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Abstract— In this study, an acoustic backscatter system was used with single broadband
transducers utilising narrowband excitation at multiple frequencies of 2.00, 2.25 and 2.50 MHz,
to determine the scattering properties of three sizes of glass particles (40, 78 and 212 um) in
liquid suspensions. A calibration procedure was developed to initially measure the transducer
constants, and form function and scattering cross-section values were calculated
experimentally. Determined values aligned well with theoretical predictions, where viscous
absorption was found to be important for the smallest glass particle size. A logarithmic
translation of the signal attenuation gave a linear response, with respect to concentration, up to
the maximum measured concentration of 125 gl'! for the two smallest glass species. However,
attenuation data for the largest species were only linear up to ~40 gl'!, attributed to significant
multiple particle scattering causing an increase in the noise floor. Additionally, a procedure
was developed to fit measured attenuation data to a nearfield correction factor correlation,
improving measurements in restricted geometries and highly attenuating suspensions.
Concentration profiles were produced using both single and dual frequency inversion methods
and were found to be accurate up to ~25-40 gl™!, after which multiple scattering effects caused
errors in the measured backscatter, and instability in the inverted profiles. Additional scatter
observed in the dual frequency inversions was modelled in terms of the ratio between the
attenuation coefficients at each frequency and compared to the experimental error. A ratio < 0.6
between the attenuation coefficients is suggested to sufficiently minimise errors in the dual

frequency inversion.
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Acoustic Backscatter; Suspensions; Sediment; Particle characterisation; Concentration
measurement; Rayleigh scattering.

1 Introduction

The monitoring of suspended sediment size and concentration is of great importance for both
environmental and engineering purposes. For example, in fluvial and coastal environments,
physical sampling can become impractical due to natural turbulence and high flow rates
limiting the spatiotemporal resolution of the measurements [1]-[4]. Likewise, engineering
processes typically have restricted access or large costs associated with sampling due to either
the hazardous nature of the processes or the materials used, such as in nuclear waste treatment
[5], [6]. Thus, there is a critical need for remote, flexible techniques for monitoring particle
concentration in aqueous environments that are also robust to changes in particle properties, as
well as hardware and analysis methods that minimise space requirements in restricted

environments [7]-[11].

Acoustic backscatter systems (ABS) and Doppler profilers are used routinely to study sediment
transport in coastal and estuarine environments [12], where concentration information can be
gained from the intensity of the backscattered signal at different echo distance points from the
transducer [13], [14]. While current characterisation methods are adequate for dilute granular
sediments, there are important analytical limitations with fine or polydisperse particles, and
also critically, in concentred suspensions of relevance to engineering systems, such as
multiphase mixing and separation operations [11]. According to single (dilute limited)
scattering models, as derived by Thorne and Hanes [12], if particle scattering properties remain
constant with distance, the decay of the acoustic signal caused by the sediment should vary
linearly on a logarithmic scale with concentration, where the sediment attenuation coefficient,
¢, should be an intrinsic particle property. The limit of this predicted relationship has been a
subject of study for many groups [6], [15]-[22]. At high concentrations, inter-particle distances
decrease and multiple scattering effects are enhanced, causing deviation in the attenuation
response. These functional changes are not able to be analytically quantified currently,
significantly limiting the application of acoustics as concentration profilers. For example, non-
linearity between attenuation and concentration was observed by Hipp et al. [23] to become
more pronounced at low particle sizes and frequencies, where viscous attenuation dominates.
However, a fuller understanding of the particle concentration and size limits where multiple

scattering dominates is lacking.
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For scattering attenuation, which is the increasingly dominant mode of attenuation as the
product of the acoustic wavenumber, &, and the particle radius, a, increases toward unity [24],
it was found by Shukla et al. [25] that for glass beads of ~ 40 — 120 um in oil and water using
broadband transducers, the attenuation increased linearly with concentration up to 6 %v/v for
the largest particle size and up to 18 %v/v for the smallest particle size, highlighting the size
dependency of the multiple scattering limit. Multiple scattering has also been shown to cause
spreading of the acoustic signal over the time-domain [26], as found by Page et al. [27] for
measurements through packed beds of glass beads, where the received pulse was spread over
a much larger time domain, suggesting longer path lengths travelled by the multiple scattered
wave. As ABS uses a fixed sound velocity to convert the time-domain signal into distance,
multiple scattering would lead to additional signal components that may increase the overall
noise in the system. It would therefore be invaluable to determine an optimal particle size and
frequency for which the linear relationship between attenuation and particle concentration is
maximised, such that scattering attenuation is the dominant mechanism and the signal is not
overly diminished through multiple scattering. These limits may be more readily avoided by
using broadband transducers pulsed over different narrowband ranges, for which the

measurement frequency can be adjusted, and so their application is also of great interest.

Quantitative analytical models that relate the backscattered acoustic signal received by an
active piezoelectric transducer [12], [28] to characterise the concentration of particles in
suspensions have been developed by a number of previous authors [2], [19], [29]-[33]. While
a range of methods exist to average received signal peak intensity against particle level ([7],
[10]), these do not provide a means to profile with distance, although they may provide an
additional estimate for the average concentration that can be used to constrain results from a
comparative measurement. For profiling techniques, in summary, if the backscatter and
attenuation coefficient parameters of a suspension are known or can be estimated, then a
particle concentration profile can be produced using either single frequency [12] or dual
frequency inversion methods [34]. The advantage of multi-frequency methods are that they
eliminate numerical instabilities in the farfield, normally associated with other inversion
approaches [2], [29], [30]. Nevertheless, the use of multi-frequency techniques normally
requires multiple discrete probes, which considerably limits their application in restricted
engineering environments, and issues may arise if transducers cannot be collocated. As an

alternative, it may be possible to utilise broadband probes that can be pulsed at multiple
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frequencies, provided a sufficient difference in attenuation is observed between the
measurement frequencies [8]. In general, research is required to provide a greater
understanding of the limitations of both prediction of acoustic constants and subsequent

concentration inversion for non-cohesive sediment using ABS.

