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ABSTRACT

Throughout this thesis an acoustic backscatter system was utilised to characterise
sediment suspensions in real time. The specific commercial acoustic backscatter
system (ABS) used was an ultrasonic velocity profiler (UVP). ABS was used
because it is a flexible system with transducers of a small diameter (5-10 mm)
which can be used to mount onto smaller pipes (~ 25 mm). The ABS will be used
to analyse nuclear waste in transport. The main properties to be analysed are the
concentration and velocity which will be used to understand how the nuclear
waste moves in transit. Several nuclear simulant suspensions were used
throughout this thesis, the most prominent simulants were silica glass bead
powders which were dispersed in an aqueous suspension. To calibrate the UVP,
silica glass beads suspensions of varying sizes were suspended in a calibration rig
and ultrasonic transducers of 2 and 4 MHz frequency with a 2.5 and 5 mm active
radius were used to produce acoustic profiles of the suspensions. An additional
novel error analysis approach was used in tandem with a detailed calibration
method. Once the system was calibrated, silica glass beads of varying
concentrations were suspended in a calibration tank and analysed using 2 and 4
MHz ultrasonic transducers which were used in situ and in remote configurations
to produce acoustic profiles for direct comparison to previous literature. Remote
placement of UVP transducers has not been used to analyse homogeneous
suspensions of silica glass bead particles. These sedimentation attenuation
coefficients were compared to combined attenuation predictions from scattering

and viscous losses to determine the accuracy of measured remote data.

After the calibration of the experimental method using silica glass beads, complex
mineral suspensions were analysed in the calibration rig. Calcium carbonate
(CaCOs3) and magnesium hydroxide (Mg(OH)2) mineral suspensions were
suspended in the calibration tank and in situ and remotely placed ultrasonic
transducers were utilised to extract acoustic profiles. Flocculant was used to
investigate the capability of the UVP to monitor changes in particle sizing.
Sedimentation attenuation coefficients were extracted from non-flocculated and

flocculated suspensions for both calcium carbonate and magnesium hydroxide and



compared to understand the effects of flocculation on attenuation. This has not
been achieved before using both in situ and remotely placed transducers.
Measured values were compared to combined predicted attenuation from
scattering and viscous losses to determine the accuracy of models for attenuation
of flocculating suspensions. Coefficients from the calibration tank compare well
to sedimentation attenuation coefficients from previous literature, therefore, data
was Vvalidated before analysis of complex mineral suspensions. Accuracy of the
sedimentation coefficients shows that the UVP is able to monitor changes in
concentration as well as particle size for complex mineral suspensions. This can
be utilised across industries where complex suspensions have unknown physical

properties.

To understand whether this method could be used on small pipelines, the
engineered pipe loop was commissioned (with an outer diameter of 0.03 m) and
silica glass suspensions were dispersed in the pipe loop. Transducers were
mounted in a non-contact configuration on horizontal and vertical pipelines to
understand which pipeline arrangement provided the most accurate results.
Transducers were mounted at 90 and 135° for novel simultaneous extraction of
acoustic profiles and velocity profiles respectively. This has not been achieved in
a single experiment before for silica glass beads using this specific UVP.
Attenuation coefficients were extracted and compared to combined attenuation

predictions and coefficients from previous Chapters.

Complex mineral suspensions were also suspended in the pipe loop and
flocculated to show a change in particle size. The UVP was used for novel
analysis of non-flocculated and flocculated complex mineral suspensions using
remotely placed transducers. Transducers were mounted at 90 and 135° for novel
simultaneous extraction of acoustic profiles and velocity profiles respectively. An
FBRM was also inserted into the pipeline and utilised as a validation technique
for the change in size of the flocculating mineral suspensions. Remote data was
comparable to in situ data where sedimentation attenuation coefficients were

attained accurately using either technique, this is vital for industries like the



nuclear waste sector where suspensions cannot be extracted for analysis. Remote

data analysis saves taxpayers money and ensures worker safety.
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1. INTRODUCTION

1.1 BACKGROUND

Characterisation of sediment suspensions is a complex process which is vital for
industrial processing. A suspension can be characterised physically or chemically
where the results of both can vary greatly (Mechtcherine et al., 2019). Chemical
characterisation will often lead to understanding the chemical composition and
chemical structure of a suspension, on the other hand, physical characterisation
lends to concentration profiling, particle sizing, velocity profiling etc. Within the
scope of this PhD, physical characterisation can provide the necessary information
on the physical characteristics of suspensions including viscosity, rheology, and
density (Giglio and Sabbatini, 2022). In situ characterisation of sediment
suspensions requires samples to be taken from the suspension environment which
cannot be used for any material which is radioactive or too dangerous to be taken
offsite (Biggs et al., 2009). For complex suspensions such as these, remote
characterisation techniques are required for analysis however, there are not many
remote techniques which are capable of concentration profiling (Hunter et al.,
2011). In this thesis, remote is a non-contact technique which is non-invasive and
does not require contact with the suspension or slurry for analysis. This specific
thesis focuses on the use of a remote technique for characterisation of nuclear
waste suspensions. Particularly in the nuclear industry where samples of any
complex suspensions cannot be taken off-site due to contamination risks (Biggs et
al., 2009).

In this PhD, the remote characterisation is focused on analysis nuclear waste
slurries and sludges, specifically a magnesium hydroxide-based sludge with
unknown chemical and physical properties (Alderman and Heywood, 2011;
Hunter et al., 2020). The origin of this waste is from the spent fuel assemblies in
the magnox fleet of reactors which were decommissioned due to the detrimental
effect of using fuel assemblies composed of magnox; a magnesium non oxidising
metal (Gregson et al., 2011; Johnson et al., 2019). Magnox was not able to

maintain its integrity at the high operating temperatures within the plant which led



to loss of stability of the wind scale pile reactor (Hill, 2013). The spent fuel
assemblies from these magnox fleet of reactors were decommissioned over time
and left in open-air storage ponds. Over time, the spent fuel assemblies have
hydrolysed into a magnesium hydroxide-based sludge with unknown properties
(Burton, 2002). The plan is to transport this sludge in engineered pipelines to an
interim storage or waste treatment plant, this will require remote in-line
characterisation of the sludge in transit which is not viable for most techniques in
industry (Alderman and Heywood, 2011; Hunter et al., 2020).

Remote characterisation techniques can be incredibly useful especially in
industries like nuclear where minimal exposure to workers is key to maintaining a
safe environment (Mirlean et al., 2001). There are a range of remote techniques
which have been proven to accurately characterise suspensions, these techniques
have been detailed in the literature review. However, for most remote analysis
techniques, a sample is required to be taken off site or only the surface is
characterised (Sourdeval, et al., 2018). One of the most common techniques
especially in the marine and defence sector is the use of ultrasonics which are the
most practical and applicable technique available from the wide range of methods
in industry at the moment. Ultrasonics is the science and application of ultrasonic
waves, which are waves above a frequency of the audible human range of 20 kHz
(Butler and Sherman, 2016). Ultrasonic acoustics has been used in marine
surveying where underwater ultrasonic transducers were used to detect moving
sediment on the seabed (Carrera et al., 2019). Acoustics is the branch of physics
which is concerned with the property of sound whilst ultrasonic transducers are
devices which convert electrical energy into ultrasound and vice versa (Butler and
Sherman, 2016). From this principle, ultrasonic transducers can be utilised to
analyse moving sediment in a tank or a pipe. In this thesis acoustic backscatter
systems (ABS) were used where a single ultrasonic transducer or a transducer
array acts as transmitter and reciever. When using a single transducer, the wave is
reflected or back scattered. ABS have been used extensively in marine or
estuarine environments and generally use single frequency transducers (Hunter et
al., 2012; Rice et al., 2014; Bux et al., 2015; Tonge et al., 2019). The transducers



produce the ultrasound and then detect the echo signal which allows the
generation of acoustic profiles. The specific ABS used within this thesis is the
ultrasonic velocity profiler (UVP) which is a commercial ABS. The UVP was
used in backscatter mode to collect acoustic profiles for attenuation coefficients
from voltage data. UVP systems have been used previously in well-mixed tanks to
measure attenuation of a variety of suspension environments (Ogasawara et al.,
2019).

The main focus of this PhD is the magnox sludge in the open-air ponds which
requires characterisation before being transported to a long-term storage facility
(Gregson et al., 2011). The physical and chemical properties of the sludge have
changed over time due to the hydrolysis of the magnox fuel assemblies (Adams et
al., 2011). Basic physical properties of the sludge such as concentration, velocity
and particle sizing need to be monitored in order to safely transport the sludge into
long term storage (Alderman and Heywood, 2011; Giglio and Sabbatini, 2022).
The use of a remote characterisation system allows a safer, more economically
viable technique for the analysis of the sludge. Preventing workers from having
direct contact with the material will require less PPE, less precautions and less
funding whilst collecting data remotely and in real-time will cut down on analysis
time (Mirlean et al., 2001).

The set-up in this thesis evolved over time to produce a fully remote
characterisation technique. Through the Chapters there were several experimental
set-ups used which include the use of a well-mixed tank as well as a pipe loop.
Collectively, for all the set-ups used throughout the thesis there were a limited
number of nuclear simulants used. The first simulants were spherical glass
dispersions which had been used previously by Rice et al., (2014), (2015). The
scattering-attenuation properties of the spherical glass dispersions can be
correlated to theoretically known models which is why they have been used in this
thesis (Betteridge et al., 2008). Several particle size distributions of these
spherical glass beads were used to understand whether the UVP was able to

analyse suspensions of varying particle size accurately. Two mineral suspensions



were used, namely calcium carbonate and magnesium hydroxide. Calcium
carbonate is a non-hazardous test material with a similar structure to common fine
sludges. It has also been used extensively as an analogue for nuclear wastes in
experiments (Hunter et al., 2020). The other mineral suspension used was a
magnesium hydroxide powder which was dispersed in an aqueous suspension.
The magnesium hydroxide is a more chemically similar simulant to the Magnox

sludge in the Sellafield storage ponds (Hriljac et al., 2018).

1.2 OBJECTIVES AND OVERVIEW OF THE THESIS

1.2.1 Aims

The main aim of this PhD was to prove that acoustic backscatter systems could be
used to analyse sediment suspensions in-line and remotely using a non-contact
arrangement (Rice, 2013). This technique has been shown with a nuclear specific
focus; however, the use of a remote system can be used in most industries
especially in the current global climate (Jung, et al., 2021). The ability to protect
workers and prevent direct contact limits exposure to any hazardous suspensions
whilst analysing and providing data rich results (Ahmed et al., 2021). Any solid-
liquid suspensions can be analysed using acoustic backscatter systems however, in
this thesis the main liquid dispersant was water. Aqueous sediment suspensions
are found in all industries including water treatment and the oil and gas sector
(Liu et al., 2021).

The specific acoustic backscatter system used in this thesis is an ultrasonic
velocity profiler which is a commercial system that has been used by previous
researchers (Rice et al., 2015). Rice et al., (2015) were able to use the UVP to
analyse various sediment suspensions and produce acoustic and velocity profiles.
In this thesis, the author has gone a step further and illustrated the use of the UVP
for complex mineral suspensions which change in particle size and has
demonstrated the validity of the technique in an engineered pipe loop where data
was collected simultaneously for velocity and acoustic profiling accurately. More

specific objectives as well as the scientific novelties are shown below;



Ensure all Measured Sedimentation Attenuation Coefficients are Accurate.

To ensure accuracy of results extracted from the UVP, the author conducted
error analysis on the raw echo amplitude. The array of echo data was used to
determine the minimum and maximum attenuation coefficients. This was only
conducted on the linear region of the attenuation profile, where the suspension
IS homogeneous. The error analysis ensures other researchers that the
attenuation coefficients extracted from measured data are accurate and the
possible variation from the echo array can be visualised to determine the
repeatability of results. This error analysis method was novel in that other
researchers have not utilised the array of echo data to determine the variation
in voltage, G-function, attenuation and subsequently sedimentation attenuation

coefficients.

Provide Accurate Predictions for Comparison to Measured Data

To ensure the measured data was accurate, a combined attenuation prediction
was used where Betteridge et al., (2008) derivations were used to model
scattering losses whilst Urick, (1948) derivations were used to model viscous
losses. The combination of both allowed for a combined attenuation prediction
which compared well for homogeneous suspensions of glass particles and
complex flocculating mineral suspensions. This combined attenuation

prediction has not been used in tandem with measured data from the UVP.

Develop a Non-invasive System for Analysis.

Both in situ and remote (non-invasive) transducers were used to analyse
homogeneous silica glass dispersions and flocculating complex mineral
suspensions. It was established that the remote transducers were able to
provide accurate data which compared well to data from invasive, in situ
transducers. A non-invasive configuration has not been achieved before for

homogeneous glass dispersions with the UVP transducers.



Ensure the Measured Scattering Cross Section is Accurate.

To predict scattering, the form function and normalised scattering cross
section values were determined experimentally for homogeneous suspensions
of glass beads. These were compared to heuristic expressions where values
aligned very well. This has not been achieved before for remotely placed
transducers. This shows the applicability of non-contact transducers in non-

contact environments.

Monitor a Flocculating System Accurately and Non-invasively.

Complex mineral suspensions were analysed in non-flocculated and
flocculated form where the UVP transducers were used to determine
sedimentation attenuation coefficients in the calibration rig. These coefficients
could be used to monitor the flocculation process. This was also achieved in
line where UVP transdcuers were mounted onto a pipe line non-invasively and
simultaneous velocity and acoustic data was extracted. Attenuation
coefficients from the in line data could be used to compare non-flocculated
and flocculated suspensions of complex mineral suspensions which had not
been achieved before. The non-invasive analysis is novel, but the comparison
of attenuation coefficients is also novel. Novel comparisons of normalised
scattering cross section values were made to predictions which had been
conducted by Tonge et al., (2021) for homogeneous glass suspensions not

complex mineral suspensions.

Develop an Online Characterisation System which can Provide Simultaneous

Data.

For the development of an online characterisation system, UVP transducers
were mounted in a remote configuration on horizontal and vertical pipe
lengths. These transducers were utilised to extract raw echo date as well as
velocity data simultaneously, from this raw data, attenuation coefficients and
velocity profiles were developed An FBRM system was mounted for in situ
particle sizing, this was the only equipment which was invasive. A flow meter

was mounted for flow measurements. This set-up was novel where a single



experiment could vyield attenuation coefficients, velocity profiles, Chord
Length Distributions (CLD’s) and flow data.

1.2.2 Objectives

The objectives in this thesis have been outlines using Specific, Measurable,
Achievable, Relevant and Time-based (SMART) actions to outline clear, targeted

research goals.

The desired outcome of Chapter 2 is to show that the author has been able to
review literature relevant to the specific research goal of this thesis: Use of an
Online Acoustic Backscatter System to Monitor Industrial Slurry Flows. This can
be measured by the number of relevant techniques covered in the literature
review, see the summary in Table 2.1. Although the author has attempted to cover
all relevant techniques, there is always the possibility that some techniques have
been missed or overlooked. Therefore, the author caveats that although some
techniques familiar to the reader have not been included, these were not relevant
options for the research goal identified. This has allowed the author to provide a
literature review which was achievable in the scope of the PhD. The techniques
shown in Table 2.1 are specifically relevant to the research goal, the author has
shown this by providing papers which use these techniques for physical
characterisation. The literature review was completed across the PhD to allow

consideration of techniques which were used throughout the entire study period.

The desired outcome of the Analytical Theory Chapter was to provide a
background to the acoustic and pipe loop theoretical expressions and derivations
which are used as a foundation for the results produced across Chapters 4-8. The
author has been sure to include all relevant literature from Chapter 2 to provide a
thorough understanding of the acoustic theory. The author has only included
relevant theory which is used for data analysis in this thesis. Inspiration has been
taken from other researchers who have published papers detailing new and novel
calibration procedures and this thesis has detailed a thorough step-by-step process

so readers can follow the theory.



Chapter 4 is the first results Chapter and the desired outcome is the calibration of
the UVP transducers with varying active radii and frequency. Sedimentation
attenuation coefficients extracted from the transducers with varying active radii
and frequency can be directly compared to coefficients from previous literature so
the author can show the acoustic system used can provide accurate results. This
was achieved using a calibration rig for two sets of silica glass beads with two
different particle size distributions. Calibration of the UVP transducers will allow
the author to show that the transducers used can provide accurate results for the
analysis of slurry flows. This was achieved in the first year of the PhD, results
were published by the author, see Hussain et al., 2020.

The desired outcome of Chapter 5 was to use the now calibrated UVP transducers
in an in situ and remote placement to analyse an array of silica glass beads with
varying particle size distributions. The sedimentation attenuation coefficients
extracted have been used to understand the effect of the particle size on the
attenuation of the aqueous suspensions. This outcome is measured by the
attenuation coefficients calculated for all four silica glass bead suspensions with
particle sizes varying from 36-170 um. This was achieved by submerging the
UVP transducers for in situ data and mounting the transducers on the outside of
the tank for remote, non-contact data. The in situ data can be used to prove that
mounting transducers remotely can produce accurate results. Mounting remotely
can show that ultrasonic transducers can be used to monitor slurry flows in the
nuclear industry safely. This was achieved in the second year of the PhD and all

data is shown in Chapter 5.

The desired outcome of Chapter 6 was to be able to extract attenuation
coefficients from non-flocculated and flocculated mineral suspensions using UVP
transducers in an in situ and remote arrangement. This is measured by the
sedimentation attenuation coefficients extracted from the mineral suspensions.
two mineral suspensions were used in this thesis; calcium carbonate and
magnesium hydroxide which are both commercial powders and so, are readily

available. As UVP can be used to extraction of sedimentation attenuation



coefficients of non-flocculated and flocculated suspensions, it can also be inferred
that the UVP can be used to monitor the flocculation of mineral suspensions via in
situ or remote methods. As the nuclear waste is often in a sludge form of
magnesium hydroxide, accurate results can show that the UVP can be used to
monitor the non-flocculated and flocculated suspensions of sludge. Results from
this Chapter were published in the authors second paper, see Hussain et al.,
2021a.

Chapter 7 is the first Chapter where the engineered pipe loop was utilised. The
desired outcome of this Chapter was to use the UVP transducers to extract
velocity profiles and sedimentation attenuation coefficients from aqueous
suspensions running through horizontal and vertical pipe lengths. This is
measured by the sedimentation attenuation coefficients extracted and the velocity
profiles produced. This was achieved by the planning and systematic installation
and engineering of the pipe loop which occurred over the first two years of the
PhD. As this PhD has a focus on the nuclear industry and Sellafield is the sponsor
of this project. It is relevant to understand that Sellafield are planning to transport
their nuclear waste in pipelines. Therefore, having accurate velocity and acoustic
profiles from various pipe length is relevant to prove that the system can be used
for aqueous suspensions in transit. Results also provide Sellafield with an
understanding of which pipe orientation would be ideal for simultaneous transport
and analysis of nuclear waste. This work was conducted over the third year of the
PhD and published in the authors third paper, see Hussain et al., 2021b.

Chapter 8 was the final results Chapter where the experimental set-up was pushed
to its limits. Only vertically mounted transducers were used due to the findings in
Chapter 8. The desired outcome of this Chapter was to show that the UVP
transducers could be used to analyse complex non-flocculated and flocculated
mineral suspensions in pipe flow. This was measured by the velocity and acoustic
profiles extracted from the system. The flocculation of mineral suspensions had
been achieved before in Chapter 6 whilst the pipe loop had been used for analysis

of homogeneous suspensions had been achieved in Chapter 7. Therefore, Chapter



8 was an amalgamation of lesson learned through the two previous Chapters.
Magnesium hydroxide is the main component of a specific waste sludge at
Sellafield and accurate results can be used to prove to Sellafield that acoustics can
be used for analysis of complex mineral suspensions with varying particle sizes.
This work was conducted over the third year of the PhD and published in the
authors fourth paper, see Hussain et al., 2022.

Chapter 9 concludes the thesis and provides a summary of the most prominent
results from each section of the results. Future work is also covered in Chapter 9.
Chapter 10 shows details of all the references used throughout the thesis and
finally, Chapter 12 shows the electronic supplementary material which provides

more insight into the experiments conducted throughout the thesis.
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2. LITERATURE REVIEW

In this literature review the author will cover the background to the nuclear
industry to identify the research drive, this covers the specific industry for which
this research is focused on and other industries where this research is relevant.
The nuclear waste industry is covered in detail including where the nuclear waste
originates from and how the waste has formed over the last 80 years or so. The
relevance for this waste is highlighted as well as the complexities which come
with analysing this type of waste. Nuclear waste analogues used in literature are
specified where the analogues can be utilised to demonstrate competency for
analysis techniques. As this thesis hinges on the abilities of acoustic methods, a
background to ultrasonics is covered. The background on the physics behind
acoustic theory and acoustic backscatter systems is covered for a non-specialist
scientific audience. There is also a smaller background on ultrasonic spectroscopy

which is another common method used for analysis of suspensions.

The author also investigates the range of techniques available for in situ physical
characterisation specifically for slurries and suspensions. In situ characterisation is
necessary in the nuclear industry to provide accurate results for characterisation of
radioactive suspensions and slurries. Although sampling is not required for in situ
characterisation, the equipment may need to be mounted to be in contact with the
suspension or slurry. This can lead to contamination risks through the
instrumentation being exposed to radiation and as a result has a higher risk to
workers. Exposure of equipment to the suspensions can also decrease the usability
of the equipment over time. Therefore, remotely placed equipment which is not in
direct contact with the slurry is investigated here as the ideal characterisation
method for the nuclear industry. Remote experiments prevent the contamination
of equipment, permits equipment to be taken on and off site and allows workers to
characterise radioactive suspensions with no contact with the waste. This
technique set-up will prioritise workers health and safety whilst also producing

accurate results without the need for additional contamination risk.
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A range of in situ characterisation techniques will be scrutinised to show why
acoustics were selected as the non-contact characterisation method. The
techniques investigated will be characterised by their ability to analyse particle
size and concentration as these are the main properties to be investigated in this
thesis. The author will then look into the use of remote characterisation of
suspensions, where the equipment does not require sampling or direct contact with
the suspension or slurry. A separate section in this Chapter explores the use of
acoustics for characterisation which directly compares the use of ultrasonics for in
situ measurements in comparison to non-ultrasonic based techniques e.g.
microscopy. Acoustics have mainly been utilised in the marine and defence sector
for analysing marine life on the seabed, the same principles have been utilised in
this thesis to analyse moving sediment in a tank or pipe. Acoustics has a very
wide range of techniques available for characterisation, in this specific thesis an
acoustic backscatter system (ABS) is used, therefore the range of acoustic
backscatter equipment available is investigated to make it clear to the reader why
a specific ABS was selected. The author also identifies gaps in current literature
that are covered in this thesis which shows both the novelty and the drive for the

research.

Throughout this thesis several experimental set-up variations are used. The main
set-up includes a calibration rig which is used for all initial experiments and all
calibration data. Once all experiments were complete in the calibration rig and
data had been validated using previous literature, the author moved on to
experiments in an engineered pipe loop. The experimental set-up changes with
each results Chapter and the reader can follow the development of the pipe loop
and how the design reflects the data that can be extracted. In the literature review,
previous literature shows the extensive experimental set-ups used and a

precedence for the use of calibration rigs and pipe loops.
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2.1 DRIVE FOR THIS PHD

The drive for this PhD originates from the desire for in situ and online analysis of
particulate suspensions which are seen across industries. Larger particle
suspensions, colloidal suspensions and flocculated suspensions are present in the
pharmaceutical industry, brewing industry, water treatment and nuclear waste
treatment, amongst many more (Stille and Giere, 2004; Mewis and Wagner,
2012). Characterising the physical properties of particulate suspensions will
provide information on concentration, rheology, particle size distribution and
more (Moore et al., 2013; Rice et al., 2019; Tonge et al., 2021). The techniques
which provide information on physical properties include microscopy, PVM,
FBRM, XRD, XRF etc (Jia et al., 2008; Wang et al., 2020). Characterising the
chemical properties of particulate suspensions provides information on chemical
composition and elemental analysis. Raman Spectroscopy provide chemical
analysis of materials (Yang et al., 2019). Physical properties provide information
required from an operational perspective, where the physical properties can be
used to underpin the method of transport and storage for the nuclear waste
(Amgarou et al., 2021). SEPA, (2010) has said that physical properties of the
waste should be understood so any risks posed by the waste can be assessed and
comply with safety case standards. Oftentimes for the radioactivity of the
suspension, dose modelling can be used which provides sufficient assurance on
the activity of the suspension (Johansen et al., 2012). Therefore, chemical analysis
is not imperative from a decommissioning perspective. Information on physical
properties can be difficult to obtain where methods often require sampling for ex
situ techniques. There are a variety of in situ techniques currently used in industry
(see section 2.5) however, these methods are often expensive and require

specialist training for operation (Maczulak, 2009).

2.2 BACKGROUND TO THE NUCLEAR INDUSTRY AND INDUSTRIAL

CONTEXT

The nuclear industry began in the UK in the 1940’s when the UK decided to
commission the wind scale pile nuclear reactors for military purposes. The Calder
13



Hall facility was later commissioned in the 1950°s with a civil energy focus
(Newtan, 2007). From the initial reactors in operation from the 1940’s, there are a
variety of temporary waste storages, particularly wet storage facilities at Sellafield
(IAEA, 2021). The legacy storage facilities currently at Sellafield include the first
generation magnox storage pond (FGMSP), pile fuel storage pond (PFSP), pile
fuel cladding silo (PFCS) and the magnox swarf storage silos (MSSS) (see Fig.
2.1) (Ayoola, 2018).
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Figure 2.1 Magnox swarf storage silo, cross section (RadioRoSo, 2022)

This PhD has been sponsored by Sellafield Ltd for in situ or online measurement
of nuclear waste with a specific focus on the Magnox Pond which was used to
store fuel cladding from the Magnox fleet of reactors (Ayoola, 2018). A legacy
pond is shown for reference below in Fig. 2.2. The storage facilities have housed
the nuclear waste over the last 80 years and the fuel cladding which was placed
within the Magnox ponds has now hydrolysed into a sludge with unknown
physical properties (Ayoola, 2018). However, with the current infrastructure
available for analysis, there is equipment that can be used in situ to provide
physical characterisation of the sludge before transport or disposal (NDA, 2022).
Current stakeholders of the nuclear industry have expressed worries with regards
to funding insecurity, therefore, there is apprehension with regards to new and
14



expensive equipment being deployed. Stakeholders have also expressed concerns
with new experimental methods, this was specifically sprung due to the fuel
element debris dissolution experiments at Bradwell which were unsuccessful and
led to radioactivity and heavy metals being pumped in Blackwater estuary (Hirose
and McCauley, 2022). Therefore, an in situ process which can be shown to be
non-intrusive and provide accurate physical characterisation would be ideal and

provide assurances for stakeholders to minimise concern.

Figure 2.2 Pile fuel storage pond (RPS Group, 2022)

A range of nuclear waste analogues will be explored to understand whether the in
situ non-contact method used here will be viable for deployment in the nuclear
industry. The method employed in this thesis will be confirmed after exploration
in various in situ techniques currently available and the requirements for a
physical sensor. To be desirable by nuclear licensed sites, the physical sensor will
need to be non-contact, in situ, provide information in real-time and be non-
invasive (Degueldre, 2017). These specific properties are ideal for the use of a
physical sensor in the characterisation of nuclear waste to maintain the integrity of
the waste and equipment itself without the risk of contamination. To provide
assurances that the technique chosen is ready for deployment the TRL systematic
method is followed, this is shown below in Fig. 2.3 (Abaco, 2022).
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Figure 2.3 TRL (technology readiness levels) schematic (Abaco, 2022)

The ‘basic technology research’ in TRL 1-2 is covered in section 2.7 in the
literature review where examples of the non-contact method are explored. The
‘research to prove feasibility’ will be shown by the literature covered.
‘Technology development’ Will be explored through the experimental procedures
and results in Chapters 4-5. Simple homogeneous suspensions will be analysed for
proof of concept and whether the physical characteristics required can be
extracted, these properties include concentration, particle size and velocity. This
will provide enough information to assist with the case for transport into an
interim or permanent storage facility. ‘Technology demonstration’ will be covered
by results in Chapters 6-8. This is where complex mineral suspensions will be
characterised, and flocculated suspensions will be monitored. In the nuclear
industry, flocculation of polymers has been proven to improve the uptake of
radioactive metal ions, therefore, it is imperative that the non-contact method is
able to monitor flocculation and characterise the physical properties through that

flocculation process (Rout et al., 2006).

The nuclear waste analogues used are homogeneous silica glass bead suspensions,
complex mineral suspensions of calcium carbonate and magnesium hydroxide
(otherwise known as Versamag) and flocculated mineral suspensions of calcium
carbonate and Versamag, (commercially magnesium hydroxide powder) is shown
below in Fig. 2.4 (Hunter et al., 2016; Lockwood et al., 2021a; Tonge et al.,
2021). The homogeneous silica glass beads provide a simple homogeneous

suspension which has been used in previous literature as a preliminary calibration
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medium (Rice, 2013; Tonge et al., 2021). Colloids can be generated during the
corrosion of nuclear waste glasses in groundwater, but, typically nuclear waste are
concentrated suspensions of colloidal aggregates (Feng et al., 1994; Smith et al.,
2010). Therefore, being able to prove that colloidal suspensions can be
characterised using an in situ and non-contact method will prove that deployment
Is achievable in the nuclear industry. When specifically observing the Magnox
ponds, the original fuel cladding was composed of Magnox (a magnesium-based
alloy) which has now hydrolysed into a magnesium hydroxide-based sludge
(Barlow et al., 2021). Therefore, the analysis of a magnesium hydroxide colloidal
suspension will prove that a sludge with similar chemical composition can be

characterised with accuracy.

Figure 2.4 Optical microscope image of magnesium hydroxide suspensions mixed
with 20 ppm 30% polymer (Lockwood, 2021a)
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2.3 WHY CHARACTERISATION

Quite often, sludges in the nuclear waste industry have been left over a certain
period of time with no monitoring, sampling or characterisation to understand the
physical properties of the waste. Properties like the particle size distribution,
concentration and velocity are all physical properties which can be identified
through characterisation methods. These three properties amongst others are
required preliminarily for the safe and secure transport and storage of nuclear
waste. If any properties are unknown, then the means for storage could be over-
engineered or under-engineered which leads to excessive expense or potential
integrity issues with the waste storage. ldeally for nuclear waste a non-contact in
situ method which can provide the same accuracy as an invasive in situ technique
would be identified (NDA, 2020). Through the characterisation methods
described below, an ideal non-contact, non-invasive and in situ method will be

specified.

2.4 CHARACTERISATION METHODS

The accurate characterisation of the nuclear waste analogues identified will
depend on the characterisation method chosen and developed throughout this
PhD, therefore, the next section of this Chapter explores the characterisation
techniques available. This next section will demonstrate the current infrastructure
available in the nuclear industry for assay of nuclear waste. Only in situ methods
are explored in the next section as in situ characterisation allows the target
medium, which in this case is suspensions or slurries, to be analysed on site. On
the other hand, ex situ characterisation requires characterisation to be conducted
off site. A number of methods are shown below which show ex situ
characterisation, and why these techniques are not used for monitoring and control

purposes in the nuclear industry.

When discussing ex situ characterisation, the author implies characterisation
where analysis is conducted after material has been moved from its original

position (NDA, 2022). For ex situ characterisation the author has looked at several
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methods including microscopy. Specifically for microscopy, quite often the units
are large and not easily moved which limits the flexibility for the technique in the

nuclear industry (Hitachi, 2022a).

The function of all microscopes is to enlarge small features or objects which are
otherwise invisible to human sight. This applies to both Scanning Electron
Microscopy (SEM). Electron microscopes use an electron beam which can be
utilised to form images. In an SEM images are obtained by scanning an electron
beam of high energy onto a sample surface. The electrons are able to resolve finer
features of material. The SEM consists of an electron column, specimen chamber
and the computer. The electron column contains an electron gun which generates
the electron beam. An electromagnetic lens will focus the beam into a few nano
metre diameter probe. the electrons penetrate into the surface of a bulk sample,
any secondary and backscattered electrons are collected and processed to obtain
images (Ul-Hamid, 2018). Transmission Electron Microscopy (TEM) works in a
similar way to SEMs except that transmitted electrons are detected with a
movable detector at the bottom of the microscope column (Fultz and Howe,
2012).

In terms of sampling, the maximum specimen depth is approximately 100-200 nm
for TEM (Sadamatsu et al., 2016). For SEM, the maximum sample size depends
on the size of the specimen chamber. The maximum sample height is 145 mm for
the Carl Zeiss EVO SEM (MA15) (Zeiss, 2022). A desktop TM3030 Plus, Hitachi
SEM is also used which has a maximum sample height of 70 mm, an example is
shown in Fig. 2.5 (Hitachi, 2014). Both microscopy techniques require
extensively sample prep, Kenslea et al., (2018) produces ultra-thin samples for
analysis in the TEM which requires specialised preparation equipment. Guofu et
al., (2022) studied the sample preparation of elastic silica aerogel which required
little or no sample preparation, but samples are required which is not suitable for
the nuclear industry where in situ analysis is preferrable. Amgarou et al., (2021)
details recommendations for in situ measurements for characterisation in nuclear

installations where in situ techniques are the only methods considered.
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Figure 2.5. Hitachi desktop SEM (Hitachi, 2013)

When considering specimen prep, all specimens have to be dried before analysis
in the Carl Zeiss EVO SEM (Hapca et al., 2015; Ul-Hamid, 2018). The extensive
prepping and drying of the samples can often change the structure of the solid
particles within the slurry leading to aggregation or shearing (Echlin, 2011).
Therefore, the analysis of samples in microscopes is often not representative of
the conditions in situ. However, for preliminary data and validation of
characterisation results from other in situ techniques, microscopy is a very

powerful tool.

Quite often throughout these papers, SEM images are used as a preliminary step
for the reader to visualise the material being analysed which allows the reader to
easily understand the scope of the work. Throughout this thesis, SEM and
microscopy techniques have been utilised to help the reader visualise differences
between various species of minerals and simulant material. Microscopy images
allow the reader to differentiate between the materials and provides further insight
into the particle size and shape of sediments which are suspended in aqueous

suspensions for in situ analysis.
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2.5 NON-ACOUSTIC PHYSICAL IN SITU CHARACTERISATION TECHNIQUES:

This section covers non-acoustic physical in situ methods. Optical techniques are
one of the most diverse and universal techniques available across industries and
includes a range of equipment including microscopes, Raman spectrometers, and
a series of probes (Bishof et al., 2013; Simone et al., 2014; Sahin et al., 2017,
Kutluay, et al., 2020; Lin et al., 2020). In this Chapter, only techniques which
study the physical properties of particulate sludges and slurries are explored and
therefore techniques which explore chemical properties such as Raman and NIR
are out of scope (Kafle, 2019). Although these are robust methods which have
been used extensively across industries and have been known to produce accurate
results, all of these methods come with some drawbacks, all methods covered in

this Chapter are summarised and shown in Table 2.1.
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Table 2.1 Summary of techniques discussed in Chapter 2

Particle Particle Concentration
Technique Type Advantages Disadvantages Size Shape Ranae Portable/ Fixed Literature
Range | Limitations g
Very
Transmission Offer.a very EXPENSIVE, None, this None, this ,
high large and : : TEM’s are large | Sadamatsu
electron Ex A . . 1-100 provides provides . . Kensleaet | Amgarou et Guofu et
. ] magnification immobile, . . and likely fixed etal.,
microscopy situ . . . nm images of images of . al., (2018) al., (2021) al., (2022)
(TEM) in comparison extensive articles articles equipment. (2016)
to SEM sample P ' P '
preparation
Very
. expensive, . .
Scanning Can examine large and 200 nm None,_ this Nonei this SEM’s are large | Sadamatsu
electron Ex . . provides provides . . Kensleaet | Amgarou et Guofu et
. . larger samples immobile, —200 . . and likely fixed etal.,
microscopes situ . images of images of . al., (2018) al., (2021) al., (2022)
than TEM extensive pum . ; equipment. (2016)
(SEM) particles. particles.
sample
preparation
Able to
Ultrasorjlc Online Requires the Most measure Takeda and . .
attenuation In L . 10 nm— | models are opaque Lietal., Falolaetal., | Belicard et
. characterisation | use of diluted . Portable System Goetz,
spectroscopy situ of PSD samoles 3mm | for spherical systems (1998) (2005) (2021) al., (2022)
(UAS) P particles without
dilution.
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Depends on

Probes are The idealised L
individual
portable and chord length _— .
o Derivations particle
can be distribution T
Focused beam mounted easil (CLD) model 01— are very visualisation.
reflectance In meanin y assumes all 1'000 complex for | Suspensions Portable Svstem Ahmed et Kyoda et Kutluay et Lietal.,
measurement situ NINg . non- need to have a Y al., (2018) al., (2019) al., (2020) (2021)
experimental particles are pum .
(FBRM) . . spherical clear
set-up is easy in the focal . L
- particles. distinction
and less time plane of the
. from
consuming FBRM probe .
dispersant.
Limitations of
the PVM is Depends on
Probes are L
the post individual
portable and . - .
can be processing None, this is particle
Particle view and mounted easil that is Greater a visual visualisation.
measurement In meanin y conducted than 2 instrument Suspensions Portable Svstem Cardonaet | Kutluay et Lietal, Wang et
situ ning once images which need to have a Y al., (2018) al., (2020) (2021) al., (2021)
(PVM) experimental pum .
. have been provides clear
set-up is easy X e
- produced images. distinction
and less time .
consuming images can from
sometimes be dispersant.
blurry
o ) ) Provides a
Laser.m situ Self-contained _LI§ST is particle size Cartwright _
scattering and In battery- limited by 1.25- | istributi Felix et al., Sandven et
- : L Istribution |1 —800 mg/l | Portable System etal.,
transmissometery | situ powered particle size | 250 ym which (2011) (2018) al., (2020)
(LISST) instrument (2.5-500pum) depends of
the

23




orientation

of particles,
less
accurate for
non-
spherical
particles.
Electrical Individual
'Ijg]rr?gd?: Cr? Properties are Do not fg rZrctli((aes
EITY/ Egleci'zri?:/al In Low cost, mginly for measure P arz not Portable Faia et al., Venturaet | Wangetal.,,
Resistance situ portable bulk flow par_tlcle inferred, no System. (2020) al., (2008) (2017)
size L
Tomography limitations
(ERT) on shape.
Multiple All models
Ultrasonic transducers of Transducers for For
. . In varying . 10-500 | attenuation | concentration Portable Hunter et | Kotze et al., . Stener et
velocity profiler . are expensive . L Rice, (2013)
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Electromagnetic radiation is a form of energy which is released and absorbed by
charged particles. The wavelength range for electromagnetic radiation is termed
the Electromagnetic Spectrum (EM). Electromagnetic radiation is used in various
spectroscopic methods via different forms of interactions, these are: Absorption
(radiation is absorbed), transmission (radiation passes through), reflectance
(radiation reflected) and emission (radiation is emitted).

