effective density.

14
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3. Modelled flocculation scattering characteristics
3.1 Intrinsic floc scattering characteristic

To provide an illustration of the output from the scattering model for flocculating sediments
an example is given in figure 2. The frequency used for the calculation was 3.0 MHz, this
was chosen as it is a common acoustic frequency used in sediment process studies. The
particle size varied from a=0.01-1000 pm, ¢,=5550 ms™, p=2600 kgm™, c,, =1480 ms™, py
=1000 kgm™, Kw=1/(pwCh), v=1.10° m* s, C=0.001 kgm™ and m=1 (Manning et al 2011).
For the solid irregular elastic scatter given by equation (4) k=2.7.10""!, while in equation (9)
k=1/(psc2). The elastic and acoustic properties of clay and silt sediments can be quite
variable (Wang et al, 2001; Vanorio, 2003; Mondol et al, 2008) and the values used above are
therefore indicative. In figure 2a the form for the effective density, p.(x) normalised by ps-pw
is presented. Below 0.6 um (x=0.008) the effective density derived from equation (7) became
greater than ps-py and therefore the normalised value was set to unity. A minimum effective
density of ps=20 kgm'3 was applied, thereby yielding a minimum value for y, of 1.02. For the
modelling an equivalent minimum value of 1.02 was also applied to {,. This led to the forms
for y(x) and {(x) shown in figure 2a. It is the trends in y(x) and {(x) with particle size that

represents the process of flocculation in the scattering model.

In figure 2b is shown what would happen to the backscatter form function, fg, calculated
using equation (4a), if the irregular solid primary particles increased in diameter. This shows
fii increasing with x until around x~2 where above this value f;; tends to a constant magnitude
somewhat greater than unity. Also shown is the backscatter characteristics, calculated using
equation (6a), fy, for an irregular fluid sphere with y(x)= vy, and {(x)= {,. This shows a similar
trend to the primary particles although with reduced values due to the much lower acoustic
scattering characteristics. The solid line in figure 2b is the modelled hybrid intrinsic hybrid
backscatter form function, f},, as the scatterer transitions from a irregular solid elastic primary
particle through a transition region to an irregular elastic fluid particle. This curve was
calculated using equations (6a-10). The plot for f, shows agreement with the fi for the
primary particles when x<0.01 (a<0.8 um), f, then progressively transitions from the primary
scattering characteristics toward that of fluid scatterer, becoming essential fluid at x= 1 (a=80
um) and above this value f;, follows that of a fluid scatterer, f5, with scattering characteristics
based on v, and {, having a value of 1.02. In figure 2c results are shown for the normalised

total scattering cross-section calculated using equations (3c, 4b, 6b-10). Similar trends are
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observed for s and s below x=1, although with ¥z smaller in magnitude due to the lower
scattering characteritsics. Above x1 y 4 tends to level off towards a value close to unity,
while y5 tends to increase, though at a somewhat reduced rate. The further term in the
normalised scattering cross-section is the viscous attenuation which begins to dominate
attenuation when x < 0.2 for the fluid sphere and x < 0.1 for the solid sphere. A peak value
in yyi 1S seen to occur at x=0.01. As with figure 2b the solid line is the modelled hybrid
intrinsic normalised total backscatter cross-section, y, for a particle transitioning from a solid
elastic primary particle, s, through a transition region to an elastic fluid particle, ys. As
mentioned above ys, dominates below x < 0.2 and in this regime Y3, follows the trend of sy,
above this value the attenuation due scattering begins to dominate and because the scattering
characteristics have transitioned from solid to mainly fluid particle scattering by=0.2, 1y is

dominated by that of a fluid scatterer.