Therefore, in this study, a calibration method proposed by Rice et al. [8] with the subsequent
modification by Bux et al. [35], was used in order to find the backscatter cross-section, y, and
form function, f, of a range of glass dispersions. The method is straightforward and requires
only a few measurements at known, homogeneous concentrations. It also provides a means to
study the change in acoustic attenuation with sediment concentration so that results can be
compared with existing literature [17], [36]. Values for f'and y were determined for three sizes
of glass spheres and three frequencies by pulsing broadband transducers at +/- 10 % of the
central frequency, in order to assess their ability to accurately observe changes in acoustic
constants over their available bandwidth, thus reducing the space required for additional
telemetry. The form function and scattering cross-section were then compared to values
determined using the heuristic model from Betteridge et al. [37] in conjunction with Urick’s
model for viscous absorption [38]. The backscatter voltage responses were inverted to produce
concentration profiles using the single frequency method given by Thorne and Hanes [12] and
the dual frequency inversion originally proposed by Bricault [39] that has been utilised
previously by Hurther et al. [34] and Rice et al. [8] for similar systems. However, the use of
dual frequency inversions have not yet been applied to single broadband transducers pulsed at
multiple frequencies, which could critically increase the amount of data obtained for a given
amount of hardware/telemetry space. A novel method for determining the nearfield correction
factor that corrects the ABS response close to the probe is also demonstrated and applied to

inversion results, to improve fits for space-restricted geometries, such as pipe flows.

2 Measurement principle and acoustic modelling

The following model (Eqn. 1) as presented by Thorne and Hanes [12], gives the variation of
acoustic backscattered voltage, V, with distance from the transducer face, », for a given mass
concentration of suspended particles, M, for single particle scattering. Here additionally, 4; is
the particle backscatter constant that describes the backscattering strength of the particle

species, as is the particle attenuation constant, a,, is the attenuation due to water, i is the near
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field correction factor (NFCF) and £; is the transducer constant, which captures the inherent

gain of the system and probe characteristics.

N| =
i

koM
ry

Physically, the pre-exponential term encompasses the portion of the wave that is reflected at

—2r(ay+as)

V(r) =

e

180° back to the transducer, while the exponential represents the portion of the signal that is
attenuated by the fluid and sediment. The nearfield correction factor (the limit of which is unity
in the farfield) can be estimated using the correlation given by Downing et al. [40] (Eqn. 2)
that describes the non-spherical spreading of the acoustic signal in the transducer nearfield, 1,
(Eqgn. 3), in terms of the ratio of the measurement distance to the nearfield distance, z (Eqn. 4).
Here, additionally, a; is the transducer radius and A is the wavelength of the ultrasonic signal.

There exists some debate over the mathematical definition of the nearfield distance of

2
ultrasonic transducers with various prefactors suggested for the %t term [41]. The prefactor of

7 was selected here as results were to be compared to those produced by Downing et al. [40].
Results presented in Section 3.3 indicated that the error fell close to zero at z = 1 using this
definition for the nearfield, and so it has been assumed to be sufficiently accurate for the

analysis procedure.

_ 1+1.35z + (2.52)? 5
"~ 1.35z 4 (2.52)32
2
mwa
T, = —* 3
A
r
7 = — 4
rn

The particle species backscatter constant (ks) can be found using Eqn. 5, where «a is the particle
radius, ps is the particle density and f is the dimensionless form function. Here, the angled
brackets indicate a number averaged over the particle size distribution.

_ D s

aps

ks

The attenuation due to water at zero salinity, a,, (in m!) is defined by Rice et al. [8] derived
from equations by Ainslie and McColm [42] and is shown in the Electronic Supplementary
Materials (ESM) Eqn. S.1. The sediment attenuation constant, a; (also in m) is given by

Thorne and Hanes [12] (Eqn. 6).
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o =1 [ somear :

Here, ¢ (in m? kg!) is the concentration independent sediment attenuation coefficient, as

expressed in Eqn. 7, where y is the dimensionless normalised total scattering cross-section.

_ 30 7
4{(a)ps

Heuristic expressions for f and y have been determined previously for spherical glass beads by

$

Betteridge et al. [37] (see ESM, Eqns. S.2 and S.5) in terms of the acoustic wavenumber, k, of
the ultrasound and the particle radius, a. This set of equations assumes that no multiple
scattering occurs, such that the signal reflected from each particle is not affected by the

neighbouring particles.

If viscous losses are to be accounted for when ka << I, then Urick’s model [38] can be used
to calculate an additional attenuation term, xsy,, caused by visco-inertial interactions between
the particles and surrounding fluid. The additional viscous cross-section term is shown in Eqn.
8, in terms of the density ratio between the spheres and the surrounding fluid (y) and f =
W and represents the inverse of the viscous boundary layer thickness, w is the acoustic

angular frequency and v is the kinematic viscosity of water.

Xew = 22(y — 1)? 3
Vo3 2+ (y + 6,)?
1
= (1+— 9
' 4fBa +,6'a)
1 9
- _ _ 10
0, 2(1+2ﬁa
X = Xss+ Xsv 11

By using heuristically or experimentally determined values of f and y, and accounting for
viscous attenuation when it is significant compared to the sediment and water attenuation,
Eqns. 5 - 7 can be substituted into Eqn. 1, leaving only the transducer constant, k;, as an
unknown. Acoustic measurements on homogeneous suspensions of particles at fixed low
concentrations with known scattering properties can then be used to find &, using Eqn. 12

(detailed by Betteridge et al. [37]).
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rl/)V(T') le(aw+as) =k 12
- t
kM

2.1  G-function modelling

In order to be able to determine the attenuation coefficient in arbitrary suspensions, previous
authors [1], [8], [43], [44] have linearised Equation 1 with respect to distance, by taking the
natural logarithm of the product of the measured voltage, V,.,,,s, and the distance from the

transducer, 7, to produce the ‘G-function’ (as denoted by Rice et al. [8]) and shown in Eqn. 13.
1
G = In(YrV.,) = In(ksk,) + ElnM— 2r(ay, + ag) 13

Where «,, and a, are the attenuation due to the water and sediment respectively and ks and £;
are the backscatter and tranducer constants. If the particle concentration, M, does not change

with distance from the transducer, 7, the derivative with respect to » gives Eqn. 14.

G
5 = —2(ay, + as) 14

With the requirement that such a relationship only holds for a homogenously mixed system.
Applying this same condition to Eqn. 6 gives Eqn. 15, where ¢ again is the concentration
independent attenuation coefficient.
a; =¢M 15

Substituting Eqn. 15 into 14 and differentiating with respect to the mass concentration, M,
produces Eqn. 16.