The range of techniques which are classified as electromagnetic methods are;
MRI, thermal imaging, infared and near-infared imaging, ultraviolet imaging, X-
ray methods, gamma ray imaging, optics (including microscopy). Some optical

methods are covered in more detail below.

There are a wide variety of optical techniques which utilise lasers to provide
information on particle size, chord length, and chemical composition through the
production of images, chord length distributions and spectra (Simone et al., 2015;
Asamoah et al., 2021). When taking a deeper dive into the analysis of particle size
and concentration, in situ measurements can be taken using Doppler profilers
(Vanrolleghem et al., 2006; Tarud et al., 2010; Mohanarangam et al., 2013) image
analysers (Concha et al., 2017; Derlon et al., 2017), focused beam reflectance
measurement, etc (Simone et al., 2015; Kutluay et al., 2020; Kim and Ulrich,
2022; Liu et al., 2022). All techniques described above are explored in more detail

below where specific results from each technique are shown using literature.

Huang and Zhang, (2021) utilised optical fibres to measure the backscatter
intensity and determine the sediment concentration. The optical fibres were
utilised to measure the natural sediment concentration after using natural sediment
samples from coastal beaches for calibration, an example of the measuring
instrument is shown in Fig. 2.6. This technique is purely used in situ and has
limited potential for remote use as the optical fibre send out light signals which

would not be able to penetrate through pipe walls.
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Figure 2.6 Five-channel miniature optical fibre sediment concentration

measuring instrument (Huang and Zhang, 2021)

Techniques which use radiation often produce spectra which can be analysed to
understand the chemical composition of a suspension (Khodaei and Petaccia,
2017). X-ray techniques can also be utilised in situ, specifically X-ray diffraction
(XRD) and X-ray fluorescence (XRF) (Ingale et al., 2020). XRD uses X-rays to
irradiate the material and analyses the scattering angles to determine the chemical
composition. XRF analyses the X-ray emitted from a sample when excited by an
X-ray source (Wiescher and Manukyan, 2022). Both have been utilised for in situ
analysis of slurries (Li et al., 2020; Bao et al., 2021). XRD has size limitations
and is more accurate for measuring large structures which limits the ability of the
technique for analysis whilst XRF has limitations on volume and elements it can
detect (Natter et al., 2000; Muniz et al., 2016; Haschke et al., 2021). As the
chemical composition of the slurries are unknown the author has chosen not to use
XRF and XRD as primary techniques. Both of these techniques are used for solid
particle crystal structure and therefore fall under physical and chemical
characterisation, however, these methods will not provide information on particle
size of aggregates (only on individual crystal size) and therefore, these techniques

are not relevant to the nuclear sludge waste.

FBRM (focused beam reflectance measurement) and the PVM (particle vision and

measurement) are both probe-based apparatus which can be inserted in situ for
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analysis. The FBRM is a laser-based probe whilst the PVM is an optical probe,
they have been grouped together as they are often used in tandem in literature
(Kutluay et al., 2020; Hu et al., 2021; Li et al., 2021; Wang et al., 2021). Both
probes are portable and can be mounted easily meaning experimental set-up is
easy and less time consuming. In terms of results, the FBRM results in a chord
length distribution which can be converted to the particle size distribution through
a series of conversions (Lockwood et al., 2021a). On the other hand, the PVM
produces images of the slurry in situ which can be used to determine particle size
and concentration (Agimelen et al., 2018; Cardona et al., 2018; Shi et al., 2022).
Limitations of the PVVM is the post processing that is conducted once images have
been produced (Cardona et al., 2018; Li et al., 2021). Agglomeration is difficult to
detect as the images can sometimes be blurry, as the probe is inserted in situ,
material can settle on the probe window causing obstruction or the particles may
move past the window too fast for clear images (Jia et al., 2008). Therefore, the
PVM is a valuable technique but collecting images of the slurry in situ produces
unreliable results. The FBRM was also used by Kim et al., (2012) to understand
whether the FBRM could be used to monitor precipitation. In situ probes were
used to determine the chord length distribution measurements. An example of the
results obtained from the FBRM are shown in Fig. 2.7 where the chord length
distribution can be seen. This chord length can be attributed to the particle size
with assumptions on the suspension medium. Example images from the PVM are
also shown in Fig. 2.8 where the suspended particles can be seen. The images are
slightly blurry which makes analysing the PVM images difficult as post

processing is required.
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Figure 2.7 FBRM spectra of solids precipitated in Pz-H20 solutions: in 34.5 and
61.5wt% Pz-H20 solutions. Lines: (solid) 34.5 wt, (dashed) 61.5 wt % (Kim et al.,
2012)
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(b)

Figure 2.8 PVM pictures of crystals in the 61.5wt% piperazine solution: within 1

min (a) and in 4 min (b) after crystallization starts (Kim et al., 2012)

The FBRM has its own limitations, the idealised CLD model assumes all particles
are in the focal plane of the FBRM probe (Ahmed et al., 2018; Kyoda et al.,
2019). The FBRM also analyses the particles only in the focal plane, so unless the
particles are perfectly spherical, the diameter of the particles will be different
depending on the focal plane the FBRM is situated at (Grabsch et al., 2020;
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Acevedo et al., 2021). Despite the fact that the CLD may not be representative of
the particle size distribution (PSD), the FBRM is still a powerful tool which can
be used to monitor the PSD of particles in situ (Kutluay et al., 2020; Hu et al.,
2021; Li et al., 2021; Wang et al., 2021). The FBRM can be used in this PhD as
an in-line monitoring tool for changes in particle size (Shi et al., 2022). Owen et
al., (2008) also used the FBRM as an in-line measurement technique on pipelines
where the FBRM probe was inserted in situ. Owen et al., (2008) also used the
FBRM to monitor aggregation and polymer-bridging flocculation in mineral
systems which shows that it is a versatile and useful technique for both in situ and

in line monitoring.

Following on from the FBRM, another laser-based technique is LISST (laser in
situ scattering transmissometer) which measures the near-forward angular
scattering distribution to determine a particle size distribution of slurries or
suspensions in their environment (Sandven et al., 2020). The LISST can also be
used to determine the mean density, mean settling velocity and volume
concentration, LISST is limited by particle size (2.5-500 um) which restricts the
samples for analysis (Cartwright et al., 2011). Felix et al., (2018) investigated
suspension of fine sediment where the measurement range of the LISST was
limited to 1.5 g/L which is highly restrictive to testing. Felix et al., (2018)
produced volume concentration histograms and suspended sediment concentration
plots but the degree of limitations prevented the LISST from being a valuable
technique in the scope of this PhD. For the scope of this thesis a wide range of
concentration environments are required as the specific concentration of nuclear
sludge suspensions is unknown. Example results are shown below for the LISST
from Felix et al., (2018).
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Figure 2.9 Time series of the median particle diameters, dso, and of the optical
transmission, t, obtained from the LISST as well as of the suspended sediment
concentration,(SSC), obtained from various techniques, measured at the HPP
Fieschertal during the four sediment transport events defined in Fig. 11 (Felixe et
al., 2017) (Fig. 12a modified from Felix et al., (2016a); Fig. 12b modified from
Felix, (2017); Fig. 12c modified from Felix et al., (2016b)) (Felix et al., 2018)

Tomography techniques can be used to analyse industrial environments. The
spatial distribution of phases, relative velocity between phases can be used for
flow characterisation using Electrical Impedance Tomography (EIT). Non-
invasive data collected by EIT can enable the reconstruction of cross-section
images which provides material distribution profiles of a suspensions flowing
through a pipe. EIT is simple and has a low cost, however, EIT is preferred for
slug flows. When considering that the properties of individual particles is a
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preferred outcome, EIT is not relevant for this specific thesis (Faia et al., 2020).
EIT has been used by Ventura et al., (2008) to characterise pule fibre suspensions
using EIT rings which were attached to a pilot rig. Ventura et al., (2008) were
able to measure changes in pressure and velocity, however, in this thesis, the
research goal is to provide specific properties of individual particles such as;
particle size, particle concentration, attenuation coefficients for homogeneous

suspensions.

Electrical Resistance Tomography (ERT) is also a technique which should be
noted. ERT has been used in a novel approach with a dual modality ERT-
Electrical Capacitance Tomography (ECT) by Wang et al., (2017) to visualise
gas-oil-water flow in horizontal pipelines. This method incorporates information
from spatial, temporal and frequency dimensions where an ERT-ECT sensor is
mounted onto a pipeline and fused ECT and ERT images are taken. The results
can be used to clearly identify individual phases when all phases are separated.
However, artificial errors are introduced as a result of linear interpolation used in
data alignment due to differences in speed and definition of the ERT and ECT.
The results only show the bulk flow and are less relevant to this project, but
perhaps can be considered for other work where bulk flow is to be characterised.
Tomography data from Wang et al., (2017) is shown below in Fig. 2.10. As
shown in Fig. 2.10, ERT and ECT are particularly valuable for the visualisation of

slug flow however not so much for a graduated change in suspensions.

20 40 60 80 100 120
No. Frames

Figure 2.10 Visualisation Result of Plug Flow over 125 frames of measurement
time 2 seconds using an ECT and ERT fused approach (Wang et al., 2017)
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2.6 ACOUSTICS BACKGROUND

Acoustics is one of the branches of classic physics that has the oldest origins and
also has the most modern applications. Experimentation into this branch of
physics started with vibrations of strings and sound in music and led to
computation of speed of sound, to now where acoustics can be used to analyse
sediments, restaurant acoustics and architecture (Namorato, 2000; Randall, 2012;
Butler and Sherman, 2016). Acoustics can also be used for defence purposes
where sound waves can be utilised for the detection of nuclear weapons in
surrounding waters (Butler and Sherman, 2016). Acoustics is specifically a branch
focused on the properties of sound, where sound can be defined as vibrations
transmitted through a medium (e.qg., air, water, and metals) (Morris, 1992).

Ultrasonics is an area of acoustics which is concerned with sound vibrations using
frequency ranges above audible levels, in other words, sound which exceeds 20
kHz (Butler and Sherman, 2016). Ultrasonics works on the principle of the
transmission and reflection of acoustic energy (Bains et al., 2008). An ultrasonic
transducer is a device which can convert electrical energy intro ultrasound energy
(Denault et al., 2016). Transducers are probes (typical dimensions, length: 8 cm,
diameter: 3 cm, (Met-flow, 2022) that can be suspended or attached to any flat
surface. A pulse is propagated from the probe and the reflection is received by a
probe, this can be a transducer which acts as transmitter and reciever or separate
probes (Butler and Sherman, 2016). An ultrasonic transducer refers to a capacitive
or a piezoelectrical probe, in this thesis, the focus is on piezoelectrical (Bakshi
and Bakshi, 2020). These are electroacoustic probes that convert electrical energy
into acoustic energy and vice versa. This functions on the principle of pressure.
When a voltage is applied to the piezoelectric crystal it expands or contracts
depending on the voltage polarity, this energy is then converted to ultrasound
where the frequency depends on the crystal radius and thickness (El-Badawy,
2008). The development of underwater transducers expanded rapidly during the
twentieth century (Randall, 2012; Butler and Sherman, 2016). An example of a

piezoelectric transducer is shown below:
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Figure 2.11 Schematic diagram of a piezoelectric transducer (El-Badawy, 2008)

The sound that propagates from the ultrasonic transducers can either reflect or
attenuate (loss of sound), backscatter is the reflection of that sound signal back in
the direction of origin, back to the transducer (Nakamura, 2012). An acoustic
backscatter system analyses the strength of the backscattered signal and uses this
to calculate sediment concentration (Rice, 2013; Tonge et al., 2021). The specific
acoustic backscatter theory is covered in Chapter 3 and this section only covers
the principles behind the theory. Acoustic backscatter systems have been used
extensively in literature to characterise sediment suspensions (Rice et al., 2015;
Hunter et al., 2016; Tonge et al., 2021). Acoustic backscatter systems function on
the principle of a single transmitter reciever sending a pulse through a suspension.
The system itself is relatively mobile where a transducer can be connected to the
ABS and suspended in a suspension or mounted onto a flat surface (Rice, 2013;
Hunter et al., 2016; Tonge et al., 2021). Data can be collected in real-time from
ABS. The signal which is not scattered directly back to the transducer is lost, this
loss of sound is called attenuation (Butler and Sherman, 2016). An example of an

ABS set-up is shown below in Fig. 2.12.
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Figure 2.12 ABS set-up schematic (Weser et al., 2014)

Attenuation of a signal can be dissected into two mechanisms: scattering and
viscous absorption (Urick, 1948; Betteridge et al., 2008). Scattering leads to the
energy of the ultrasonic pulse being redirected, this contributes to attenuation as
less energy reaches the detector. Viscous absorption is a hydrodynamic effect
which is caused by shear friction in the boundary layer around the solid particles.
This effect is sensitive to inter-particle interactions and leads to the loss of sound,
both contribute to attenuation. From the received backscatter signal, the voltage of
the pulse can be calculated over the measurement distance (Dong et al., 2020).
This is then used to establish a range correct logarithmic voltage value which is
utilised to extract the attenuation coefficient (Rice, 2013). This process is
described in more detail in Chapter 3.

Ultrasonic attenuation spectroscopy uses ultrasound waves to probe a sample,
attenuation is then measured and an attenuation spectrum is produced. The
ultrasonic attenuation spectra is sensitive to both size and concentration (Mougin
et al., 2003) The technique is similar to acoustic backscatter systems where the
techniques are non-destructive, give information on the particle size and can be
used in-line. However, UAS gives information on the compressibility as well
(Dukhin and Goetz, 2009). The main disadvantage of UAS is that several
thermophysical properties are required and need to be known such as adiabatic

compressibility and thermal conductivity (Nollet, 2004). In cases like the nuclear
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waste, thermophysical properties are unknown and can be difficult to obtain as

these are complex wastes.

Both UAS and ABS can be used to examine opaque and concentrated systems, for
UAS there is a complex theory to convert the crystal size distribution whereas for
the ABS, the theory is simple and does not require extensive knowledge of other
thermophysical properties (Mougin et al., 2000). An example of an attenuation
spectrum is shown below in Fig. 2.13. There is limited mention of UAS as a
technique in the literature review because it requires extensive knowledge of
properties that are difficult to determine from nuclear wastes and because the
analysis to determine particle size is very complex (Mougin et al., 2000).
Backscatter systems also use a single transmitter-reciever probe whereas
spectroscopic systems use a separate transmitter and reciever which makes the

equipment set-up more complicated (Richter et al., 2005).

The general particle size range for both techniques is shown in Table 2.1 where
the general range for UAS (10 nm to 3 mm (ISO, 2006)) and ABS (10-500 pm).
The size range for ABS is more limited but can provide more detailed information
(e.g., particle concentration via dual frequency inversions) on particle
suspensions. The general particle size of slurries ranges from submicron to 100
um, therefore, although the ABS has a lower limit of 10 um, the majority of the
suspensions can be analysed by ABS (Chun et al., 2011).
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Figure 2.13 Attenuation spectrum (squares) for a 3% w/v Laponite suspension,
dashed and solid lines are theoretical fits. The dotted line corresponds to the
intrinsic attenuation in pure water. Unimodal and bimodal particle size
distributions from the theoretical fits are plotted in the inset with triangles and
circles, respectively (Ali and Bandyopadhay, 2013)

The general applied attenuation theory does not work for data extracted from
attenuation spectroscopic systems and there is limited frequency data which can
limit the applicability of the instrument on various suspensions mediums. The
separate transmitter-reciever also needs to be positioned 180° from the pulsing
transducer, this places limitations on the experimental set-up whereas the ABS
transducers can be mounted anywhere at any angle, as long as the transducer face
is mounted on a flat edge, this provides more flexibility in the set-up (Falola et al.,
2021).
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2.7 ACOUSTIC PHYSICAL CHARACTERISATION TECHNIQUES

Acoustic systems are able to determine a range of particle properties in situ whilst
the methods are flexible and can be applied in industry (Hunter et al., 2012;
Thorne and Hurther, 2014; Stener et al., 2016). Acoustic techniques are applied
environmentally and for monitoring purposes (Thorne and Hanes, 2002; Wilson
and Hay, 2015; Guerrero et al., 2016). Settling in sediments can be tracked
(Simmons et al., 2010; Hunter et al., 2012; Bux et al., 2015; Simmons et al.,
2020), sediment flow velocity can be measured, and concentration profiles can be
developed (Hunter et al., 2020; Wang et al., 2021).

The application of acoustics as an analysis method has been predominantly used
in the marine and defence sector to analyse marine life on the seafloor, see Fig.
2.14 (Mondal et al., 2019; Ali and Miraz, 2020; Goossens et al., 2020; Zhang et
al., 2020; Li et al., 2021; Rideout, 2022; Thomson and Binder, 2021; Wang et al.,
2021). The same principle can be utilised to analyse moving sediment in a tank or
pipe. Acoustics offer non-destructive in situ analysis of suspensions with fast data
collection in real-time (Duchene et al., 2018; Shevchik et al., 2019; Wasmer et
al., 2019; Hossain et al., 2020). Acoustics require ultrasonic transducers which act
as pulsers and receivers, signals are pulsed and then detected using the reciever
(Butler and Sherman, 2016). Ultrasonic transducers have been used in tandem
with a variety of suspensions and sedimentologists have utilised acoustics to
analyse sediment suspensions (Szupiany et al., 2019; Vyse et al., 2020; Sahin,
2021). Acoustic methods pulse a signal which can either be scattered or reflected,
the level of signal scattered and detected provides a route for acoustic profiling
which can lead to characterisation of particle size, concentration, and velocity
(Moore et al., 2013; Butler and Sherman, 2016).
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Figure 2.14 Schematic of acoustics used to analyse seafloor (Howe et al., 2019)

Typically, the echo amplitude is used to analyse suspensions, this requires the use
of acoustic backscatter systems (Lee et al., 2018; Fernandez et al., 2021). There
are a variety of systems used, namely the following: UVP - ultrasonic velocity
profiler (Met flow Ltd) (Conevski et al., 2018; Gaeta et al., 2020; Montes-Quiroz
et al., 2020), ADV - acoustic doppler velocimeter (Son Tek) (Chmiel et al., 2018;
Canilho et al., 2022), ADCP - acoustic doppler current profiler (Priego-Hernandez
et al., 2019; Klema et al., 2020), AQUAscat 1000 (Aquatec Group Ltd) (Bux et
al., 2019; Smerdon, 2020; Brouwers et al., 2022) amongst others which have been
used for characterisation over the years. This Chapter will go through the
advantages of each system and characterise the methods by the probe placement.
Ideally, this PhD is hoping to be able to move on towards remote analysis of
suspensions, therefore, it is imperative that a system is chosen which can be

utilised remotely to limit risk of contamination in the nuclear industry.

Acoustics are operational in a range of concentration suspensions, are not limited
to dilute suspensions and have simple, flexible set-up (Williams et al., 1990;

Challis et al., 2005; Gray and Gartner, 2009; Bontha et al., 2011). This cannot be
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said for other in situ instrumentation which exists on active plants, examples of
which are turbidity meters and electrical impedance techniques (Shukla et al.,
2007). Acoustics also penetrate further than light waves (Temkin, 2005) and allow
for characterisation of opaque and more concentrated suspensions (Hauptmann et
al., 2002). Acoustics can be used in situ and in other placement types, therefore,
the literature reflects the use of acoustics in an in situ placement first. There are
limitations to using ultrasonic methods for particle or slurry sizing. These include
the limited particle size range, see Table 2.1. Although most nuclear waste slurries
will fall in the particle size limits of (10 — 500 um), analysing particles smaller
than 10 um is complex. There are also limitations on the particle concentration,
whereby concentration could not be predicted accurately using the dual frequency

inversion method above 40 g/L (Tonge et al., 2021).

Takeda and Goetz, (1998) used ultrasonic attenuation spectroscopy (UAS) to
determine the particle size distribution of suspensions where the system was
utilised to monitor flocculated particles in a concentration slurry. In this paper,
Takeda and Goetz, (1998) used UAS an ex situ technique which requires the
sample to be pumped into a measuring chamber. If used, there is a high likelihood
that the measuring chamber would become contaminated over time which
decreases the lifetime of the equipment. However, there are online versions of
ultrasonic spectroscopy devices (where the pitch-catch cell is inserted into the

dispersions), these are explored below in section 2.7.1.

2.7.1 Acoustic physical in situ characterisation techniques:

There are many different types of acoustic techniques for in situ characterisation.
The most common techniques are ultrasonic attenuation spectroscopy (UAS) and
acoustic backscatter systems (ABS), both use different principles, this is shown
above where the theory of UAS and ABS are covered. UAS can also be used in
situ using online versions (where the pitch-catch cell is inserted into the
dispersions). Mougin et al., (2000) used a commercial ultrasonic spectrometer
(Ultrasizer by Malvern Instruments Ltd) in situ to examine solution phase

crystallisation processes.
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Falola et al., (2021) presented a method to determine unknown physical properties
required to apply UAS for particle size distribution measurements where the
properties are unknown or too difficult to measure. This was achieved using a
model identification approach which iteratively determined the unknown
properties from the attenuation spectra. This shows the complexities of
establishing physical properties and using UAS where extensive modelling or
physical properties need to be known for accurate use of the method. An example
of the attenuation spectra is shown below. UAS has also been discussed in section
2.6 where the technique was shown to have complex theory, larger set-up and
more preliminary information required in comparison to ABS. Therefore, UAS is
not considered as a viable technique and is not discussed in detail within this

literature review.
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Figure 2.15 Attenuation spectra for SrCL..6H20 at different concentrations
(Falola et al., 2021)

Acoustics have been used to study particle flow with minimal intrusion and low
running costs (Shevchik et al., 2018; Nsugbe et al., 2019; Poddar and Tandon,
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2019; Prince et al., 2019; Wilson, 2022). There are several acoustic systems
which use doppler shift measurements, this includes an ultrasonic velocity profiler
(UVP) which uses a single frequency transducer (Hunter et al., 2011; Stener et al.,
2014). Large dilute depths can be analysed using acoustic Doppler current
profiling (ADCP) (Son et al., 2020). Son et al., (2020) analysed algal blooms
using ADCPs over large dilute depths, whilst acoustic doppler velocimetry can be
used for point profiling (ADV) (Liu et al., 2022). These acoustic Doppler profilers
quantify the doppler shift of the baseline frequency and are used to track particle
velocities in multiple applications such as environmental and engineering
(Kostaschuk et al., 2005; Hosseini et al., 2006; Harbottle et al., 2011; Kotze et al.,
2011). Acoustics backscatter systems on the other hand measured the returned
echo voltage from an ultrasonic pulse (Shi et al., 1999; McLelland, 2010). The
ultrasonic velocity profiler above can be used as an ABS by measuring the echo
amplitude as well as the velocity (Metflow, 2021). Acoustic backscatter systems
(ABS) can use multiple frequency transducers and allow for in situ profiling of
suspensions with minimally intrusive analysis (Metflow, 2021). The theoretical
analysis for backscatter profiles from ABS data has been fully resolved by Thorne
and Hanes, (2002) and Betteridge et al., (2008) for spherical glass dispersions.
This allows the author to fully characterise ABS data by quantifying concentration
values from the measured echo amplitude data (Hunter et al., 2012). Both acoustic
doppler profilers and ABS were explored below when investigating the use of

acoustics for in situ characterisation.

Panetta et al., (2012) conducted on-line measurements of particle size and
concentration using acoustic scattering properties. Panetta et al., (2012) learned
that existing methods become inaccurate at highly concentrated suspensions due
to the dominant multiple scattering which requires complex mathematics and
extensive expressions. Therefore, Panetta et al., (2012) measured the backscatter
and diffuse field to characterise particle slurries of mixed glass particles. Multiple
transducers of varying frequencies were mounted in a Teflon chamber to produce
frequency dependant attenuation plots for two species of glass where the larger
species were found to attenuate more. This provides evidence that the author is
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able to use multiple frequency transducers to analyse suspensions in a range of

environments.

Benoit-Bird and Waluk, (2021) found that understanding the behaviour of fish in
situ was not achievable using aerial observations (Freon et al., 1992) as this would
only show aggregations near the surface whilst visual observation is difficult due
to decreased visibility underwater (Jaffe and Dunn, 1988). This led Benoit-Bird
and Waluk, (2021) to investigate the use of ultrasonics and acoustic scattering
properties for analysis as most techniques for subsurface imaging are invasive
which would change the behaviours of the fish (Oppedal et al., 2001).
Echosounders have been relatively successful in identifying shape and edge
structure to identify groups of fish (Hewitt, 1975; Misund et al., 1995; Petitgas
and Levenez, 1996; Brierley and Cox, 2010). Benoit-Bird and Waluk, (2021)
found that using single frequency data provided echoes for schools of fish
however, the single frequency was unable to segregate other fish or zooplankton.
Acoustic scattering followed a distinctive pattern for schools of fish which require
validation and modelling before they can be identified. This shows that acoustics
can be used for a multitude of sectors which shows the flexibility of acoustics as a
characterisation method. Acoustics has also been used to monitor the cleaning of
food fouling in pipes, this was conducted using ultrasonic measurements (Escrig
et al., 2019; Escrig et al., 2020). The use of ultrasonic measurements was an
effective method for detecting fouling in circular pipes, the pipes were constructed
of stainless steel and PMMA. Ultrasonics have been used to monitor mixing using
in-line, non-invasive sensors where the sensors showed accuracy of up to 96.3%
for honey-water blending (Bowler et al., 2020). This shows the efficiency of using
ultrasonics to monitor mixing processes. The film thickness can also be
monitored using ultrasonic pulse echo techniques as shown by Al-Aufi et al.,
(2019).

2.7.1.1 Acoustic Doppler Profilers

Three main profilers were investigated here, an ADCP (acoustic Doppler current
profiler), ADV (acoustic Doppler velocimeter) and an ACVP (acoustic
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concentration and velocity profiler) which were found to be dominant in literature
(Kostaschuk et al., 2005; Hosseini et al., 2006; Kotze et al., 2011; Jourdain de
Thieulloy et al., 2020; Son et al., 2020). The ADCP was found to give accurate
concentration measurements where Moore et al., (2013) was able to show the
effect of grain size on attenuation regime (see Fig. 2.16) whilst Thorne et al.,
(2021) was able to show the limitations of the ADCP to analyse mixed sediments.
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Figure 2.16 Sedimentation attenuation coefficients for a suspension on mono-

sized particles (Moore et al., 2013)

ADCP

Moore et al., (2013) used the ADCP to monitor the concentration and size of
sediment particles suspended in fluid where multi-frequency profilers were used
at 300, 600 and 1200 kHz. ADCPs are predominantly used to measure both flow

speeds and sediment transport in rivers where an ADCP could be attached to a
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traversing motorboat. Moore et al., (2013) specifically used side looking ADCPs
which can be used to monitor flow speed (Morlock et al., 2002). Moore et al.,
(2013) was able to plot the viscous and scattering attenuation coefficients using
Richards et al.,, (2003) and Thorne and Meral, (2008) where the viscous
attenuation peaked at a grain radius of ~0.8 um. It was found that an increase in
operating frequency led to an increase in the magnitude of the peak at a lower
grain radii. This correlated to a peak viscous attenuation of 0.8 um when using a
1.2 MHz frequency in comparison to the peak viscous attenuation at 2 um when
using a 0.3 MHz frequency, see Fig. 2.17. The scattering attenuation coefficient
followed the same relationship, but the peaks were at a higher grain radius where
the attenuation peaked at an 800 um grain radius using a 1.2 MHz transducer. The
two regimes show that the grain radii have an effect on the attenuation where a
particle size distribution of around 0.8 pum leads to a high viscous attenuation
coefficient and limited or no scattering attenuation. Whilst at 800 um, the
attenuation is predominantly from scattering attenuation. This was the main result
from Moore et al., (2013) which can be used as a reference for any acoustic
system, see Fig. 2.16. The ADCP was used to monitor the concentration of a
suspension, this confirms that acoustics can be used to monitor concentration in

this thesis for other dispersions in varying environments.

Fuller et al., (2013) also used the ADCP to measure the suspended solids
concentration in aqueous suspensions. Fuller et al., (2013) used colloidal
suspensions which is useful for use in the nuclear industry where the size of the
particles is unknown. Fuller et al., (2013) found that environments with elevated
background noise could overshadow the signals due to the scattered particles
where increased background noise was due to higher bubble concentrations. This
is important as the author will need to limit the production of bubbles to enhance

the signal detection of colloidal aqueous suspensions.

Thorne et al., (2021) was able to use the ADCP to monitor particle size in
mixtures of muddy and sandy suspended sediments where most previous literature

used suspensions which were considered to be in the sand regime (Vincent et al.,
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1982; Young et al., 1982; Hanes et al., 1988; Lynch et al., 1991, 1994; Hay and
Sheng, 1992; Thorne and Hardcastle, 1997; Villard et al., 2000; Thorne et al.,
2002; Cacchione et al., 2008; O’Hara Murray et al., 2011; Moate et al., 2016).
However, it was found that the suspended sediment size was over estimated, and
concentration underestimated which shows the limitations of the ADCP in tandem
with the acoustic theory where the backscatter characteristics could be expressed
non-dimensionally using the form function (Sheng and Hay, 1988; Hay, 1991; He
and Hay, 1993; Thorne et al., 1993; Thorne and Buckingham, 2004; Moate and
Thorne, 2012).

Sahin et al., (2017) was able to investigate the effect of flocculating systems on
the scattering from the acoustic Doppler current profilers where it was assumed
that the flocs control the scattering characteristics instead of the primary particles.
Gartner, (2004) and Ha et al., (2011) were able to use scattering from 1.2 — 2.4
MHz transducers to produce concentration profiles by using the flocs as scatterers.
Inversion calculations were conducted by Sahin et al., (2013) by using flocs and
primary particles as scatterers where a correction was required to consider the
primary-particle viscous effect. This shows that flocculating simulants can be
analysed using the ADCP where a correction is required to consider the viscous
losses. An example of the physical set-up by Gartner, (2004) is shown in Fig. 2.17

where the mobile set-up is deployed in an estuarine bay.
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Figure 2.17 Experimental arrangement of 1200-kHz ADCP (transducer at 199 cm
above bed) and 2400 kHz ADCP (transducer at 180 cm above bed). OBS sensors
were located at 33, 63, and 99 cm above bed and CTD sensors were located at 33,

59, and 117 cm above bed. The LISST-100 was located at 212 cm above
bed.(Gartner, 2004)

Massey et al., (2011) was able to demonstrate the use of an ADV (acoustic
Doppler velocimeter) to track the settling velocity using assumptions of a local
balance between downward settling and upward turbulent transport (Fugate and
Friedrichs, 2002). The ADV was shown to produce a time series for mass
concentration where it was found that measurements were relatively noisy due to
the low frequency time limited bursts. However, it was found that the settling
velocities estimated were positively correlated at a 95% confidence with current
speed and Reynolds stress. This shows that acoustics can be used to determine

accurate settling velocities.

The ACVP (acoustic concentration and velocity profiler) is capable of high-
resolution profiling of flow velocity and suspended sediment concentration where
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general velocity and concentration measurements were collected separately from
two different apparatus (Harris et al., 2003; VanderWerf et al., 2007; Simmons et
al., 2009; Thorne et al., 2009; O’Hara Murray et al., 2011). The ACVP provides
non-intrusive high temporal-spatial resolution measurements of flow and sediment
processes (Hurther et al., 2011). There have been limited ACVP instruments
developed previously where Shen and Lemmin, (1999) produced a system which
used back and forward scattering simultaneously for measured concentration and
velocity. The main limitation for this system was the configuration required where
both transducers needed to be mounted face-to-face. However, Hurther et al.,
(2011) was able to show a new ACVP system which was able to produce
improved performance in terms of concentration and sediment flux measurements
due to the multi-frequency capabilities where transducers were used between 1
and 2 MHz. Here Hurther et al., (2011) was able to demonstrate a novel dual-
frequency inversion method for instabilities from the standard inversion methods
by Thorne and Hanes, (2002) where two frequency transducers were used to
determine backscatter intensities. The concentration profiles from the novel
inversion method were found to give comparable results with OBS data (optical
backscattering system). Thorne et al., (2018) was able to use the ACVP system to
analyse boundary layer processes where direct measurements of sand flux and

settling measurements allowed for estimation of sand diffusivity.

2.7.1.2 Acoustic Backscatter Systems (ABS)

Here, acoustic backscatter systems have been investigated which have been
typically used in estuarine sediment transport studies (Thorne et al., 2021). The
first being the AQUAscat 1000 which uses transducers of 0.5-5 MHz transducers
and active radii of 1-1.8 cm (Thorne et al., 2001; Bux et al., 2015). The UVP
(ultrasonic velocity profiler) was used which is a multi-frequency ABS that has
the capability to mount transducers of frequency 0.5-8 MHz with active radii of
2.5 and 5 mm (Rice, 2013; Metflow, 2021). There is also the UARP, see Fig.
2.18 (ultrasonic array research platform), a non-commercial system produced by
the University of Leeds. This UARP has been used in literature to analyse
sediment suspensions (Cowell, 2016; Tonge et al., 2021). All systems covered
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here are discussed in further detail below to provide scope of the techniques

available for use.
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Figure 2.18 Experimental set-up using the UARP (Tonge et al., 2021)

AQUASscat 1000

The AQUAscat 1000 acoustic backscatter system (Aquatec Group Ltd,
Hampshire, UK) is composed of transceiver probes with frequencies; 0.5-5 MHz
(Bux et al., 2015). The active diameters of the transducers range from 1-1.8 cm
depending on frequency. Bux et al., (2015) used the AQUAscat 1000 for
application of the acoustic backscatter theory to determine concentration from
measured backscatter data, this is applicable when particle backscatter and
attenuation properties are known (Thorne et al., 2001). Generally, concentrated
suspensions which enhance inter-particle scattering (Hunter et al., 2012) and
small particle dispersions which are influenced by viscous attenuation (Moore et
al., 2013) deviate from the general acoustic backscatter theory. However, Bux et
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al., (2015) was able to use a phenomenological approach to characterise high
concentration suspensions. The phenomenological approach has been extended
for fine colloidal mineral suspensions where the modelling was not established
due to complex inter-particle interactions (Burger et al., 2010; Deboeuf et al.,
2011; Dorrell et al., 2013). Bux et al., (2015) utilised the AQUAscat 1000 to
characterise concentrated colloidal mineral suspensions using an empirical
analysis approach where the concentration changes were characterised. The
visualisation of the settling interface and sediment bed were both monitored
successfully and compared well to data from optical methods. Conclusively, the
ABS was able to characterise complicated sediment behaviour in polydisperse
colloidal suspensions. The AQUAscat 1000 probes are shown below, these probes

are mobile and can be mounted onto any flat surface.

Figure 2.19 AQUAscat 1000 transducers (Aquatec, 2022)

51



Directly following on from this research, Bux et al., (2017) used the AQUAscat
1000 on a non-active, scaled, highly active storage tank (HAST) at Sellafield
where the tank was profiled to produce concentration profiles. A bidisperse
barytes suspension was utilised in tests for calibration experiments to characterise
concentration changes. Attenuation was quantified using a method by Rice et al.,
(2014) where it was found that the attenuation of the barytes suspension was
higher in comparison to previously investigated species due to the effect of
viscous absorption on the smaller barytes species. The ABS was used to predict
behaviour in industrial HASTs and provide more information on the settling

behaviour to assist with future construction of the tanks.