3.2 Ensemble floc scattering characteristics

The results presented in figure 2 are the intrinsic scattering characteristics and therefore
represent scattering by a suspension with a very narrow particle size distribution. However, in
practice marine suspensions typically have relatively broad size distribution. Therefore to
obtain the ensemble scattering characteristics the intrinsic values need to be integrated over a
size distribution, n(a), as defined in equations (2a) and (2b). The lognormal distribution is
often used to describe the size probability density function of marine sediments (Soulsby,

1997) and is therefore used here with n(a) given by

n(a) = ;e_(mge (a)—uz)2/2u§ (11)

apV2m

w = /10ge[82 + 1],  pup =loge(ao/y/ 1+ 6%)

Where 6=0/a, is the normalised standard deviation and ¢ and a, are respectively the standard
deviation and mean of n(a). Figure 3 shows the impact on f,, and yu, as the value for 6
increased from 0.0 to 1.0. To obtain the plots equations (3c), (6a) and 6(b) were evaluated
using equations (7-10) and integrating over n(a), given in equation (11), using equations (2a)

and (2b) with a, varying between 0.001-1000 pm. The parameters used to calculate the
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scattering characteristic were the same as those used in figure 2. The solid line, 6=0,
represents the intrinsic scattering characteristics and is identical to the solid line given in
figure 2. Figure 3a shows the impact of increasing 6 on fp,,, where it is observed that for x,<1
the trend for fj, is to increase with 6 relative to f, and with the increase being greater the
smaller the value of x,. For x,>1, the trend is for f,, to moderately reduce with o relative to fj,
with the reduction remaining nominally constant as X, increases. Figure 3b shows the impact
of increasing 6 on . As can be seen in the figure the departure of yp, from ¥y increases with &
and this departure varies with x, depending on the dominate attenuation term. These results

clearly illustrate the impact 6 can have on the ensemble scattering characteristics.

3.3 Model sensitivities

As mentioned above values for C¢ and m in equation (7) are not unique and separate studies
give different values depending on the sediment mineralogy and flocculation processes. To
assess the impact variations in these two parameters had on the modelling of f;,, and ¥y, their
values were changed and the results are shown in figure 4. In figure 4a the change in y(x) is
shown for 20 different cases. The main impact is that as Cr and m increase the region over
which the flocculation transition occur decreases, with the lower limit in x at which the
scatterers reach the density of the primary particles increasing from x=8.10"* (a=0.06 pm) to
x=0.04 (a=3.0 um) for C=0.0005, m=0.9 and for C~0.0015, m=1.1 respectively. To assess
the impact the changes in Cr and m had on the suspension scattering characteristics, fi, and
Yo Were calculated using values identical with those used to obtain the plots in figures 2 and
3 with 6=0.5. Taking C~=0.001 and m=1 as a reference, the thick solid line in figures 4b and
4c, the plots show that in the transition region, 0.005<x, <1, as C¢ and m increases, the dashed
lines, the values for fi,, and ¥y, increase, while if Cy and m decreases, the dotted lines, the
values for fy, and yn, decrease. These scattering changes are not marginal and lead to

important differences in the modelled values for f;,, and ¥y, in the transition region.

In figure 5 comparisons are made of the modelled scattering characteristic as y, and {, were
varied between 1.005-1.3. All other parameters were the same as used to calculate the plots in
figures 2 and 3 with 6=0.5. In figure 5a the results for f;,, are shown. For values of x,<0.01
the impact of changes in vy, and {, on fj, is negligible, between x,=0.01-1 there is increasing
divergence between the 20 curves and above x,~1 the values for f,, remain nominally

uniform, although for the y, = (,=1.005 case there is a slight reduction in values. The
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difference in the values for f,, at x,=10, between cases y, = {,=1.005 and vy, = {,=1.3, is a
factor of 40, indicating the impact y, and {, have on the backscattering characteristic. The
results for yn, are presented in figure 5b. In this case we can see that for x< 0.05 the
variations in Y, and {, have little impact on y3,, above this value the 20 curves diverge with
Yno taking on values of between 0.007- 0.6, at x,=10, for y, and {, having magnitudes over the
range 1.005-1.3. As with the variation of the suspension scattering characteristic with C¢ and
m, changes in y, and {, can lead to significant difference in the modelled values for f;,, and ypo
as the larger flocs begin to dominate the scattering. The results presented in figures 3, 4 and
5 indicate that the modelled acoustics scattering characteristics of flocculating sediments are

quite sensitive to the physical parameterisation of the flocculation process.
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4. Comparison of the floc scattering model with measurements