1.0% 16

20Mor

Thus, by taking the gradient of G plotted against distance, 6—f can be determined at multiple

concentrations for a given particle system. This derivative can then be plotted against

concentration, where the gradient of the linear fit is used to determine ¢ via Eqn. 16.

A procedure following the G-function method is also given by Bux ef al. [35] for calibration
of the transducer constant, k;, for any transducer types, ks. The method uses measured values
of attenuation coefficients in well characterised spherical glass dispersions and heuristic
expressions for the form function, £, such as that provided by Betteridge et al. [37] (e.g. ESM,

Eqn. S.2). Once £ is defined for specific transducers, attenuation and scattering coefficients
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can be found for any arbitrary suspensions, allowing estimation of concentration profiles using

inversion methods.

2.2 Single frequency inversion

To convert the raw backscattered signal (V,.xs) to a mass concentration, Eqn. 1 must be solved
for M. If only one frequency is available, an estimate must be made for the average particle
size ,<a>, to allow the backscatter constant, k; and the attenuation coefficient, & to be
calculated using Eqns. 5 and 7. As long as the transducer constant, 4;, is known and M¢ < [

then @ can be assumed to be zero yielding the relationship [12].

Vemshm)? 17
M. = { rms } o ATy
° kske

As all terms on the right are known, a concentration profile can be produced. If it cannot be

assumed that ay~ 0 then an iterative approach is used. The first calculation is performed
assuming as~ 0 the result of which is fed into Eqn. 18 to predict a new value for M,

M, = Mye*"es 18
where a; is obtained using the newly found M, profile. This process is repeated until M,, and
M,, ., are convergent. This is known as the implicit iterative approach. Caution must be used
as the iterative feedback between M and «; is positive and can cause the solution to diverge to

zero or infinity due to feedback errors as the distance from the transducer increases [12].

2.3 Dual frequency inversion

If two frequencies are available, then a dual-frequency approach can be adopted to eliminate
the cumulative error associated with the single-frequency approach [12]. The model, as
described by Rice et al. [8], is shown in Eqns. 19-24. Eqn. 19 essentially gives the squared
form of Eqn. 1 simplified to two terms, J(r) and ®2(r). The J(r) term (Eqn. 21) contains the
sediment attenuation coefficient, &, and mass concentration, M, while ®?(r) (Eqn. 20),
contains the sediment backscatter and transducer constants, ks and k;, the attenuation due to

water, a,,, and the nearfield correction factor y.

V2(r) = ®2(r)(r) 19
kske\? 20
Q)Z(r) — (W) e 4rayy,
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V2(r) 21
P2(r)

If the particle size, and therefore & and kg, do not change with distance from the probe, then

J(r) = Me—4Jo EM@ar _

the attenuation coefficient can be moved outside of the integrals, giving Eqn. 22.
]i(r) = Me_4$if0TM(r)dr )

Where i = 1, 2 for probe frequencies 1 and 2 (2.00 and 2.50 MHz in this study). Dividing Eqn.
22 by M, taking the natural logarithm and dividing by ¢ yields Eqn. 23.

G -G ”
M M
Finally, rearranging for M gives Eqn. 24.
)7 (1 &)
M :]1(1_52) ]2(1 Ei) 24

For this method, the attenuation ratio &1/ & must be sufficiently different from unity to prevent
mathematical instabilities and subsequent errors. A single broadband transducer could
therefore possibly be used for quasi-simultaneous measurement in co-located sample volumes,
when pulsed with narrowband excitation at multiple frequencies. However, the attenuation
coefficient must be measured at each frequency and be sufficiently different to have an the

accurate and stable inversion [34], which is a critical focus of investigation in this study.

An equation for calculating the relative (mean-normalised) error in the dual-frequency inverted

. &M . . . . . .
concentration, —=, in terms of the attenuation ratio and relative error in the measured scattering

constant at a single frequency, %, has been derived previously by Rice et al. [8] (ESM, Eqns.
1

S.7-S.20) and is extended here to include the relative error at the second frequency %. The
2

result is shown in Eqn. 25. As the ratio &1/ & approaches unity, then the terms inside the bracket

will approach infinity causing mathematical instabilities in the concentration inversion.

O T

3  Materials and methods

5K,
K,

5K,
K

3.1 Materials characterisation
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Three sizes of spherical glass beads (Honite 22, Honite 16 and Honite 12) purchased from
Guyson International Ltd, UK [45] were used as test materials. They are ideal acoustic
scatterers and both heuristic expressions [37] and experimental methods [8], [35] exist to
determine their acoustic scattering and attenuation properties. Particle size was measured using
a Mastersizer 2000T (Malvern Panalytical Ltd., UK) with median (dso) values of 40, 78 and
212 um given in Table 1 (size distributions are shown within the ESM, Fig. S.1). The size
distributions are relatively monodisperse as indicated by the small coefficient of variation,

(COV, the standard deviation divided by the mean) for each size.

Table 1 Median particle size data and variation statistics for the particles used in this study.

Material Name Particle dso (um) Coefficient of Variation
Honite 22 40 0.31
Honite 16 78 0.29
Honite 12 212 0.27

In order to confirm the morphology of the glass species, scanning electron microscopy (SEM)
images were taken using a TM3030 Plus desktop SEM (Hitachi High-Technologies
Corporation, Europe) and are shown within the ESM, Fig. S.2. Although small surface defects

and shape deviation are evidenced, the glass particles are observed to be highly spherical.

3.2 Experimental methodology

The acoustic backscatter system used was a bespoke device developed at the University of
Leeds; the Ultrasound Array Research Platform (UARPII-16), featuring 16 individual
transducer connections [46]. A high measurement speed is necessary to achieve real-time
measurement to reduce the time averaging effects inherent in taking the root mean square of
multiple measurements. The data path within the instrument is pipelined such that while a
measurement is in progress, received data is stored in local memory in real-time while prior

measurements can be downloaded from the instrument for analysis [47].

The UARP modules are built around an Altera Stratix V field-programmable gate array
(FGPA) and feature commercial off-the-shelf transmit and receive front end integrated circuits
[48]. The transmit signal used was a switched mode waveform, with five discrete voltages of

96V, -48V, 0V, 48V and 96V. Through the use of Harmonic Reduction Pulse Width

10
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Modulation (HRPWM) an excitation waveform with reduced harmonic content and time-

varying frequency and amplitude can be made.