Bux et al.,, (2019) was able to use AQUAscat 1000 acoustic backscatter
measurements to determine the acoustic backscattering and attenuation constant
where a streamlined approach for transducer calibration was validated with
spherical particles. Expressions for spherical particles were used to measure the
transducer constant which enables the calculation of the backscattering constant.
A wide range of organic and fine material were used where the scattering and
attenuation properties were compared to heuristic data. Bux et al., (2019) was able
to determine that scattering properties of particles close to the colloidal regime
could be measured accurately with the ABS showing how versatile the technique
is. Tonge et al., (2019) also used the AQUAscat 1000 to monitor suspended solids
concentration and aggregated sludges where the ABS was utilised to track the bed
height in a suspension. The ABS was also used to determine changes in the bed
density from measurement of the attenuation with distance. The specific

calibration method is explored further in Chapter 3.

Bux et al., (2019) also developed a detailed calibration method for the calculation
of backscattering and transducer constants from the attenuation coefficients
established experimentally or heuristically, see Fig. 2.20. This calibration method
skips the initial conversion of the raw echo amplitude into the sedimentation
attenuation coefficient, which is covered in Rice, (2013). There is also limited

error analysis conducted throughout this technique which is required for any
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method where a case is being made for deployment. In this thesis, a novel error
analysis will be conducted on the attenuation coefficient values determined

experimentally.

Route 1: Route 2:
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Figure 2.20 Calibration method for the calculation of a transducer and

backscattering constant Bux et al., (2019)

Bux et al., (2019) also used this calibration method to determine the total
normalised scattering cross section and form function from experimental data.
This was achieved using in situ transducers which were suspended into a
homogeneous suspension. This thesis will aim to provide similar data using
combined attenuation predictions from Betteridge et al., (2008) and Urick, (1948)
where Bux et al., (2019) had only used Betteridge et al., (2008) predictions. The
combined attenuation should account for viscous losses which are dominant in
smaller particle sizes and align predicted data with the measured data at the lower
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ka values. Tonge et al., (2021) has done this for glass dispersions using the UARP
but this is novel for the UVP. As shown in Fig. 2.21 (b), measured values at lower
ka branch off from the prediction, this may be due to the increased viscous losses
which should be considered. The author will also strive to provide measured
values from non-contact probes to show that data can be collected to align with

the nuclear industries requirements.
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Figure 2.21 (a) form function vs ka and (b) normalised scattering cross section vs
ka for homogeneous suspensions of silica glass beads with predictions from
Betteridge et al., (2008) shown in the dashed line and predictions from Thorne
and Meral, (2008) in the solid line (Bux et al., 2019)
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Thorne et al., (2014) found that the lack of experimental data and theoretical
expressions made it difficult to interpret the backscattered signal from the
AQUAscat 1000. Therefore, Thorne et al., (2014) developed a hybrid model
which considers a heuristic approach to study complex shaped scattering bodies
(Stanton and Chi, 2000; Thorne and Meral, 2008). Meral et al., (2017) was able to
use an artificial neural network (ANN) in conjunction with the AQUAscat 1000 to
develop an acoustic method for determining sound scattering properties. This
eliminates the requirement for complex expressions and inversions. However, this

requires more ANN model studies with alternative sizes, shapes, and densities.

MacDonald et al., (2013) used the AQUAscat 1000 to determine the backscatter
response from fine sediment suspensions. Transducer frequencies of 3-5 MHz
were used, and the suspensions were flocculated at various levels to determine the
change in backscatter response. MacDonald et al., (2013) found that the
flocculated particle structure influences the scattering of sound where the

backscatter form function increased with the degree of flocculation.

Ultrasonic Velocity Profiler (UVP)

The UVP is used predominantly for measuring flows in pipes and channels (Kotze
et al., 2011) and assessing tank mixing systems (Ein-Mozaffari et al., 2007). The
UVP has also been used in pipe flow for full rheological profiling (Birkhofer et
al., 2008; Wiklund and Stading, 2008). Although this system has been mainly
used to extract the Doppler frequency shift to measure flow velocity, a
methodology for extracting concentration profiles has been used by extracting
backscatter voltage (Rice et al., 2014; Rice et al., 2015). This UVP has also been
used to determine the critical deposition velocity (Rice et al., 2015) and
characterise the settling and erosion of beds (Hunter et al., 2011; Hunter et al.,
2013).

Rice, (2013) determined sedimentation attenuation coefficients using transducers
mounted in situ on a pipe loop, this meant that data could be collected in-line. The

face of the transducers was in contact with the suspension which is not viable for
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deployment in the nuclear industry, therefore, in this thesis, the author will aim to
mount transducers in-line but remotely to maintain a non-contact environment.
The set-up by Rice, (2013) is shown below. Transducers were mounted at 90 and
135° to extract the echo amplitude and velocity, respectively, this was beneficial
as the same minimal set-up was able to provide simultaneous echo and velocity
measurements. Rice, (2013) was also able to determine the sedimentation
attenuation coefficients and compare these to heuristic expressions. There are
other expressions which consider scattering losses, which are given by Betteridge
et al., (2008) and expressions for viscous losses by Urick, (1948). Both of these
expressions combined can provide a predicted attenuation value which can be
compared to measured attenuation coefficients. Therefore, in this thesis, the
author aims to provide combined attenuation predictions which can be compared

to measured experimental values, this has not been achieved using the UVP.

Probes
4 MHz 2 MHz
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f a5 1352
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A

Figure 2.22 Probes mounted in-line on an engineered pipeline (Rice, 2013)
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Hunter et al., (2011) utilised the ultrasonic velocity profiler to characterise settling
dispersions where the UVP measured the transmitted Doppler shift of moving
particulates. The settling rates of particles was examined and the reduction in
settling rates was able to provide information on the level of segregation and
hindered settling. In Hunter et al., (2011), the UVP was not used to measure the
actual particle concentration. However, in Hunter et al., (2012), the UVP was
used to determine concentration profiles for settling suspensions. Suspensions of
low concentrations were used to determine the returned backscatter and convert
this into concentration (Betteridge et al., 2008; Meral, 2008) as concentrations
higher than 1 wt % could not be characterised from the effect of inter-particle

sound absorption.

Hunter et al., (2012) investigated the use of a multi-frequency acoustic
backscatter system which uses 2, 4, and 5 MHz probes to understand the settling
behaviour of flocculated glass dispersions. Both well-mixed suspensions and
settling systems were measured where the echo strength of the settling systems
was compared to the well-mixed systems to monitor the concentration changes in
the suspension sludge zone. Hunter et al., (2012) found that well-mixed systems
produced a linear function for the backscatter attenuation, therefore, the
backscatter strength through the settling dispersions was tracked and compared.
The levels of segregation could be determined by taking the attenuation decay and
comparing the linear function. Hunter et al., (2012) found that this technique was
limited due to the small depth penetration from higher frequency transducers due
to the greater inter-particle attenuation. An example of the concentration profiles
from Hunter et al., (2012) is shown in Fig. 2.23.
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Figure 2.23 Concentration profile measurements through settling flocculated
spheriglass dispersions (Hunter et al., 2012)

Stener et al., (2016) used the UVP to produce good estimates of local flow
velocity for flow through a pipe. The UVP was also used to monitor a transition
between low and high solids concentration using the pulse-echo method. Stener et
al., (2016) conducted experiments in a pilot concentrator where the UVP was used
to estimate particle velocity and concentration. This shows that the UVP is able to
simultaneously monitor sediment flux and velocity much like the ACVP.
However, the UVP is able to use multiple transducers for more advanced
characterisation where three transducers can be mounted to determine a 3 D flow
profile (Metflow, 2021).

Rice et al., (2012) analysed suspensions flowing through a horizontal pipe length
using the UVP where transducers were mounted at 90 and 135° to flow. Echo
amplitude profiles were taken across the cross section of the pipe. The sheet-flow

thickness and bed thickness were determined and novel characterisation of
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bedforms was conducted depending on the Reynolds number. Rice et al., (2012)
was able to exploit acoustic methods in a novel manner where only one other
author had utilised the same method to determine bed depth (McLelland, 2010).

Rice et al., (2014) was then able to adapt a model described by Thorne and Hanes,
(2002) and Thorne et al., (2011) so attenuation and backscatter coefficients could
be measured experimentally. These coefficients could then be used in a dual
frequency inversion method for concentration profiling (Hurther et al., 2011). The
novel approach was successful however, there were limitations from species
which exhibit strong attenuation, therefore any large particle sizes and high

concentrations were limited in analysis.

Faia et al., (2016) mounted a 4 MHz transducer with a 2.5 mm active radius onto
a flow loop where the transducer was mounted at 70° to the flow and was in direct
contact with the suspension. The transducer was mounted 3.5 m downstream from
a bend in the pipe which ensures the flow is fully developed at the time of
analysis. Faia et al., (2016) had used MRI data for validation where the two sets
of data showed excellent agreement. At lower concentrations, UVP profiles were
unaffected by velocity changes whereas MRI profiles become broader. At higher
concentrations, the UVP and MRI (magnetic resonance imaging) profiles were
affected equally where the profiles become flatter. Faia et al., (2016) found that
the methods had a high level of agreement which has shown that the use of
multiple techniques allows a better knowledge of suspension flow behaviour.

UARP

A new bespoke ultrasonic array research platform (UARP) was produced by the
school of electronic and electrical engineering at the university of Leeds. This
equipment was developed to further advance hardware and provide flexibility
needed for on-site deployment of acoustic devices in the nuclear industry
(Carpenter, 2020). The system uses a mobile measurement array with relatively
cheap transducers which can be disposable if used in radioactive or toxic

environments. The UARP was also designed for the user to access the raw
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received signal which is not a feature available in most commercial systems
(Cowell et al., 2015; Hunter et al., 2020). A schematic of the UARP is shown
below, the system is quite large, although mobile, will take some effort to move

around should the system need to be relocated.

Figure 2.24 Picture of the UARP (University of Leeds, 2022)

Most of the acoustic systems have been tested in lab scale environments or small-
scale tests, however Hunter et al., (2016) conducted large scale trials of the UARP
ABS for concentration profiling. The UARP can be used to visualise particulate
levels in real-time from the backscatter echo signal (Cowell et al., 2015). A large
continual flow clarifier was used as it represented a nearly full scale on site
nuclear waste separator. The backscatter signal was found to be more accurate for
lower concentrations which was expected as other acoustic systems have had a
61



limit on sediment concentrations they are able to accurately analyse (Hunter et al.,
2011). The UARP was able to prove effective for characterisation of complex
flocculated suspensions in a large-scale test, this shows that this technique is

applicable in industrial systems.

Hunter et al., (2020) has used the newly developed UARP due to the limitations
of existing ABS to conduct high fidelity multipoint profiling. The UARP has
specifically been used here for concentration profiling in a large-scale
sedimentation tank. Real-time monitoring when using the UARP would be highly
valuable in the nuclear industry (Hunter et al., 2016). To understand the settling
process in the tank for the flocculated material, the UARP has been used in
tandem with a CFD (computational fluid dynamics) model of the same system
(Heath et al., 2006). The CFD model is validated against the measured data from
the UARP. Simulations of concentration were found to be accurate to sample data
using glass dispersions, however, the CFD model over-predicted the particle
settling for the flocculating calcite. This could be attributed to additional shear

break-up of aggregates.

Tonge et al.,, (2021) was able to present a log-linear relationship for glass
dispersions using concentrations of up to 125 g/L for ka values between 0.2 and
0.4. For a larger glass species - where the ka was approximately 1 - the multiple
scattering effect led to a higher limit in the noise floor where the measured
attenuation was overpredicted. This overprediction meant the higher ka
suspension was only accurate up to concentrations of 40 g/L (Tonge et al., 2017).
This indicated a limit for analysis with the UARP when analysing glass
dispersions. Single frequency inversions were accurate for the same concentration
limits for each glass dispersion where the high concentrations for the larger
particle size led to multiple scattering and a higher limit in the noise floor. A dual
frequency inversion method was used (Hurther et al., 2011) with the transducers
where the frequency ranged from 2-2.5 MHz and were accurate until 20 g/L. The
dual frequency inversions offer enhanced concentration characterisation for the

UARP. The UARP is a useful method which has been shown to produce accurate
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data, however, for applicability and reproducibility, the method itself is restricted.
With the UARP being a novel instrument, the ability to reproduce results is
limited. The scale-up to work on site will mean that the unit cannot be purchased
off-shelf should the system become irradiated or need replacing for any other

reason.

Tonge et al., (2021) also determined the total normalised cross section and
compared measured values to combined attenuation predictions from Betteridge et
al., (2008) and Urick, (1948), this has not yet been achieved using the UVP.

2.7.2 Acoustic physical remote characterisation techniques:

The UVP was found to be the most applicable method for ongoing analysis and
reproducibility in the nuclear industry. Therefore, the application of acoustic
systems for remote placement and characterisation is explored below to
understand whether the UVP can be deployed as an on-site, non-invasive
characterisation method. Tezuka et al., (2008) measured velocity profiles within
pipes using non-intrusive flow meters where the influence of surface roughness
and Reynolds number was investigated on the velocity. Abbagoni et al., (2022)
also mounted non-invasive transducers to measure oil-water two-phase flow in
vertical pipes. This was conducted by using a Doppler ultrasonic (CWDU) flow
sensor and a gamma densitometer. It was found that there were restrictions on the
effective range where the water volume fraction needed to be between 25 — 75%.
The UVP has been used in previous literature to monitor non-invasively, this is

explored below.

Prateepasen et al., (2011) used a non-invasive microcontroller to detect internal
air leakages of a valve by analysing the acoustic emission signals. This instrument
was portable and a computational model was used in tandem with the instrument.
Prateepasen et al., (2011) confirmed that the leakage rate of air could be
measured. This data is useful in the knowledge that acoustics can be used in a

non-invasive setting, however the results would not be applicable for this specific
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thesis as Prateepasen et al., (2011) did not measuring aqueous Suspensions.
Haldenwang et al., (2008) mounted a 4 MHz probe remotely on a 40 mm pipe
where the transducer was fitted at an angle of 20° to the vertical pipe. Signals
were sent through the Perspex pipe wall with a small adaptor and acoustic
couplant to enhance the signal penetration through the pipe wall. Two mineral
suspensions of Kaolin and Bentonite with a concentration vol % of 8.25 and 5.66
% were used respectively in the pipe. The UVP was used to produce velocity
profiles which compared very well to predicted velocity profiles. This research
opened the door for analysis of complex non-Newtonian mineral suspensions
using a non-invasive technique. A photograph of the experimental set-up from

Prateepasen et al., (2011) is shown in Fig. 2.25.

Figure 2.25 Experimental set-up employed by Prateepasen et al., (2011)

Flow loops have been used by Shi et al., (2022) for characterisation of
suspensions using other means such as FBRM and PVM where the FBRM was
used to produce a chord length distribution which can be correlated to the particle
size distribution (provided the solids are spherical). The FBRM produced accurate

chord length distributions which were used for monitoring whilst the PVM
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produced microscopic images of the aggregates in flow (Shi et al., 2022).
Acoustic sensors have also been used as a leakage detection method where
transducers are mounted remotely and acoustic signals are extracted for real-time
monitoring (Wang et al., 2021). Acoustic emission techniques can be used for
corrosion testing in concrete cylinder pipes where damage can be detected at any
stage of the life cycle of the pipes (Goldaran and Turer, 2020).

Kotze et al., 2016 was able to use the UVP in tandem with pressure difference
(PD) measurements to obtain a full flow profile. A 2 MHz transducer was
mounted remotely on the outside of a 47 mm pipe where shear rate and shear
stress curve were determined. The transducer was mounted in-line but in contact

with the suspension.

Montes et al., 2020 was able to mount a transducer remotely at an angle to the
flow to determine the velocity of particles in flow. The specific material to be
analysed were tailings which were slightly opaque and therefore laser Doppler
anemometry was not suitable. The technique had to be non-invasive, therefore, X-
ray radiography and MRI amongst other techniques could not be used (Powel,
2008; Martin Rodrigues and Martin Rodriguez, 2014; Kotze et al., 2016). As the
velocity profile processing was conducted post-processing, the technique is not in-
line however, the equipment is mounted remotely. A full ultrasonic signal flow
was extracted from the transducers and a region of interest was selected between
two peaks at the start and end of the suspension environment within the pipe.

Tashi et al., (2002) used the UVP to measure instantaneous velocity profiles
where transducers were mounted non-intrusively. Tashi et al., (2002) investigated
the effect of measurement volumes on the velocity profiles and shows that the
velocity profile becomes higher than the true value near the wall. However, the
profile was found to be satisfactory as the error of the flow rate was only ~ 0.8.
Obayashi et al., (2008) mounted UVP transducers remotely onto a pipe surface to
determine a velocity vector profile. This required multiple transducers to be

mounted at varying angles non-invasively. This system was tested on a rigid body
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motion of a fluid in a rotating cylinder and on unsteady flow where velocity
vector profiles were measured. This information was used to provide a base
understanding of what was required for velocity profiling of a pipe in a non-
invasive set-up. In this thesis, the UVP has been used to determine simultaneous
velocity and echo amplitude data which has not been achieved before for complex

mineral suspensions.

All literature presented above show that acoustics can be used to analyse waste
suspensions remotely, specifically the UVP has been wused to provide
concentration and sediment flux profiles on homogeneous suspensions. Therefore,
moving forward, the author will be using the UVP to characterise nuclear waste
simulant suspensions initially and then move on to in line remote characterisation
of complex mineral suspensions. This will provide information and form a
precedent for the deployment of the UVP for analysis of magnox sludge

suspensions during transit to an interim storage facility.

To further understand why the UVP is chosen, physical limitations of the UVP
can be found in Table 2.1. Almost all methods shown in the literature review are
specifically tailored to characterise spherical particles. This is because historically,
modelling and theoretical expressions are simpler for spherical particles. Although
the particles in magnox sludge will not be spherical, the purpose of this
characterisation method is to analyse and monitor. If the characterisation method
can be used to analyse changes in particle size, concentration or rheology then it
can be caveated that the theoretical models are for spherical particles but the
system is still able to monitor successfully. Nuclear waste slurries often have low
concentration of < 2.5 vol % which is less than the upper limit of 40 g/L for the
UVP. Therefore, the UVP should still be able to accurately predict concentration
via dual frequency inversion. The UVP is portable, which means it is easier to

move around on site and allows flexibility for positioning.

The particle size limitations for all techniques including the UVP are shown in

Table 2.1, these also inform the maximum flocculation of the suspension. As the
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UVP has not been tested extensively within pipe flow, there is insufficient data to
understand the flow rate limitations of the equipment. For the information in this
thesis, the UVP was able to perform and extract attenuation coefficients from the

flow rate used in this thesis.

2.8 SUMMARY

This literature review goes through past literature used for the analysis of
sediment suspensions. This covered previous non-acoustic and acoustic
techniques which were used in situ and in line. The novelty in this research is
presented in the five results Chapters shown. The UVP has been used to determine
sedimentation attenuation coefficients of various materials including silica glass
bead suspensions. A calibration method has been detailed from Bux et al., (2019)
which shows how attenuation coefficients can be used to determine the total
normalised scattering cross section and the form function. The UVP was used to
determine sedimentation attenuation coefficients from suspensions of similar
silica glass bead suspensions where a novel error analysis was conducted on
experimental data. Updated predictions have been used by Tonge et al., (2021) to
compare experimental form function and normalised scattering cross section
values to combined predicted attenuation using expressions from Betteridge et al.,
(2008) and Urick, (1948). This has not been achieved with the UVP. Previous
literature shows that UVP probes were used to determine sedimentation
attenuation coefficients from glass dispersions but not using remote transducers
(Rice et al., 2015; Bux et al., 2019). Therefore, the placement of the non-contact
UVP probes is novel. The form function and normalised scattering cross section
values for measured data was compared using remotely placed and in situ

transducers which has not been achieved before.
Several acoustic systems have been used to monitor flocculated dispersions

(Hunter et al., 2012) but this has not been achieved using remotely placed

transducers. The non-flocculated and flocculated dispersions have not been
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compared in previous literature to show the change in acoustic behaviour through
the flocculation process.

Rice et al., (2014) has used transducers mounted in line on a horizontal pipe
length where the transducers were mounted into the pipe and in contact with the
suspension. Velocity values were also extracted from the transducer but using in
situ probes. Transducers have not been mounted remotely on varying pipe
orientations for simultaneous extraction of echo amplitude and velocity.
Flocculated suspensions have not been monitored remotely in line to
simultaneously extract echo amplitude and velocity to monitor the flocculation

process.
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3. ANALYTICAL THEORY

This section covers all the theory and most if not all the equations used as
reference throughout this thesis. Section 3.1.1 will cover all the UVP derivations
required to collect and convert the raw echo amplitude into results which can be
directly compared to literature, these include: voltages, G function profiles and
sedimentation attenuation coefficients. Various literature is referenced here.
Derivations from Rice, (2013) were utilised to convert the raw UVP data to
voltage. General acoustic theory from Downing et al., (1995), Betteridge et al.,
(2008) and Thorne and Hanes, (2002) were used to determine the sedimentation
attenuation coefficient, form function and normalised scattering cross section.
This was achieved from heuristic expressions and experimentally. Equations from
Urick, (1948) were then utilised to determine the viscous attenuation loss. This
was combined with scattering losses from Betteridge et al., (2008) to form a
combined attenuation prediction. The viscous boundary layer was calculated for
the two transducer frequencies utilised and the numerous sediments used
throughout this thesis. The shear and viscosity of individual particles was
determined to investigate the effect on the acoustic theory. Pipe flow theory was
investigated in section 3.1.2 where the speed of sound in sediment suspensions
was determined for various concentrations, this theory was referenced from Urick,
(1979) and Povey, (1997). The Reynolds number within the pipe was calculated in
section 3.3 and the entry length was determined using two methods of analysis
from Shames, (2003) and Zagarola and Smits, (1998) where the calculated entry
length was compared to the actual. An error analysis was conducted for the two
methods and compared to establish the most accurate calculation method.

3.1 ACouUSsTIC THEORY

Acoustics have been used to analyse moving material in the defence sector and

marine biology (Young et al., 1982; Jones and Clarke, 2004; Carrera et al., 2019;

Guan et al., 2021). Analysis of material has been achieved by utilising the

principle of sound propagation and attenuation (Guan et al, 2021). Acoustics have

also been a dominant method for the analysis of moving sediment (Thorne, 1985;
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Thorne and Hardcastle, 1993; Guerrero et al., 2013; Latosinski et al., 2014). The
general acoustic theory has been extracted from Thorne and Hanes, (2002) with
derivations taken from Rice, (2013), Bux, (2016) and other work which has been
detailed below. The theory has progressed to analyse sediment suspensions in the
Rayleigh regime (Bux, 2016), and suspensions in pipe flow (Rice, 2013). The
acoustic theory has become more refined where simpler derivations have been
adopted. This makes the process of analysing acoustic data easier to understand.
This Chapter will detail the acoustic theory, derivations and heuristic expressions
used to analyse moving homogeneous suspensions of silica glass beads and
complex mineral suspensions, in later Chapters. The methodology used here will
be referenced across all results Chapters where the same equations have been used

for analysis.

3.1.1 UVP Derivations

The UVP was chosen through investigation of the literature. The first take away
from the literature review was that acoustic backscatter systems were the most
viable technique for analysis (Kotze et al., 2011; Rice et al., 2014; Bux, 2016).
Several acoustic backscatter systems were investigated and from those systems
the ultrasonic velocity profiler (UVP) was chosen (Kotze et al., 2011; Bux, 2016;
Quiroz et al., 2020; Ohie et al., 2022). The ultrasonic velocity profiler (UVP) was
selected due to its simple interface and because it is a commercial unit which
meant that all data could be re-produced (Rice et al., 2015; Met-flow, 2021). The
UVP is designed by Met-flow (SA) — a company based in Switzerland - and is
generally used for velocity profiling. A logarithmic function of the voltage is
produced by using the UVP to extract echo amplitude data (Met-flow, 2021). The
use of the UVP to remotely extract simultaneous velocity and acoustic profiles has
not been achieved using remote probes before which shows that this technique is
novel. The set-up consists of a pulser/ receiver, a set of transducers and a digitiser
with signal processing which is carried out on a connected laptop. The UVP is
simple to operate, makes low computational demands and has several ports on the

back for transducer connection. For analysis, a combination of same frequency or
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multi frequency transducers can be connected. The ability to mount multiple
transducers shows how versatile the UVP is (Met-flow, 2021).

The UVP sends out pulsed signals through the measurement domain and then
detects any sound signal reflected, which shows that the UVP acts as a transmitter
and reciever (Met-flow, 2021). Analysis is achieved through the signal detected
(Butler and Sherman, 2016). Raw echo amplitude data can be extracted from the
UVP where the amplitude shows the attenuation of sound as it travels through a
suspension (Hamine et al., 2013; Vergne et al., 2019). The UVP detects the sound
which has been scattered back to the detector and uses the ratio of sound scattered
to determine the attenuation (loss) of sound (Butler and Sherman, 2016). A
combination of the backscatter and attenuation can be analysed for comparison of
suspensions with varying particle size and concentration (Rice, 2013). The raw
echo amplitude E(r) extracted from the UVP can be converted to voltage using the
gain function g(r) as shown in Eq. (3.01). Gain is a measure of the amplification
of the sound signal and ranges in value between 1-9 on the UVP system (Rice,
2013). Lower gain values may produce too low a signal (where the signal is below
the noise-floor and analysis cannot be achieved) (Mydlarz et al., 2017) whilst
higher values may cause saturation of the signal (where the signal is higher than
the maximum amplitude and therefore produces results which are not of value)
(Rice, 2013; Auerback et al., 2019). Therefore, a gain value of 6 was selected
which was an intermediate gain value that produced accurate acoustic profiles
(Rice, 2013). Eq. (3.01) is derived using the voltage variation of the transducer
(+/- 2.5 V) and dividing this data into 14-bit (2!4) data, this corresponds to a
multiplication value of 3.052 x 10. This echo amplitude data is then converted to

the voltage using the gain value provided by Met-flow (Rice, 2013)

__ 3.052x107*E(r)
V(r) = e (3.01)

The following derivation in Eg. (3.02) is used to calculate the root-mean-square
(RMS) of the received voltage (Thorne and Hanes, 2002). The received voltage

from the UVP varies with distance from the transducer. From Eq. (3.02) it is
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shown that the RMS voltage is a function of the following: transducer constant, ki
(V.m!®), backscatter coefficient, ks (m.kg®®), concentration, M (kg.m), distance
from transducer, r (m), attenuation due to solid and water, as (m™?), aw (Mm™) and
the nearfield correction factor, w. The nearfield correction factor, v in Eq. (3.02)
is calculated in Eqg. (3.03) and shown as a function of r, transducer active radius,
a: (m) and wavelength, 4 (m) (Downing et al, 1995). The nearfield correction
factor accounts for the change from spherical spreading within the nearfield of the
transducer face (Downing et al., 1995). The wavelength is calculated using the
speed of sound in water (1480 m.s%) and the transducer frequency. Where 2 or 4
MHz transducers were used throughout this thesis. Transducers of 2 MHz
frequency have been used for analysis of sediments in water columns previously
by Thorne and Hanes, (2002), Betteridge et al., (2003), Williams et al., (2003),
Hurther et al., (2011). Transducers of 4 MHz frequency have been used in
literature to analyse sediment in pipes by Best et al., (2009), Guney et al., (2013)
and Rice et al., (2014). The attenuation due to water can be calculated using a
derivation from Rice, (2013) where a general expression was adapted from
Ainslie and McColm, (1998). This derivation in Eq. (3.04) shows that attenuation
due to water is dependent on the ultrasonic frequency, f (MHz) and temperature, T
(°C). As this derivation varies with the temperature, the temperature of the water
was checked initially for experiments and was found to be around 20 °C. When
considering a 5 °C variation in temperature, the attenuation of water shows a 17 %
variation, however, when taking multiple tests, the water temperature varied by
1/2 °C which led to a 3.7 % variation. Variation in temperature was assumed to be
negligible from the limited variability in temperature samples. The attenuation
due to solid, as can be determined using the sedimentation attenuation coefficient,
¢and concentration, M (as = £M), assuming the suspension is homogeneous (Rice,
2013).

ksk

V= ey /zg-antenies) yyr = kMY 262 (3.02)
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(3.03)

To produce an acoustic profile, the voltage values calculated in Eq. (3.01) were
converted to the logarithmic function of the voltage, otherwise known as the G-
function. G is calculated using ks, k, M, aw and as but can be determined
experimentally using the near field constant (Downing et al, 1995), distance from
transducer and the measured V from experimental data. This function is used to
compare the attenuation of profiles using different suspension environments. Eq.
(3.05) shows the calculation of the G-function using the experimental functions
and the calculated (Rice, 2013).

G = In(yrV) = In(ksk:) + 0.5In(M) — 2r(a,, + ay) (3.05)

The attenuation constant (¢, m2.kg™) is determined by plotting the G-function vs
the distance from the transducer, r and establishing the gradient from the resulting
plot (Rice, 2013). The superscript m indicates values from experimental/

measured data.

m = —05(22) = 05 [Zinyrv)| (3.06)
The normalised scattering cross section (y) and the form function (f) can be
calculated using heuristic expressions from Betteridge et al., (2008). Both are
functions of the particle radius a (m) and angular wavenumber, k (m?). The
wavenumber, k is calculated using the speed of sound in water, ¢ (m.s) and the
transducer frequency, f (MHz) (2xf /c) (Betteridge et al., 2008). The superscript ¢

indicates values determined through calculations or heuristic expressions.
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. [0.24 ( 1—o.4e(—k“2__55'5)2)(ka)4]

T [0.740.3(ka)+2.1(ka)2—0.7(ka)3+0.3(ka)*]

X (3.07)

foo ( 1—0.5e(—k“0__51'5)2) ( 1+0.4e(—@)2) ( 1_0'56(_,“1(;#)2)(“)2 (3.08)

1.17+4+0.95(ka)?

The scattering cross section and form function can be calculated experimentally
using expressions from Thorne and Hanes, (2002), these expressions are shown in
Eg. (3.09) and (3.10). The sedimentation attenuation coefficient can be used along
with particle radius and density of solid, ps (kg.m®) to calculate the
experimentally determined y (Bux, 2016). The form function can be calculated
using the backscatter coefficient, ks (m.kg®®°) from experimental data, the particle
radius, a and density of solid (Rice, 2013; Bux, 2016).

_ gm tas
xm = g (309)
fm= ksm\/ aps (3.10)

The sedimentation attenuation coefficient calculated in Eq. (3.06) only considers
scattering losses (Urick, 1948). Therefore, the author has investigated the losses
due to viscous attenuation. To understand whether viscous losses occur, the ka
values need to be known for all systems used in this thesis. Table 3.1 shows all the
ka values for each system using a 2 and 4 MHz transducer. The 2 and 4 MHz
transducers were considered as they are the base transducer frequencies for the
UVP where both frequencies have been used in previous literature to provide

accurate acoustic profiles (Rice, 2013).

74



Table 3.1 ka values for all systems (sizes for the silica glass can be found in
Chapter 5, Section 5.3.1 whilst sizes for the calcium carbonate and magnesium

hydroxide are found in Chapter 6, Section 6.3.2)

Material a (m) 2 MHz @ 4 MHz
Silica glass dso 170 pm 8.5E-05 0.71 1.43
Silica glass dso 82 pm 4.1E-05 0.34 0.69
Silica glass dso 48 um 2.4E-05 0.20 0.40
Silica glass dso 36 um 1.8E-05 0.15 0.30
Calcium Carbonate 2.4E-06 0.02 0.04
Magnesium Hydroxide 2.5E-06 0.02 0.04

All particle sizes for the silica glass can be found in Chapter 5, section 5.3.1
where particle sizes were determined using a Mastersizer. Particle sizes for the
calcium carbonate and magnesium hydroxide were determined using a Camsizer
XT, this is shown in Chapter 6, section 6.3.2. For all systems apart from the 4
MHz probe analysing the largest glass species, ka<l where the system is within
the Rayleigh regime and viscous losses occur. These losses have to be taken
account of (Bux et al., 2019; Tonge, 2021). Tonge, (2021) found that when
ka<0.6, viscous losses are large, nearly all values are <0.6 when comparing this to
Table 3.1. Viscous losses need to be considered to accurately calculate the
normalised scattering cross section (Thorne et al., 2014). The theoretical models
from Urick, (1948) are used to determine attenuation due to viscous losses from
mono-sized spheres, where the intermediate non-dimensional variables, 5, t and 6
in Eq. (3.11) are used to calculate attenuation due to viscous losses, &y (m?.kg™),
the subscript sv indicated viscous losses. To calculate the intermediate variable f,
the kinematic viscosity of water at room temperature is used, » (10° m2.s) and
the angular frequency, o (2xf, where f is the transducer frequency) (Kestin et al.,
1978). Where the kinematic viscosity is determined by dividing the dynamic
viscosity at room temperature, (1 mPa.s at 20°C) by the density of water, 1000

kg.m (Rice, 2013). The dynamic viscosity is determined from data by Kestin et
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al., (1978). Intermediate variables, f, t and 6 and the density of the solid and
water, pw (kg.m™) are used to calculate attenuation due to viscous losses in Eq.
(3.12).

_ [ _ 9 kS _ 9
ﬁ—\/;, t—4aﬁ.(1+aﬁ), 6=05+,2 (3.11)

k t

=% (Ps _ L
S =5 (22-1) . ey (3.12)

Eg. (3.09) can then be re-written in Eq. (3.13) to calculate the scattering cross
section using the sedimentation attenuation coefficient due to viscous losses
(Urick, 1948). The predicted sedimentation attenuation coefficient due to
scattering losses is determined by using the scattering cross section predicted in
Eq. (3.07). The predicted attenuation coefficient from combined attenuation due
to scattering and viscous losses is shown in Eq. (3.14). This can then be compared

to the attenuation coefficient from experimental data.

Xsv = Ssv 4a3ps (3.13)
§=but o (3.14)

3.1.2 Speed of Sound

The speed of sound of suspensions, ¢ (m.st) was calculated using expressions
from Urick, (1979) and Povey, (1997) where density, p (kg.m?3) and
compressibility, k (m?.N™) of the suspensions are both additive properties. Eq.
(3.15) shows the density and compressibility calculated using volume fractions, ¢
of the suspension’s components. Subscripts s and w indicate values for sediment
and water, respectively whilst subscript b indicates bulk density. Eq. (3.16) shows
the speed of sound equation (Urick, 1979; Povey, 1997).
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P = Pow®+ pps(1—¢) k=kyp+ ks(1—¢) (3.15)

1
N (3.16)

c=
The speed of sound was calculated for the glass test materials (Honite, Guyson
Ltd) (mainly composed of silica dioxide) from Guyson, (2021) as well as the
mineral suspensions. The mineral suspensions used in this thesis are
homogeneous suspensions of calcium carbonate (Omyacarb 2, Omya AG) and
magnesium hydroxide (Versamag Martin Marietta Magnesia Specialties). Even
though the glass test materials have varying particle size distributions, the speed
of sound stays the same as Urick, (1979) does not consider changes in particle
size. The bulk density of silica dioxide (2600 kg.m%) was used in calculations as
the silica glass beads are ~75% silica dioxide (Guyson, 2021). The bulk densities
for the mineral suspensions of calcium carbonate (Ito, 2017) and magnesium
hydroxide (Patnaik, 2002) are 2711 (kg.m?3) and 2340 (kg.m?), respectively.
Compressibility was calculated by taking the inverse of the bulk modulus, where
values for the compressibility of the three materials is; Kcaicium carbonate = 77 GPa
(Carmichael, 2017), Kmagnesium hydroxide = 43.3 GPa (Hermann and Mookherjee,
2016) and ksio, = 36.9 GPa (Kaye and Laby, 1995). The speed of sound values for
all three materials are shown in Table 3.2, 3.3 and 3.4 for silica glass beads,
calcium carbonate and magnesium hydroxide, respectively. It is shown that the
speed of sound changes by a maximum of 1.18 %. This is assumed to be a
negligible change, but no sensitivity analysis was conducted on the effect of speed
of sound on attenuation. The change in attenuation is assumed to be solely due to
the change in concentration. This is highlighted as an area for further research.
There could be additional effects that the change in speed of sound has on the

attenuation of a signal which have not been considered for results in this thesis.

The largest change in speed of sound occurs for the silica glass beads where the
speed of sound decreases with increasing concentration. At the largest
concentration the speed of sound decreases by ~1 %. Whilst for the smaller
mineral species, the speed of sound decreases by 0.48 % and 0.28 % respectively

for calcium carbonate and magnesium hydroxide. The smaller density of the
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magnesium hydroxide suspensions shows a limited change in speed of sound

whereas the higher density calcium carbonate has a higher change in speed. The

larger particle glass species exhibits a larger change in speed of sound. Tables 3.2

— 3.4 show that an increase in density leads to a decrease in the speed of sound

(this is only shown specifically in results shown below and cannot be said

generally).