The measurement of acoustic scattering by flocculating sediments is a difficult experiment to
conduct and only recently has quantitative data been published (MacDonald et al, 2013). The
objective of the study was to perform measurements on the scattering properties of the
primary particles and by adding a flocculant to the primary suspension control the process of
flocculation and measure the acoustic backscattered response. Details of the experimental
study are given in MacDonald et al (2013) and only the salient features are outlined here for

model comparison.

Acoustic backscatter measurements were carried out on suspensions of kaolin (Specwhite™
Si0, (47%), Al,O3 (38%), density 2600 kgm'3) in a well-mixed re-circulation tank which
generated a homogeneous suspension. Flocculation in the tank was controlled through the
incremental addition of a commercial flocculent (MAGNAFLOC®). Mass concentrations
between 0.2-3.2 kg m™ were used and repeated measurements showed the kaolin was
uniformly distributed to +5% within the measurement region of the tank. Acoustic
backscatter was measured using an Aquatec Aquascat-1000™ with transducers operating at
frequencies of 3.0, 4.0 and 5.0 MHz over a range of 0.7 m at 0.01 m sampling intervals. The
size distribution of the primary particles was determined using a Malvern MasterSizer
2000™., The floc size and settling velocity distributions for the flocculated suspension were
determined using an optical FLOCView system. Figures 6a and 6b show measurements of the
primary particles, and a representative floc size distribution, compared with lognormal
probability density functions having a,=0.43 um, 6=0.85 and a,=80 pum, 3=0.5 respectively.
Over the size range of the flocs §=0.5+0.2. Using the settling velocity and floc size with
Stokes law allowed pc(a) to be estimated. The results were expressed in the form of equation
(7) with C; =5.83.10" and m=1.12. To obtain fi, and 7, the approach of Thorne and
Buckingham (2004) was adopted based on the assumption of a homogeneous concentration in
the measurement tank and taking the natural logarithm of equation (1). It is the published

values of fi,, and yp, with which the present model is compared.

To calculate the modelled scattering values for fy, and Yy, the following central parameters
were used; ps—=2650 kg m'3, pw=1000 kg m'3, ¢s=2060 ms'l, cw—1480 ms'l, v=1.10° mzs'l, Cy
=6.10'4, m=1.1, (MacDonald et al, 2013), g,=1.4, &=1.5, &=1.0 and y,= {,=1.05. The

selection of ¢g=2060 ms™ is relatively low compared with some reported values (Wang et al,
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2001; Vanorio, 2003; Mondol et al, 2008), however, the study of MacDonald et al (2013)
indicated ¢,=2060 ms"' was the appropriate value to use for the comparison with their
experimental data. As mentioned previously the & coefficients will have a degree of
uncertainty at this stage in the development of laboratory floc measurements and modelling,
and were therefore selected pragmatically. Using equations (3¢, 6-10) and integrating over
n(a) using equation (2) with the lognormal distribution of equation (11) having d(x) varying
linearly from 0.85 for the primary particles to 0.5 for the low density flocs, fi, and yn, were
evaluated at 3.0, 4.0 and 5.0 MHz for a,=0.001-1000 um. To allow for uncertainties in the
floc parameters the calculations were repeated at 4 MHz with C¢ =3.10", m=1.05, ys=
(,=1.025 and C; =12.10'4, m=1.2, and y,= {,=1.1. These were not considered unreasonable
uncertainties given the spread in the data used to estimate the floc parameters. The results of

the modelling and the measured values for f;,, and ¥y, are shown in figure 7.