The receive path is based around integrated analogue front-end circuits, combining multi-stage
amplification, filtering and analogue to digital conversion. High speed serial digital data is
received by the FGPA and stored in local memory [48]. The UARP is controlled using a custom
MATLAB (Mathworks, USA) interface. All raw data was processed in real-time for operator
feedback and archived for further offline processing [49].

Eight identical immersion transducers with a 2.25 MHz central frequency and 0.25 in.
(63.5 mm) diameter elements were tested (Olympus NDT V323-SM). As an example of the
system scattering regime, the corresponding ka values for each glass particle size studied, when
insonified at the central 2.2.5 MHz frequency, are 0.19, 0.37 and 1.01, for the 40, 78 and
112 um particles respectively. A Harmonic Reduction Pulse Width Modulation (HRPWM)
algorithm was used to create three separate transmit waveforms in turn, with local central
frequencies of 2.00, 2.25 and 2.50 MHz, each with Hann windowing and a 5 us duration. The
received echo voltage was recorded using 31172 points spaced over the 0.3 m range with
10,000 repeat measurements made over a 5S-minute period, resulting in a ~85 dB noise floor
after signal processing. An example of the excitation signal for the central 2.25 MHz frequency,
as well as an example of the time-domain received signal (for the case of 78 um particles at a

nominal concentration of 2.5 g/l) are shown within the ESM (Fig S.3).

The transducers were placed in an impeller-agitated, 0.8 m tall, 0.3 m diameter calibration
arranged radially, facing perpendicular to the tank base, with the experimental setup illustrated
schematically in Figure 1 (a further image of the system is shown within the ESM, Fig. S.4).
A pump was used to recirculate settling suspension from the conical base of the tank to a
manifold arranged at the top of the tank, to prevent particles from settling out and ensure good
levels of mixing. Suspension samples were taken at three depths simultaneously using a multi-
headed peristaltic pump, and particle concentrations determined gravimetrically (see the ESM,
Fig. S.5), where good homogeneity was evidenced for all nominal concentrations.

Measurements taken at eight nominal particle concentrations ranging from 2.5 to 133.7 g 1.

11
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Figure 1: Schematic of the experimental setup used for acoustic backscatter measurements, where the
crossed orange circles indicate sample points and grey bars represent the location of baffles.

3.3 Acoustic analysis

In order to determine the acoustic attenuation constant, &, and subsequently the scattering cross
section, y and form function, f for each glass species, the extended G-function method [8], [35]
was applied (Eqns, 13—16). A flowsheet is given within the ESM (Fig. S.6) that demonstrates

this procedure.

To improve results in the nearfield (taken as 14—50 mm from the probe face), an alternative
correction factor, Y, to that proposed by Downing et al. [40] was modelled. Here, 1, was
calculated on the basis that the resultant G-function profile (given by Eqn. 13) would maintain
the expected linear relationship predicted by dG/dr, when using the newly modelled i in
place of Y. The same form of the equation proposed by Downing et al. [40], in terms of the
ratio of the measurement distance to the nearfield distance, was used to fit the model parameters
(an) to minimise the objective function, A, shown in Eqn. 26. A numerical fitting procedure
was performed using MATLAB, with a non-linear least squares fit (where subscripts i and j
indicate each concentration and insonification frequency respectively). A lower and upper
bound of 0.1 and 10 were used for the model parameters, and initial values for each variable

were identical to those in the original model (Eqn. 2).

12
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dG;; a; +a,z + (azz)*™ 26

exp|——r+c; |- V;r— =H
p( dr ") o az + (azz)™

>

ij

Single and dual frequency concentration profiles were inverted from experimental data using
Eqns. 17 - 18 and Eqns. 19 — 24, as described. For the single inversions, only a single iteration
was undertaken, with the initial guess for the concentration set to be equal to the nominal
particle concentration (confirmed from sample data). For the dual-frequency concentration
inversions presented in Section 4.3, individual discrete frequency data were analysed and

averaged together for the total measurement times, using the method presented in Section 2.3.

4  Results and discussion

4.1 Determination of acoustic constants and near field correction factor

modelling
Examples of typical decibel profiles for a single probe collected with the UARP, are shown in
Figure 2 (a)-(c) for all three particle sizes at three concentrations; measured using the central
frequency of the transducer (2.25 MHz). Once outside of the near field (~0.05 m from the
transducer) a logarithmic decay of the signal with distance (on a decibel scale) is observed.
This relationship is governed by both scattering and attenuation parameters (Eqn. 1). On a
decibel scale (dB = 20 logio (Vrus)) the negative linear slope with distance is determined by
the attenuation parameters and the logarithmic decay by the inverse relationship between

voltage and distance, typical of moderately attenuating suspensions [19].
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Figure 2: Acoustic backscatter profiles (a) — (c), uncorrected G-function translations (d) — (f), and
corrected G-function translations using fitted Nearfield Correction Factor (NFCF) (g) — (i), for 40, 78 and
212 pm glass particles at three concentrations. Data are for the central 2.25 MHz frequency.

Using Eqn. 13, the backscatter signals were converted to G-function values and are shown in
Figure 2 (d)-(f). The expected linear relationship between the G-function and distance is
observed outside of the near field, confirming the homogeneity of the system [8]. Within the
nearfield (» < 0.05 m) there is a significant reduction in values at distances close to the
transducer when no near field correction factor is applied, due to non-spherical spreading of
the acoustic signal causing backscattered power to be reduced [40]. Very small positive G-
function gradients are also seen for the lowest concentration of 40 um glass beads, likely due
to a low signal to noise ratio, caused by the decreasing backscattering constant, &, as particle
size is decreased [12]. For the 212 um glass particles and concentrations above ~70 g 1!, there
is a notable change in the gradient of the G-function with distance at ~0.09 m. It would appear
from results presented here that non-linearity of the backscattered signal with distance occurs
below a G-function value of around -11. Below this value, it is assumed that the signal
approaches the instrument noise floor, causing the non-linearity observed in the G-function.
Indeed, a decrease in the signal-to-noise ratio with increasing concentration (and hence

attenuation) has been observed previously by other authors [50], [51] and is attributed to the
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fact that high levels of attenuation will be measured by the transducer as an incoherent signal

(i.e. additional noise).