Table 3.2 Speed of sound calculations for silica glass beads (Compressibility and

bulk density values for silica glass were taken from Kaye and Laby, (1995))

Concentration, Volume Density, p» Compressibility, Speed of
M (kg.m) (%) (kg.m) k (m?.N?) sound, ¢ (m.s) Ac/cO
11.9 0.46 1004 4.6E-10 1478 -0.15
35.7 1.35 1019 4.5E-10 1474 -0.44
47.6 1.80 1026 4.5E-10 1472 -0.57
59.5 2.24 1033 4.5E-10 1470 -0.70
83.3 3.11 1047 4.4E-10 1466 -0.95
107.5 3.97 1061 4.4E-10 1463 -1.18

Table 3.3 Speed of sound calculations for calcium carbonate suspensions

(Compressibility values for calcium carbonate were found in Carmichael, (2017)

and the bulk density value was taken from Ito, (2017))

Concentration,

Volume Density, py

Compressibility,

Speed of sound,

M (kg.m) (%) (kg.m3) k (m?.N?1) ¢ (m.s?) A ¢/ c0
3.8 0.15 1000 4.6E-10 1479 -0.04
11.9 0.46 1005 4.6E-10 1478 -0.15
15.7 0.60 1007 4.6E-10 1477 -0.21
20.9 0.80 1011 4.5E-10 1476 -0.28
26.2 1.00 1014 4.5E-10 1475 -0.35
35.7 1.36 1020 4.5E-10 1473 -0.48
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Table 3.4 Speed of sound calculations for magnesium hydroxide suspensions
(Compressibility values for magnesium hydroxide were found in Hermann and
Mookherjee, (2016) and the bulk density was found in Patnaik, (2002))

Concentration, Volume Density, pp Compressibility, Speed of
M (kg.m?) (%) (kg.m™3) k (m2.N?) sound, ¢ (m.s?) Ac/cO
3.8 0.17 999 4.6E-10 1480 -0.02
11.9 0.53 1004 4.6E-10 1479 -0.09
15.7 0.70 1006 4.6E-10 1478 -0.12
20.9 0.93 1009 4.5E-10 1478 -0.16
26.2 1.16 1013 4.5E-10 1477 -0.21
35.7 1.58 1018 4.5E-10 1476 -0.28

3.1.3 Viscous Boundary Layer Thickness

The particle viscous boundary layer is important for acoustic absorption and can
be determined using the particle Reynolds number where the viscous boundary
layer thickness can be calculated. The ka value is used to establish the importance
of the boundary layer thickness and the effect of the boundary layer thickness on
acoustic absorption (Kytomaa, 1995; Khamis and Brambley, 2017; Forrester et
al., 2019).

When ka < 1, the system is in the long wavelength regime where the boundary
layer thickness becomes important whilst when ka >> 1 the regime is in the
multiple-scattering regime where it has been shown that sound will scatter
randomly and penetrate poorly as the particles are randomly arranged in an
assembly (Javanaud and Thomas, 1988; Kytomaa, 1995). Table 3.1 shows that all
systems have a ka value < 1 apart from the largest glass species analysed using a 4
MHz transducer where the ka value is slightly larger than 1. Therefore, the
multiple-scattering effect is assumed to be negligible (Javanaud and Thomas,
1988).

The viscous boundary layer is a thin layer of viscous fluid at the wall which is in
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contact with the bulk moving fluid. This is often called Stokes layer thickness
(Kytomaa, 1995). The Reynolds number can be calculated using the Stokes layer
thickness to establish which regime the system is in (Kytomaa, 1995). The stokes
layer thickness is a function of the dynamic viscosity, i (10 kg.m™.s%), density
of water, pw,(1000 kg.m=), particle radius, a (m) and the angular frequency, o
(rad.s). The dynamic viscosity (1 mPa.s at 20 °C) is taken from data by Kestin et
al., (1978). Angular frequency is calculated using the frequency of the transducer
used (w = 2xf). By assuming a 2 MHz or 4 MHz transducer is used, Eq. (3.18) and
(3.19) can be derived from Eqg. (3.17) (Allegra and Hawley, 1972; Atkinson and
Kytomaa, 1992; Kytomaa, 1995; Panetta et al., 2012).

_a___a Pw®w
Reparticle =5T T - a /_2” (3.17)
Pww
a
Reparticle,z MHz = 3 0E—07 (3.18)
a
Reparticle,4 MHz = 28E—07 (319)

The particle Reynolds number using the viscous boundary layer has been
calculated for all six suspension environments using a 2 and 4 MHz transducer
where the viscous boundary layer, 6 (m) is 4 E-07 when using a 2 MHz probe and
2.8 E-07 when using a 4 MHz probe.
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Table 3.5 Reynolds number as a function of the viscous boundary layer thickness

Particle Re
Material Radius, a 2 MHz, 4 MHz,
(M1 5 (m) = 4.0E:07 | & (m) = 2.8E-07
Silica Glass dsp 170 um  8.5E-05 212.5 303.6
Silica Glass dso 82 um 4.1E-05 102.5 146.4
Silica Glass dso 48 um 2.4E-05 60.0 85.7
Silica Glass dso 36 um 1.8E-05 45.0 64.3
Calcium Carbonate 2.4E-06 6.0 8.6
Magnesium Hydroxide 2.5E-06 6.3 8.9

All values in Table 3.5 are much greater than 1. Kytomaa, (1995) found that when
Re >> 1, ¢ is very small and the fluid outside the boundary layer is dominated by
inviscid inertial effects. This is where viscous forces are smaller than inertial
forces (Gerhart et al., 2016). The viscous boundary layer is smaller when using a
4 MHz probe, therefore, it is expected that the 4 MHz probe will exhibit decreased
viscous losses. When comparing the particle Reynolds number in Table 3.5, the
particle Re is higher for the 4 MHz probe. This will be explored further in
Chapters 5 where the silica glass is characterised using both 2 and 4 MHz
transducers, this will also be investigated in Chapters 6 and 8 where the fine
mineral suspensions are explored. The increased particle Re has been assumed to
lead to an increase in viscous losses when comparing the 2 and 4 MHz probes.
Therefore, by taking this a step further, the decrease in particle Re between the
sediment types may lead to an increased viscous absorption. However, this theory
has not been proven yet and is explored further in Chapters 5, 6 and 8. It is noted
that an increase in viscous absorption may not necessarily lead to an increased
sedimentation attenuation coefficient as the particles also attenuate through

scattering losses.
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3.1.4 Particle Shear and Viscosity

Following on from the discussion above, the shear interaction with the fluid and
the viscosity of the suspensions is explored. The shear interaction with the fluid is
expected to be minimal as the concentration of the particles is so small (0.46-3.97
vol % for silica glass, 0.11-1 vol % for calcium carbonate and 0.12-1.16 vol % for
magnesium hydroxide) (Kytomaa, 1995; Stevenson et al., 2002). As the
remaining dispersant was 96 vol% (or more), the viscosity is dominated by the
aqueous dispersant. This is shown below using Fig. 3. 1.

To understand this further, both properties need to be investigated, these include
the change in viscosity with the addition of the solid suspension and the effect of
shear from the solid suspension. First, the viscosity change with the addition of
the solid particles is explored. Only the kinematic viscosity of water was used to
determine the Re as the contribution from particles on the viscosity was negated
due to the small concentration of solid (0.46-3.97 vol % for silica glass, 0.11-1 vol
% for calcium carbonate and 0.12-1.16 vol % for magnesium hydroxide). This
was confirmed by investigating the dependence of relative viscosity predictions
on solid fractions in Fig. 3.1 below, where Konjin et al., (2014) compared several
theoretical and semi-empirical relations for the dependence of the relative
viscosity on solid fraction. Annotations were made in Fig. 3.1 which correspond
to a slight overprediction of the maximum solid fraction (4 vol%) used across all
sediment suspensions. The relative viscosity was found to change by a maximum
1.14-1.24 when comparing four theoretical expressions including Eilers, (1941),
Vand, (1948), Mooney, (1951) and Krieger and Dougherty, (1959). The change in
relative viscosity from the viscosity of the dispersant was found to be negligible.
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Figure 3.1 Dependence of relative viscosity with change in solid fraction with
annotations correlating to the maximum solid fraction used for suspensions

across this thesis, Fig extracted from Konjin et al., (2014)

The dependence of the viscosity on shear rate was investigated using results from
Rice et al., (2020) to understand how the change in viscosity also effects the shear
rate. The relationship between viscosity and shear rate is investigated in Fig. 3.2
(Papadopoulou et al., 2020). When using the maximum change in relative
viscosity found in Fig. 3.1 for a 4% solid fraction, the viscosity was found to
change by a maximum of 0.24, this figure is used to determine the maximum
viscosity depending on the viscosity of the dispersant at room temperature (20°C),
107 kg.m™.s1. The maximum viscosity according to Fig. 3.2 is 1.24 x 10 (m?.s™)
whilst the viscosity of water is 10, Rice et al., (2020) did not account for solid
fractions lower than 10% so the change in shear rate was investigated for a solid
fraction of 10% with the assumption that the change in shear rate would stay
consistent. Fig. 3.2 shows the change in shear rate with relative viscosity where
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the relative viscosity range in Fig. 3.1 was used to determine the change in shear
rate. As shown above, the change in relative viscosity is so minimal that the
change in shear rate can almost be assumed to be negligible (Papadopoulou et al.,
2020). The same is shown for dispersions of calcium carbonate and magnesium

hydroxide suspensions in Fig. 3.3.
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Figure 3.2 Dependence on shear rate with relative viscosity for glass silica
dispersions where the relative viscosity of water and the relative viscosity of the
suspensions has been shown by the two red dotted lines from Papadopoulou et al.,
2020

Fig. 3.3 (a) and (b) shows the change in shear rate with viscosity of varying solid
fractions from 10% - black, 20% - red and 30% - green with the circles shown for
calcite suspensions and squares for magnesium hydroxide suspension. As the

solid fraction decreases, the correlation crosses the y axis at a lower value. Under
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this assumption, the correlation for a solid fraction of 4% would lead to a lower
correlation which intercepts at a viscosity of 0.001. As shown in Fig. 3.3, the
shear rate does not change significantly with a relative 1.24 change in viscosity,
however for the magnesium hydroxide suspensions in 3.3 (b), the viscosity
predictions do not go lower than 0.001. This is because of the overprediction of
the solid fraction. However, the shear rate is expected to show a negligible change
with the change in viscosity, therefore, the shear interaction with the fluid is

expected to be minimal.
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Figure 3. 3 Dependence of viscosity on shear rate for suspensions of (a) calcium
carbonate and (b) magnesium hydroxide with solid fractions of: 10% - black, 20%

- red and 30% - green

3.2 ENGINEERED PIPE LOOP METHODOLOGY

In terms of the pipe loop, the theory is used to determine the minimum entry
length required. This allows the user to be sure that flow is fully developed at the
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point of analysis (Laufer, 1954; Zagarola and Smits, 1998; Shames, 2003; Rice,
2013). Before this, the author has explored the several factors which effect the
time required for flow to become fully developed. These include the pipe
Reynolds number, Re (note that this is different from the particle Re which was
determined above) which allows characterisation of the flow and the entry length
which governs the development of the flow through the pipe (Young et al., 2010;
Schlichting and Gersten, 2016; Beltran-Prieto and Kolomaznik, 2019).

3.2.1 Pipe Reynolds Number

The pipe Reynolds number is determined using the flow rate, pipe diameter and
kinematic viscosity. The experimental flow rate for the pipeline was measured
from the flow meters placed on the top of the pipeline, see Chapter 8. The flow
rate and flow velocity were monitored over 5 minutes from the flow meters and
averaged to give a representative value. The mean velocity, Uave (m.s™) recorded
from the flow meters was used along with the internal pipe diameter, D = 0.025 m
and the kinematic viscosity of water at room temperature (20 °C), v = 10 (m?.s”
1. These values were used in Eq. (3.20) to calculate the pipe Reynolds number for
the flow rates measured subsequently (Hinze, 1959; Deen, 2016; Schlichting and
Gersten, 2016). As shown in Fig. 3.1, the relative change in viscosity for the
addition of the solid particles is negligible and therefore the kinematic viscosity of
water (Kestin et al., 1978) is used for calculation of the pipe Re. Table 3.6 shows
all the values required to calculated pipe Reynolds number in Eq. (3.20). The pipe
Re is established with properties from the pipe and bulk fluid with no added
assumptions from the addition of the solid in the suspensions. This is due to the

negated shear and viscosity change which is explored in Fig. 3.1 — 3.3.

Re = Uppe.~ (3.20)
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Table 3.6 Properties required for Reynolds number calculations

Kinematic Viscosity, v, m2.s 0.000001

Inner (Outer) Pipe Diameter, m 0.025 (0.03)

Area of Pipe, m? 0.00049

The pipe Reynolds number is calculated for varying pipe flow rates to identify
whether the flow was turbulent. Turbulent flow occurs above a Re of 4000
(Dunne et al., 2019). The speed and rate of the pump is utilised for pipe Reynolds
number calculations. Table 3.7 shows the range of experimental flow rates that
can be used. The experimental flow rate is highlighted at the bottom of the table.
The flow meter has an error of +/- 1% accuracy which is reflected in the +/- 1%
error for the pipe Re, where the Re is determined using the linear function in Eq.
(3.20). The flow velocities here were selected as the minimum and maximum
speeds the experimental set-up could manage. The flow velocity of 0.39 m/s
prevented settling in the mixing tank and ensured all solids were dispersed in the
suspension, and the flow velocity of 0.88 m/s was the upper limit at which the

pump ran. Flow velocities above 0.88 m/s risked the integrity of the piping.

Table 3.7 Calculation of Re using a variation of flow rates

Speed | Flow Rate, (L/s) | Flow Velocity, Uave Reynolds Number,
(RPM) (+/- 1%) (m/s) (+/- 1%) Re (+/- 1%)
600 2.36 0.39 9,770
750 3.16 0.53 13,188
900 3.98 0.66 16,543
1050 4,74 0.79 19,750
1131 5.22 0.88 21,913
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3.3 ENTRY LENGTH

When fluid enters the pipe, a boundary layer along the wall starts to develop. The
boundary layer is thin near the pipe entrance and the viscous effects are restricted
to the near wall region. However, as the flow develops, the boundary layer
thickness grows and reaches the pipe-line. When the boundary layer thickness
reaches the pipe centreline, the flow then becomes fully developed. The length
taken for the flow to evolve into a fully developed flow is also known as the
entrance length (Zagarola and Smits, 1998; Shames, 2003; Schlichting and
Gersten, 2016; Moon, 2022).

Entry length can be calculated using several expressions (Zagarola and Smits,
1998; Shames, 2003) which provide varying minimum entry length values. The
calculated entry lengths can then be compared to the actual distance to the UVP
transducers to ensure fully developed flow at the point of analysis. The actual
distance from the probes needs to be longer than the required minimum length, L
(Rice, 2013). Two methods were used to determine the entry length to pipe
diameter ratio. The first method utilised the Reynolds number and is shown in Eq.
(3.21) where derivations from Shames, (2003) were used. The second method
uses the Darcy friction factor (f) and is derived from Zagarola and Smits, (1998)
as shown in Eq. (3.23) where D = 0.025 m as given earlier. To understand
whether the flow was fully developed, the actual distance from the UVP probes in
the pipe loop need to be known. The entry length for the horizontally mounted
probe is 1.3 m whilst the entry length for the vertically mounted probe is 2.1 m,
see Chapter 7.

3.3.1 Method 1: Shames, (2003)
Shames, (2003) derivation in Eq. (3.21) is used for turbulent flow, where all Re

values in Table 3.7 confirm that flow is turbulent.

= (method 1) = 4.4Re*/5 (3.21)
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All L/D values are calculated using the array of Re in Table 3.7 and shown in Fig.
3.4 where the increase in flow velocity leads to an increase in Re and entry length.
The entry length values range from 0.51 and 0.58 m which is significantly lower
than the actual distances of 1.3 and 2.1 m. These entry length values show that the
flow was fully developed at the point of analysis. Error bars shown in Fig. 3.4
show the 1% error from the flow rate measurements where the error for the entry

length calculations is explored further at a later point in the Chapter.
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Figure 3.4 Error for entry length calculations using Shames, (2003) where the red
and green dotted lines indicate the vertical and horizontal distance from

experimentally placed transducers and the closest bend in the pipe, respectively

3.3.2 Method 2: Zagarola and Smits, (1998)

Another method was used to validate the calculation of the minimum entry length
and to prove that the entry lengths determined were accurate. The entry length to
diameter ratio in Eq. (3.23) uses the Darcy friction factor (f) which is calculated
using the roughness coefficient, ¢ (m) (Haaland, 1983; Rice, 2013). This is

dependent on the pipe material used, where ¢ for PVC pipes was used

90



(approximately 1.5 x 10 m) (Moody, 1944; Roberson and Crowe, 1996; Pahwa
and Pahwa, 2014).

The method in Eq. (3.22) for determining the friction factor was validated by
Rice, (2013) using data from previous literature which included Toonder and
Nieuwstadt, (1997), McKeon et al., (2004), Wu and Moin, (2008) where the
agreement was found to be very good. The friction factor is calculated in Eq.
(3.22) from Haaland, (1983) using the Reynolds numbers shown in Table 3.7 and
the pipe diameter in Table 3.6. The array of friction factor values is then used in
Eq. (3.23) from Zagarola and Smits, (1998) to determine the entry length to pipe

diameter ratio.
_1 6.9 e 111
f 2= —1.8 IOg [E + (5) ] (322)

= (method 2) = 075 + (3.23)

\" |
N| R v

The entry length to diameter values calculated using Eq. (3.22 — 3.23) are shown
in Fig. 3.5 with their corresponding Re. Errors for Re are shown where the initial
error for flow rates was used to determine the overall error. The entry lengths
using Shames, (2003) were found to be much lower than the actual entry lengths
of 1.3 and 2.1 m which shows that the flow is fully developed before analysis in
the horizonal and vertically mounted probes. In comparison, the entry lengths
determined using Zagarola and Smits, (1998) were found to be almost double
(1.11-1.28 m) where the highest entry length value was just 0.02 m smaller than
the horizontal entry length.

Error bars shown in Fig. 3.5 show the 1% error from the flow rate measurements
as shown in Fig. 3.4. For both Fig. 3.4 and 3.5 the error is negligible as the error
bars can barely be seen. However, this error was determined using the initial error

for flow rate measurements and not specifically for the entry length values
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determined. Therefore, the error for all variables used to determine the entry

lengths was determined. This is shown in the following error analysis section.
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Figure 3.5 Error for entry length calculations using Zagarola and Smits, (1998)
where the red and green dotted lines indicate the vertical and horizontal distance
from experimentally placed transducers and the closest bend in the pipe,

respectively

3.3.3 Error analysis

For a complete error analysis, the maximum and minimum flow velocities were
used to determine the Re and consequently the minimum entry length. For
example, the maximum flow velocity at the measured flow velocity of 0.88 m/s
was 0.89 m/s whilst the minimum was 0.87 m/s. This led to a Re variation of +/- 1
% as Re is determined using a linear calculation as shown in Eq. (3.20). Table 3.8

shows the errors for all variables determined using both methods for entry length
calculations.
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Table 3.8 Entry length calculations using two methods with errors shown for each

variable
Method 1 Method 2
" L/D s L/D
4. i%) (+/- 0.17%) L (m) (Haflalan d . (Zagarola L (m)
1983)
2003) 1998)
5.67 0.031 443 111
9770 20.3 051 (+/-0.14%)  (+-0.28%) (+-0.17%) (+/- 0.17%)
5.9 0.029 46.9 117
13188 214 0.53 (+/-0.13%)  (+- 0.26%) (+-0.17%)  (+/- 0.17%)
6.07 0.027 48.8 1.22
16543 22.2 0.56 (+/-0.13%)  (+-0.26%) (+/-0.18%) (+/- 0.18%)
6.21 0.026 50.3 1.26
19750 22.9 0.57 (+/-0.12%)  (+/- 0.25%) (+/-0.18%) (+/- 0.18%)
21013 )23 058 6.29 0.025 51.2 1.28

(+/- 0.12%)

(+/- 0.25%)

(+/- 0.19%)

(+/- 0.19%)

3.3.3.1 Shames, (2003)

The ratio of entry length to diameter was determined using the minimum and

maximum Re values which returned a variation of 0.17% for derivations using

Shames, (2003). This error was consistent across all entry length to diameter

values as the correlation in Eq. (3.21) is approximately linear in the region
between a Re of 9000-22000, this is shown in Fig. 3.6 where the R? was 0.99
when applying a linear correlation for Re vs L/D. The minimum entry length is

determined linearly by multiplying the entry length to diameter by the pipe inner

diameter, this results in the error remaining consistent at +/- 0.17%. This error

variation of +/- 0.17% leads to a maximum numerical error (for the largest Re =
21,913) of 0.000986 m which is considered negligible.
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Figure 3.6 Variation of Entry length to diameter with Re and (b) isolation of

experimental Re values where L/D was determined using Shames, (2003)

3.3.3.2 Zagarola and Smits, (1998)

The error for the friction factor values is determined by using the minimum and
maximum Re in Eq. (3.22) and (3.23). The errors across the friction factor values
are not consistent and decrease with an increasing Re. The error changes due to
the logarithmic calculations shown in Eqg. (3.22) where the log plot varies more at
smaller Re and begins to level out at larger Re values. This is shown in Fig. 3.7
(@) and (b) which shows how f 0° changes with an increase in Re from the
experimental limits of 9000-22000 where the R? was found to be 0.98. The plot
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varies more at lower Re and follows the linear prediction in Fig. 3.7 (b) at higher
Re which is shown by the decrease in error for f 2° with increasing Re.

(a)

0.5

W = h v ~1 0

(8]
@

0 20000 40000 R 60000 80000 100000
e

(b)

6.4

6.3 e

6.2 o S

6.1
0.7 yo5E05x+5

6 e R>=10.98
5.9 L
5.8 o
5.7 e
5.6 @

5.5
9000 11000 13000 15000 17000 19000 21000

Re
Figure 3.7 Variation of Darcy friction factor with Re and (b) isolation of

experimental Re values

As shown in Table 3.8, the increase in Re led to a decrease in f. The error for the
entry length to diameter increases with decreasing Re. This shown in Fig. 3.8
where the L/D values stray from the linear correlation at decreasing f values. Fig.
3.8 is isolated in the specific experimental Re in Fig. 3.8 (b). Error between both

methods for the entry length values is comparable where the maximum error when
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using Zagarola and Smits, (1998) correlation is 0.19% (specifically for a Re of
21,913) whilst the maximum error when using Shames, 2003 correlation is 0.17%.
This shows that for this specific data (where the Re ranges from 9,770 — 21,913),
the two methods had similar negligible errors. However, for another user who is
using higher Re, the error when using Zagarola and Smits, (1998) increases with
an increasing Re and therefore becomes less accurate at higher Re. Whilst the
error when using Shames, (2003) stays relatively stable with variation of Re.
Errors from the +/- 1% accuracy using the flow meter are shown in Fig. 3.4 and
3.5. In both figures, the error is almost negligible. However, when considering the
error specifically for the entry length calculations, the error is significantly lower
at 0.17-0.19% which shows that the error in flow rate measurements has no effect

on the accuracy of the entry length values calculated.
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3.4 CONCLUSION

This Chapter covers all the theory required in this thesis where the first section
covered the UVP derivations. These derivation are used to convert raw echo data
to readable voltage data. Equations from Rice, (2013) and Ainslie and McColm,
(1998) were required for the initial conversion. Equations from Thorne and
Hanes, (2002) were then followed to convert this voltage data to a logarithmic
voltage function. The attenuation coefficient was found from the logarithmic

voltage values determined experimentally. Form function and the normalised
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cross section values were calculated heuristically from Betteridge et al., (2008)
and experimentally. Derivations for scattering (Betteridge et al., 2008) and
viscous losses (Urick, 1948) were utilised to show the combined attenuation
coefficient. These derivations from the UVP to the combined attenuation
coefficient were required to convert the raw data obtained experimentally and
establish whether the attenuation coefficients could be compared to heuristic
expressions from literature in Chapters 4 and 5. The speed of sound was predicted
using expressions from Urick, (1979) and used to illustrate the effect of
concentration on the speed of sound for various sediment types. The change in
speed of sound was found to be negligible from predicted values and this is used

to compare to velocity profiles established in Chapter 7 and 8.

The viscous boundary layer thickness was calculated using the particle size data
of various sediment types used in this thesis where the viscous boundary layer
thickness was used to determine the particle Reynolds number. This boundary
layer thickness was used to establish a trend between boundary layer thickness
and viscous absorption in Chapters 5, 6 and 8 where the different sediment types
were used. The relationship between boundary layer and viscous absorption was
predicted for the two transducer frequencies used and results in later Chapters will
be used to explain this theory further. The particle shear and viscosity were
calculated and the effect of the sediment concentration on these properties was
explored. It was found that the sediment had a negligible effect on particle shear
and viscosity and therefore, this led to viscosity values of the dominant liquid to

be used for further calculations.

The pipe loop methodology covers the calculated pipe Reynolds number when
using various pump speeds. These pumps speeds were chosen as the minimum
speed required for dispersion and the maximum speed before the pump integrity
was at risk. The entry length was determined from these Reynolds numbers and
the actual entry lengths (distance from the transducer placement and closest pipe
bend) were compared. Where the calculated entry length needed to be shorter than

the actual entry length to ensure flow was fully developed at the point of analysis.
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The entry length was calculated using two separate methods which both found the
actual entry lengths to be sufficient for the flow to be fully developed before
analysis of the suspensions. The error analysis was determined from the
experimental error from the pump and this was used to determine the error from

the entry length values.
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4. CALIBRATION OF THE UVP TRANSDUCERS

CHAPTER SUMMARY

The aim of this Chapter is to analyse a single grade of silica glass beads with
transducers of varying frequency and active radius to determine whether the
radius and frequency effect the sedimentation attenuation coefficient established.
A detailed calibration method from Bux et al., (2019) was used here with an
additional error analysis on the sedimentation attenuation coefficient using the
array of echo amplitude values extracted from the UVP. This has not been
achieved before. Tonge et al., (2021) used the UARP (a bespoke ABS) to
determine the attenuation profiles for similar glass particles, however, an error
analysis was never conducted on the sedimentation attenuation coefficients
produced. Rice et al., (2014) determined sedimentation attenuation coefficients
for two sizes of similar glass beads using a 2 and 4 MHz transducer. However, no
error analysis was conducted, and attenuation coefficients were compared to
predictions from Thorne and Hanes, (2002) and Thorne and Meral, (2008).
Updated predictions from Betteridge et al., (2008) which are specifically for glass
spheres were not used. Therefore, in this Chapter the Betteridge et al., (2008)
prediction is utilised, this expression only considers scattering losses and
therefore, expressions from Urick, (1948) are incorporated for viscous losses. The
combined attenuation prediction from both was used to compare to measured
attenuation values. This has not been achieved before using the UVP. Here, novel
error analysis was conducted on the measured attenuation coefficients and these
measured values were compared to attenuation predictions from scattering and

viscous losses.

4.1 INTRODUCTION

In this Chapter, UVP (ultrasonic velocity profiler) transducers of varying active
radii and frequency were used for analysis of nuclear waste simulant suspensions.
The use of varying radii and frequency allowed the author to investigate whether

differing probes would affect the acoustic profiles. Novel acoustic profiles were
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extracted using transducer of varying transducer radii and frequency. Research
has been done for the use of transducers with varying frequency for analysis of
varying suspensions, but not for transducers of varying radii (Rice, 2013; Tonge,
2021). In this thesis, the aim was to mount transducers onto pipes which requires
probes with a smaller diameter, therefore, the transducers were validated to ensure
a change in active radii would not compromise the accuracy of the data produced.
The frequency of the transducer also has an effect on the acoustic profiles as well
as the attenuation coefficients extracted. The higher the frequency of a transducer,
the higher the energy and the shorter the wavelengths (Jackson, 2019). This means
the transmitted signal strength are higher but the effective penetration depth

decreases.

This Chapter details the calibration method used to extract the attenuation
coefficients for glass dispersions which were used for validation of coefficients
extracted in ongoing experiments. The results from this Chapter were also
compared to previous literature to ensure the attenuation coefficients were
accurate for this type of nuclear simulant (Rice, 2013; Bux, 2016). Bux et al.,
(2019) applied a calibration method for the extraction of attenuation properties
where a calibration mixing tank was used with dimensions of 0.8 m height and 0.3
m diameter. The calibration method used by Bux et al., (2019) is shown in Fig.
2.19. A mixer impeller system with a mini-impeller around halfway through the
tank was used to disperse the suspensions whilst four transducers were submerged
into the suspension. In this literature, similar glass beads were used where Bux et
al., (2019) utilised a concentration of 0.5 - 10 kg.m™. The methodology for
determining the attenuation coefficient provided by Bux et al., (2019) used
logarithmic voltage profiles. From this attenuation coefficient, the normalised
scattering cross section and the form function can be calculated using heuristic
expressions from Betteridge et al., (2008). The backscattering constant can be
predetermined using the form function. The measured transducer constant can
then be calculated using the measured attenuation coefficient and the heuristic
backscattering constant. The measured backscattering constant can be determined

using the measured transducer constant which allows for the calculation of the
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measured form function. The process is relatively simple and only requires
analysis of homogeneous suspensions within a calibration rig. Attenuation
coefficients from Bux et al., (2019) can be used as a measure of how accurate the
calibration system is in this Chapter. Tonge et al., (2021) followed the same
calibration method highlighted from Bux et al., (2019) where a similar calibration
tank was used with the same dimensions as shown in Bux et al., (2019) and a
mixer impeller system with a single impeller. Similar glass particle suspensions
were used with a dso of 40 um with a concentration range between 2.5 — 78.6 g/L.
Tonge et al., (2021) focused on the determination of a dual frequency inversion
profile where the concentration of the suspension can be measured with distance

from the transducer.

Transducers have been used to determine solids concentrations from backscatter
intensity extensively (Spelt et al., 2001; Gartner, 2004; Moore et al., 2013; Huang
et al., 2019). Huang et al., (2019) used optical fibres to determine concentration
measurements from backscatter intensity. These experiments were on a smaller
scale and required in situ analysis, however the focus of this thesis is to transition
into remote analysis. Moore et al., (2013) used multi-frequency transducers to
monitor grain size and concentration where the sedimentation attenuation
coefficient was plotted for corresponding grain radius. This demonstrated the
various regimes of attenuation; viscous and scattering where lower grain radii
attenuated predominantly due to viscous losses and larger due to scattering. This
will allow the author to predict the attenuation from silica glass beads depending
on the grain radius. This will also allow the characterisation of suspensions of
varying particle sizes to be differentiated depending on attenuation regimes.
Moore et al., (2013) was also able to show attenuation as a function of transducer
frequency where higher frequency probes led to an increase in sedimentation
attenuation coefficient. This increase in coefficient value was more predominant
in regions of high viscous and scattering losses where the author will be able to
differentiate between transducers using the experimental sedimentation
attenuation coefficients. Thorne et al., (2021) have focused on the scattering

characteristics of mixed sands where stratification effects above the bed were not
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accurately accounted for which led to divergence from modelled concentration in
the suspension. In this Chapter, only monodisperse systems were explored and
polydispersity in the suspensions was considered to be negligible, this was to
allow for a simple calibration procedure where attenuation properties can be
extracted and compared to previous monodisperse calibration procedures
described by Rice et al., (2014), Bux et al., (2019) and Tonge et al., (2021).

The actual frequency of the transducers was not determined in this thesis.
However, the frequency of the transducers was determined previously by Rice,
(2013) using Fast Fourier Transform (FFT). The maximum frequency shift was
determined to be double the sample rate by using the Nyquist sampling theorem.
From conclusions, it was found that the 2 and 4 MHz frequency probes have
minimal frequency shift and the measurement window was limited to limit the
frequency bandwidth. This limitation led to slight truncation of the velocity
profiles at the highest flow rates. However, this had a limited effect on the

attenuation profiles.

Novelty is in the practical validation. Transducers of varying frequencies and
active radii have not been used to test silica glass beads. The distance required for
accurate profiling is unknown and can be validated through experiments. For the
UVP, the transducers need to be tested to understand whether transducers of
varying active radii and frequency produce accurate profiles and what the accurate
profiling distance is for the silica glass bead suspensions used in this thesis.

4.2 MATERIALS AND METHODS

4.2.1 Materials

Silica glass bead dispersions (Honite, Guyson Ltd) with a dso of 36 um were used
for acoustic profiling; more information on the measurement data is shown in Fig.
4.6 (Guyson Ltd, 2021). This specific material has been utilised in tandem with
acoustics in previous literature (Rice et al., 2014; Hunter et al., 2016; Bux et al.,
2019; Tonge et al., 2021) for extraction of the attenuation profiles and

sedimentation attenuation coefficient. The silica glass beads should acoustically
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have a distinct scattering attenuation profile based on Moore et al., (2013) where
the particle size determines whether the majority of the attenuation is in the

viscous or scattering regime.

This specific silica glass bead blend is composed of spherical particles that are
assumed to behave ideally with acoustics however this will be investigated in this
Chapter by observing the acoustic behaviour. The glass bead dispersion is shown
in Fig. 4.1 where the sphericity of the particles is easily visible. There is a single
non-spherical piece of contamination, however this is assumed to be a
contaminant and is therefore statistically insignificant. A Carl Zeiss EVO SEM

(MAL15) was used to image the blend silica glass beads.

Mag= 100KX WD=8Smm  2000kV czeso - o ‘l'“
N Width = 300.1 um H
Figure 4.1 SEM EVO images of silica glass beads with a dso of 36 um (1000 X

magnification)
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4.2.2 Particle size analysis

Samples (5 ml vials) were taken at each concentration for the silica glass bead
dispersion using a pump which extracts samples from the middle of the tank, this
IS just above the impeller system and below the in situ transducer placement as
shown in Fig. 4.2. These samples were analysed in a Mastersizer 2000E (Malvern
Panalytical Ltd) to determine the particle size distribution of the silica glass and to
establish if it was a monodisperse suspension. The Mastersizer uses laser
diffraction to measure the intensity of light scatter as the laser passes through a
dispersed particulate sample. The scattering pattern is analysed to calculate the
size of the particles (Blott et al., 2004; Kippax, 2005; Bux et al., 2015; Rice et al.,
2015). The Mastersizer outputs data as a relative distribution on the volume of
particles in their range of size classes. These samples were added to the
Mastersizer Hydro 2000SM aqueous dispersion cell with external dimensions of
140 x 175 x 390 mm (Lockwood et al., 2021b). The dispersion cell was filled with
~120 ml of deionised water and analysed to produce a background measurement.
A small agitator provided shear in the vessel at a rate of ~900 rpm. Small amounts
of the sample vials were added to the dispersion cell using a pipette until the
Mastersizer detected a sufficient amount of attenuation needed for diffraction.
Data were taken over a time period of 2 minutes with data outputted to a CSV-
type file every 10 seconds. Once the experiment was complete, the dispersion cell
was emptied and cleaned with deionised water several times until the background

measurement showed that no particles were left in the cell.

4.2.3 UVP testing parameters

All experiments were conducted with a commercial ultrasonic velocity profiler
(UVP) used in backscatter mode from Met-flow S.A. The UVP-DUO (Met-flow
S.A.) outputs a raw echo amplitude where the backscatter amplitude signal was
extracted as outlined in Eq. (3.01). The same UVP parameters were used
throughout this calibration experiment to ensure the same experimental set-up for

the three transducers. A summary of the experimental UVP testing parameters is
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given in Table 4.1 for the 2 and 4 MHz probes. It is noted importantly, that the

backscatter was profiled to a maximum distance of ~40 cm for each measurement.

Table 4.1 UVP Instrument Parameters using 2 MHz and 4 MHz probes

Parameter 2P|r\ngez 4P'r\glt;|ez Units
Number of channels 272 272
Number of profiles 1023 1023
Sampling period 60 60 ms
Speed of sound 1480 1480 m/s
Maximum depth 399 399 mm
Pulse repetition frequency 1.86 1.86 kHz
M|n|mum-drrsa;;(:]r::&masurement 0.37 - 302 033(’)72 mm
Channel distance 111 111 mm
Channel width 0.74 0.37 mm
Angle 90 90 °
Frequency of transducer 2 4 MHz
US voltage 150 150 \Y/
Gain start and end 6-6 6-6

The travel time between the instrument emitting the pulse and receiving the echo
corresponds to the sampling period of 60 ms at a pulse repetition frequency of
1.86 kHz. This sampling period was chosen so a sufficient period of time was
given for sampling of the suspension. The minimum and maximum measurement
distances show the window of measurement in the tank. The depth measurements
were segregated into 1.11 mm bins which shows the resolution limits of the UVP.
Over the maximum measurement distance of 302 mm, there were 272 channels
split into the 1.11 bins. The maximum depth shows the maximum distance

available for analysis, however, for this experiment a shorter distance was selected
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to ensure the suspension was homogeneous for analysis. The distance beyond 302
mm would go beyond the impeller where the turbulence would affect the acoustic
profiles. An average backscatter voltage vs depth profile was recorded using an
average of 1023 profiles where the 60 ms sampling period was repeated 1023
times. The angle and frequency correspond to transducer properties where the
angle shows how the transducer has been mounted and the frequency of the
transducer itself. The gain is a function of the amplification of the sound
(Auerback et al., 2019) which is used to convert the raw echo amplitude to a
voltage value (Rice, 2013). The gain value is constant through the start and end of
the measurement window which shows that the gain is consistent through the
tank. The values available for the gain range from 1-9 where a compromise value
of 6 was chosen where the signal was amplified enough but not too much to
produce an artificial signal (Rice, 2013). The US voltage shows the strength of the
transmitted signal (Coll, 2022). The speed of sound corresponds to the speed of
sound in water which is a user defined property as the addition of particles was
assumed to have a negligible effect on the speed of sound; this was proven in
Chapter 3. The only property that changes with the frequency of the transducer is
the channel width which shows that the 2 MHz probe has a wider channel in
comparison to the 4 MHz probe. This shows that the lower frequency probe is

able to analyse a larger span of the tank.