In figure 7a is shown the modelled values for fj, at the three different frequencies using the
central parameters and with the grey area indicating the region of uncertainty. The model
shows steadily increasing values of f;,, with x, for x,< 2, with nominally uniform values of
approximately 0.1 for x,>2. Comparison of the model output with the primary particle
observations, X,<0.01, shows good agreement with the data with the model capturing the
absolute level and trend of the solid primary particle scattering. The model marginally
underestimates the measured values, however, the estimated region of uncertainty
encompasses the data. For the floc measurements, x,=0.5-3, a regime where fluid scattering
becomes dominant in the model, the model captures the level of the measured values for f;,
and the increasing trend with x,, although the data indicates fj, increasing somewhat more
steeply than modelled. This difference in steepness could be due to a number of factors
including C¢ and m not being invariant with a,, n(a) having a somewhat different trend with
a, than that applied and the selected values for the € coefficients in equation (6) may not be
invariant with a,. In figure 7b is shown the modelled values for ¥, which show a somewhat
different form with x, to that of f;,. For values of x,<0.1 the dominant component of yy, is
associated with viscous attenuation, this is seen to steadily increase initially with x, peaking
at a value of Xh0:5.10'4 at x,~0.01 and thereafter declining due to the reducing particle
density. Above x,=0.1, the fluid scattering component of y,, begins to prevail and steadily
increases with x,. Comparing the model with the observations for the solid primary particle

regime, the modelled values for y,, are comparable in level and form with the data. The
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measurements of yp, shown in figure 7b for the primary particles have relatively large error
bars due to experimental difficulties in obtaining accurate values for y,, when attenuation due
to water absorption is comparable with the suspension attenuation (Moate and Thorne 2009).
In the regime of floc scattering, x,=0.5-3, the model is dominated by the fluid particle
scattering characteristics and is seen to follow the data reasonably well both in terms of
magnitude and trend. There is some underestimate of the absolute level and this could be
associated with the factors noted above in the difference in steepness for fi,, although,
generally, the data lie within the region of estimated uncertainty. The model therefore
captures in broad terms the general behaviour of the observed primary and flocculated

scattering characteristics.
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5. Conclusions

The use of acoustics to study suspended sediment transport processes, in environments of
non-cohesive inorganic sandy sediments, has developed significantly over the past two to
three decades. Underpinning the use of the acoustic technology has been the development of
a comprehensive theory on the interaction of sound with suspensions of irregularly shaped
scatterers. These theoretical developments have been assessed using data from a number of
experimental studies. With the veracity of the scattering theory established for non-cohesive
sediments, it has been possible to develop inversion methodologies, to extract suspension
parameters, using the signal backscattered from suspended sediments in the marine
environment. It has been this combination of technology advancement, theoretical
developments and inversion methodologies, which has led to the increasing application of

acoustics in the study of non-cohesive sediment transport processes (Thorne and Hay 2012).

Although acoustics has had success in its application over non-cohesive sandy beds, its utility
in cohesive silt and clay environments, where flocculation can occur, has been much more
challenging. The primary reason for this difficulty has been the lack of experimental data and
a theoretical framework for the interpretation of the backscattered signal from flocculating
suspensions. This has resulted in the analysis of acoustic measurements of cohesive
suspension processes being much more problematic than that of non-cohesive. To investigate
the scattering characteristics of primary particles and flocculating cohesive sediments a
laboratory study was conducted and the results recently published (MacDonald et al, 2013).
In complementary studies (Thorne et al, 2012a,b), aimed at developing a model of the
acoustic scattering characteristics of suspended cohesive sediments, an approach using
heuristic formulations based on spherical scatterers was proposed. Such a heuristic approach
has often been used in underwater acoustics to study complex shaped scattering bodies
(Stanton and Chu, 2000; Thorne and Meral; 2008). In the present study a modified solid
elastic sphere has been used to describe the scattering of the primary particles and a modified
fluid elastic scatter to characterise the scattering of large low density flocs. To link these two
descriptions together a hybrid model has been proposed based on variable particle density to
represent the processes of flocculation. This variable density has been used with Woods
equation to obtain the compressional sound velocity in the flocs and thereby their acoustic
scattering characteristics. The aim of the model was to describe the scattering characteristics

of the primary micron size sediments through the transition process of flocculation, to large
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low density flocs. To examine the model comparisons were made with recently published
data (MacDonald et al, 2013). The output from the model captured the observations
reasonably well, considering the lack of detailed internal floc structure incorporated into the
heuristic hybrid model. To accommodate the internal structure of flocs into a description of
their scattering characteristics, theories such as those of Biot 1956a, 1956b, 1962 and the
more recent works of Buckingham 1997, 1998, 2000, 2005 and 2007 could be considered.
These provide a more detailed description of the interaction of sound with an aqueous porous

body composed of marine sediments and may therefore have application to floc scattering.