It is also likely that at high concentrations, inter-particle distance is small enough so that
substantial multiple scattering of the compressional wave between particles occur [52]. As the
primary mode of attenuation for large particles, where ka approaches 1, is scattering attenuation
(as opposed to primarily viscous attenuation as ka approaches zero) then this result may be
expected to be most prominent for the largest particle size, as is observed in Figure 2. For the
larger particles, the scatter-attenuation will be greater and not limited to the viscous boundary
layer width [16] and therefore allowed to propagate through the dispersion, leading to increased
system noise and complex decay of the signal with distance. Additionally, spreading of the
received acoustic signal over a greater time domain (equivalent to distance in the experimental
setup) has also been observed over very short distances (~10 mm) in transmission setups by
other authors [26], [27] for large glass beads at high concentrations, as well as in backscattering
setups by Tourin ef al. [53], which may also be contributing to the complex signal decay with

distance.

To improve G-function fits in the nearfield, the alternative correction factor, ., to that
proposed by Downing et al. [40], was modelled using Eqn. 26. The newly modelled near field
correction factor ¢ (discussed presently in relation to Fig. 3) was used to generate corrected
G-function profiles, as shown in Figure 2 (g)-(h). The fitted correction factor noticeably
improves the profiles in the nearfield region and would therefore allow for more accurate
backscatter determination in applications where dispersion attenuation or physical geometry
limits the available measurement range. Fig. 3 (a)-(c) shows the fitted data used to produce the
y for all three particle species. Data for certain probes and concentrations were omitted when
the data lay outside twice the root-mean square error of the initial model fit. Data above

concentrations of ~70 g 1! were also excluded, as they were found to predict significantly lower

values for ¥/ compared to other particle sizes and concentrations.
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Figure 3: Fitted Near Field Correction Factor (NFCF) model for (a) 40 pm, (b) 78 pm, and (c¢) 212 pm
glass particles.

Comparison to the NFCF model proposed by Downing et al. [40] (Eqn. 2) is shown in Figure
4. The two models are in general in close agreement, although it can be observed that the
modified ¥ is consistently above the value predicted by the original NFCF. The cause of the
deviation is likely due to small imperfections in the transducer shape and surface affecting the
nearfield spreading characteristics of the acoustic signal. As expected also, Y does not vary
considerably with particle size [40]. In general, because fitting of the model was not
computationally intensive and was easily implemented using MATLAB, it is recommended
that the NFCF method presented here is incorporated whenever a transducer calibration is
performed for a given set of probes, if measurements in the nearfield are to be used for further
analysis. This procedure would subsequently improve measurements in zones close to the
transducer such as in pipe flow applications [8], [54] and when taking backscatter

measurements in highly attenuating or concentrated dispersions [19], [55].
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Figure 4: Comparison of fitted NFCF against Downing et al. [40] model for 40, 78 and 212 pm glass
particles.
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The gradient dG/dr values versus concentration are presented in Figure 5 for the three particle
types, with dashed linear interpolations indicating the fits taken to calculate the attenuation
coefficient (Eqn. 16). The dG/dr values were determined by assessing the gradient of the G-
function profiles (Figure 2) between 0.05-0.24 m from the transducer, where the distance range
was adjusted if required, to obtain the most negative value for the gradient while maintaining
a minimum range of 0.05 m and ensuring that data below the noise floor (set as -85 dB) were
excluded. Adjustments were required for the 40 pm glass beads at the lowest concentration,
due to the artificial positive gradient, a result of a low signal-to-noise ratio, and for certain
systems at high concentrations to mitigate the effect of multiple scattering on the attenuation

at greater distances (e.g. the 212 um glass particles at 78.8 gl in Fig. 2).
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Figure 5: Gradient change in the G-function with distance (dG/dr) versus particle concentration for (a) 40
pm, (b) 78 pm and (c) 212 pm glass particles.

The expected linear gradient is observed with all concentrations for the 40 and 78 pum glass
particles and fits generally had R? values of ~0.99, while the 212 um glass particle R? value
was ~0.92. With respect to the 212 um glass particles results (Figure 5 (c)), there is a clear
concentration limit at which the measured attenuation is no longer proportional to
concentration. A similar concentration limit in transmission measurements has been observed
by both Stolojanu and Prakash [17] and Atkinson and Kytomaa [36] for glass particles in water,
as well as other authors for differing particle systems [23], [25], [56], [57] and is widely
attributed to an increase in multiple scattering effects [54]. It is also noted that both authors
[23], [32], observed an increase in this non-monotonic behaviour as ka increases towards unity,
an effect also observed in the experimental results in Figure 5. As discussed previously in
relation to Fig. 2(i), there is additionally a change in the gradient of G-function with distance,

which may also be an indication of strong multiple scattering effects.
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For a multiple scattered signal to contribute significantly, the signal attenuation (either from
non-directional scattering or absorption) must be large when compared to the portion of the
signal that is backscattered. If the attenuation due to water is assumed to be small, the
exponential term in Eqn. 1 effectively gives the fraction of the signal that is not scatter-
attenuated by the sediment and is received by the transducer, while the remaining portion is
scattered into the surrounding medium. Therefore, when the value of the exponential term
approaches 0 (i.e. when the overall sediment attenuation coefficient is very large) only a small
fraction of the acoustic signal is received by the transducer. In these conditions, multiple
scattering effects would be expected to become important and would increase with
concentration, distance and sediment attenuation, as can be observed in Figure 5 for the large
glass. It is important to note that the multiple scattering effects differ in nature to those observed
for colloidal dispersions [23], [58], where viscous attenuation dominates and overlap of the
viscous boundary layers may cause decreases in attenuation. It is proposed here that the
decreasing linearity of attenuation with concentration at high solids loading is caused by
incoherent multiple scattering, leading to an increase in the noise floor at greater distances from
the transducer, thereby causing the non-linearity of the signal and the observed reduction in

attenuation at greater distances.