The transducers focal distance, rf is defined in Eq. (4.01) and is a function of the
radius of the active face of the transducer, a: and the wavelength, 1 (Rice, 2013;
Sorrell and Jayasuriya, 2019) where the wavelength is determined using the speed
of sound in water, Cwater and the frequency, f (A = cwater/f) (Behrman, 2021). This
can be used to calculate the near-field distance of the transducer, rn as shown in
Eq. (4.02) (Rice, 2013). The beam divergence angle can also be determined in Eq.
(4.03) which shows how much the beam has spread out over the increasing
distance from the transducer (Anan’ev, 2020). The beam divergence has been
found to produce errors of small magnitude of ~ a few percent for the measured
flow rate and therefore, the calculated velocity (Rice, 2013). As a result, the beam
divergence has been calculated but is not assumed to have an effect on the
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acoustic profiles. All properties are shown in Table 4.2 for the three transducers
used in this Chapter.

atz

=2 (4.01)
r=mr (4.02)
o A

Yo = sin™?! (0.255 a_t) (4.03)

Table 4.2 Transducer Properties for the 2.5 mm 2 and 4 MHz transducers

Radius of active Focal Near-field )
Frequency, ) ) Beam divergence
face of transducer, distance, r distance, rn
f, (MHz) angle, yo (degrees)
a: (mm) (mm) (mm)

2 2.5 8.5 26.5 4.38

2 5 334 104.9 2.19

4 2.5 16.9 53.1 2.19

The beam divergence of the 2.5 mm radius 4 MHz transducer and the 5 mm 2
MHz transducer was the same due to the compromise between wavelength and

active radii.

4.2.4 Methods

The calibration rig shown in Fig. 4.2 (a) was used to submerge the three
transducers of varying active radii and frequency. This tank was used for all
experiments from Chapter 4-6 to ensure that tests were completed in the same

environment.
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Figure 4.2 (a) Schematic of calibration rig for the calibration of the UVP
transducers where the red and purple crosses indicate the height at which
samples were taken, (b) schematic of the three transducers from the side and (c)

in plan view

A cylindrical tank was engineered with four baffles distributed equally on the
inner diameter of the tank. This is shown in the plan view of the tank in Fig. 4.2
(@). The baffles were secured into the tank to enhance dispersion and ensure a top
to bottom flow which limits the possibility of sediment settling at the bottom
(Kokossis et al., 2021). A pump was also connected to the bottom of the tank and
recirculated suspension to the top which is shown in Fig. 4.2 (a). Recirculation of
the suspension enhanced mixing and collected any material which had settled, this
ensured the concentration of the sediment was consistent across the tank
(Schoeddert et al., 2019). The tank was constructed with a conical bottom in Fig.
4.2 (a) where a cylindrical PVC base had been installed to prevent the tank from
falling over and ensure a stable testing environment. The tank’s conical bottom
prevented a layer of material settling on the bottom of the rig and funnelled

material into the pump pipe for recirculation (Meesters and Merkus, 2015). The

109



mixer-impeller system (500 rpm impeller speed, 100 mm impeller diameter)
promoted dispersion across the tank and maintained a homogeneous suspension

environment (Satjaritanun et al., 2021).

Three different transducers were placed in situ in the tank with varying active face
radii and frequency. The transducers were connected to a rod and secured using a
cable tie which is shown in Fig. 4.2 (b) and (c). This rod was connected to a clamp
and placed into the tank, so all transducers were submerged into the suspension.
The mixer and rod were connected to the same clamp which ensured limited
movement of the transducers and a steady experimental run. Inside the tank were
a: 2 MHz 2.5 mm probe, a 2 MHz 5 mm probe and a 4 MHz 2.5 mm probe.
Probes with frequencies of 2 and 4 MHz have previously been found to give
accurate acoustic profiles for similar silica glass beads to those used in this
Chapter (Rice, 2013; Bux et al., 2019; Tonge et al., 2021). In Fig. 4.2 (b) and (c),
the blue probes indicate 2 MHz frequency transducers whilst the grey indicate a 4
MHz transducer. The light blue line in Fig. 4.2 (a) shows the projection of the

sound signal through the tank from all three probes.

In this thesis, the question is whether the transducers can accurately analyse in
both the rig and in a pipe (which is used in later Chapters). Jackson, (2019) found
from theoretical learnings that 2 MHz probes were able to penetrate further due to
the longer wavelength, however the lower frequency meant that profiles close to
the probe were inaccurate. This distance is unknown for the transducers used in
this thesis where the near field distance is known but the distance required for
accurate profiling is unknown. This needed further investigation through
experimental validation. The pipe width used in later Chapters has a diameter of
0.03 m. Therefore, the transducers used in this thesis need to be tested on
suspensions to understand whether the pipe width is enough distance for accurate
profiling. Data produced in this Chapter will be used to determine which

frequency probe is most appropriate for use in the tank and pipe.

110



Probes with active radii of 2.5 mm can be mounted onto pipe loops without
significant shaving down of the pipe wall (Prateepasen et al., 2011; Rice, 2013).
Therefore, both 5 and 2.5 mm probes were compared to ensure the smaller probes
were able to accurately analyse suspensions. Jackson, (2019) found that larger
probes with a larger active radius of 5 mm were able to analyse a larger breadth of
the tank. However, this was primarily a theoretical approach which required
practical validation. In this thesis, the larger radius makes it difficult to mount
onto a cylindrical surface where the wall will need to be shaved down for flat
mounting. From the onset, higher frequency probes with a smaller diameter
appear to be best suited for analysis in pipes, whilst lower frequency probes with a
smaller diameter are better suited for large tanks. However, this still needs to be
shown in the resulting data. Calibration data from this Chapter for all three
transducers can be used to validate data in further Chapters using various

experimental set-ups.

There was a concern of interfering signals as all three transducers were connected
to the UVP (ultrasonic velocity profiler) in frequency dependent ports. The UVP
is limited where multiple transducers can only be activated if they are the same
frequency. Therefore, the two 2 MHz probes were activated using a 60 ms pulse
with a 100 ms echo disturbance delay between each transducer; this is shown in
Table 4.1. After this, the 4 MHz transducer was activated. All UVP parameters for
the 4 MHz probe are also shown in Table 4.1 where the transducer pulse and
delay were maintained for both transducer frequencies. Data was collected from
all three probes at a single concentration and repeated for each change in
concentration. When using the three transducers in this calibration set-up there
was a 280 ms per profile total time. For the full experiment there were 1023
profiles, and the total experiment time was 286 seconds.

Dry powdered suspension was added to the tank slowly at a rate of 100 g/min (to
produce a concentration of 11.9 g/L) to prevent air entrainment and coagulation of
material in one area of the tank. The suspension was then left to disperse for 5

minutes to ensure a homogeneous suspension. The mixer-impeller system was
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maintained at 500 rpm throughout the addition of the powder and left on for the
experiments. The pump was only turned on at a rate of 125 rpm after 5 minutes of
mixing to ensure the powder had sufficiently dispersed. Data were collected from
the three transducers for that specific solid suspension concentration; after this,
powder was added to increase the concentration. This methodology was repeated
until data were collected for a concentration range of 11.9 to 107.5 g/L.

Samples were taken at each concentration in the tank at the heights indicated in
the red and purple crosses in Fig 4.2 (a) where the red and purple crosses are
noted as measurement points 1 and 2, respectively. A multi-headed pump was
used to fill 5 ml sample vials at the two heights once the suspension had been
dispersed for 5 minutes to ensure a homogeneous concentration. These 5 ml
sample vials were weighed and then dehydrated to ensure only the solid particles
were left in the vials. The weight of the vials with the solid particles was
compared to the empty weight (which was taken before the experiment). This
weight was converted to the concentration by determining the volume of water in
each 5 ml sample vial (using the vial weight with the suspension and the vial
weight with the solid particles) and using the concentration = mass / volume
equation (Kolev, 2007).

4.2.5 Raw echo amplitude to G-function

The raw echo amplitude, E(r) is extracted from the UVP and converted to the
voltage, V(r) using Eq. (3.01) where the gain from Table 4.1 is used. The gain
value of 6 translates to an arbitrary g(r) value of 6.67 which is used in Eq. (3.01)
(Rice, 2013). An example of the conversion from the raw echo to the voltage is
shown below in Fig 4.3 where the data are shown as a function of the distance
from the transducer. In Fig. 4.3 (a), the raw echo amplitude is shown as a time
averaged value where the echo across 1023 profiles at each distance point has
been consolidated into a root mean square value. This echo amplitude value, E(r),
is then converted into the root mean squared voltage using Eq. (3.01), see Fig. 4.3

(b). The backscatter response is calculated by converting the voltage to decibels
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(dB), see Fig. 4.3 (c) (Backscatter (dB) = 20log1o (Voltage in Volts)) (Paul, 2006).
The data in Fig. 4.3 was taken from a 5 mm 2 MHz transducer.
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Figure 4.3 (a) Echo amplitude profile as a function of the distance from the
transducer and the converted (b) voltage profile and (c) backscatter profile
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The calibration method is detailed below in Fig. 4.4 where the experimental data
have been used to determine the sedimentation attenuation coefficient. Fig. 4.4
also details the process for converting the raw echo amplitude data to the
logarithmic voltage, G. This procedure has been developed from the calibration
method detailed by Bux et al., (2019) and Rice et al., (2014).
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4.2.6 Error Analysis of Sedimentation Attenuation Coefficients

The G-function in Eq. (3.05) is determined experimentally and requires a root
mean square of the voltage values, as shown in Fig. 4.3 (b). As the sedimentation
attenuation coefficients are extracted from linear gradients which are user
dependant there is a need to ensure that the resulting coefficients are accurate.
Therefore, an error analysis is conducted on all experimental values extracted
from the UVP. This is used to determine the error in sedimentation attenuation
coefficient extracted. Across the raw echo amplitude data, there are 1023 profiles
for each distance point. The error is established from the variation in these 1023
profiles. The distance points are limited to only include the error where the

profiles are linear.

The raw echo amplitude is converted to the voltage using Eq. (3.01) where the
gain (g(r)) required for the calculation is 6.67. Table 4.1 shows the UVP
parameters where the gain at the start and end of the experiment is 6, this
translates to an absolute gain value of 6.67 (Rice, 2013).

Once all raw echo amplitude data have been converted to voltage values using Eq.
(3.01), the root mean square of the voltage can be calculated and shown as a
function against distance. The error is calculated in Eq. (4.04) where N is the
number of profiles (1023), V is each individual voltage value and Vms is the rms
voltage value at that distance point. Only the minimum and maximum
concentrations are required to determine the error as these concentrations dictate
the minimum and maximum G-function gradients used to determine the

attenuation coefficient as shown in Eq. (3.06).

Z{\’: (Vi_Vrms,i)z
Verr = 1T (404)

The voltage values determined using Eq. (3.01) were converted to the G-function
using Eg. (3.05) where the voltage array across the 1023 profiles was used as V.
The distance values range from a limited linear region which is user identified.

The distance values cannot range within the nearfield region as this region is
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highly unpredictable. The active radius and wavelength are also used to determine
the near field correction factor as shown in Eg. (3.03). The same methodology
required to determine Verr in Eq. (4.04) was utilised to determine the error across

the G-function values. The corresponding equation for Gerr is shown in Eq. (4.05).

Z?’: (Gi_Grms,i)z
Gerr = 1T (4.05)

The dG/dr values from the G-function profiles can be extracted using the linear

predictions for each profile, this is shown below in Eq. (4.06).

%(M,g/L) _ Change in G (4.06)

Changeinr

To calculate the minimum and maximum sedimentation attenuation coefficient,
the minimum and maximum d?G/drdM need to be calculated. These are
determined in Eq. (4.07) and (4.08) using minimum and maximum gradients for
lowest and highest concentration values. The corresponding minimum and
maximum sedimentation attenuation coefficients are determined using Eq. (3.06).
The final values show the error of the coefficients determined. This process was
repeated for every species.

aG aG

d?G _ Eminimum,highest concentration_Eminimum,lowest concentration
dMdAdrminimum - Highest Concentration Value—Lowest Concentration Value
(4.07)
G aG
d%G _ Emaximum,highest concentration _Emaximum,lowest concentration
dMdrmaximum o Highest Concentration Value—Lowest Concentration Value
(4.08)
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4.3 RESULTS AND DISCUSSION

All results are discussed below where the samples from the experimental rig were
analysed to determine if dispersions were homogeneous. Mastersizer 3000 data
were analysed for an evaluation of the particle size distribution. The acoustic
profiles were analysed, and a calibration procedure highlighted for the extraction
of sedimentation attenuation coefficients. This Chapter lays the ground for
following Chapters where data from the transducers were used for calibration.
Transducers for ongoing work were chosen depending on results from this
Chapter.

4.3.1 Concentration Sampling

Samples were taken from the rig at multiple heights at each concentration to
ensure the system was fully homogeneous. This is shown in Fig. 4.5 (a) and (b)
where it was found that the expected concentration was comparable to the
measured concentration. Measured values were found to be slightly lower than the
expected. This could be attributed to particles depositing in the pump

recirculation system which reduces the bulk concentration slightly.

Fig. 4.5 (b) shows the variation in measured concentration at varying points across
the tank. Measured points 1 and 2 correspond to sampling at; the height of the
transducer, and above the mixer respectively. The data collected from below the
mixer did not vary much with increase in concentration whilst the data collected
above the mixer and at the transducer level were found to compare well to the
actual concentration. Satjaritanun et al., (2021) found that a large impeller
diameter or too much clearance from the bottom of the tank can lead to most if not
all material dispersing above the impeller. This leads to a clear water region on
the bottom of the tank which is why samples were not taken below the impeller.
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Figure 4.5 Concentration measurements from multiheaded pump with

comparisons between the (a) predicted concentration (g/L) and the average

measured concentration across 2 measuring points in the rig where measuring

point 1 and 2 correspond to the height of the transducer and above the impeller

and (b) the comparison between the predicted concentration and individual

measuring points.
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4.3.2 Mastersizer

The silica glass bead suspension was analysed to understand what the average
particle size was and whether there was a single mode distribution. The average
particle size distribution (PSD) is shown in Fig. 4.6 and measured by laser
diffraction using a Mastersizer 3000 (Malvern Panalytical Ltd). The intensity of
the light scattered is measured as the laser beam passes through the dispersed

glass bead suspensions. The dispersant used in this thesis is water.
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Figure 4.6 Particle size data of silica glass bead species measured using a

Malvern Mastersizer 3000

The median particle size is shown to be 36 pm where dio is shown to be at 22 ym
and dgo is 58 um which shows that there are a small proportion of fines and larger
particles in the suspension. From here, the suspension is assumed to be

monodisperse.
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4.3.3 Acoustics
4.3.3.1 G-function Profiles

Figures 4.7 and 4.8 present corresponding acoustic profiles for the glass
dispersions, using the 2 MHz 2.5 mm and 5 mm active radii respectively. The G-
function is shown in (a) and the backscatter strength in (b). As considered by
Moore et al., (2013), the glass would be expected to attenuate a significant
proportion of the sound waves due to viscous losses and a minimal proportion of

sound to scattering losses.

When comparing the backscatter strength data between the various transducer
frequencies and active radii, the distance dependent average signal strength
decreases to approximately -45 dB at intermediate distances (correlating to the
probe noise-floor). Therefore, the signal strength was similar for all three
transducers used. The backscatter decreases with distance from the transducer as
the sound signal dissipates. The differences in backscatter with concentration
increases are observed in Fig. 4.7 (a) where the G-function is plotted against the
concentration. As the concentration increases, the backscatter profile shows a
steeper gradient where the signal is scattered more due to the increased density of

particles.

The gradients in the G-function (dG/dr) for each corresponding particle
concentration are slightly reduced with a decrease in concentration (when taken
from the given linear regions). Sahin et al., (2020) found that attenuation followed
two particle regimes as Moore et al., (2013) had found. Sahin et al., (2020) built
on this and determine that attenuation increased with an increase in concentration,
this is shown below in Fig. 4.7 (a) and 4.8 (a) where the attenuation profile is
steeper for higher concentrations. The gradient appears to be limited (as expected)
for lower attenuating species in Fig. 4.7 (a) and Fig 4.8 (a) (Moore et al., 2013,
Bux et al., 2019). However, some further complications arise. Firstly, it is evident
with the smaller transducer (Fig. 4.7 (a)) that the low average backscatter level
with the glass leads to the signal becoming very weak and approaching the noise-

floor at intermediate distances (leading to a second inflection of the G-function
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versus distance. The decreased backscatter can be seen in Atalar, (2008) where the
formula for determining the voltage uses the transducer radius. This voltage can
then be converted to backscatter, therefore, the backscatter is dependant on the
transducer radius. Haught et al., (2017) found that profiles became nonlinear
(concave or convex) when the profiles reach the noise floor. This is less obvious
for lower transducer frequencies of 600 kHz and 1200 kHz in comparison to the
transducer frequencies used in this thesis of 2 and 4 MHz. Concavity was less
severe at lower concentrations. The concavity in the profiles was found not to
appear due to changes in concentration or grain size. Therefore, the inflection is
purely due to the signal reaching the noise floor. Haught et al., (2017) found that
there were two methods to avoid profile concavity, the first would be to
conservatively truncate the profile above the noise floor at low concentrations or
correct the profile concavity which requires an objective method for estimating
the noise floor that reflects the variation where the profiles reach the noise floor at
different flows. In this thesis, the author has used the second method and assumed

a linear profile across the distance of the tank.

Therefore, a smaller region was taken to quantify the linear gradients (0.1 to 0.15,
as indicated). Additionally, it would be expected that particles of a mean size of
~40 pm may also attenuate sound via viscous absorption mechanisms, in addition
to scattering (Betteridge et al., 2008; Rice et al., 2014; Bux et al., 2019; Tonge et
al., 2021), which would elevate the level of overall attenuation. This is shown by
regimes of attenuation identified for smaller particles as shown by Moore et al.,
(2013) and Sahin et al., (2020). Sahin et al., (2020) also shows typical backscatter
profiles and determined that for particles smaller than 200 um, the overall trend of
backscatter with the increase of Suspended Sediment Concentration (SSC) can be
divided into two stages; increasing and decaying. This is not shown in Fig. 4.7 (b)
and 4.8 (b) however, it can be seen in Fig. 4.7 (a) and 4.8 (a) which is explained

by the linear correlation from voltage to the G-function.

The differences in signal attenuation as concentration increases are observed in

changes to the G-function with concentration. The gradients in the G-function
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(dG/dr) for each corresponding particle concentration are extracted and plotted

against the corresponding concentration, see Fig. 4.12.
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Figure 4.8 Silica glass particles of dsp 36 pum analysed using a 2 MHz 5 mm active

radius transducer to produce (a) G-function and (b) backscatter profiles

Figure 4.9 (a) and (b) show the G-function profiles and backscatter profiles
respectively for the glass using a 4 MHz probe. An apparent second inflection in
the G-function versus distance profile is observed, at ~0.15 m for all
concentrations, which is an artefact of a weak signal approaching the transducer
noise-floor. This was observed for the 2 MHz small transducer data in Fig. 4.7 (a),
Haught et al., (2017) also found these concave profiles which were corrected by
assuming a linear profile and ignoring the noise floor. Thus, a closer linear region
was taken from 0.05-0.1 m to estimate dG/dr values. Nonetheless, it is evident

that the glass leads to significantly higher levels of attenuation for the 4 MHz
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frequency probe (observed from the higher average dG/dr gradient values for
particular concentrations) in comparison to the 2 MHz data. This result is
consistent with theories of scattering and viscous losses, where higher frequencies

lead to scattering dominant interactions, this is also shown in Guerrero et al.,

(2015).
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Figure 4.9 Silica glass particles of dso 36 um analysed using a 4 MHz 2.5 mm

active radius transducer to produce (a) G-function and (b) backscatter profiles
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4.3.3.2 Sedimentation Attenuation Coefficient

The calibration procedure for the calculation of the attenuation coefficient is
shown below for the 2 MHz 2.5 mm transducer and repeated for all other
transducers used. The G-function profiles are isolated in the linear regions shown
by the dashed lines in Fig. 4.7 - 4.9 to extract the sedimentation attenuation
coefficients. Linear predictions for each concentration are used to determine the
dG/dr values. Fig. 4.10 (b) shows how the gradient is extracted for the 107.5 g/L

concentration plot. This is repeated for all three concentration profiles.
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Figure 4.10 (a) Isolation of the linear region in Fig. 4.7 with linear predictions

shown in the dotted black lines and (b) the extraction of the dG/dr value for the

107.5 g/L profile

Each dG/dr value for the three concentration plots in Fig. 4.7 (a) is plotted against

their corresponding concentration and shown in Fig. 4.11.
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Figure 4.11 Extraction of the gradient for dG/dr v M

The sedimentation attenuation coefficient can be extracted from Fig. 4.11 using
Eqg. (3.06) where the gradient is multiplied by -0.5. This is also shown in Eq.
(4.09) for the 2 MHz 2.5 mm transducer. This is repeated for all transducers and
all dG/dr v M profiles are shown in Fig. 4.12. Table 4.3 shows the calculated

sedimentation attenuation coefficients when using all three transducers.

. 0G
Change ino=- — 0.0257

Change in M

&= —05(22) = 05 = [Zin(yry)| = —05

(4.09)
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Fig. 4.12 and Table 4.3 show that the two 2 MHz transducers were found to
produce comparable attenuation coefficients with minimal variation between the
two values in Table 4.3 (1.9%). The 4 MHz transducer attenuated more than the 2
MHz transducers where the higher frequencies led to higher scattering losses
(Rice, 2013; Guerrero et al., 2015; Bux et al., 2019; Tonge et al., 2021).

Table 4.3 Measured sedimentation attenuation coefficients from experiments for
two silica glass bead suspensions of silica glass beads of dso 36 um using 2 and 4

MHz transducers with varying active radii (mm)

Transducer Transducer Active  Sedimentation Attenuation
Frequency (MHZz) Radii (mm) Coefficient & (m?.kg™?)
, 5 0.0262
2.5 0.0257
4 2.5 0.0412
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4.3.3.3 Error Analysis of Attenuation Coefficients

As shown in the methodology, the error for the profiles is calculated across the
1023 profiles. The error calculation is shown here only for the 2 MHz 2.5 mm
transducer for simplicity. When observing Fig 4.7 (a) it can be seen that the
profiles are linear from 0.1 — 0.15 m, all properties at the start and end of that
measurement window are shown in Table 4.4 where all properties are required to

determine the G-function.

Table 4.4 Properties required for conversion of echo amplitude to G-function

Start of Measurement End of Measurement
Properties Window Window
Active Radius, a' (m) 0.0025 0.0025
Speed of Sound, ¢ (m.s?) 1480 1480
Frequency, f (Hz) 2000000 2000000
Wavelength, A (m) (c/F) 0.0007 0.0007
Distance, r (m) 0.10 0.15
Near Field Correction Factor, y 1.0007 1.0002

The voltage values are determined for each profile and plotted as error bars on the
root mean squared voltage to visualise the variation of the profiles across 1023
profiles. This is shown in Fig 4.13 for the 2.5 MHz 2.5 mm transducer where only
a single transducer’s data were used for visualisation of the error determination.
The distance points are limited to only include the error where the profiles are
linear. There are 46 distance points between 0.1 and 0.15 m in Fig. 4.7 which
shows the overall breadth of data to be 1023x46. The error from the G-function is
determined in Eqg. (4.05) and plotted in Fig. 4.14.
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Figure 4.14 G-function plotted against r with the error bars determine using the
standard deviation of G values calculated from the voltage values across 1023

profiles.

The minimum and maximum dG/dr values can be determined by selecting the

minimum and maximum G values at the start and end of the measurement

window. This can be extracted from Fig. 4.14 where the maximum G value at the

start of the measurement window is shown by the top of the error bar for both

11.9 and 107.5 g/L. Or this can be calculated using the Grms at the start and end of
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the measurement window; Grms is calculated in Eq. (3.05) by using Vims as V(r).
The minimum and maximum gradients are shown in Fig. 4.15 (a) and (b),
respectively. Table 4.5 shows the quantitative values for the minimum and

maximum G at the start and end of the measurement window.

(@) & .

—11.9g/L
- 107.5g/L

_6.2f T
S R
~ -~
=-6.4
Il
O

-6.6

-6.8 : L : : '

0.1 0.11 0.12 0.13 0.14 0.15

r, distance from transducer (m)

( ) ______________ —11.9¢g/L

62r T TTTTTmms--aol - 107.5g/L|

=

L.

= 64"

C

m

®
66

0.1 0.11 0.12 0.13 0.14

r, distance fromtransducer (m)
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Table 4.5 Minimum and maximum G at the start and end of the measurement

window
Start of Measurement Window W!Eréd of I\C/I;easir/emGe nt ¢
Concentration (Grms +/— Geratr= 010) In OWr(_ BnSlS)— err
(9/L) e
Gmin, start Gmax, start Gmin, end Gmax, end
11.9 -6.73 --6.63 -6.65 -6.55
107.5 -6.16 --6.04 -6.33 -6.22

Minimum and maximum dG/dr in Table 4.6 for both concentration environments

are extracted from Table 4.5 (the methodology is in the headings of Table 4.6).

Table 4.6 Minimum and maximum dG/dr values

Minimum dG/dr value Maximum dG/dr value
Concentration (g/L) (Gmax, start = Gmin, end) (Gmin, start - Gmax, end)
Gradient Gradient
11.9 -0.49 3.66
107.5 -5.91 -1.33

The minimum and maximum sedimentation attenuation coefficients can be
extracted from Eq. (4.07) and (4.08) respectively as shown in Chapter 4.2.5, the

quantitative values are shown in Table 4.7.

Table 4.7 Minimum and maximum sedimentation attenuation coefficients

Min d2G/drdM Min & Max d*G/drdM Max &

-0.052 0.026 -0.057 0.028
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The overall sedimentation attenuation coefficients for all three probes as well as
the error can now be shown in Fig. 4.16. Coefficients estimated from the
Betteridge et al., (2008) model are displayed for validation. These Betteridge et
al., (2008) heuristic expressions are shown in Egs. (3.07-3.08) and have also been
highlighted in Fig. 4.4. It was found that the measured values from the 4 MHz
transducer are closer to Betteridge et al., (2008) predictions which shows that the
measured attenuation from 4 MHz probes is less affected by viscous losses. This
has been explored by Guerrero et al., (2015) whereby viscous attenuation was
found to be less sensitive to frequency and PSD heterogeneity than scattering
attenuation. Guerrero et al., (2015) determined this was because scatter
attenuation is due to acoustic cross-section of particles whilst viscous attenuation
is produced by an oscillation friction process in relation with particle mass. The
measured attenuation is 0.06 in comparison to the predicted 0.03 attenuation
coefficient, where the predicted value is only half the measured data. While the 4
MHz probe has a wavelength that is one half of the 2 MHz probe, these systems
have almost identical ka terms. It is also emphasised that as estimations of the
large and small transducers overlay precisely, it indicates both transducers are
performing as predicted for calibration (as there should be no dependence of
transducer properties on measured attenuation coefficients for a given frequency).
However, there are clearly certain systems that compare less well to the estimated
values. These measured attenuation values are an order of magnitude out from the
Betteridge et al., (2008) estimations where the measured values are ten times
more than the predictions. Therefore, viscous losses need to be incorporated for an

accurate estimation of the attenuation coefficient.
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Figure 4.16 Measured sedimentation attenuation coefficient values for two
species of silica glass beads using 2 and 4 MHz transducers of varying active
radii compared to predicted values where expressions from Betteridge et al.,
(2008) were used for scattering predictions and Urick, (1948) predictions were
used for incorporation of viscous losses, measured values from Bux et al., (2019)

were also shown for comparison

In particular, the attenuation determined using 2 MHz probes for the glass species
is approximately 0.026 in comparison to the prediction value of 0.0025. It is
assumed this is because of enhanced viscous absorption attenuation with small
particles and the lower 2 MHz frequency transducers, where the given prediction
is only based on scattering attenuation. This can be shown by Moore et al., (2013)
and Sahin et al., (2020) who determined that viscous attenuation is dominant at
smaller particle sizes. Similar measured enhancements have been observed for
particles in the same size range by Bux et al., (2019). The error bars shown in Fig.
(4.16) were calculated from the variation of echo amplitude across the measured
distance (r), as has been discussed in detail above. The coefficients for the 36 um
species using a 2 MHz probe are underpredicted by Betteridge et al., (2008); the

error bars do not overlap but this is due to enhanced viscous absorption
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attenuation. The error bars for the 4 MHz data are significantly larger where the
accuracy of attenuation coefficients extracted from 2 MHz probes is higher.

Results from Bux et al., (2019) compare very well to measured data using the 2
MHz transducers. The measured coefficient for the 4 MHz probe is slightly lower
than the measured Bux et al., (2019) values but they are similar enough to show
the accuracy of the UVP’s ability to analyse homogeneous suspensions using

varying transducer frequencies and radii.

4.3.3.4 Considering Viscous Losses

Egs. (3.11) and (3.12) were utilised to predict attenuation due to viscous losses
whilst Eq. (3.14) was used to predict total losses due to scattering and absorption,
this is shown by the red bars in Fig. 4.17. The predicted scattering attenuation
coefficients were combined with predicted viscous losses to determine overall
attenuation. The viscous losses were incorporated from Urick, (1948) and are
shown in Egs. (3.11-3.14) in Chapter 3. When considering viscous losses, the
attenuation predictions are much closer to the measured attenuation coefficients
for the two systems which had underestimated predictions, namely the two 2 MHz
systems for the 36 um glass species. The coefficients from the 2 MHz measured
data also compare very well to previous data from Bux et al., (2019). The 4 MHz
probe compare much better than in Fig 4.16 where the coefficients were found to
compare very well to previous experimental data from Bux et al., (2019). As
outlined previously, the higher frequency led to the signal decaying rapidly
towards the noise-floor of the instrument at intermediate distances, significantly
limiting the linear attenuation range, however, this had limited effect on the
quality of data. This concavity of the profile is shown by Haught et al., (2017)
where one of the two methods for treating the concave profile was to use a lower
particle concentration array. If required, this problem could be overcome in future
work by utilising a lower particle concentration range for 4 MHz calibration and
incorporating a nearfield correction factor, improving the accuracy of the

measurements closer to the region of the transducer (Butler and Sherman, 2016).
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However, to emphasise the quality of the data in this Chapter, the author has
proven that it is possible to extract high quality backscatter data from the UVP
and determine attenuation coefficients for dispersions which compare very closely
to both combined theory and also previous experimental studies with the specialist

UVP acoustic backscatter system.

0.12 mmSedimentation Attenuation Coefficient § Measured

Sedimentation Attenuation Coefficient & Betteridge Prediction

;‘;, 0.1 Sedimentation Attenuation Coefficient & Betteridge Prediction with Viscous Losses
) . . . e b

e ® Sedimentation Attenuation Coefficient £ Bux et al., (2019)
7 0.08

g

= 0.06

B

Q

8 0.04

g

<

- I I I
0

2.5 mm Radius 5 mm Radius 2.5 mm Radius
36 um 36 um 36 um
2 MHz 4 MHz

Transducer Frequency (MHz)

Figure 4.17 Measured sedimentation attenuation coefficient values due to
scattering for two species of silica glass beads using 2 and 4 MHz transducers of
varying active radii compared to attenuation coefficient values determined using
heuristic expressions where predictions from Betteridge et al., (2008) were used

for scattering predictions and Urick, (1948) predictions were used for
incorporation of viscous losses. Measured values from Bux et al., (2019) were

also shown for comparison.
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4.4 CONCLUSIONS

In this Chapter, spherical glass dispersions (of ~36 um) were characterised by
acoustic backscatter, utilising a commercial ultrasonic velocity profiler (UVP). In
particular, a well-mixed recirculating tank was used to determine the sediment
attenuation coefficients, with two 2 MHz probes (of 2.5 mm and 5 mm active
radii) and a 4 MHz probe (also of 2.5 mm active radius) following a calibration
procedure outlined by Rice et al., (2015) and Bux et al., (2019). Measured
attenuation coefficients were compared to estimates produced by the Betteridge et
al., (2008) heuristic model for spherical particle scattering, as well as combined
viscous attenuation predictions from Urick, (1948). Both sizes of 2 MHz probes
produced consistent values of the attenuation coefficients. This highlights the
smaller probe’s applicability for online monitoring of pipeline slurries. The
smaller probe was also found to provide a higher accuracy of data from a minimal
echo variation. Measured data from Bux et al., (2019) were found to compare
very well to measured coefficients in this Chapter. This shows the accuracy of the
UVP and the ability to deliver reproducible results.

The 4 MHz probe varied slightly from previous measured coefficients from Bux
et al., (2019) but the data were still found to be comparable. When comparing to
Betteridge et al., (2008) predictions the measured data were severely
underpredicted as the glass species used in this Chapter were found to attenuate
predominantly due to viscous losses. This was proven when comparing the
measured attenuation coefficients to heuristic values where the scattering losses
from Betteridge et al., (2008) predictions and viscous losses from Urick, (1948)
predictions were combined. The measured values compared very well to
attenuation predictions from the combined heuristic expressions. The 4 MHz
measured data were overestimated slightly but were still found to compare well.
The attenuation coefficients from this Chapter were used as a calibration measure
for the following Chapter where the silica glass beads were investigated in further
detail.
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For the first time, UVP transducers with varying frequency and active radii have
been used on these silica glass beads to produce concentration profiles and
sedimentation attenuation coefficients. When using the 4 MHz probes, a
measurements distance of at least 0.05 m was required, however, the data here did
not have a near field correction factor applied and therefore measurement was
limited in the distance closest to the transducer. Here, in this Chapter, the three
transducers were calibrated for use in a tank to reflect the sound behaviour of
silica glass bead suspensions. Jackson, (2019) had looked at transducer active
radii and frequency in theory, in this Chapter, the author has been able to calibrate
the transducers experimentally and produce attenuation profiles of silica glass

bead suspensions.
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5. THE USE OF REMOTE ACOUSTIC PROBES FOR
MEASURING CONCENTRATION OF GLASS PARTICLE
DISPERSIONS: COMPARISON TO IN SITU ACOUSTIC PROBE
PERFORMANCE

CHAPTER SUMMARY

The aim of this Chapter is to produce measured attenuation coefficients from both
in situ and remotely placed transducers. Tonge et al., (2021) has analysed
homogeneous suspensions of similar glass beads using a bespoke ABS, here, the
author has found similar results when using a commercial system. Rice et al.,
(2015) and Bux et al., (2019) have both used similar glass beads to produce
sedimentation attenuation coefficients from in situ probes but not remotely placed
probes. Coefficients from Rice et al., (2015) and Bux et al., (2019) have been
used to confirm the accuracy of coefficients from remotely placed and in situ
transducers. The author produces form function and normalised scattering cross
section values experimentally and through heuristic expressions where values
from remotely placed transducers align very well to predictions which shows the
applicability of acoustic probes in non-contact environments. This has not been

achieved before for remotely placed transducers in a non-contact environment.

5.1 INTRODUCTION

Chapter 4 detailed the analysis of monodisperse suspensions of silica glass beads
with transducers of varying active radius and frequency. This Chapter details a
full in-depth analysis of four species of silica glass beads with varying particle
size distributions (PSDs) using 2.5 mm active radii transducers of varying
frequency. A Mastersizer was used to determine the PSDs of four grades of silica
glass beads where the particle size information allowed the author to highlight the
sensitivities of the UVP to particle size. Acoustic profiles and attenuation
coefficients are extracted from all grades of silica glass where the largest glass

size is critically analysed to account for high scattering losses. Suspensions of all

140



four species with varying concentrations are analysed using four transducers of a
2 and 4 MHz frequency where the probes were placed in situ and remotely (i.e.,
external to the tank wall). Remote placement indicates a probe which has been
fixed externally to the tank wall. Attenuation profiles are developed, and
sedimentation attenuation coefficients are calculated and used to compare the
accuracy of the UVP for varying particle size species depending on the frequency
and placement of the transducer. These are compared to sedimentation attenuation
coefficients from previous literature (Rice et al., 2014; Guerrero et al., 2015; Bux
et al., 2016). The scattering cross section and form function are determined to
provide information on the changes in attenuation regime with changes in particle
size where the larger species predominantly attenuates through scattering losses
whilst the small species attenuates through viscous losses (Moore et al., 2013;
Sahin et al., 2020). Backscatter and sediment constants are calculated to ensure
the constants were consistent throughout the tank.

For context, ultrasonic transducers have been used to analyse silica glass beads
before in other commercial or bespoke acoustic backscatter systems. Tonge et al.,
(2021) used three grades of similar silica glass beads in a calibration rig to
determine concentration profiles using a single submerged in situ transducer at
multiple frequencies. In previous research, Tonge et al., (2017) was able to
produce scattering cross section plots which showed the various regimes of
attenuation for varying particle sizes of silica glass beads. The aim of this Chapter
is to be able to produce similar data for remotely placed transducers with the UVP
in backscatter mode for similar silica glass bead suspensions. By placing the
transducers remotely, the transducers can be used in a nuclear environment where
direct contact would likely have an effect on the integrity of the transducers. UVP
transducers of varying frequency have not been mounted remotely for
characterisation of silica glass beads. However, from Chapter 4 it was shown that
transducers can be used to produce accurate attenuation coefficients which could
be compared to predictions from heuristic expressions from Betteridge et al.,
(2008) with incorporation of viscous losses from Urick, (1948). Ultrasonic

transducers have been mounted remotely for velocity profiling, for instance
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Obayashi et al., (2008) mounted UVP transducers non-invasively for velocity
profiling using multiple transducers. Kotze et al., (2016) also mounted a non-

invasive sensor unit through a stainless steel pipe, so remote profiling is possible.