The model presented here compared reasonably well with the measurements from the
laboratory study, where conditions were well prescribed and parameters carefully measured.
However, the results in figures 3-5 show that scattering characteristic can have significantly
different values depending on the input values to the model. Changes in Cg, m, C, v, ps, Cs, n(a)
and the coefficients in equation (6) all impact on the modelled acoustic scattering of
flocculating sediments. Therefore the application of the model to field studies has to be
carried out judiciously, with as many supporting measurements as practicable to constrain the
input parameters and with outputs calculated using reasonable variability on the inputs to

establish the veracity of the model output.

If acoustics is to be used quantitatively in flocculating marine sediment process studies, then
a description of the acoustic scattering processes is required, coupled with an inversion
algorithm to extract suspension parameters. The model presented here is considered to be a
step towards this goal. To-date only one controlled experiment on the acoustic interaction
with flocculating sediment has been reported, with a flocculation region between x,=0.5-3.0.
There is a broad region, roughly between x,=0.01-0.5 which was not covered in the
experimental study. Therefore there is a definite requirement for further well controlled
laboratory studies on acoustic scattering with suspension of flocculating sediments. This will
enable the present and any other developing theoretical models to be assessed and advanced.
It is anticipated that such measurements and modelling will broaden the application of the

quantitative application of acoustic into the complex regime of flocculating sediments.
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FIGURE CAPTIONS

Figure 1. Theoretical comparisons of sphere and heuristic intrinsic form function, f, and
intrinsic normalised total scattering cross-section, y. Equations used are given by the numbers
in the brackets in the legend, see text for the equations. Measurements are presented from
Thorne and Meral, 2008 (o) and Richards et al, 2003 (x) for solid scatters. a) and b) are for a

solid scatterer and c) and d) are for a fluid scatter.

Figure 2. Calculations for a) the normalised effective density, p./(ps-pw), density ratio, vy, and
velocity ratio, (, b) the intrinsic form function, f, and c) the intrinsic normalised total
scattering cross-section, y, for a solid, fluid and hybrid scatterer. Equation numbers are given

in brackets in the legend, see text for the equations.

Figure 3. Calculations for a) the hybrid ensemble form function, f,,, and b) the hybrid
ensemble normalised total scattering cross-section, o, With increasing normalised standard

deviation, 9, for a lognormal particle size probability density function, n(a).

Figure 4. Variation of a) the normalised density of the scatterer, y, with C¢ and m and the
impact this has on b) the hybrid ensemble form function, fy,, and c) the hybrid ensemble
normalised total scattering cross-section, yno. The lines represent C£>0.001 and m>1.0 (— —),

C<0.001 and m<1.0 (- - -) and C=0.001 and m=1.0 (==).

Figure 5. Variation of a) the hybrid ensemble form function, f,, and b) the hybrid ensemble
normalised total scattering cross-section, yno, With the lower limit of the density, y,, and

velocity ratios set equal to {,=v,=1.005-1.3.

Figure 6. Lognormal particle size probability density function fits (—) to measurements (®)
for; a) the primary particles and b) an example for the flocs.

Figure 7. Comparison of the model output with the measurements. In the legend for the
measurements P refers to primary particles, F to flocs and the subscript is the acoustic
frequency in megahertz. The three lines are the modelled scattering characteristics at 3.0
MHz (— —), 4.0 MHz (—) and 5.0 MHz (— * —) using the central parameters, see text, with
the grey region associated with uncertainties in the floc parameters, see text.
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