Having determined the attenuation coefficients from the straight-line fits in Figure 5, the
extended G-function method was then applied, where Eqn. 12 was used to obtain profiles of
the calculated transducer constant, k; with distance, for the lowest two particle concentrations
(2.5 and 5 g1'"). Nominal concentration values were used in conjunction with the measured
attenuation coefficient and a heuristically estimated scattering constant from the Betteridge et
al. [37] correlations as described (ESM, Eqns. S.2-S.6). The k; profiles were concentration and
distance averaged over 0.1-0.2 m from the transducer for the 40 um and 78 um glass particles
to avoid any potential near field effects and over 0.04-0.1 m for the 212 pum glass particles, due
to limitations caused by the higher attenuation. Having found 4;, Eqn. 12 was rearranged so
that ks profiles could be recalculated using the nominal concentration and attenuation
coefficient. As k; and k are calculated through the same equations and set of experimental
values, they have the same effective profile with distance and are inversely proportional.
Example profiles for 4; are provided within the ESM (Fig. S.7) with all &; values found for each

probe, particle size, and frequency, also given for completeness (ESM, Table S.1).
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Figure 6 presents examples of the calculated £, as a function of distance for each particle size
at the central frequency for a single probe. Although it should be constant with range according
to Eqn. 1, ks increases exponentially with distance at higher concentrations for the 212 um glass
particles, where a less significant, but similar, trend is observed for both the 40 and 78 pm
species. A likely factor contributing to this effect is the overall decreased contribution of the
scattering term to the backscattered signal when attenuation effects begin to dominate. Small
errors or deviations in the estimation of the attenuation coefficient can therefore cause large
deviations in the calculation of & at high concentrations, as any deviation in ¢ will be multiplied
through by the concentration value (Eqn. 1). As proposed, multiple scattering may be
pronounced for highly scatter-mode attenuating particles, causing the observed attenuation
(assumed to be constant for calculation of k) to decrease with distance. This effect was
observed, in particular, with the G-function results for the 212 pm glass particles (Figure 2 (1)),
which would subsequently cause the overestimation of the attenuation at greater distances

causing the non-linearity in £;.
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Figure 6: Calculated backscatter coefficient, ks, versus distance for (a) 40 pm, (b) 78 pm and (c) 212 pm
glass particles. Shown are data for the central frequency (2.25 MHz).

4.2  Comparison of particle scattering and attenuation coefficients to model

values
Figure 7 presents a comparison of the experimental values for the scattering cross-section, ¥y,
averaged over the 8 probes used in the experiments (obtained using Eqns. 7, 14 and 16) to
predictions from the heuristic Betteridge et al. [37] model, with incorporation of viscous
adsorption effects using the model of Urick [38]. The attenuation coefficients from all probes

that are used to calculate y, are given in the ESM (Table S.2). It is observed that viscous
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absorption has very little effect on the overall scattering cross section for the 212 pm glass
particles, where ka ~1, and only a minor effect for the 78 pum glass particles. For the 40 pm
glass particles, there is notable improvement in the prediction of the scattering cross-section
when viscous losses are accounted for, indicating that viscous losses are large at ka < ~0.6.
Additionally, the measured values for the 212 um glass particles are slightly below those
predicted from the model, which may be due to the influence of the particle size distribution.
This trend would be consistent with the work of Thorne and Meral [59], who observed that y
was larger than would be predicted for a uniform size distribution for ka < I and lower than

predicted for ka > I, in moderately polydisperse systems.

100 F
L) 40 pm
() 78 um
212 ym
-------- Betteridege et al. model
gL Betteridge et al. + Urick model 40 ym
10 — === Betteridge et al. + Urick model 78 ym
Betteridge et al. + Urick model 212 ym .
Z, 2
=10
R
103
10

10°
ka (-)

Figure 7: Measured total scattering cross-section (y) for the three particle species at all frequencies (2,
2.25 and 2.5 MHz) as a function of particle size (a) and wavenumber (k). Includes comparison to the
Betteridge et al. scattering model [37] in conjunction with Urick’s model of viscous attenuation [38].

Using Eqn. 5, the form function, f, was calculated based on using a single distance-averaged
mean value of k; from the low concentration experimental data (as shown in Figure 6) and
modelled using Eqns. 5 and 12, presented as a function of ka for each particle size in Figure 8.
A table giving distanced averaged ks values for all probes and all concentrations is shown
within the ESM, Table S.3, for completeness. A good fit to the Betteridge et al. [37] model is
again observed, indicating that the G-function calibration procedure is valid for calculating the
particle backscatter coefficient, k. However, it should be noted that there is a level of circularity
in ks measurements, as the value of the transducer constant, 4, is estimated using the Betteridge
et al. model [37] to initially estimate k. Therefore, the values of ks, and hence £, would generally

be expected to align well with the model. As the particle backscatter coefficient, ks, is taken as
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an average value over a particular distance range, deviations from the model shown in Figure
8 therefore represent the error due to both scatter in the value of ks with distance and complex
decay of the signal, which subsequently causes distance non-linearity of k; as observed in

Figure 6.

061
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0.3 o
021 ,’
S Fan
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Figure 8: Measured form function (f) as a function of ka for the three particle types at all frequencies (2,
2.25, 2.5 MHz) in comparison to the Betteridge ef al. model [37].

4.3  Single and dual frequency concentration inversions

In order to determine the experimental limits of the single frequency (Eqns. 17 and 18) and
dual frequency inversions (Eqn. 24) concentration profiles were measured for a broad regime
in the homogeneously mixed calibration tank. Thus, the mean gravimetrically determined
concentration could be used for comparison (i.e. experimentally, there was no deviation in
concentration with depth). Individual values of ks for each concentration were used to account
for k; variation at high concentrations. The same values were used for both the single and dual
frequency inversion as the calibration tank was homogeneously mixed and so the particle size,
and hence the scattering properties, would not be expected to change with distance [60]. Errors
in the concentration profiles would therefore be expected to occur when the calculated &; profile
deviates considerably from the constant value used in the inversion. It is important to note that,
as ks is calculated using experimentally determined values of ¢ (using Eqn. 16) any errors in

the measured attenuation are reflected in 4.
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Figure 9 presents the concentration profiles produced using Eqns. 17 and 18 with the
experimentally determined nearfield correction factor (). There is good agreement with
average sample values (within 10%) for the smallest two sizes of glass particle at all but the
highest concentrations, at least for moderate distances, while there is an increasing deviation
with distance and concentration that is particularly prominent for the largest particle size.
Similar results can be found in previous literature [19], [34] and are typically attributed to the
fact that, as feedback is positive between the estimated concentration and sediment attenuation
term, errors accumulate along the profile causing a solution that diverges to zero or infinity
[12]. In contrast, for the data presented here, the gravimetrically measured concentration was
used for the inversion calculation at all distances and so this positive feedback is avoided. As
concentration and distance from the transducer increase, however, any error in the predicted
attenuation coefficient, may be magnified through multiplication with distance and
concentration when inverting for concentration (Eqns. 15, 17 and 18) and would contribute to
an increasing error. Given that the straight line fits used to estimate the attenuation coefficient
were accurate up to the highest measured concentrations for the 40 um and 78 um glass
particles (see Fig. 5) it is therefore unlikely that a poor fit for estimating attenuation coefficient
is the cause of the errors in the inversions for the smaller two particle sizes. The more probable
cause is the previously discussed multiple scattering effects at greater concentrations and
distances from the transducer (e.g. Figure 2 (f)) [12]. Such a result is not thought to indicate
that the physical attenuation decreases at high concentrations and distances, but that multiple
scattering presents a concentration limit for the theory used to calculate the scattering and