Rice et al., (2014) placed UVP transducers remotely onto a Perspex pipe to
extract sedimentation attenuation coefficients from similar silica glass beads and
plastic bead suspensions. Rice et al., (2015) used the UVP to determine velocity
profiles of similar silica glass bead suspensions using the same set-up and
transducers in Rice et al., (2014). Rice et al., (2014) determined the sedimentation
attenuation coefficients experimentally and compared this to predicted values
using the wavenumber and particle radius. Guerrero et al., (2015) determined
sedimentation attenuation coefficients for sand and silt suspensions. These
attenuation coefficients were compared to functions for mono-size suspensions at
varying transducer frequencies. Vergne et al., (2021) analysed fine river
sediments and determined acoustic profiles but no comparison was made to
combined predictions. In this Chapter, the author has determined the measured
attenuation coefficients and compared this to a combined predicted attenuation
coefficient using heuristic expressions from Betteridge et al., (2008) and Urick,
(1948). The form function and normalised scattering cross section have also been
determined experimentally which was not done in Rice et al., (2014). This can be
used to fully characterise the experimental process and establish whether the

values determined experimentally compared to predicted values.

The original purpose of the UVP is for velocity profiling, however, Rice et al.,
(2014) has proven that the UVP can be used for accurate acoustic backscatter
profiling and extraction of attenuation coefficients. Rice et al., (2014) used
transducers mounted in-line placed in situ. Therefore, with precedent from
Obayashi et al., (2008) and Rice et al., (2014), the UVP transducers can in theory
be mounted remotely and used for extraction of echo amplitude data. However, it
is important to emphasise that the full limits of the UVP instrument, in terms of
ability to gain backscatter data for size and concentration has never been

quantified previously. Tonge et al., (2021) used a bespoke ABS to extract
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attenuation coefficients and Rice et al., (2014) used the UVP to extract attenuation
coefficients from in-line transducers. Here for the first time, the utility of
externally mounted UVP acoustic probes for the collection of concentration data
within pipes, is assessed. Data are compared against identical probes mounted in

situ within the pipe.

The instrument is not commercially sold to extract particle data, and the limits of
using these probes remotely (from increased attenuation through the pipe wall) are
unknown. While this instrument is industrially appealing, there may be significant
restrictions on its ability to gain particle characterisation data from acoustic
backscatter. This will be investigated in this Chapter. The remote probes generate
data which is consistent with combined predictions of attenuation from Betteridge
et al., (2008) which details scattering losses and Urick, (1948) which considers
viscous losses. Measured remote data align well with measured in situ data where
the maximum difference between values is 0.015. Despite losses in signal strength
from remotely placed transducers, attenuation is almost identical which provides
confidence that the remote probes can be used in an online environment. These

are the prominent results in the Chapter and make the case for the novelty.

5.2 MATERIALS AND METHODS

5.2.1 Materials

Silica glass bead particles were used for characterisation of homogeneous
suspensions in Chapter 4, these silica glass bead species were manufactured by
Guyson Ltd, (2021), and similar species have been used in previous literature for
analysis using acoustics (Rice et al., 2014; Hunter et al., 2016; Bux et al., 2019;
Tonge et al., 2021). In this Chapter, four silica glass bead species were used, all of
the same chemical composition but with different particle size distributions; these
are shown in Fig. 5.1 and 5.2 where the nominal size (dso) for the grades shown in
Fig. 5.1 (a) and (b) are 200 um and 79.5 um, respectively. The nominal sizes in
Fig. 5.2 (a) and (b) are 67.5 um and 24.5 pm, respectively. The nominal particle

sizes from Guyson will be confirmed with the Mastersizer. In Chapter 4, the
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smallest glass bead size was used, this is shown in Fig. 5.2 (b). The silica glass
beads (Honite, Guyson Ltd) are composed of approximately 75% silica dioxide
with the other 25% consisting of sodium oxide, calcium oxide, magnesium oxide
and free iron (Guyson Ltd, 2021).

This silica glass bead was chosen because it is chemically inert and can be
purchased commercially (Croft et al., 2019; Guyson, 2021). The three larger
species were analysed using a desktop SEM (TM3030 Plus, Hitachi) as shown in
Fig. 5.1 (@) — (b) and Fig. 5.2 (a). Fig. 5.2 (b) shows the smallest glass species
which was used in Chapter 4 where the desktop SEM did not have a high enough
resolution and therefore, a Carl Zeiss EVO SEM (MA15) (Zeiss, 2022) was used
to extract images. In Fig. 5.1 and Fig. 5.2, the SEMs broadly show spherical
particles in a small size range for each glass bead size with a small portion of
irregular particles with the smaller particles in Fig. 5.2 (b).
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TM3030PIus0140 2022/02/09  11:54 NMM 500 pm

(b)

TM3030PIus0131 2022/02/09  11:39 NMM 500 um

Figure 5.1 SEM (TM3030PIlus, Hitachi) images of silica glass beads with a dsg of
(@) 170 pm and (b) 82 um (1000 X magnification)
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(a)

TM3030PIus0125 2022/0208 1127 NMM 500 pym

Figure 5.2 SEM (TM3030PIlus, Hitachi) images of silica glass beads with a dsg of
(a) 48 um and SEM EVO images of silica glass beads with a dsg of (b) 36 um
(1000 X magnification)

In this Chapter, four species of silica glass beads were used to determine the

attenuation coefficients of remotely placed and in situ transducers to establish
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whether the signal loss from remotely placed probes led to inaccuracies in
measured attenuation values. Attenuation values were then compared to predicted
attenuation from Betteridge et al., (2008) and Urick, (1948) to provide a predicted
combined attenuation value. In Chapter 4, a single glass bead species was used to
understand whether the UVP was able to analyse the glass using transducers with
a varying active radii and frequency. The size of the active radii had a negligible
effect on the attenuation coefficients extracted and therefore, the transducer with a
smaller 2.5 mm active radii was used. This smaller transducer can be mounted
onto the surface of the tank or pipe easily without the need for the surface to be
shaved flat.

The larger particle species was expected to undergo high scattering and minimal
viscous attenuation in comparison to the other species (Moore et al., 2013; Sahin
et al., 2020). This difference in scattering regime will help the author differentiate
between attenuation profiles for each species (Moore et al., 2013; Tonge et al.,
2021).

5.2.2 Methods

The experimental set-up is shown in Fig. 5.3 and was used to analyse
homogeneous suspensions of the silica glass beads and produce acoustic profiles.
When selecting transducers, the results from Chapter 4 were used where it was
found that the 2 and 4 MHz transducers were able to produce accurate results
when comparing to sedimentation attenuation coefficients found in literature
(Betteridge et al., 2008; Bux et al., 2016). Therefore, both 2 and 4 MHz
transducers were used. Both 2 and 4 MHz transducers were placed in situ as done
in Chapter 4 (see Fig. 4.2) as well as remotely on the outer diameter of the
calibration rig.

The same calibration tank and set-up in Fig. 4.2 were used to ensure all results
were repeatable and could be compared to the initial calibration results in Chapter
4. Both 2 and 4 MHz transducers were placed in situ and remotely to understand

whether the transducer placement would affect the sedimentation attenuation
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coefficient extracted. In Fig. 5.3 the probes are colour-coded much like Fig. 4.2
where blue probes indicate a 2 MHz probe and grey indicates a 4 MHz probe. The
set-up for the in situ transducers is detailed in Chapter 4 (see 4.2.2). Placement of
the remote transducers considered the dynamics of the tank and particularly the
impeller. Satjaritanun et al., (2021) found that the impeller diameter, impeller-
bottom clearance and rotation speed had a high impact on the dispersion of
sediment in a tank where the turbulence from the impeller torque led to unequal
dispersion of material around the impeller. Therefore, remote transducers were
slotted into a PVC mounting unit which was secured on the side of the tank above
the impeller position. This was primarily to avoid the region around the impeller
which is affected by the impeller torque. From previous investigation on the
dispersion of the suspension in Chapter 4, the environment above the impeller was
found to produce accurate measured concentration in comparison to predicted
concentration. This was shown in Fig 4.5 where the suspension concentration was
sampled across the concentration range used experimentally (11.9 — 107.1 g/L in
Chapters 4 and 5) at varying heights in the tank to ensure the sediment had
dispersed equally across the tank.
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Figure 5.3 Schematic of calibration rig for analysis of silica glass bead
dispersions using in situ and remotely placed ultrasonic transducers of 2 and 4

MHz frequency

There were several ports in the PVC mounting unit for remote placement of
transducers to ensure multiple transducers could be mounted externally. There
were approximately 3 mounting ports but only 2 were used in this Chapter, the
actual unit was cylindrical with a 10 cm diameter and 5 cm thickness. The side
which was attached to the rig was shaved down to allow the unit to be glued flush

against the rig. The blue and red lines in the tank show the projection of the sound
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signal for the in situ and remote transducers, respectively. The in situ probe does
not require additional support to allow for analysis of the suspension environment.
However, the remote transducer is placed on the outer diameter, therefore, a
medium is required to assist with the penetration of the sound signal through the
rig wall. For this experiment, an acoustic couplant is placed between the probe
face and rig wall which is similar to the acoustic couplant used in ultrasounds, the
specific gel used is Anagel ultrasound transmission gel. The Anagel works as an
acoustic couplant to enable the transmission of the sound from the probe through
the tank and back (e.g., Syked et al., 2006).

The four transducers were all connected to the UVP at the same time. As
mentioned in Chapter 4, the UVP is unable to run multiple frequency transducers
simultaneously therefore, the two 2 MHz transducers were activated with the 100
ms time delay and a 60 ms pulse (as noted in Table 4.1) each. After data were
collected from the 2 MHz transducers, the 4 MHz transducers were then activated
with the same delay and pulse. The experiment time is different from Chapter 4 as
this experiment uses four transducers instead of three which leads to a time of 440
ms per profile. With the 1023 profiles this produces a total experiment time of 450
seconds. The same experimental methodology for dispersion was utilised here
where a small amount of solid (to produce a 11.9 g/L suspension concentration)
was added to the tank in Fig. 5.3 and suspended for 5 minutes before analysis. The
impeller speed was maintained throughout the Chapters where the speed and
diameter of the impeller were 500 rpm and 100 mm, respectively. More
suspension was added after data were collected from the four transducers. At each
concentration point approximately 5 mins clearance was required before analysis
of the suspension. This was to ensure the suspension was fully homogeneous at
the time of analysis. The experiment concluded when all four transducers had

collected data from a final concentration of 107.5 g/L.
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5.2.3 Mastersizer

The methodology for taking samples of silica glass beads from the rig for analysis
in the Mastersizer is detailed in Chapter 4, section 4.2.2. The only difference in

Chapter 5 is that there are four silica glass bead species to analyse.

5.2.4 Transducer and backscattering constants

The acoustic theory is covered in Chapter 3 extensively. However, only in this
Chapter, the silica glass beads are to be fully characterised which required the
determination of two constants. The measured transducer constant (ki) and
measured backscattering constant (ks) were calculated using an alternative route to
the novel process from Bux et al., (2019) which uses heuristic expressions from
Betteridge et al., (2008). The process to determine the sedimentation attenuation
coefficient is detailed in Chapter 4, Fig. 4.4 where Fig. 5.4 builds on the
methodology further. The superscript ¢ indicates calculations from heuristic

expressions whilst m indicated measured experimental values.
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Calculate the form function, fand normalised cross section, y using Betteridge et al., (2008) heuristic predictions
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Figure 5.4 Alternative Route for calculation of k; and ks using derivations from
Rice et al., (2015) and Bux et al., (2019) and heuristic predictions from Betteridge
et al., (2008) (Rice et al., (2015); Bux et al., (2019))

The normalised scattering cross section, ™ can be determined from the
experimentally measured sedimentation attenuation coefficient, ¢™. The
attenuation due to solid, as and water aw can also be derived with the known &"
using expressions from Ainslie and McColm, (1998) and Rice, (2013). From here,
the heuristic expressions are used to determine the calculated form function, f ©
and normalised scattering cross section, y © where ka was required for

calculations. For the silica glass bead species, ka increases with increased particle
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size, a and an increase in the wavenumber, k. The wavenumber is dependent on
the speed of sound and transducer frequency. Therefore, ka was calculated for the
four transducers and for each silica glass bead size where ka was the same for the
in situ and remote transducers of each frequency. Each ka value was used in Eq.
(3.08) to determine the heuristic form function value, this is also shown in the top
box in Fig. 5.4. The backscattering constant, k¢ was first calculated by using the
calculated form function using an expression from Thorne and Hanes, (2002). The
transducer constant k" can be determined by rearranging Eq. (3.10) and using the
experimental data as well as ks, this is shown in Eqg. (5.01). The expressions for
the attenuation due to solid and water were also used in Eq. (5.01).

kI = %M—l/ze—maw +§MM) (5.01)

The measured backscattering constant, k" can be determined by using Eq. (5.01)
and rearranging to make ks™ the subject and using ki" determined in Eq. (5.01).
The final step is to determine the measured form function using the measured
backscattering constant. Similar equations are shown in the methodology section

(see Chapter 3) where the equations are also detailed in Fig. 5.4.

5.3 RESULTS AND DISCUSSION

The UVP was utilised to determine the acoustic profiles of each species using 2
and 4 MHz transducers both in situ and remotely. Attenuation profiles were
extracted from this acoustic data and attenuation coefficients were calculated for
each species. Additionally, the further calibration procedure outlined in Fig. 5.4
allowed estimation of the specific transducer coefficients, meaning that both
sediment attenuations coefficients and backscatter coefficients could be measured.
Critical analysis was conducted on the largest particle size to account for high
scattering where a lower concentration array was found to produce more accurate

sedimentation attenuation coefficients. The scattering cross section and form
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function were determined to establish the effect of the particle size on the
scattering losses.

5.3.1 Mastersizer

Fig. 5.5 shows the particle size distribution for the four silica glass bead species as
a cumulative distribution. The dso corresponds to the median particle size. Each
species has a distinct dsp with at least a 10 um difference between the four glass
particle species. This will provide more information on the sensitivity of the UVP
to small changes in particle size. The smallest glass bead size has already been
used in Chapter 4 (with the data being shown again here for easy comparison) and

the other three bead sizes are first introduced in this Chapter.
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Figure 5.5 Particle size data for four species of silica glass species where the

dashed lines indicate the dso for each species

154



5.3.2 Acoustics
5.3.2.1 G function profiles

Fig. 5.6 (a), (b) and Fig. 5.7 (a), (b) show G-function profiles for the 170 um silica
glass beads using four transducers where Fig. 5.6 (a) shows results from a 2 MHz
probe placed in situ and (b) indicates a 2 MHz probe placed remotely. Fig. 5.7 (a)
shows results from a 4 MHz probe placed in situ and (b) indicates a 4 MHz probe

placed remotely.

These four probes (see Fig. 5.3) were used to analyse well-mixed suspensions of
silica glass particles. Fig. 5.8 (a), (b) and Fig. 5.9 (a) and (b) show the G-function
profiles for the 82 pum glass using the same four transducer frequency and
placement, respectively. Only the largest two silica glass bead suspension sizes
are shown here, the profiles for the two smaller glass beads are shown in the
Appendix in Fig. A1-A4. The backscatter profiles for all four species of silica
glass are shown in the Appendix in Fig. A5-A8.

As shown in Chapter 4, the first observation noted in all of the figures in Fig. 5.6
to Fig. 5.9 are that the greater particle concentration leads to steeper gradients in
G, at least within the far field. This far field distance varies for the transducer
frequency and active face used. The near field distance for 2 MHz frequency
transducers is 0.0253 m in comparison to the near field for 4 MHz transducers
which is 0.0507 m (Rice, 2013; Met-flow, 2021). For all profiles shown, the near
field correction factor has been incorporated so the profiles should remain linear
throughout the near field distance (Downing et al., 1995). However, the profiles
only become linear at 0.05 m when utilising the 2 MHz transducers as shown in
Fig. 5.6 (a), (b) and Fig. 5.8 (a), (b). When using the 4 MHz transducers as shown
in Fig. 5.7 (a), (b) and Fig. 5.9 (a), (b), the profiles are linear in the near field
region. Therefore, it can be said that the near field correction factor is more
accurate for profiles using the 4 MHz transducer in comparison to the 2 MHz
where the profiles are only linear outside the near field distance. This could be
attributed to the larger wavelength of the lower 2 MHz transducer which is able to

penetrate the tank at a further depth but has a weaker transmission and therefore
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does not perform efficiently in distances close to the probe (Butler and Sherman,
2016; Jackson, 2019).

In some profiles, the lowest concentration of 11.9 g/L produces a positive profile,
this is specifically shown in Fig. 5.8 (a) and (b). This suggests a larger reflection
of sound at greater distances with the lower density of particles. Such behaviour
would be considered un-physical but positive gradients in the G-function have
been shown in other work (Rice, 2013). For the remote probes in Fig. 5.8 (b) this
is likely from near field interference from penetration through the Perspex. This
will be investigated in future Chapters to establish whether this is a consistent
feature for profiles from external transducers. The near field correction factor is
not going to be accurate for remote configurations specifically due to the complex

near field interference.
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4 MHz transducer in an (a) in situ and (b) remote placement

The dashed vertical lines in Fig. 5.6 to Fig. 5.9 show the regions where most
profiles are linear and where the attenuation coefficients are extracted from. The
angled dashed lines show the linear fits for each concentration profile. In Fig. 5.6
(@) and (b) where the 2 MHz probe was used, the isolated linear region is from
0.05 — 0.11 m which is a total measurement zone of 0.06 m. The only profile

where the linear fit was taken outside these limits was the 47.7 g/L profile in (a)
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where the measurement distance of 0.06 m was taken between 0.11 — 0.17 m. This
disturbance in the region 0.05 - 0.11 in Fig. 5.6 (a) for 47.7 g/L could be attributed
to a disturbance near the transducer face. The measurement distance for the
smaller glass species in Fig. 5.8 (a) and (b) for the 2 MHz probe was from 0.08 —
0.15 m which was a longer measurement distance. The intermediate concentration
profiles in (a) required a longer measurement distance on 0.155 — 0.26 m. This
was because there is a clear peak in the attenuation values for those intermediate
concentrations in the original measurement distance. The measurement distances
in Fig. 5.8 are longer as the smaller glass particle species undergoes less particle
scattering, the signal decays less with distance and the profiles remain linear for a

longer distance.

The 4 MHz profiles for the larger glass species in Fig. 5.7 (c) and (d) show a
smaller measurement distance of 0.01- 0.03, this is a mere 0.02 m which is
sufficient for analysis in the rig and for further experiments in the pipe (as the
inner pipe diameter is 25 mm). For the two lower concentrations, the gradient is
taken in a zone in the far field, from ~ 0.07 — 0.1 m. This is because there is a
clear peak in the G-values, between the near and far field regions at the lower
concentrations. For the higher concentrations, the attenuation is too much to see a
delineation between the near and far field, and the original measurement distance
close to the probe face is fine. Again, when investigating the 4 MHz profiles for
the smaller glass species in Fig. 5.9 (c) and (d), the measurement distance was
found to be longer (0.025 — 0.05 = 0.025 m) due to the decreased attenuation.
These linear fits shown in Fig. 5.6 to Fig. 5.9 were used to extract the gradient and

produce dG/dr plots as shown in Fig. 5.10.

As shown in Fig. 5.6 to 5.9, the measurement distances for the in situ profiles
occasionally had to be taken in the far field region, this makes analysis difficult if
analysing over a smaller distance, which is expected in a pipe loop. However, the
remote profiles in Fig. 5.6 (b), 5.7 (b), 5.8 (b) and 5.9 (b) appear to show more

consistent profiles with less disturbance in the near field.
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A maximum of four concentration profiles were shown in Fig. 5.6 to 5.9 in each
subplot to show the effect of concentration on the attenuation of the signal. The
profiles which exceed -6.8 tend to show reverberations where the signal increases,
this is a sign of the UVP’s limit for analysis and is attributed to the noise floor.
This is shown more readily in Fig. 5.7 and Fig. 5.9 where 4 MHz transducers have
been utilised. As the frequency of the signal is higher, the wavelength is shorter
which results in the signal hitting the instrument noise-floor at intermediate
distances, this is also shown in Chapter 4. This results in the second inflection
point in the G profile. The 4 MHz probes also attenuate more where the profiles
are steeper in comparison to the 2 MHz profiles, this again is attributed to the
smaller wavelength of the pulse. The profiles are noisier for the remote probes in
all (b) subplots which is due to the signal weakening as it travels through the rig
wall. All profiles show a reflection at around 0.029-0.03 m in the tank. This is
attributed to an impeller reflection in the tank for the in situ probes whereas for
the remote probes this is produced by the signal hitting the back end of the rig
diameter. In Fig. 5.3 it is shown that the in situ transducers measured the length of
the tank whilst the remote probes analyse the width. The larger particle species in
Fig. 5.6 and Fig. 5.7 attenuate much more than the smaller glass species in Fig.
5.8 and Fig. 5.9 which is shown by the steeper linear fits. This increased

attenuation is due to the increased particle size which enhances signal scattering.

The acoustic profiles in Fig. 5.6 and Fig. 5.8 show that the 2 MHz probes are not
suitable for the smaller 3 cm pipes as the measurement distance requires longer
distances in comparison to the 4 MHz probes. When comparing the remote and in
situ probes, the remote profiles did not require gradients to be taken in the far field
and therefore accurate data can be extracted solely in the near field region. This is
preferential for analysis over small distances, such as the smaller 3 cm pipes used

in the engineered pipeline.

Fig. 5.10 and Fig. 5.11 show attenuation profiles for the four silica glass bead
species using the four transducers. Fig. 5.10 (a) and (b) shows attenuation profiles
for the silica glass with a size of 170 and 82 pm whilst Fig. 5.11 (a) and (b) shows
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attenuation profiles for silica glass with a size of 48 and 36 um. The isolated
linear regions shown by the dashed vertical lines in Fig. 5.6 to Fig. 5.9 were
utilised to extract the gradients from each concentration. These gradients were
plotted against their corresponding concentration values and are shown in Fig.
5.10 (a) and (b), respectively. The linear fits in Fig. A.1-4 were also extracted and
shown in Fig. 5.11 (a) and (b). The two highest concentration plots were negated
for Fig. 5.10 where the two largest particle species were utilised. This was
because attenuation from the two largest particle species were not estimated
accurately by the four transducers as the attenuation was underestimated and
limited the attenuation coefficient value. In comparison, the dG/dr profiles for the
smaller glass species were accurate when using the 2 MHz transducers, however
the 4 MHz profiles were not accurate when taking into consideration the two
largest concentration values; this is attributed to the higher level of scattering for
the higher frequency transducers. Therefore, the 4 MHz profile linear fits negated
the two highest concentrations to accurately predict the sedimentation attenuation
coefficient. Generally, the attenuation profiles become less steep with decreasing
particle size where the largest particle species attenuate the most in comparison to
the smallest species which attenuate the least. The sedimentation attenuation
coefficients are extracted from Fig. 5.10 and Fig. 5.11 by taking the negative half

of the gradients for each transducer at each silica glass bead size.

The attenuation shown in Fig. 5.10 and Fig. 5.11 considers all forms of
attenuation. For the smaller glass species, viscous losses have a predominant
effect on the attenuation (Moore et al., 2013) whereas for the larger species,
attenuation is predominantly due to scattering losses. This will have a larger effect
on the smaller glass species which undergo predominantly viscous losses (Moore
et al., 2013). Due to the higher scattering for the larger glass species, it was shown
in Fig. 5.6 and Fig. 5.7 that the profiles tend to reach the instrument noise floor
prematurely which is attributed to the high concentration and large particle size.
This is also shown in Fig. 5.10 where the highest concentration values for the
largest particle size led to underestimation of the attenuation coefficient.

Therefore, a further critical analysis was conducted for the 170 um glass beads,
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where a lower concentration array is used to produce acoustic profiles (see section
5.3.2.3).
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Figure 5.10 Change in the logarithmic function G with distance depending on the
concentration range from 0-120 g/L using 2 MHz and 4 MHz transducers in situ
and remotely for suspensions of silica glass beads with a dso of (a)170um and
(b)82 um
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Figure 5.11 Change in the logarithmic function G with distance depending on the
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and remotely for suspensions of silica glass beads with a dsg of (a)48 um, and
(b)36 pum

5.3.2.2 Attenuation Coefficient

The attenuation coefficient values from Fig. 5.10 and Fig. 5.11 were extracted and
shown below in Fig. 5.12 and Table 5.1. The attenuation coefficients from the in
situ and remote transducers were comparable for all four silica glass species with
the largest difference being a 56% difference for the largest glass bead species

using a 4 MHz transducer. The remote attenuation coefficient is larger for all
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species apart from the 82 um glass when using a 2 MHz probe. The in situ probe
measures the length of the rig whilst the remote measures the width, this
difference could have led to a slight difference in attenuation. However, 75 % of
the measured coefficients are within 28 % of each other and the difference is

almost negligible.

Predicted attenuation coefficients from the Betteridge et al., (2008) expression are
shown alongside the attenuation coefficient values in Fig. 5.12 where the
prediction compares well to most species except for the largest glass species
where the measured data are overpredicted. As the largest glass species undergoes
more scattering attenuation, experimental concentration range used here (11.9 —
107.1 g/L) may have been too high for the largest silica glass bead species. This is
also shown in Haught et al., (2017) where it was identified that concavity can be
prevented by using a lower concentration range for a larger particle size. The
smaller species are highly underestimated by the Betteridge et al., (2008)
prediction but this is likely due to the fact that the smaller species mainly
attenuate due to viscous losses. When considering viscous losses (see yellow bar)
in Fig. 5.12, the measured data for the two smaller glass species compare very
well to the predicted combined attenuation. Apart from the largest glass species,
the results are very close for most systems with the predicted combined modelled
attenuation. This is important as it proves that the UVP is excellent at measuring
the attenuation properties of the glass, provided that the user stays within a
concentration region. The remote probes generate data which has a maximum
difference of 0.0153 where values were close to the in situ measured values, so,
despite losses in signal strength, attenuation is almost identical which provides

confidence that the remote probes can be used in an online environment.
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Figure 5.12 Measured, concentration independent, sediment attenuation
coefficients in comparison to predicted measurements from the Betteridge et al.,
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Betteridge et al., (2008) heuristic expressions with viscous losses in Egs. (3.11) —
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MHz ultrasonic probes
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Table 5.1 shows the measured sedimentation attenuation coefficients in
comparison to measured values from Rice et al., (2014) and Bux et al., (2019).
The average measured values for the 82 um particle sizes (0.0225) when using the
2 MHz probe compare very well to measured values from Rice et al., (2014). The
measured coefficient from Bux et al., (2019) is slightly overestimated which
compares better to the predicted values in Fig. 5.12. However, the similarity
between the measured values and values from Rice et al., (2014) show that the
experimental set-up was accurate and the fact that these coefficients compare well
to predictions in Fig. 5.12 shows that the predictions are accurate. The coefficients
for the same sized glass when using a 4 MHz probe are underestimated in
comparison to values from Rice et al., (2014), this could be due to the
concentration range being too limiting for the attenuation. When looking at the
smaller 36 um particle size data, the measured values when using a 2 MHz probe
compare well to measured coefficients from Bux et al., (2019) whilst the values
from a 4 MHz probe are underestimated in comparison to previous literature.
However, as these values compare well to predicted combined attenuation values

in Fig. 5.12, the values determined experimentally here are found to be accurate.

Rice et al.,, (2014) and Bux et al., (2019) compared measured values to
predictions from Betteridge et al., (2008) without considering viscous losses.
Therefore, comparison to a prediction was not as accurate as shown here.
Measured values from the 4 MHz probes were particularly underestimated in
comparison to values from Rice et al., (2014) this is because the highest
concentration tested was 250 g/L in Rice et al., (2014) whereas in this Chapter,
the most concentrated solution was at 107.1 g/L. Bux et al., (2019) used a
concentration range of 0.1 — 75.9 g/L and showed a higher attenuation coefficient.
This difference in attenuation coefficient shows that the experimental

concentration range effects the attenuation measured.

Guerrero et al., (2015) also analysed sediments of silt and clay with a particle size
of ~ 92 um and ~ 83 um. The attenuation coefficients from this data can be

compared specifically to the 82 um silica glass bead data below in Table. 5.1 The
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average measured attenuation coefficients for the 82 pm silica glass is 0.023
whilst the attenuation coefficient from Guerrero et al., (2015) is 0.013 which is
smaller. This may be due to the decreased transducer frequency (1.2 MHz) used
by Guerrero et al., (2015). Which aligns with the theory from Sahin et al., (2020)
that higher frequency transducers led to increased attenuation coefficients. This is
because the scattering losses increase with increase in frequency and the 82 pum
silica glass beads will undergo attenuation predominantly due to scattering losses
(Guerrero et al., 2015).

Table 5.1 Measured sedimentation attenuation coefficient from experiments for
four silica glass bead suspensions of varying dso values using 2 and 4 MHz

transducer placed in situ and remotely

Sedimentation Attenuation Coefficient &™,

Silica
(m?kg™)

Transducer | Glass

Measured Measured

dso Transducer Transducer

170 pm 0.055 0.071

82 um 0.027 0.018 0.021 0.036
2 MHz

48 um 0.016 0.017

36 um 0.029 0.033 0.018 0.024

170 pm 0.164 0.257

82 um 0.089 0.086 0.135 0.247
4 MHz

48 um 0.069 0.077

36 um 0.036 0.033 0.069 0.096

5.3.2.3 Further G function critical analysis for 170 um beads

A concentration range of 1-30 g/L was investigated to obtain the attenuation
coefficients for the large 170 um particles, due to the higher concentrations in the

original calibration leading to high attenuation that was beyond the instrument
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noise floor. This was established after determining that the concavity of the
profile could be prevented by using a lower concentration array for larger particle
sizes (Haught et al., 2017). The G-function profiles in Fig. 5.13 and Fig. 5.14
between the in situ and remote profiles now show similar peaks in the G-function,
flow patterns and peak signal. This is not shown in Fig. 5.6 and Fig. 5.7 where the
in situ and remote profiles are visibly different. This shows that the UVP was able
to provide consistent profiles regardless of transducer placement when using a
lower concentration array. The signal strength for Fig. 5.13, Fig. 5.14 and Fig. 5.6,
Fig. 5.7 are comparable where the profiles exist from -4.5 to -7. The dashed lines
which follow the profiles are all linear fits and the vertical dashed lines are the

distance points between which the linear fits are predicted.

In Fig. 5.13 (a) and (b), the linear region varies from 0.09-0.17 whilst the linear
region in Fig. 5.14 (a) and (b) was 0.02-0.05 m which shows measurement
distances of 0.08 m and 0.03 m for the in situ and remote probes, respectively.
Whereas Fig. 5.6 and Fig. 5.7 (a) and (b) shows a shorter measurement distance
(0.06 and 0.02 m) where the distances were limited by the reflections in the
profiles. Reverberations in Fig. 5.6 (a) and (b) occur at 0.15 m whilst
reverberations in Fig. 5.7 (a) and b) occur at 0.03 m respectively. In comparison,
the reflections in Fig. 5.13 (a) and (b) occur at 0.2 whilst reflections in Fig. 5.14
(@) and (b) occur at 0.1 m which provides a larger distance from which gradients
can be extracted from. This indicates that the UVP gives a more consistently
decaying profile when using the lower concentration array for the larger particle

species.
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showing the linear predictions

The G-function profiles produced using a lower concentration array in Fig. 5.13
and Fig. 5.14 were used to determine an improved attenuation profile when
considering lower concentration values at the highly scattering larger glass bead
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size. The linear fits were plotted as gradients with respect to their corresponding
concentration values and are shown in Fig. 5.15. When comparing to Fig. 5.10 (a),
the linear fits for the four transducers align better where all data points lie on the
linear prediction. In Fig. 5.10 (a) only data below 47 g/L aligned with the linear fit
whilst the higher concentration plots led to an underestimation of the gradient. In
comparison to Fig. 5.15, the linear fits are steeper which leads to a higher
sedimentation attenuation coefficient. The in situ and remote profiles for the two
frequency transducers compare very well to each other. Whereas in Fig. 5.10 (a)
the profile gradients were similar, but the signal strength varied by ~5 for the 2
MHz profiles and ~20 for the 4 MHz profiles.
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Figure 5.15 Change in the logarithmic function G with distance depending on the
concentration range from 0-30 g/L using 2 MHz and 4 MHz transducers in situ

and remotely for suspensions of silica glass beads with a dso of (2)170 um

In Fig. 5.15, the 2 MHz profiles align very well with a signal strength difference
of approximately ~1 whilst the 4 MHz profiles vary by ~5 which is significantly
smaller. This shows that the UVP was able to analyse the suspensions more
accurately with less variation between the in situ and remote data. Therefore, the
UVP has limitations on analysing larger particle size data at higher
concentrations. In the nuclear industry, the general solids concentration in the

SPP1 which is a series of settling tanks designed to remove the sludge and

173



produce a supernatant is approximately < 2.5 vol% (Grant et al., 2016). In these
data the concentration array of 11.9-107.5 g/L produces a solids content of 0.5 —4
vol %, whereas the 1-30 g/L concentration array corresponds to a solids content of
0.03 - 1.1 vol% which is significantly lower than the approximate concentration
in SPP1 (Grant, et al., 2016). Therefore, to ensure that the profiles produced from
the sludge are accurate, the sludge must be significantly diluted for analysis.

5.3.2.4 Attenuation Coefficients with Improved Analysis of 170 um beads

The sedimentation attenuation coefficients are extracted from Fig. 5.15 by taking
the negative half of the gradient as shown in Eq. (3.06). The sedimentation
attenuation coefficients for all four glass species are shown below for the two
transducer placements and the two frequency transducers. This figure is the same
as Fig. 5.10 (a), but the new sedimentation attenuation coefficients have been
input for the 170 um glass species. The coefficients compare much better to the
combined attenuation shown below, this shows that the UVP is unable to
accurately predict the attenuation of the larger glass species at higher
concentration values, therefore, a limit is placed on the highest concentration
value used in the experimental concentration range (11.9 — 107.1 g/L). As the
dG/dr plot in Fig. 5.10 (a) was accurate up to ~50 g/L, the attenuation of the larger
glass species can be predicted accurately provided the highest concentration is
below 50 g/L.
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Figure 5.16 Measured, concentration independent, sediment attenuation
coefficients in comparison to predicted measurements from the Betteridge et al.,
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largest particle size
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The attenuation coefficients now only show a 1.48% difference between the in
situ and remote measured coefficients for the 170 um silica glass when using the 4
MHz probe using and a 0% difference for the 2 MHz. This is significantly smaller
than the difference between the two transducer placements for 170 um in Fig. 5.12
which is 29% and 56.7% for the 2 and 4 MHz transducer respectively. The largest
error in Table 5.1 is between the in situ and remote transducer coefficients for the
second largest particle species using the 2 MHz transducer, this can be attributed
to the highest concentration in the concentration range being too concentrated for

this size of glass.

For the four silica glass beads from largest to smallest, the contribution of viscous
losses in Fig. 5.16 (a) is 4.5E-03, 9.4E-03, 1.6E-02, 2.1E-02. This corresponds to
a proportion of 14, 29, 74 and 89 % for the four silica glass beads from largest to
smallest. In comparison to the contribution for the same respective silica glass
beads when using the 4 MHz transducer which is 6.4E-03, 1.3E-02, 2.3E-02, 3E-
02. This corresponds to a viscous loss proportion of 3, 6, 25 and 48 % which is
lower than the contribution for the 2 MHz transducer. This shows that the 4 MHz
transducer has an added viscous loss which is incorporated into the attenuation
coefficient, this is due to the increase attenuation losses. However, when breaking
down the proportional viscous losses, this decreases for the higher frequency
probe. This is comparative to the decreased viscous boundary layer for the 4 MHz
probe which is determined in Chapter 3. The viscous losses increase with decrease
in particle size, this relationship can be directly compared to the decrease in
particle Reynolds number in Table 3.5, Chapter 3. For the increased particle
Reynolds number for the 4 MHz probe, the viscous losses decrease in proportion.
Therefore, it can be inferred that the increase in particle Re may lead to a decrease
in proportional viscous losses. This relationship will have to be explored further

however, this is out of the scope for this thesis.
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5.3.2.5 Transducer and backscattering constants

The transducer constant determined using Fig. 5.4 was plotted in Fig. 5.17 and
Fig. 5.18 against the varying distance from the transducer. Only the silica glass
beads with a dso of 82 um were used to determine the transducer constant as Kt is
sediment dependent and only changes with the following transducer properties;
frequency, active radii etc. Therefore, changes in sediment should not affect the
transducer constant. This intermediate silica glass bead was chosen because it
does not undergo high scattering or viscous attenuation. The profiles were negated
in the near field distance (~ 0 - 0.05 m) and were shown to be approximately
constant through the distance from the transducer. The profiles were more
consistent across the concentrations when using the 4 MHz transducer. The most
important feature from Fig. 5.17 and Fig. 5.18 was that the transducer constant
remained approximately constant for all concentration values across the rig. Any
peak at 0.029 m was due to the impeller reflection or wall reflection in the tank.
These k" values can be used to determine ks™ by following Fig. 5.3.
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Figure 5.17 Transducer constant (ki", V.m) profiles of silica glass beads of dso
82 um utilising ultrasonic transducers with a 2 MHz frequency placed (a) in situ

and (b) remotely in the tank
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Figure 5.18 Transducer constant (ki", V.m®) profiles of silica glass beads of dso
82 um utilising ultrasonic transducers with a 4 MHz transducer placed (c) in situ

and (d) remotely in the tank

The backscattering constant, ks™ for the four silica glass species for the four
transducers is shown below in Fig. 5.19 - Fig. 5.22. Fig. 5.19 and 5.20 shows the
backscattering constant for the four silica glass bead grades when using the
remote 2 MHz transducer, whilst Fig. 5.21 and Fig. 5.22 show the backscattering
constant when using the remote 4 MHz transducer. Profiles are shown for all four
silica glass beads as the backscattering constant is dependent on the sediment
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used. Fig. 5.19 - Fig. 5.22 show that ks™ was also relatively constant across the
length of the transducer, when negating the near field region. As this region was
ignored the concentration range has limited effect on the backscattering constant.
However, the small differences at high concentrations are indicative of dominant
interparticle scattering where the transducer coefficient stops being a constant
value. Therefore, the backscattering constant is an average value of the 11.9 g/L
systems (outside the near field region and before the peak at the end of the

profile), these values are recorded and shown in Table 5.2.
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Figure 5.19 Backscattering constant (ks™, m.kg®°) profiles of silica glass beads of
dso (@) 170 pm and (b) 82 um utilising ultrasonic transducers with a 2 MHz
frequency placed remotely in the calibration tank
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Figure 5.20 Backscattering constant (ks™, m.kg®®) profiles of silica glass beads of
dso (a) 48 um and (b) 36 um utilising ultrasonic transducers with a 2 MHz

frequency placed remotely in the calibration tank
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Figure 5.21 Backscattering constant (ks™, m.kg®°) profiles of silica glass beads of
dso (@) 170 um and (b) 82 um utilising ultrasonic transducers with a 4 MHz
frequency placed remotely in the calibration tank
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dso (¢) 48 um and (d) 36 um utilising ultrasonic transducers with a 4 MHz
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Table 5.2 k™ values for all species of silica glass beads using 2 and 4 MHz

frequency ultrasonic transducers

Sediment backscatter
Transducer Silica Glass Bead dso 0 05
Frequency (MHz) constant, ks™ (m.kg™")
170 pm 0.97
82 um 0.37
2 MHz
48 pm 161
36 um 0.14
170 pm 1.30
82 um 1.12
4 MHz
48 pm 0.82
36 um 0.53

5.3.2.6 Scattering cross section and form function

The scattering cross section and form function were determined using Eg. (3.09)
and (3.10) respectively and plotted in Fig. 5.23 (a) and (b) for each silica glass
species using the 2 and 4 MHz transducers. Instead of using both the in situ and
remote coefficients, the remote attenuation coefficient value was used in Eq.
(3.09). When using both in situ and remote coefficients, the plots directly
overlapped which made it hard to compare the measured values to predicted. The
Betteridge et al., (2008) prediction is shown in the black dashed line and
increased with an increase in ka where the larger particle species scatter more.
The red crosses show the combined attenuation which incorporates viscous losses
from Urick, (1948) where smaller particle species attenuate predominantly due to
viscous losses. In Fig. 5.23, the larger particle species align very well with the
Betteridge et al., (2008) model whilst the smaller particle species show an
increased attenuation which aligns very well with the combined attenuation. The
measured values compare very well to the predicted combined attenuation which
shows how accurate the UVP is when determining the attenuation of silica glass

beads. When considering that the larger glass species had underestimated
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sedimentation attenuation coefficients, the normalised scattering cross section was
lower than shown below in Fig. 5.23 (a). Therefore, the critical analysis of the
larger glass species led to increased normalised scattering cross section values

which align very well to the Betteridge et al., (2008) prediction.

In Fig. 5.23 (b), the form function values were determined by following Fig. 5.4.
The measured form function values compare very well to the Betteridge et al.,
(2008) prediction where values were almost directly aligned with the prediction.
When considering that the form function was calculated using the backscattering
constant, the constants determined experimentally are highly accurate. This shows
that the UVP was able to produce accurate backscattering and transducer

constants.
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silica glass bead experimental systems in comparison to the scattering model of
Betteridge et al., (2008) where red crosses indicate the combined attenuation

when using heuristic expressions from Betteridge et al., (2008) and Urick, (1948)
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5.4 CONCLUSIONS

This Chapter entails an in-depth analysis of the silica glass beads where four silica
glass bead species were used with varying particle size distributions. The glass
beads were found to attenuate more with an increase in frequency, particle size or
concentration, where all three variables effect the attenuation of the signal. It was
found that the largest particle species required a lower concentration array to
prevent acoustic profiles which reflected at intermediate distances. This shows the
limits of the UVP to analyse material where a particle species larger than 82 pm
can only be analysed at concentrations below 47 g/L. This was also shown by
Tonge et al.,, (2021) however, this has only been confirmed for the UVP
commercial instrument. The 4 MHz transducer was found to reverberate at
intermediate distance for all species where the linear profile ends at approximately
0.1 m. This limits the analysis of a larger tank, however for smaller depths, for
example in a pipe width of approximately 3 cm, the 4 MHz transducer is able to
analyse the depth with higher strength than the 2 MHz transducer. The four
transducers used in this Chapter were characterised where the average transducer
and backscattering constant was determined for each of the four silica glass bead
species. This shows that the UVP was able to analyse a full breadth of data where

the difference between the dsp of the particle species was a minimum of 12 pm.

The remote probe configurations gave consistent attenuation values to the in situ
and therefore, this gives confidence that the remote arrangement may be suitable
for pipe flow. This is the main novelty of this Chapter where measured values
from remotely placed probes compared very well to combined attenuation
predictions from Betteridge et al., (2008) and Urick, (1948) which consider
scattering and viscous losses, respectively. In this Chapter, the author has proven
that the UVP can be utilised in backscatter mode to produce highly accurate
sedimentation attenuation coefficients and constants dependent on the sediment
and transducers. These measured coefficients compare well to values from Rice et
al., (2014) when using 2 MHz probes, however measured values from 4 MHz
probes were underestimated in comparison to values from Rice et al., (2014). This

is attributed to the larger experimental concentration range used by Rice et al.,
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(2014). Going forward, the author will be investigating systems which are more
relevant to the nuclear industry where the UVP will be used to characterise more
complex flocculated or aggregated dispersions. However, it has been shown that
the experimental method established in Chapters 4 and 5 have led to accurate
measured attenuation coefficients when using both in situ and remotely placed

probes.
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6. THE USE OF IN SITU PROBES TO MONITOR THE
FLOCCULATION OF MINERAL SUSPENSIONS IN A
CALIBRATION RIG

CHAPTER SUMMARY

In this Chapter, mineral suspensions of calcium carbonate and magnesium
hydroxide were analysed using UVP transducers in the calibration rig used in
Chapters 4 and 5. The mineral suspensions were flocculated, and sedimentation
attenuation coefficients were extracted from both non-flocculated and flocculated
suspensions which is novel. Hunter et al., (2012) used 2, 4 and 5 MHz transducers
for an Aquascat1000 ABS to analyse mixed flocculated dispersions of spheriglass,
so there is precedence that an acoustic system can be used to monitor flocculating
dispersions, but this has not been achieved with the UVP. Homogeneous
suspensions and settling suspensions were investigated by Hunter et al., (2012) to
determine the backscatter profile, however, sedimentation attenuation coefficients
were not established and there was no comparison to non-flocculated suspensions.
Hunter et al., (2016) utilised a bespoke ABS (UARP) to determine the attenuation
for flocculated calcium carbonate in a large-scale trial, this is another acoustic
system, but this was only conducted on flocculated calcium carbonate and there
was no direct comparison between non-flocculated calcium carbonate
suspensions. Lockwood et al., (2021a) calculated the fractal dimension of
flocculated magnesium hydroxide suspensions, here the fractal dimension was
determined for non-flocculated and flocculated calcium carbonate and magnesium
hydroxide. Both calcium carbonate and magnesium hydroxide were analysed here
as flocculated and non-flocculated dispersions to determine the change in
sedimentation attenuation coefficient, this has not been done before. Error
analysis was conducted on all data using the methodology established in Chapter
4. Measured attenuation values were compared to combined predicted attenuation
from scattering and viscous losses. The normalised scattering cross section was
determined for each suspension environment and compared to predictions, this
has been done previously by Tonge et al., (2021) for glass beads but not for

flocculated and non-flocculated mineral suspensions.
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6.1 INTRODUCTION

Chapter 6 details the use of flocculated mineral suspensions in a calibration rig
where calcium carbonate and magnesium hydroxide were suspended and analysed
using 2 MHz ultrasonic transducers. The work in this Chapter is novel as the UVP
has not been used in backscatter mode to monitor flocculating mineral
suspensions. In Chapters 4 and 5, the UVP has been used to observe the
attenuation of homogeneous silica glass suspensions using transducers with a
range of frequencies and sizes. This Chapter sets up the use of the UVP to monitor
the flocculation process for minerals which exhibit complex viscous absorption.
As the transducers used in this Chapter have a small active radius, there should be
no issues in mounting these transducers onto a pipeline and monitoring the

flocculation of mineral suspensions in pipe flow.

For context, the following techniques have been used to monitor flocculation;
complex electrical conductivity, laser diffraction spectroscopy (LDS), fibre optic
monitoring. Unfortunately, these methods often require extensive modelling and
ex situ sampling which is not suitable for the nuclear industry (Huang and Chen
1996; Rasteiro et al., 2007; Mortadi et al., 2020). Acoustics provide a non-
invasive technique where Thorne et al., (2014) was able to monitor acoustic
scattering for suspended flocculating sediments whilst MacDonald et al., (2013)
was able to measure acoustic scattering from a suspension of flocculated
sediments using an Aquatec Aquascat-1000. Takeda and Goetz, (1998) monitored
flocculation of alumina particles using ultrasonic attenuation spectroscopy where
the ultrasonic method was able to distinguish the primary size from the
flocculated size. This has also been achieved by Hunter et al., (2012) where an in
situ concentration profiler was used to determine acoustic backscatter responses
for settling flocculated suspensions. Recently Hunter et al., (2020) was able to use
experimental data and CFD to investigate the flocculation of calcite in a
horizontal sedimentation tank. In this Chapter, the author aims to provide
extensive monitoring of the flocculation process using acoustics in tandem with a

particle size monitoring technique.
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In terms of particle size monitoring, Grabsch et al., (2020) used the FBRM to
monitor flocculation of fine and coarse particles where chord length distributions
were square weighted when displayed. Kyoda et al., (2019) also found the FBRM
could monitor flocculation of fragile aggregates readily, the resulting data was
displayed as volume weighted chord length distributions. Both Grabsch et al.,
(2020) and Kyoda et al., (2019) found that the FBRM has potential for monitoring
feed properties to control the flocculation process. Benn et al., (2018) used the
FBRM to monitor flocculation in-line where data was collected in real-time using
a probe placed in situ in a perspex pipe. Lockwood et al., (2021a) used the
Mastersizer to determine floc sizes and used output data to determine the fractal
dimension and floc density. In this Chapter, Mastersizer data of the flocculated
suspensions is collected to establish the relationship between floc density and
attenuation. This is completely novel as the author has been able to conduct
detailed studies cross-checking the size of complex mineral flocs using several
methods including the UVP, FBRM and Mastersizer.

6.2 MATERIALS AND METHODS

6.2.1 Materials

Calcite (Omyacarb 2, Omya AG) is a crystal form of calcium carbonate which is
manufactured as a fine white powder and is easily dispersed into aqueous
suspensions (Omya, 2021). Similar material has been used in previous literature
as a nuclear simulant (Njobuenwu and Fairweather, 2016; Mann et al., 2017,
Mortimer and Fairweather, 2019; Narayanasamy et al., 2019). Secondarily, a
commercial magnesium hydroxide powder (Versamag Martin Marietta Magnesia
Specialties) was also used, which was predicted to have similar fine particle sizes
(Hunter et al., 2011; Martin Marietta, 2021). Both nuclear waste simulants are a
fine white powder which fully disperse within aqueous suspensions (Ippolito et
al., 2021; Lockwood et al., 2021a; Lockwood et al., 2021b; Cayirli, 2022). Calcite
and magnesium hydroxide are mineral powders with a dsp of around 4-5 pm
which is much smaller than the silica glass species shown in Chapter 5 (Martin
Marietta, 2021; Omya, 2021). The dso of both mineral powders is so small that the

particles exhibit viscous attenuation as shown by Moore et al., (2013). A water-
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soluble anionic polyacrylamide-poly (acrylic acid) copolymer, AN934SH (SNF
Ltd) with a molecular weight of roughly 1.4 x 10° g.mol* was used to flocculate
both mineral suspensions (Lockwood et al., 2021b). The UVP was utilised to
understand whether the system could monitor the change in particle size through

the change in regime from viscous attenuation to scattering.

Both materials are fine particulates which require complex analysis. Therefore, an
EVO SEM (Zeiss Group) was used to produce micrographs of calcite and the
magnesium hydroxide powders. Fig. 6.1 (a) shows the micrograph for calcite. The
calcite shows a varied particle size distribution with a complicated structure where
fines of less than 2 um can be seen across the micrograph (Omya, 2021; Cayirli,
2022). Fig. 6.1 (b) show the SEM images taken when analysing the magnesium
hydroxide. From Fig. 6.1 (b), the magnesium hydroxide shows a varied particle
size distribution, much like the calcite. Larger aggregates can be seen in Fig. 6.1
(b). Finer particles are shown as well, and the EVO SEM is able to clearly
distinguish between the individual particles (Galeev et al., 2009). The range of
aggregate sizes in Fig. 6.1 (b) is what leads to an increased dso for magnesium
hydroxide in Fig. 6.6. The EVO SEM was used to image both calcite and
magnesium hydroxide as the particle size was so small that the desktop SEM used
in Chapters 4 and 5 had too low a resolution. Fig. 6.2 (a) and (b) show the
flocculated calcite and magnesium hydroxide, respectively. The coagulation of
particles can be seen in Fig. 6.2 (a) for the calcite particles; however, this is harder
to see for the magnesium hydroxide where all the smaller particles have
coagulated together but large aggregates are not shown. The existence of fines in
Fig. 6.2 (a) explains the smaller particle size for the flocculated calcite in

comparison to the flocculated magnesium hydroxide in Fig. 6.6.
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Figure 6.1 SEM images of (a) calcite (20 KX magnification) and (b) magnesium
hydroxide (10 KX magnification) using an EVO SEM.
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Figure 6.2 SEM images of (a) flocculated calcium carbonate (10 KX
magnification) and (b) flocculated magnesium hydroxide (20 KX magnification)
using an EVO SEM.

6.2.2 Methods

In Chapter 5, the experimental set-up was used to analyse homogeneous
suspensions and results show that accurate acoustic profiles were produced which
directly compared to literature. In this Chapter the next step was to move towards

analysis of a changing system. The author looked at flocculating systems which
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increased in particle size. The change was expected to be a homogeneous change
where the dso of the suspension was tracked and assumed to be representative of

the suspension.
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Figure 6.3 Schematic of (a) the tank used to produce the flocculation stock
solution and (b) the calibration rig for analysis of flocculating suspensions using
an in situ and remotely placed 2 MHz transducer where an FBRM probe was

submerged into the tank

As shown in Chapter 4, the lower frequency 2 MHz probes were able to penetrate
the full length of the tank with a weaker signal whilst higher frequency 4 MHz
probes had a stronger signal which could not penetrate to the same depth (Butler
and Sherman, 2016). The 2 MHz probes were also found to produce accurate
acoustic profiles in the calibration tank; therefore, ultrasonic transducers of a 2
MHz frequency were utilised to monitor a change in particle size. Two
transducers were used in this experiment; one fully submerged in situ transducer
and a flat mounted remote transducer. In Chapters 4 and 5, the in situ transducers

were fully submerged which provided accurate attenuation profiles of the silica
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glass species (Fearns et al., 2018; Oggier et al., 2021). Remote transducers
required acoustic couplant and flat mounting for good penetration through the rig
(Gaeta et al., 2020; Joshi, 2021). Each transducer has a 60 ms pulse with a 100 ms
delay between each transducer which is required to prevent crosstalk and signal
disruption (Goncalves et al., 2013). This leads to a 220 ms per profile time with a
total experiment time of 225 seconds for the 1023 profiles.

A Lasentec® Focused Beam Reflectance Measurement (FBRM) model P1-14/206
(Mettler-Toledo) probe was inserted into the tank to ensure the sizes of the flocs
were consistent. The FBRM (Mettler-Toledo) continuously collected data
throughout the experiment from the point the tank was filled with water until the
drainage of the suspension. Initially, chord length data was collected for the non-
flocculated species. The FBRM probe was used to monitor the gradual change in
particle size once flocculant had been added to the tank. The probe emits a laser
which interacts with any particle that passes by the probe window. The software
on the Lasentec® system then converts the interaction into intensities
corresponding to the time the particles were detected. The time taken to analyse
particles can be used to determine the chord length, this is achieved by utilising
scan speed and recognising each interaction is caused by individual particles
(Kumar et al., 2013). Unless perfectly spherical, the chord length may not be
representative of the particle diameter but as a monitoring technique, the change
in chord length will be useful in determining the change in particle size with the
addition of a flocculant. The chord length is then converted to a number and
square weighted distribution, this is shown at a later point in this Chapter (Kim et
al., 2012; Simone et al., 2014).

Fig. 6.3 (a) shows the flocculation tank where a 1000 ppm stock solution was
produced by adding 1 g of the AN934SH (SNF Ltd) copolymer into a 1 L water
filled vessel at a rate of 0.1 g.min to form a homogeneous stock solution. The
mixer rate was maintained at 400 rpm throughout the addition of the flocculant
and was left on overnight to ensure the polymer was fully distributed in the vessel

and the flocculant powder had fully dissolved.
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For this experiment, non-flocculated dry powder was added to the tank in Fig. 6.3
(b) to produce a suspension concentration of 27.5 g/L. The mixer and pump rate
were lowered to 350 rpm and 75 rpm, respectively. The lower rate was to prevent
shear of any aggregates/ flocs that were produced. A concentration array of non-
flocculated aqueous suspensions was analysed first for comparison to flocculated
data. This entailed diluting the 27.5 g/L suspension by emptying the tank by 50%
and then diluting the tank with 50% water. The transducers were used to analyse
the suspension at each concentration until the suspension concentration was 3.4
g/L in the tank. The tank was fully emptied, cleaned, refilled with water, and then
concentrated to a 27.5 g/L suspension concentration within the tank. This ensured
the system was as similar as could be for the flocculated experiments. Stock
solution was then added to the calibration tank dropwise over 4 minutes for a bulk
polymer concentration of 20 ppm in the tank. This was consistent with previous
polymer levels for efficient flocculation (Lockwood et al., 2021b).

The suspension was dispersed for 5 minutes to allow time for the flocculation
process. After 5 minutes the transducers were used to analyse the suspension. The
suspension was diluted with the same method used for the non-flocculating
suspensions. The results were then compared to the non-flocculated suspensions
as the concentrations for both runs were consistent. The only difference between
both experimental runs was the particle size distribution. This allowed the author
to understand whether the UVP was able to distinguish between different particle
size distributions of the same simulant. The whole process was completed for the
following mineral species: calcium carbonate and magnesium hydroxide. Samples
were taken at each concentration for both experimental runs and these samples
were then sent to the Mastersizer 2000E and the Camsizer XT (Retsch

Technology) for analysis of the particle size.

This specific dilution method was chosen to ensure that the flocs remained
consistent throughout the experiment. In Chapters 4 and 5, the suspension
concentration was increased gradually and UVP measurements taken at each

concentration. However, for the flocculated systems, the entire suspension would
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need to be flocculated at the lowest concentration. Adding more dry powder to
increase the concentration would lead to a decrease in the particle size distribution
and therefore, produce results which were not consistent. To analyse in the same
incremental concentration method used in Chapters 4 and 5, the tank would need
to be emptied and refilled for each concentration. This would require four times
the flocculant, water and sediment as well as result in a longer experiment time.
When using this specific dilution method, the integrity of the flocs can be
maintained in the same system and a single experiment is required whilst multiple
experiments can lead to small errors in change of experimental conditions. Small
changes in flocculant can lead to changes in floc sizes which can result in changes
to the acoustic profiles. Dilution was shown not to affect the size of the flocs in
previous literature from Burger et al., (2017) where floc suspensions were diluted
for visibility of flocs for phase contrast microscopy. Seo et al., (2012) found that
floc sizes tended to stay constant when diluting a flocculated suspension, where a
ground calcium carbonate suspension was flocculated with a cationic

polyacrylamide (C-PAM).

6.2.3 Mastersizer

Samples were taken at 27.5 g/L for the non-flocculated and flocculated
suspensions using a 5 ml sample vial, this was done for both calcium carbonate
and magnesium hydroxide. All four 5 ml sample vials were taken to the
Mastersizer 2000E (Malvern Panalytical Ltd) to investigate the effect of
flocculation on the particle size. The Mastersizer uses laser diffraction to measure
the intensity of light scatter as the laser passes through a dispersed particulate
sample. The scattering pattern is analysed to calculate the size of the particles
(Bux et al., 2015; Rice et al., 2015). The Mastersizer outputs data as a relative
distribution on the volume of particles in their range of size classes. These
samples were added to the Mastersizer Hydro 2000SM aqueous dispersion cell
with external dimensions of 140 x 175 x 390 mm (Lockwood et al., 2021b). The
dispersion cell was filled with ~120 ml of deionised water and analysed to
produce a background measurement. A small agitator provided shear in the vessel

at a rate of ~900 rpm. Small amounts of the sample vials were added to the
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dispersion cell using a pipette until the Mastersizer detected a sufficient amount of
attenuation needed for diffraction. Data was taken over a time period of 2 minutes
with data outputted to a CSV-type file every 10 seconds. The dispersion cell was
emptied and cleaned with deionised water several times until the background

measurement showed that no particles were left in the cell.

The agitator rate was lowered to 500 rpm when analysing the flocculated
suspensions to prevent break-up of flocs. The agitator was increased again to 900
rpm once analysis was complete to ensure that no flocs settled in the cell. All data
from the CSV files were plotted to produce a particle size distribution, this was
then converted to a normalised size distribution by adding the particle sizes
cumulatively and weighting them depending on a 100 % volume. Burger et al.,
(2017) analysed flocculated suspensions in a Mastersizer 2000 and found that the
stirring speed used for the dispersion unit had a negligible effect on the floc size

distribution.

6.2.3.1 Flocculation Theory

These flocculated systems are complex to characterise and analyse. Through using
several particle sizing techniques, (including the Mastersizer 2000E and Camsizer
XT) the author was able to establish an accurate particle sizing method. However,
the flocculated particles themselves have complex particle shapes which can be
characterised using further analysis. Aggregates have complex fractured surfaces
due to the coagulation of several particles. A variable known as the fractal
dimension was calculated using data from the Mastersizer 2000E to describe the

fractured surfaces quantitatively.

The fractal dimension is established by plotting the scattering wave intensity, 1(Q)
and scattering wave vector, Q (um™). Where Q (um), the scattering wave vector
is a function of the refractive index, n (n-Calcium carbonate = 1.50, n-
Magnesium hydroxide = 1.57) (Jonasz and Fournier, 2011; Wypych, 2016), the
wavelength of incident light in vacuo, 4 (0.665 um) (Malvern Instruments, 2007)

and the scatter angle, 6. All components required to calculate Q in Eq. (6.01) are
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known apart from the scatter angle which is given in the measured Mastersizer
data (Lockwood et al., 2021a).

Q= 47TTnsin (g) (6.01)
The scattering intensity, 1(Q) is directly proportional to the scattering wave vector
with a negative power of the fractal dimension as shown in Eq. (6.02). The
scattering intensity is also given in the Mastersizer data. The fractal dimension, df
can be calculated by plotting In(1(Q)) vs In(Q) and establishing the gradient
(Lockwood et al., 2021a). The correlation in Eq. (6.03) was achieved by taking
log of both sides in Eq. (6.02).

1(Q) o« Q=9 (6.02)
In(1(Q)) = —dfIn(Q) (6.03)

The log(1(Q)) vs log(Q) plots are shown in Fig. 6.4 (a) and 6.5 (a) for calcium
carbonate and magnesium hydroxide, respectively. There were three runs of the
same experiment using the Mastersizer 2000E and all three sets of data were
plotted in Fig. 6.4 (a) and 6.5 (a) to provide an average fractal dimension. The
linear regions in both Fig. 6.4 (a) and 6.5 (a) shown by the dashed lines were
isolated and expanded in Fig. 6.4 (b) and 6.5 (b). The fractal dimensions can be
extracted from Fig. 6.4 (b) and 6.5 (b) for calcium carbonate and magnesium
hydroxide, respectively. The fractal dimension, df can be taken as the negative
gradient value from the isolated linear regions shown in Fig. 6.4 (b) and 6.5 (b).
The fractal dimensions for both mineral suspensions are recorded and shown in
Table 6.1 and 6.2.
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Figure 6.4 (a) Log(1(Q)) vs log(Q) for calcium carbonate and (b) with a limited

linear region
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Figure 6.5 (a) Log(1(Q)) vs log(Q) for magnesium hydroxide and (b) with a

limited linear region

For further analysis, the floc density can be determined. This requires several
derivations. First, the structure prefactor was calculated in Eq. (6.04) using the
fractal dimension (Lockwood et al., 2021a).

¥ = 0.414d, — 0.211 (6.04)
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The number of particles in an aggregate, N can then be established in Eq. (6.05)
by using the structure pre-factor and fractal dimension. Fig. 6.4 (b) and 6.5 (b) can
be used to determine the diameter of the floc, Dy, and the diameter of the primary
particles, Dp. The minimum floc diameter D and primary particle diameter, Dy,
can be established by extracting the wave scatter vector (Q) reciprocals from the
upper and lower scattering intensity values in the limited linear regimes
(Lockwood et al., 2021a).

N =y (&)df (6.05)

Dp

The volume of the floc (Vi (kg.m™®)) and primary particles (V, (kg.m®)) was
calculated in Eqg. (6.06) using the diameters extracted from Fig. 6.4 (b) and 6.5
(b). The particles were assumed to be spherical for ease of calculation (Lockwood
et al., 20201a). Determining floc characteristics is difficult due to the highly
irregular three-dimensional structure of flocs (Jarvis et al., 2005). Each floc
structure will also be different which makes it almost impossible to quantify the
volume. The fractal dimension for both calcium carbonate and magnesium
hydroxide ranges from 2.22 to 2.26 which is approaching a spherical shape. The
acoustic models also assume a spherical particle shape.

_4_(Drp)?
Vpp =5 (2£2) (6.06)
The density of water, pw, density of the particles, pp and the remaining properties

calculated were used to determine the density of the floc in Eq. (6.07) (Lockwood
etal., 2021a).

_ (NVppp)+I(/Vf—NVp)pw (6.07)
f

Table 6.1 and 6.2 show the properties calculated for both calcium carbonate and

magnesium hydroxide, respectively.
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Table 6.1 Calcium carbonate flocculant calculations

) Repeat Average
Properties 1 5 3
Gradient -2.19 -2.28 -2.32 -2.2609
R? 0.999 0.999 0.999 0.999
Fractal Dimension, df 2.19 2.28 2.32 2.26
Structural Pre-factor, w 0.695 0.732 0.749 0.725
Diameter of floc, Ds (m) 2.67E-05 1.89E-05 1.59E-05 | 2.05E-05
Diameter of primary particles, D, (m) 3.31E-06 2.77E-06  2.77E-06 | 2.95E-06
Number of particles in an aggregate, N 67 58 43 56
Volume of floc, Vi (m®) 1.00E-14  3.54E-15 2.11E-15 | 5.22E-15
Volume of primary particles, Vp, (Mm°) 1.90E-17 1.11E-17 1.11E-17 | 1.37E-17
Density of primary particles, pp (kg.m" 2711 2711 2711 2711
Density of water, pw (kg.m) 1000 1000 1000 1000
Density of floc pr (kg.m) 1218 1312 1389 1306
Table 6.2 Magnesium hydroxide flocculant calculations
) Repeat Average
Properties 1 5 3
Gradient -2.19 -2.22 -2.25 -2.22
R? 0.999 0.999 0.999 0.999
Fractal Dimension, df 2.19 2.22 2.25 2.22
Structural Pre-factor, w 0.697 0.707 0.721 0.708
Diameter of floc, Ds (m) 3.78E-05 3.18E-05 2.67E-05 | 3.21E-05
Diameter of primary particles, Do (m) | 3.95E-06 3.31E-06 3.31E-06 | 3.52E-06
Number of particles in an aggregate, N 100 107 80 95
Volume of floc, Vs (m®) 2.84E-14 1.68E-14 1.00E-14 | 1.84E-14
Volume of primary particles, Vp, (m®) | 3.22E-17 1.90E-17 1.90E-17 | 2.34E-17
Density of primary particles, pp (kg.m 2340 2340 2340 2340
Density of water, pw (kg.m) 1000 1000 1000 1000
Density of floc pr (kg.m™) 1151 1161 1202 1171
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6.2.4 Camsizer

A small 1 L stirred tank reactor was used to suspend calcium carbonate and
magnesium hydroxide at a concentration of 27.5 g/L. The mixer rate was
maintained at 500 rpm much like the acoustics column used in Chapters 4 and 5.
Flocculant was generated in a separate tank where polymer was added to water to
produce a 1000 ppm stock solution, the same process detailed in Chapter 6.2.2
was used here. The stock polymer solution was added to the dispersed mineral
suspension in the stirred tank reactor down the impeller shaft to produce a
polymer concentration of 20 ppm. The mixer rate was lowered to 350 rpm to
prevent the break-up of flocs from high shear. A five-minute period was given to
allow the flocculant to fully incorporate with the mineral suspension to produce
flocs. The Camsizer X2 was set-up to measure the particle size using a CCD-
Basic camera where the images are deleted after the experiment has been
concluded and the output data is given as a particle size distribution (Retsch
Technology, 2012). A pipette was used to add the flocs to the Camsizer X2 cell
where the suspension was imaged, and the minimum diameter (Cmin) was used to
determine the volume of the particles where the particle shape was assumed to be
spherical (Microtrac, 2021). The same dilution procedure was used here as
conducted in Chapter 6.2.2 to mimic the acoustic cell in Chapters 4 and 5. The
data is output from the Camsizer XT as a cumulative size distribution (Q3) based
on the volume of the particles detected where the particle radius is determined

using Cmin.

6.2.5 FBRM

The FBRM was inserted into the calibration rig and data was collected in real-
time where raw chord length values were output into a CSV-type file. The chord
length values (CL) are converted to cumulative size distribution % (Fv), this is
shown in Eq. (6.08). This is used to determine the particle size distribution in Fig.
6.8.

CLi+Fpi~1

i _
Fv' (%) = 100. SN

(6.08)
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The raw chord length values can be translated to the number weighted frequency
(CLnum) using Eqg. (6.09) - (6.10) where D corresponds to the particle size. The
number weighted chord length can then be converted to a cumulative size

distribution, (Fvaum) Where the subscript num indicates number weighted values.

CLyym' = CLixD! (6.09)

CLpym +Fvi=1

Z?:l CLnuml

Fv'pum(%) = 100. (6.10)

The square weighted distribution can be determined using Eq. (6.11) - (6.12)

where the subscript sq indicates square weighted values.
CLg,' = CLix(DY)? (6.11)

CLsq'+Fv'™1
n i
Zi=1 Cqu

Fv's,(%) = 100. (6.12)

The number and square weighted distributions are shown for calcium carbonate in
Fig. 6.9 (a) and (b).

6.3 RESULTS AND DISCUSSION

All results are discussed in this Chapter where particle size data is analysed using
the Mastersizer 2000E, the Camsizer XT (Retsch Technology) and the FBRM.
The concentration and attenuation were analysed using acoustic data from the
UVP. Together the data produces a cohesive and novel understanding of the

behaviour of complex mineral suspensions as they flocculate.

6.3.1 Mastersizer

When looking at previous literature, Seo et al., (2012) flocculated calcium
carbonate suspensions with a 0.15 ppm polymer dose where floc sizes were found

to be around 30 pum, the dose rate was significantly lower than used in this
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experiment (20 ppm). Lu et al., (2016) found that dosing extraction tailings with
Magnafloc polymer with a 20 ppm polymer dose led to floc sizes of ~ 100 um
when using a square weighted chord length. The cumulative particle size
distributions for the calcium carbonate and magnesium hydroxide are shown in
Fig. 6.6. The particle size distributions for both calcite and magnesium hydroxide
exhibit approximately bimodal distributions, which shows that there are a two

particle size groups.

The fines in the calcium carbonate are shown by the early peak in particle size
where 30% of the suspension has a particle size smaller than 2.5 pm. The fines
within the suspension were likely generated from production milling (Anivi,
2020). However, all calcite particles possess a fairly small particle size range with
50% of the suspension at 4 um and 85% below 10 pm. The magnesium hydroxide
also shows a broader bimodal distribution, which in this case is attributed to
aggregate build-up within the suspension. Henrist et al., (2003) found that
magnesium hydroxide powder aggregated in aqueous suspensions to form large
agglomerates. The large difference between the dsp of calcite and magnesium
hydroxide is attributed to aggregate build-up for the magnesium hydroxide as the
particle size of both are comparable in their dry powder forms. The calcium
carbonate and magnesium hydroxide floc sizes are ~67 and 86 um which was
slightly lower than the floc sizes shown by Lu et al., (2016), this could be
attributed to shear break-up in the Mastersizer 2000E cell. The floc sizes from Seo

et al., (2012) are significantly smaller due to the lower polymer dose.
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Figure 6.6 Particle size data of non-flocculated and flocculated species of calcite

and magnesium hydroxide using a Malvern Mastersizer 2000E,

The floc density and fractal dimension are calculated using the Mastersizer data as
shown in Chapter 6.2.3.1. Several runs were conducted for the suspensions when
using the Mastersizer 2000E where average values were calculated and shown in
Fig. 6.6. The multiple runs were also used to determine an average floc density
and fractal dimension with the variation shown across all three runs. This is
shown in Table 6.3 for both calcium carbonate and magnesium hydroxide,

respectively.

The fractal dimension for calcium carbonate was higher and showed a larger error
between the three runs. The number of particles in an aggregate were found to be
lower for calcium carbonate which resulted in floc with a smaller diameter. The
density of the floc was found to be higher for calcium carbonate which could be
attributed to the higher density of the primary calcium carbonate particles. Larger
floc sizes for magnesium hydroxide could be attributed to the lower floc density
where it was found that the lower floc density led to an increased N which

resulted in an increased diameter of floc. The effect of the floc density on the
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attenuation of the suspensions was investigated further at a later point in this
Chapter. The author would like to point out the novelty of this analysis where the
effect of floc density and floc size has been linked to the attenuation of complex

mineral suspensions.

The shape of flocs depends on the fractal dimension (df) of the floc, when the df
of the floc is around 1-2, the floc appears as a branched structure of bridged
polymer structures. When df is closer to 1 the floc appears as a linear polymer
with small branches off the main body. Whilst when df approaches 3, the structure
becomes more tightly packed and more spherical in shape. Reference images can
be fonud in Klassen et al., (2013).

Table 6.3 Error calculations from calcium carbonate flocculant calculations

Number of Diameter
Fractal particlesin | Diameter . Density of
. . of primary
Dimension, an of floc, Dy . floc ps
particles, 3
df aggregate, (m) (kg.m™)
N Dp (m)
Calcium Average 2.26 56 2.05E-05  2.95E-06 1306
carbonate Error 0.04 7 3.23E-06  1.80E-07 50
Magnesium Average 2.22 95 3.21E-05  3.52E-06 1171
hydroxide Error 0.02 8 3.21E-06  2.12E-07 16

6.3.2 Camsizer XT (Retsch Technology)

A Camsizer XT (Retsch Technology) was used to determine the cumulative size
distributions of calcite and magnesium hydroxide and validate the particle size
distributions. The cumulative distributions are shown in Fig. 6.7 (a) and (b),
respectively. In Fig. 6.7 (a) and (b) it is shown that both have a single modal
distribution with a smooth cumulative distribution curve which shows that shear
in the Camsizer cell led to smaller floc sizes. The sizes of the primary particles of
calcium carbonate and magnesium hydroxide are in-line with the particle sizes
shown in the micrographs in Fig. 6.1. These measurements were also taken using
samples from a small tank where the data was analysed immediately. When using
the Mastersizer 2000E, the samples had to be stored and then transferred to the
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Mastersizer 2000E when a booking slot was available, this could have led to
natural aggregation in the sample vials. Therefore, the size data shown in Fig. 6.7
was used in the following acoustic modelling. Fines are shown in Fig. 6.7 (b)
where 30% of the suspension has a particle size of 3 um or below. The dso for
both calcite and the magnesium hydroxide were calculated using Fig. 6.7 (a) and
(b). The particle size corresponding to a 50% volume is correlated to the dso of the
suspension. The dso extracted for calcite and magnesium hydroxide are 4.8 and 5
um, respectively. The difference in particle size is due to the increased existence
of larger aggregates in the magnesium hydroxide and the existence of fines in
calcite. However, the difference between both is so small that the presence of
fines and the larger aggregates are almost negligible, as the Camsizer XT (Retsch

Technology) produces similar dsg values for both.
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Figure 6.7 Particle size distributions of flocculating (a) calcite and (b)
magnesium hydroxide using a Camsizer XT (Retsch Technology) where the

suspension was diluted by 50% to see if the flocculates would retain size

The diameter of the flocs in Table 6.3 for calcium carbonate and magnesium
hydroxide are 25 and 31.2 um, respectively which are comparable to the floc
diameters in Fig. 6.7 (a) and (b). This shows that both the Mastersizer 2000E data
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and the derivations to produce the floc diameters are comparable to the
experimental floc diameters from the Camsizer XT. The Mastersizer data was
taken ex situ where samples were taken to the Mastersizer cell, whilst the
Camsizer data was taken in situ. This extra time may attribute to the increased

aggregation for magnesium hydroxide in the Mastersizer data.