attenuation parameters [8], [12], and results become invalid due to increased system noise.
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Figure 9: Single frequency inversion profiles for (a) 40 pm, (b) 78 pm and (c) 212 pm glass particles at
2.25 MHz with nearfield correction factor. Legend entries indicate mean samples concentrations.
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In order to eliminate the propagation of errors along the profile seen in the single frequency
inversions, the dual frequency method (as described in Eqns. 19-24) [8], [34], [39]) was applied
to the data using the experimentally determined values for ks and ¢. Figure 10 shows the dual
frequency profiles obtained for each particle size at a frequency pairing of 2.00 and 2.50 MHz.
The widest frequency spacing was chosen, as this offered the attenuation ratio most different
from unity and therefore, it was assumed, the smallest relative error in the concentration
inversion according to the relationship derived by Rice et al. [8] (Eqn. 25). It is observed that
the dual frequency profiles obtain relatively accurate concentration profiles up to ~20 g 17,
above which the inversion diverges towards zero. Secondly, above ~20 g I'!, there is scatter
that worsens with increasing particle concentration. This random deviation can be predicted

using the equation derived by Rice et al. [8] (Eqn. 25) and would be expected to increase as
the attenuation coefficient ratio 2 approaches unity. The additional error introduced by the dual
2

frequency method, as compared to the single frequency inversions, is thus likely caused by
insufficient differences in the attenuation coefficients at each frequency. It is also noted that
the scatter is much more pronounced for the 40 pm glass compared to the other two particle
sizes and may be related to a smaller change in the attenuation coefficient with frequency for
the smaller particle. In general, as with the single frequency inversion, concentration
predictions for the largest particles are the most poorly aligned. Thus, while using an
attenuation ratio produces a more mathematically stable relationship, it cannot overcome

significant effects of multiple particle scattering.
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Figure 10: Dual frequency inversion profiles for (a) 40 pm, (b) 78 pm and (c¢) 212 pm glass particles with a
frequency pairing of 2 and 2.5 MHz. Legend entries indicate mean samples concentrations.

In order to fully investigate the accuracy limits of the concentration profiles obtained using the

single and dual frequency inversion methods, mean concentration values were compared to the
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sample values in Figure 11 (a) and (b). Here, the means were averaged over the same distance
ranges used to calculate k; and ks to minimise both nearfield and multiple scattering effects. In
comparison, greater deviation from the gravimetrically measured concentration is evident for
the dual frequency inversions (similar to the concentration profiles) where, in general, the
single inversions are accurate up to concentrations of ~ 80 g1, while the dual frequency
inversions are only accurate up to a lower value of 40 g 1"'. However, both limits are high
enough to be within dispersion concentration regimes of many industrial multiphase mixing

and settling systems ([11], [61]), highlighting the potential of ABS as process monitors.
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Figure 11: Mean concentration comparisons, as measured by the acoustic backscatter system against
values gravimetrically determined, for (a) single frequency and (b) dual frequency inversion models.
Solid line displays 1:1 relationship.

In addition to the mean concentrations, the coefficients of variation for the ABS concentration
profiles were calculated for each particle size using the single and dual frequency inversion
methods over the depth range. Values are shown as a function of the measured sample

concentrations within the ESM (Fig. S.8). For the single frequency inversions, a rapid increase
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in the coefficient of variation (COV) is observed for the 212 um glass particles above 40 g 17!,
while the 40 and 78 pm glass particles remain relatively accurate (COV <0.24) up to 127 g I'!.
Furthermore, for the single frequency inversion, the 78 um glass particles obtains a lower COV
than the 40 um up to 5 g I'! at 2.5 MHz and up to 10 g 1! at 2 and 2.25 MHz. This difference is
likely a result of the higher signal strength for the 78 um glass particles as compared to the 40
um glass particles, for which the signal is close to the estimated noise floor (as seen in Fig. 2).
In addition, there is a consistent increase in the COV with increasing frequency at
concentrations greater than 10 g 1", again indicative of increased error from multiple scattering
effects. Comparing the COV observed in the dual frequency results to the single frequency
data, an overall increase in the COV across all particle sizes is observed, except where the mean
ABS-measured value is significantly over-estimated (thus also correspondingly decreasing the
calculated COV value). It is noted, in general, that the 78 um glass particles consistently give
the lowest COV values of all three particle sizes for the dual frequency inversion and also
obtains the most accurate concentration values. This enhancement is thought to largely be a
result of the greater difference in attenuation values between the frequencies used, moving the

attenuation ratio away from unity.

To further investigate the scatter in the dual frequency inversions, the equation given by Rice
et al. [8] (Eqn. 25) was used to compare the measured error in experimental concentration

profiles to the error estimated from calculated &y profiles. Figure 12 presents the error in the

. M . . . .
measured concentration values, > asa function of the attenuation coefficient ratio, zi—l , Where
2

solid markers indicate the actual experimental errors for the dual frequency method and the

hollow markers correspond to the estimate for the error calculated using Eqn. 25. For each

6K

2
K>

and

. . . 6K
profile, the relative error in the scattering constants at each frequency, |K—1 , and
1

. ) . &M ) ) .
relative error in the concentration, - were determined by taking the absolute deviation for the

calculated ky and M profiles and normalising it to the mean value for the profile. The same
distance range as that used for k; was chosen to determine the mean value and relative error of

the &y and M profiles. In order to avoid additional errors from a poor estimate of the attenuation
: : : . . 8

value observed at high concentrations and potential multiple scattering effects, WM was only

calculated for concentrations below 20 g 1" and averaged to produce the mean error for each

probe at each g—l ratio (plotted as the empty markers in Figure 12). It is noted that the attenuation
2

ratios associated with the widest frequency bandgap (2.00-2.50 MHz) were used along with
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the other frequency pairs (2.00-2.25 MHz, 2.25-2.50 MHz) in the error analysis, giving three

ratio values for each particle size.

The estimated error is greater than the observed error in all cases, but does follow a similar

trend, with the attenuation coefficient ratio increasing as ?—1 approaches unity. As ks, was
2

calculated by assuming all the other terms in Eqn. 12 remained constant, the error in estimating

5Ky

1

all these terms is absorbed into the calculated ks values and hence and . Errors in

5K,
K>

other parameters that are assumed constant, such as the attenuation coefficient, will not scale

in the same way as errors in ks and would therefore cause Eqn. 25 to predict values that are
M . ) M
offset from the real measured values of oYE Deviation in the experimental values of - from

the values calculated using Eqn. 25 would therefore indicate that some amount of error is not
due to errors in k; directly, but instead caused by errors in another value that has been assumed
constant. Therefore, as the experimental results for the 78 um glass particles match closely with
predicted values, this suggests that the majority of the error was due to small random variation
in k;, likely a result of turbulence in the tank and the moderate size distribution of the glass
spheres. This result would therefore imply that the other parameters used to calculate ks (Eqn.
12) i.e. the estimated attenuation coefficients are accurate for the 78 um data. For the other two
sizes of glass particles, conversely, it is clear that there is some degree of error in either the
sediment attenuation constant, ay, or a general deviation from the model, as a result of multiple

scattering and increased system noise.

S 17 O
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W0 | =™ 40 pm Experimental

S ¢ 78 ym Experimental o
5 212 ym Experimental

506+

c

3 .
c

]

O 04 O

©

9]

N n
©

g 02+ .

z ¢ ¢

§ @

s o

0.6 0.65 07 0.75 0.8 0.85 0.9 0.95
Attenuation Coefficient Ratio (¢,/¢,)

Figure 12: Calculated and experimental mean normalised error in the dual frequency inversion profiles
(%w) for all particle sizes and frequency pairings, as a function of the attenuation coefficient ratio (;—1).
2
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Despite the differences between the measured and predicted error, it is evident that the level of
scatter in the dual frequency inversions is generally within expected ranges. This low relative
error indicates that, so long as the frequency range is wide enough such that the resulting
attenuation coefficient ratio is < ~0.6, a single broadband transducer is able to obtain an
accurate dual frequency concentration, using two narrowband measurements. The dual
frequency inversion is advantageous compared to the single frequency method, where
concentration must be estimated or calculated iteratively causing errors to accumulate in the
inversion with distance [34]. Even if the scatter from the dual frequency profile is large, it may
provide good initial estimates for the concentration to be secondarily inputted into a single
frequency inversion, for a closer refinement. The dual frequency method can also be applied
when sediment attenuation coefficients are not known a priori (as long as particle k; values are
known explicitly, or can be estimated from their dso size) by taking dG/dr gradient values in
well mixed systems (or at least in regions where concentration is assumed to be constant) where

the sediment attenuation term, as, can be found at each frequency. For a region of constant

concentration, M, 1 is equivalent to ?, and therefore the ratio can be substituted directly into
2 S2

Eqn. 24 and the dual frequency inversion can be performed.

5 Conclusions

The particle level and ka limits of a simple calibration method to determine sediment
concentration using acoustic backscatter systems [8], [35], has been explored for three sizes of
glass spheres (40, 78 and 212 pum) insonified at 2.00, 2.25 and 2.50 MHz, using 2.25 MHz
central frequency broadband probes. The expected trend of increasing scattering cross-section
and form function with particle size and frequency were observed, and results compared well
with the heuristic model from Betteridge ef al. [37] when coupled with Urick’s model [38] for
viscous attenuation. The greatest deviation was observed for the 212 pum glass particles due to
the high ka value (~1) and the Rayleigh regime limitations of calibration method [8], [35]. An
alternative nearfield correction factor was also presented to improve concentration inversion
accuracy in the nearfield, based on the correlation originally proposed by Downing et al. [40],

allowing constricted geometries such as pipes to be profiled.
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Experimentally measured attenuation presented the expected log-linear relationship (using the
logarithmic G-function) with concentrations up to ~125 g1 for the two smallest particle
systems (ka ~0.2 and ka ~0.4) and up to ~40 g I'' for the largest, 212 pm, glass particles (ka
~1.0). Beyond this limit, the relationship overpredicted the measured attenuation and was
attributed to multiple scattering effects causing an increase in the noise floor. Multiple
scattering effects were also proposed to be the cause in the apparent reduction of attenuation at
longer distances observed for the 212 um particles. Single frequency inversions were used to
generate concentration profiles in well mixed dispersions, and were found to be accurate up to
~125 g I'! for the 78 and 40 um glass particles and up to ~40 g 1"'for the 212 um glass particles,
due to the increase in attenuation with particle size. At high concentrations and distances,
multiple scattering effects were again observed to increase the system noise floor, causing

significant model deviations.

To help overcome the mathematical instabilities of the single inversions, a dual frequency
inversion method was applied to multiple narrowband pulses using the single broadband
transducers (for a maximum 2.00 — 2.50 MHz paring) using the method developed by Hurther
et al. [34] from preliminary work by Bricault [39], and were shown to be accurate up to ~20
g I'". Above this value, the profiles displayed greater level of scatter when compared to the
single frequency inversions. The coefficient of variation in the profiles also increased with
concentration, due to greater error in the calculated values of ks with distance. Additionally, the
scatter increased further as the attenuation ratio (£1/ &2) became closer to unity, for particle sizes
approaching the Rayleigh regime limit. Nevertheless, results presented indicate that for low
attenuation ratios (&1/ & < ~0.6) the dual frequency inversion was accurate and highlights
additional applicability of this method for single broadband transducers. Dual frequency
inversions provide a number of advantages for monitoring complex engineering dispersions
systems, as they do not require iterative solutions, where the attenuation ratio can be found for
many arbitrary particles using the simple calibration procedure presented. Additionally, they
provide a greater measure for determining the uncertainty or statistical variation in the
experimental parameters used for the inversion. Results overall indicate that the combined use
of single and dual frequency inversions using single broadband transducers offers an enhanced
methodology for the application of ABS systems as concentration profilers in high

concentration dispersions.
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