6.3.3 FBRM

The FBRM was installed as shown in Fig. 6.3 to analyse the size of the flocs in
situ. The FBRM used a large probe which was submerged into the tank. The chord
length extracted from the FBRM was plotted as a raw chord length distribution in
Fig. 6.8 which could be directly compared to the Mastersizer data. The particle
size of the non-flocculated calcium carbonate starts at 4.3 pum and slowly
increases as the flocculant is added where the particle size increases to 7.5 um
after 10 minutes and 19 pm after 30 minutes. This is similar to the data found
using the Camsizer XT (Retsch Technology). The non-flocculated particle size is
slightly lower than shown in Fig. 6.6, however, the difference is almost negligible
(0.5 um). The floc size is underestimated by around 5-9 pum, however, as the
FBRM analyses particles which appear in front of the probe, this could just be due

to a high presence of fines in the probe window at the time of measurement.

When diluting the suspension by 50%, the dso is stable, however, when diluting
the suspension by 75% the particle size decreases by approximately 4 um. This
could be attributed to break-up of flocs in the dilution process. Only the 50%
dilution is shown when analysing with the Camsizer XT. The sizes of the flocs
and primary particles appear to be consistent with the Camsizer XT data in Fig.
6.7. However, there are some differences in actual particle size derived due to the
interference of fines in the probe window of the FBRM. The results from Fig. 6.7
and 6.8 show that generally, the flocs are stable with dilution. The Camsizer XT
was found to determine the volume of particles using a minimum diameter which

explains the smaller floc size than expected from literature (Lu et al., 2016).
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However, the FBRM uses the maximum diameter shown in the probe window

which depends on the orientation of the particles as they pass the window.
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Figure 6.8 Size data of flocculating calcium carbonate using a FBRM (focused

beam reflectance measurement)

The raw chord length distributions values were converted to number and surface
weighted distributions in Eq. (6.09-6.10) and Eq. (6.11-6.12), respectively. These
distributions are shown below in Fig. 6.9 (a) and (b) where it was found that when
plotting the number and surface weighted distributions, the size of the primary
particles and flocs is overestimated, producing data which is not representative of
the sizes seen when using the Camsizer XT and Mastersizer 2000E. Therefore,
only the raw chord length distributions from the unweighted data are used to

determine the particle size.
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Fig. 6.10 shows the tracking of the dso throughout the experiment where it was
found that upon adding flocculant, the floc sizes increased steadily until around 30
minutes had lapsed. Pink crosses in Fig. 6.10 indicate a UVP measurement was
taken, green crosses indicate the FBRM data was plotted and the yellow indicate
that both UVP and FBRM data was extracted. The tank was diluted by 50% and
the particle size was monitored using the FBRM output data. The particle size
appeared to stay consistent, and an FBRM measurement was extracted within 10
minutes of starting the dilution process. The tank was then diluted a second time
where the particle size was found to decrease steadily which is likely due to the
shear of the flocs during dilution. An FBRM measurement was extracted after 10
minutes had lapsed from the start of the dilution step. UVP measurements were
taken of the non-flocculated suspension and 30 minutes after adding the flocculant

where the sizes of the particles and flocs were consistent for a period of time.
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Figure 6.10 Tracking of average particle size during flocculation of calcium

carbonate
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Chord length distributions for the flocculating magnesium hydroxide are shown in
Fig. 6.11 where the particle sizes shown are slightly higher than found in Fig. 6.9.
The primary particle sizes are approximately 1.3 pum higher than the calcium

carbonate which is consistent with data from the Camsizer and Mastersizer.

The flocs were found to increase to 29.7 pm, this is ~10.7 pm larger than the
calcium carbonate flocs which is attributed to the lower density of magnesium
flocs in Table 6.1 and 6.2. The number of particles in magnesium hydroxide flocs
were found to be higher which results in a larger floc size. The primary
magnesium hydroxide particles were found to have a bimodal distribution much
like the Mastersizer data in Fig. 6.6 which is attributed to large aggregates present

in the suspension.
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Figure 6.11 Particle size data of flocculating magnesium hydroxide using a

FBRM (focused beam reflectance measurement)
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The average particle size is shown in Fig. 6.12 as a function of the time lapsed.
Before the addition of flocculant, the particle size of the dry powder suspension
increases with time, this is due to aggregation in the suspension. Once the
flocculant is added, the size steadily increases for 10 minutes and then the flocs
dramatically increase in size until 30 minutes had lapsed. The dilution steps are
identical to the calcium carbonate experiment; however, the floc size dramatically
decreases in the first dilution step which shows how sensitive the magnesium

hydroxide flocs are to dilution.
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Figure 6.12 Tracking of average particle size during flocculation of magnesium

hydroxide

6.3.4 Acoustics
6.3.4.1 G function profiles

Acoustic G-function profiles collected from the in situ probe analysing calcium
carbonate are shown in Fig. 6.13 (a) and (b), for two concentrations. Brown

profiles indicate flocculated calcium carbonate data and dark purple profiles
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shows data from non-flocculated calcium carbonate. Peak decay in all profiles
within the first 0.04 m infer a complex nearfield environment (Rice et al., 2013).
Therefore, this region is ignored, and all data was extracted from 0.04 to 0.12 m.
Average gradient (dG/dr) values for each system in this region are shown by
dashed black lines, and as described in Chapter 3, were used to calculate
attenuation coefficients. The secondary increase in G at larger distances after 0.12
m are indicative of mathematical artifacts, from hitting the system noise floor
(Bishof et al., 2013; Kutluay et al., 2020). This trend is shown for 27.5 g/L
profiles, where it suggests the noise floor is reached at a G-function value of
approximately -6.8, highlighting the UVP limit for sound profiling, this is also
shown in Chapters 4 and 5 which shows that the noise floor is not affected by

sediment type.
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using an (a) in situ transducer and a (b) remote transducer
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Figure 6.14 G-function profiles for the flocculated magnesium hydroxide system

using an (c) in situ transducer and a (d) remote transducer

At 3.38 g/L in Fig. 6.13 (a) and (b), acoustic profiles of flocculated calcium
carbonate and non-flocculated calcium carbonate show slight differences in
attenuation (as measured from the gradient). The higher concentration of 27.5 g/L
allows the user to observe clearer deviations between flocculated and non-
flocculated environments. The non-flocculated profile in Fig. 6.13 (a) shows a
much steeper gradient in G versus r, inferring a higher level of overall attenuation
for non-flocculated suspensions. Such differences were considered counter
intuitive, as it is expected that the greater particulate size of flocculated systems
would enhance attenuation through greater non-directional particle scattering

(Moore et al., 2013). In this case though, the non-flocculated systems are small
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enough in size to cause a considerable increase in viscous absorption effects that
increases overall attenuation. Similar enhanced viscous attenuation has previously

been evidenced in other fine nuclear waste analogues (Tonge et al., 2021).

Fig. 6.14 (a) shows the G-function profiles from the in situ probes analysing
magnesium hydroxide for the same two concentrations used for calcium
carbonate. The black profiles indicate flocculated magnesium hydroxide whilst
the dark green indicate non-flocculated profiles. The peak decay for magnesium
hydroxide occurs at 0.04 m as well for which everything before this distance point
Is attributed to the complex nearfield environment and is hereby ignored. The
peak decay is the same for both mineral species as the nearfield distance is
dependent on the transducer frequency and active radii. The same transducers
were used throughout this experiment; therefore, the nearfield region was the
same. The x axis scale has been kept the same for both Fig. 6.13 (a) Fig. 6.14 (a)
for the reader to easily visualise the differences between both. The magnesium
hydroxide does not attenuate as much as the calcium carbonate. Whether that be
the non-flocculating species or the flocculating. The effects of viscous absorption
on calcium carbonate are greater due to the presence of fines (Urick, 1948; Anivi,
2020) which leads to increased attenuation due to the incorporation of viscous
losses as well as scattering losses. This is shown in the G-function profiles where
the magnesium hydroxide does not attenuate as much with a smaller difference
between the peak decay at 0.04 and the end of the measurement environment at
0.12 m. The secondary increase in Fig. 6.14 (a) is shown at 0.12m for the non-
flocculated profile for 27.5 g/L where the UVP has reached the noise floor. This
corroborates the notion that the noise floor is at -6.8 which is the limit of sound
profiling for the UVP.

Fig. 6.13 (b) presents the acoustic G-function profiles extracted from the calcite
suspensions using remote transducers. The respective relationship between
flocculated and non-flocculated systems are similar, as for the in situ probes in
Fig. 6.13 (a), with flocculated systems showing lower levels of attenuation (lower

gradient of G). Interestingly, for lower concentrations, G-function gradients were
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positive across the distance range, suggesting a larger reflection of sound at
greater distances with lower concentration of particles. Such behaviour would be
considered un-physical, but similar positive gradients in G-function have been
found in various systems at low concentrations, when incorrect nearfield
correction factors have been used (Hunter et al., 2020). The profiles are at the
limit of the ability of the UVP to sound profile where the positive profiles are
below -6.8.

This is also shown in Chapter 5 where positive gradients were found for the
lowest concentrations when using glass particles. It appears impedance and signal
disruption through the tank wall cause additional nearfield interference than
evidenced with in situ probes. It was evident that average signal strength for
remote probes was weaker (lower average G-values) due to signal loss with
propagation through tank walls (Muggleton and Brennan, 2004; Thirumalaiselvi
and Sasmal, 2019).

Fig. 6.14 (b) shows the acoustic G-function profiles extracted using remote
transducers for suspensions of magnesium hydroxide. The relationship between
the non-flocculated and flocculated systems are the same as the in situ probes in
Fig. 6.14 (a). For both non-flocculating systems, the G-function gradients were
positive which suggests a larger reflection of sound at the smaller particle size.
This is consistent with previously highlighted conclusions for sound signals

travelling through the pipe wall.

The gradients for all calcium carbonate profiles over the operational distance
sections in Figs. 6.13 (a) and (b) (dG/dr) — shown by the dashed black lines — are
plotted against the corresponding concentration to produce an attenuation profile,
as presented in Fig. 6.15 (a). The same has been repeated for the magnesium
hydroxide profiles in Fig. 6.14 (a) and (b) and is shown in Fig. 6.15 (b). This is
given for the two environments (non-flocculating and flocculating) using both in
situ and remote ultrasonic transducers. The concentration independent attenuation
coefficients (&) are extracted by taking half of the negative gradient value for each
system as detailed in Egs. (3.05) — (3.06) in Chapter 3. The non-flocculated
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suspensions both exhibit a steeper attenuation gradient, indicative of the greater
loss of sound across the suspension, due to the viscous attenuation as described.
Interestingly, while the values of G are smaller for the remote probes for all
concentrations (due to signal loss through the tank wall, as discussed) the actual
overall gradient values of dG/dr for all systems are within 10% of the in situ
profiles. This result provides evidence that the remote transducers can accurately
analyse the acoustic properties, highlighting the applicability of non-contacting
probe arrangements for onsite applications. The magnesium hydroxide does not
attenuate as much as the calcium carbonate, which is likely due to the density of
the floc or the larger particle size of primary particles which attenuate less due to

decreased viscous attenuation.

This results in a limited difference between attenuation of non-flocculating and
flocculating material. The presence of fines in the calcite increases the viscous
losses which leads to a greater attenuation of the signal (Richards and
Heathershaw, 1996; MacDonald et al., 2013; Arenas and Crocker, 2021).
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Figure 6.15 (a) Change in G-function with distance with a concentration array
ranging from 0-30 g/L using (a) a flocculated calcium carbonate system and (b) a

flocculated magnesium hydroxide system

6.3.4.2 Sedimentation attenuation coefficient

The sedimentation attenuation coefficients were extracted from Fig. 6.15 (a) and
(b) by taking the negative half of the gradient, this is also shown in Eq. (3.06).
The sedimentation attenuation coefficient for the non-flocculated systems is
higher than the flocculated systems. This is shown for both mineral suspension
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types. The attenuation coefficient for the non-flocculated magnesium hydroxide
was more than six times the value of the coefficient for the flocculated
magnesium hydroxide. Whereas the coefficient for the non-flocculated calcium
carbonate is more than two times the value of the coefficient for the flocculated
calcium carbonate. This could be attributed to the lower density of the flocs as
shown in Tables 6.1 and 6.2 or that the flocs are larger than expected where the
viscous attenuation and scattering is limited. Throughout this thesis there is an
assumption that the flocs are spherical, however, the non-spherical floc shape will
lead to a different degree of scattering. Gronarz et al., (2017) found that there was
a negligible influence on scattering and absorption due to changes in the particle
shape however, this was for larger particles which predominantly attenuate due to
scattering. It was found by Richards et al., (2003) that changes in particle shape
led to varying particle size distributions which effected predictions for absorption
of sound. All models and predictions assume monodisperse systems, however, in
reality, the flocculating systems are polydisperse which leads to complications in

predicted sound attenuation.

Fig. 6.16 shows how the sedimentation attenuation coefficients compare to values
from the Betteridge et al., (2008) heuristic expression with consideration of the
viscous losses from Urick et al., (1948). The magnesium hydroxide coefficients
are lower than the heuristic data determined using scattering (see Egs. (3.07) and
(3.09)) and viscous (see Eq. (3.11) — (3.14)) predictions in Chapter 3. This could
be due to the non-flocculated and flocculated particles being larger than predicted
by the FBRM which would lead to increased scattering attenuation. The calcium
carbonate coefficients are higher than predictions. This can be attributed to excess
scattering from the fine particles (Richards and Heathershaw, 1996; MacDonald et
al., 2013; Arenas and Crocker, 2021).
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Figure 6.16 Sedimentation attenuation coefficients for non-flocculated and

flocculated mineral suspensions of calcium carbonate and magnesium hydroxide

The sedimentation attenuation coefficients for calcium carbonate are higher due to
the increased density and the presence of fines which enhance attenuation. The
discrepancy between the heuristic expression and measured values is thought to
be due to the natural aggregation both undergo due to the low surface charges. It
may also be due to the lower shear conditions in the tank in comparison to the
Camsizer XT (Retsch Technology) test cell and therefore, the actual
representative size of the particles is larger than measured.

Sedimentation attenuation coefficients can also be compared to data for sand and
silt suspensions from Guerrero et al., (2015). Samples were taken from the
environment which meant that particle shape was not spherical, therefore, data can
be compared to the non-spherical mineral suspensions. The lowest particle size in
Guerrero et al., (2015) of ~1 um had the highest viscous attenuation amongst
other sediments, which is the case here where calcium carbonate had the highest
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attenuation coefficient value. This is also due to fine fractions which Guerrero et
al., (2015) showed result in appreciable viscous attenuation. The mean size of 1
um is much smaller than the mineral suspensions used in this Chapter and the
attenuation coefficient was ~ 0.1 which was comparable to data from magnesium
hydroxide. However, this attenuation could be due to several factors including a
difference in transducer frequency used by Guerrero et al., (2015), 1.2 MHz and

the difference of particle size.

Guerrero et al., (2015) also looked at sediments with a mean size of ~ 4um which
led to a combined attenuation coefficient of ~ 0.032 which is comparable to the
calcium carbonate attenuation coefficient. The smaller measured coefficient of
calcium carbonate could be due to decreased viscous losses of the larger calcium

carbonate in comparison to the 4 pm sediment.

Error bars in Figure 6.16 have been determined using the error calculations in
Chapter 4 and applied here. The error bars for the magnesium hydroxide
suspension were larger than for the calcium carbonate suspensions. This is
attributed to the lower density of the magnesium hydroxide particles and flocs
which likely led to a weaker backscatter response. However, all error bars are
relatively small which shows that the data is consistent. The flocculated
suspensions have a smaller error bar which shows that the flocculated suspensions
provided more accurate characterisation of the attenuation. The error bars are
determined by the variation of the echo amplitude data, as the actual floc
attenuation values are lower, the raw echo voltages are lower and therefore, the
error bars are lower in absolute terms but similar in percentage terms. The
following particle radii were used to calculate the sedimentation attenuation
coefficient from the Betteridge et al., (2008) model; acaicite: 2.4, @magnesium hydroxide:
2.5, aflocculated calcite: 13, @flocculated magnesium hydroxide: 13.25. These particle sizes were

taken from the Camsizer data shown in Fig. 6.7.

The attenuation of the two mineral systems can be compared to the floc density

values determined in Tables 6.1 and 6.2. The floc density values for calcium
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carbonate and magnesium hydroxide are 1306 and 1171 kg.m=, respectively,
whereas the density of the primary particles is 2711 and 2340 kg.m=. This shows
that the density decrease through the flocculation process directly correlates to the
decrease in the attenuation as the particle sizes in Fig. 6.7 are similar for both floc
systems. The larger flocculated aggregates are less dense which can be assumed to
scatter more and absorb less which leads to decreased loss of sound and greater
backscatter to the reciever. This research is novel in that the density of flocculated

particles has been linked to attenuation which has not been achieved before.

The predicted viscous losses in Fig. 6.16 account for 0.15, 0.13, 0.03 and 0.027
for the calcium carbonate and magnesium hydroxide non-flocculated then the
flocculated versions of these species, respectively. This shows that the viscous
losses are larger for the calcium carbonate species, which may be a result of the
increased combined attenuation losses. When comparing these in terms of
percentage values of the combined attenuation, the viscous losses make up more
than 99 % of the attenuation for both non-flocculated species. However for the
flocculated calcium carbonate and magnesium hydroxide, the viscous contribution
is 96.9 % and 95.8 % which shows that for larger sizes of these mineral species,
the viscous contribution is slightly higher. This may be due to the decreased
particle size of calcium carbonate which is more effected by viscous losses. This
has been investigated in Chapter 5 where an increase in particles Reynolds
number (for the higher 4 MHz frequency probe and increased particle size
species) led to a decrease in the proportion of attenuation that was viscous losses.

This can be investigated further but not in the scope of this thesis.

6.3.4.3 Normalised scattering cross section

In Fig. 6.17 and 6.18, the normalised scattering cross section (y) was calculated
for all datasets, using measured attenuation coefficients. The heuristic expression
from Betteridge et al., (2008) for spherical glass particles is plotted for
comparison. It is noted that to calculate y, the mean particle radius for non-

flocculated and flocculated species determined from the Camsizer is used, as
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shown in Fig. 6.6 (acalcite = 2.4 {m, 8magnesium hydroxide = 2.5 M, acalcite-Flocculated = 13
WM, @Magnesium hydroxide-Flocculated = 13.25 pm). Initially, the particle density of calcium
carbonate (pcaicie = 2711 kg/m?3 (Ito, 2017)) and magnesium hydroxide (pmagnesium
hydroxide = 2340 kg/m?® (Patnaik, 2002)) was used in the calculation shown in Eq.
(3.09) in Chapter 3. Consistent with similar attenuation values evidenced in Fig.
6.16, y values calculated from remote probes are almost identical to the in situ

data, for flocculated and non-flocculated systems of both mineral systems.

In Fig. 6.17 it is evident that non-flocculated values are considerably greater than
predicted by the theoretical Betteridge et al., (2008) expression for calcium
carbonate. Betteridge et al., (2008) underpredicts the y values as the prediction
only considers scattering attenuation where it has been shown that for fine
particles, attenuation is predominantly due to viscous losses (MacDonald et al.,
2013; Arenas and Crocker, 2021).
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Figure 6.17 The dimensionless scattering cross function vs product of the
wavenumber and particle radius (ka) using a (a) flocculated calcium carbonate
system where the red line shows the prediction for combined losses when using a
2 MHz transducer, light and dark red crosses show predictions using a 1.75 MHz

and 2.25 MHz frequency, respectively

Flocculated calcium carbonate data (in orange/brown) compares more closely to
the Betteridge estimation, although y values are still underpredicted. One potential
reason is that as flocculated aggregates contain significant bound water between
particles, therefore the use of particle density is likely not correct. And so, a
further calculation was made to estimate flocculated y value, using a lower density
value from Table 6.1 (pcaicite- flocculated density = 1306 kg.m) denoted by the blue
cross. This lower density was validated based on values for similar flocculated
magnesium hydroxide systems and provides a low limit for y, highlighting the
difficulty in accurately deriving values (Lockwood et al., 2021a). As most of the

suspension is water, bulk density is expected to be closer to the lower flocculant
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density limit. Despite uncertainties, it is clear that using lower floc density results
in closer correlation to Betteridge spherical scattering theory, suggesting
additional scattering attenuation contributions of aggregates are low, as long as

the overall density is taken account of.

Viscous losses were accounted for by using expressions from Urick, (1948) and
shown as a combined attenuation prediction in the red dashed line in Fig. 6.17.
The prediction compares much closer to the measured y values plotted where the
lower density flocculated plots compare very well to the combined prediction. The
non-flocculated plots also align very well with the combined prediction as the fine
particles attenuate predominately from viscous losses. The underprediction of the
flocculated values is likely due to the fact that the original particle density was
used in Eq. (3.09) where it is clearly shown in Tables 6.1 and 6.2 that the density
of the floc decreases significantly.

The Betteridge et al., (2008) prediction only accounts for the single frequency
used in experiments where the combined attenuation predictions is shown in the
red crosses. The dashed red line only considers the 2 MHz transducer frequency
used. The combined attenuation was found to be approximately linear in the
region between the non-flocculated and flocculated plots. Incorporating viscous
losses leads to a dramatic increase in y at lower ka values whereas at higher ka
values, viscous attenuation has a limited effect on y. A +/- 0.25 MHz change in
frequency is also considered where the pink crosses correspond to a 1.75 MHz
frequency and the red a 2.25 MHz frequency. When increasing the frequency, the
x value increases and the ka value increases, the opposite is shown when
decreasing the frequency. This is attributed to the fact that ka is calculated using
the angular wavenumber which is a function of the transducer frequency which

also results in a higher y in Eq. (3.07).

The magnesium hydroxide suspensions shown in Fig. 6.18 shows y values which
are lower than the Betteridge prediction, this could be due to the lower particle

density of magnesium hydroxide and decreased attenuation (pmagnesium hydroxide-
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flocculated densiy = 1171 kg.m® from Table 6.2). Magnesium hydroxide also
attenuates less than calcium carbonate due to the slightly larger particle size which
leads to lower y values. It is lastly noted also that the Camsizer XT natively
measures the minimum diameter rather than particle size directly. Particle radius
values (a) can be varied from the Camsizer XT depending on whether the
minimum diameter is used or another property. The FBRM results vary
significantly as well depending on whether unweighted or weighted distributions
are extracted. Values reported in this Chapter are based on raw chord lengths, as
they provide reliable values when comparing to manufacturer listed particle radius
for non-flocculated dispersions. However, it was found that the y values
determined from Camsizer XT particle sizes provided results which were
comparable to the predictions. Again, this uncertainty shows how complicated it

Is to analyse flocculated suspensions.
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Figure 6.18 The dimensionless scattering cross function vs product of the
wavenumber and particle radius (ka) using a flocculated magnesium hydroxide
system where the red line shows the prediction for combined losses when using a
2 MHz transducer, light and dark red crosses show predictions using a 1.75 MHz

and 2.25 MHz frequency, respectively
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It is shown that the frequency change is the same as shown above where the ka
and y increase with frequency. The lower density pushes the y value further from
the combined attenuation prediction. This could be attributed to the polydispersity
of the systems where the Betteridge et al., (2008) prediction only accounts for
monodisperse systems. However, here, the effect of polydispersity has differing
effects on the magnesium hydroxide and calcium carbonate which shows the
complexity of predicted normalised scattering values for flocculating systems.
However, the combined attenuation predictions are close to y values determined

from experimental sedimentation attenuation coefficients.

Pedocchi and Mosquera, (2022) found that the total scattering cross section
dominates sound attenuation with no deviations that can be directly associated to
flocculation. Therefore, any changes with the scattering cross section may be due
to the effect of attenuation on the increased particle size.

6.4 CONCLUSIONS

In this Chapter, a UVP in backscatter mode was used to characterise flocculated
and non-flocculated nuclear waste simulant suspensions. Where probes in a
calibration tank were positioned in situ and in a non-contacting ‘remote’
arrangement, for future monitoring applications. In situ and remote probes gave
comparable suspension attenuation coefficients for all systems using both mineral
systems. Remote probes had a lower signal-to-noise ratio, due to loss through tank
walls. The noise floor for the UVP, using the G-function, was found to be
approximately -6.8 for all profiles. Flocculated suspensions (larger particle size)
attenuated less and exhibited a predictable scattering cross section specifically for
calcium carbonate suspensions, if the reduced overall aggregate density is taken
account of. Flocculated magnesium hydroxide suspensions showed predictable
scattering cross section values when considering the higher particle density. Non-
flocculated particulate suspensions had greater attenuation and overall scattering
cross section, where the increased attenuation was due to viscous losses.

Magnesium hydroxide systems were found to attenuate less than calcium
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carbonate due to their lower floc density and increased absorption. Analysing
flocculated suspensions is difficult, due to variation of density and particle radius,

but the quality of data in this Chapter has been found to be accurate.

In this Chapter the author was able to successfully monitor the flocculation of two
complex fine particulates and provide attenuation values which were very close to
predictions. This was all achieved using non-invasive remotely placed transducers
where data could be extracted in real-time. The attenuation regime was identified
for the differing particle sizes where viscous losses were dominant for non-
flocculating materials. Attenuation could be predicted by comparing the
normalised scattering cross function where measured data compared very well to
predicted, especially when taking into consideration the change in density from
flocculation. The success of this Chapter will lead onto the use of the pipe loop for

analysis of homogeneous suspensions and then flocculated mineral suspensions.
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7. ANALYSIS OF SILICA GLASS SUSPENSIONS IN VERTICAL
AND HORIZONTAL PIPE LOOP ARRANGEMENTS USING
TRANSDUCERS MOUNTED IN SITU AND REMOTELY IN A
NON-CONTACT PLACEMENT

CHAPTER SUMMARY

Homogeneous silica glass dispersions of two sizes were analysed in an engineered
pipeline using transducers mounted on horizontal and vertical pipe lengths.
Transducers were mounted at 90 and 135° to the direction of flow. Rice et al.,
(2014) extracted echo amplitude data from transducers on a horizontal pipe using
2 and 4 MHz transducers. However, here, 4 MHz transducers were mounted on
horizontal and vertical pipe length to determine the effect of transducer placement
on attenuation profiles, this has not been done before. Velocity and echo
amplitude data were extracted simultaneously from the transducers to produce
velocity and attenuation profiles. Rice et al., (2014) determined the velocity of
suspensions simultaneously using in situ probes. Attenuation coefficients were
extracted and compared to combined attenuation predictions from scattering and
viscous losses. Normalised scattering cross function was determined for both
silica glass bead sizes and compared to predictions from combined attenuation by
Tonge et al., (2021). However, the novelty in this Chapter is that this has been

achieved using in-line non-contact probes.

7.1 INTRODUCTION

This Chapter explores the use of horizontally and vertically mounted transducers
in a pipe loop to characterise previously used silica glass particles. In Chapters 4-6
the author has proven that ultrasonic transducers can be mounted in situ and
remotely on a calibration rig to produce accurate acoustic profiles for
homogeneous silica glass suspensions and flocculating complex mineral
suspensions. In this Chapter, the author aims to upgrade from the calibration rig to
analysis in an engineered pipe loop where the same silica glass dispersions used in
Chapter 5 were used as these were known to produce accurate sedimentation
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attenuation coefficients. Remote transducers were mounted onto the pipe loop
using the same PVVC mounting units used in Chapter 5. Remote analysis in a pipe
loop will provide in-line measurements of attenuation. Existing literature has been
explored to wunderstand whether in-line non-invasive measurements of
homogeneous suspensions has been conducted before and what measures are
required for this. Steiner and Podd, (2006) were able to mount ultrasonic
transducers onto pipes in a non-invasive and non-intrusive manner where the
received waveform was displayed, this shows that the mounting of the transducer
should provide accurate data from ultrasonic transducers. In this Chapter, the
mounting of the transducer onto a pipe is non-invasive and non-intrusive where
the echo amplitude is extracted using the ultrasonic pulse doppler method, this has
also been done by Tezuka et al., (2008). Munasinghe and Paul, (2020) and Comes
et al., (2006) stated that pipes need to be full for measuring properties inside the
pipe using mounted ultrasonic devices. This is to ensure the transducers can
calculate the flow rate of the pipe cross section. Munasinghe and Paul, (2020)
were able to use readings of the water level of the pipe and reflective patterns to
determine the flow rate even with a partially filled pipe. However, for ease of
understanding, the aim is to have a full pipe for analysis.

In previous Chapters, the transducers were mainly used to extract acoustic data.
However, in this Chapter, the in-line transducers can be used to fully characterise
the flow where acoustic and velocity data can be extracted. This can be conducted
on the pipe loop as the fluid is continuously flowing through the pipe.

Tezuka et al., (2008) mounted transducers remotely onto a pipe and used the
ultrasonic pulse doppler method to determine velocity profiles. The surface
roughness on the pipe effects the shape of the velocity profile where a higher
surface roughness leads to a more rounded velocity profile shape. When
comparing the PVC pipes used in this Chapter, the surface roughness of PVC was
significantly lower than the roughness used by Tezuka et al., (2008) so it is
expected that the velocity profile will have a more linear profile with a flat peak

across the middle of the pipe. The tests were done at 12D and 30D away from the
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closest pipe bend where the profiles were symmetrical at a distance of 30D. The
actual entry lengths on the horizontal and vertical pipe length correspond to 52D
and 84D so the profiles are expected to be symmetrical across the pipe length.
Tezuka et al., (2008) displayed velocity profiles as a normalised velocity where
the peak value was 1 across the pipe. The velocity profiles displayed in this
Chapter will be formatted like this for direct comparison between heuristic

velocity profiles.

Kotze, (2016) used non- invasive sensors to extract doppler measurements
through a stainless-steel pipe section placed horizontally. Voltage and echo
profiles were extracted much like the profiles shown in Chapter 4. Kotze, (2016)
was also able to extract velocity profiles from the in-line data as the fluid is
flowing through the pipe. Kotze, (2016) only tested velocities between 0.1 and 0.6
m/s therefore, this work needs progress for industrial applications. However,
Kotze, (2016) has shown that it is possible to obtain echo and velocity data from
transducers mounted onto a pipe. Taishi et al., (2002) used the UVP to determine
velocity profiles with data from a non-invasive transducer mounted onto a pipe
radius of 25 mm. Taishi et al., (2002) found that using the UVP could be used to
accurately measure mean velocity profiles, therefore, it is expected that the UVP
should be able to reproduce accurate velocity profiles for homogeneous
suspensions of silica glass dispersions. Abbagoni et al., (2022) used non-invasive
vertically mounted transducers to determine the measured velocity in the pipe
therefore, different pipe orientations should provide accurate velocity and acoustic

profiles.

Shoham, (2006) has shown that in vertical and near-vertical pipes the flow
patterns are more symmetric around the pipe axis and less dominated by gravity.
Therefore, both a horizontal and vertical pipe arrangement were compared to
understand which orientation was best suited for extraction of acoustic and
velocity profiles. The author has proven in Chapters 4-5 that the UVP can be used
to extract concentration profiles and attenuation coefficients from silica glass

beads suspended in a tank whilst Chapter 6 shows that the UVP can be used to
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monitor flocculation of mineral suspensions in a rig. This Chapter will investigate
the use of the UVP to determine concentration profiles, velocity profiles and
attenuation coefficients of silica glass beads in flow using in line, non-invasive

transducers.

7.2 MATERIALS AND METHODS

7.2.1 Materials

The same silica glass particle sizes in Chapter 5 were used here as their acoustic
scattering profiles are well understood and attenuation values are available for
well mixed systems. SEM images of the silica glass beads are shown in Fig. 5.2
where the four silica glass bead sizes are shown. In this Chapter only the 36 um
and 82 pum glass sizes are used to understand the effects of viscous and scattering
attenuation on a range of particle sizes. The 170 um particle size were not used as
they undergo high scattering attenuation and are limited to a concentration range

as shown in Chapter 5.

7.2.2 Methods

For an industrial application in radioactive effluent, it is imperative that the
transducers don’t physically interact with the effluent, so a non-contacting
‘remote’ arrangement is critical. Therefore, only remote transducer arrangements
were used hereafter. From preliminary pipe flow data that is not presented in this
thesis, the author found that the horizontal pipe was showing signs of
deteriorating data. This was attributed to settling of material in the horizontal pipe
which caused blockages in the flow of the suspension. Therefore, in this Chapter,
transducers were mounted on a horizontal and vertical pipe orientation to see if
comparable attenuation and velocity profiles could be extracted from both. The
original purpose of the UVP was to extract velocity profiles, however for this
thesis, the UVP was utilised to additionally extract echo amplitude data for
acoustic profiles. Both velocity and echo amplitude data were extracted in this
Chapter to maximise the scientific insights gained from using the UVP. This was

achieved by mounting probes at 90° and 135° to the flow for extraction of echo
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amplitude and velocity data, respectively. Only two 4 MHz transducers were used
throughout this Chapter.

The transducers mounted at 90° to the flow were used to extract echo amplitude
data as has been done previously. The transducers mounted at 135° were used to
extract velocity data. The 135° angle was chosen for analysis so the transducer
pointed upstream which causes less flow disturbance. This specific angle was
chosen by Rice, (2013) as a compromise where a shallower angle to the flow
would project the probe further into the flow. The mounting also becomes more
difficult as the signal has a larger distance to travel before entering the suspension
environment. Whereas Rice, (2013) has shown that a less shallow angle reduces
the accuracy of axial velocity measurements. This also allows for minimal gap
between the transducer face and the pipe wall. The acoustic couplant is able to
assist the sound signal in penetrating the pipe wall, however the more angled the
transducer is, the greater the gap between the transducer face and the pipe wall. At
the angle of 135°, the transducer signal was strong enough to penetrate the pipe
wall (with the added acoustic couplant). The UVP-DUO was used for data
collection.

The experimental set-up in Fig. 7.1 (a) is slightly more complicated for this
experiment than it is for analysis in the calibration rig in Chapters 4-6. The pipe is
composed of uPVC (unplasticised polyvinyl chloride) with a pipe diameter of D =
0.025 m whilst the probe holder was made from PVC (polyvinyl chloride). The
small diameter of the pipe is the main reason why 4 MHz transducers are used.
When observing the results in Chapter 5, it is shown that the 4 MHz probes
analyse the distance closest to the transducer (between 0 — 0.1 m). Whilst the 2
MHz transducers analyse the signal after 0.05 m which would not be suitable for
the smaller pipe diameter of 0.025 m. In these pipe loop experiments a single
flowrate of 5.22 L/s was used throughout the experiments, more details of this are
shown in Table 3.7, see Chapter 3. The corresponding speed and Re for this flow
rate are 1131 rpm and 21, 913.
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Smaller diameter pipes can be used through Nuclear Power Plants (NPP),
typically in areas like primary cooling waterpipes, steam generator tubes and other
equipment (Nippon, 2019). These pipes have a typical pipe diameter of 0.24 to
37.5 inches in outer diameter. The pipes used in this thesis have an outer diameter
of 30 mm which is approximately 1.18 inch, this lies in between the typical pipe
diameter of pipes used in NPPs (Nippon, 2019). In Schaller and Huber, (2023), 2-
inch pipes were taken as samples from nuclear reactors which had been
contaminated through primary steam. These 2-inch pipes are equivalent to a 50.8
mm pipe which is comparable to the 30 mm Outer Diameter (OD) pipes used
throughout this thesis in Chapters 7 and 8.

The horizontal and vertical probe placements need to be at least 1.28 m away from
a turn in the pipe, this ensures the flow is fully developed at the point of
measurement. This is shown in Chapter 3 where the entry length was determined
using two correlations where the minimum entry length for fully developed flow
at a Re = 21, 913 was ~ 1.28 m. The actual entry lengths for the horizontal and
vertical mounting is 1.3 and 2.1 m which is above the minimum entry length
calculated. For this experiment, only the horizontal pipe loop or the vertical pipe
loop can run with the bulk suspension. Therefore, the suspension had to be

analysed in the horizontal and vertical pipe sections separately.

Fig. 7.1 (b) and (c) show the mounting of the two 4 MHz transducers at each pipe
orientation at 90° and 135° to the flow, these were selected as they produced
accurate profiles at distances close to the transducer which is necessary for the
small pipe diameter. The mixing tank in Fig. 7.1 (a) was utilised the same as the
rig in Chapters 4-6 where the mixing tank was isolated for ~ 5 minutes for powder
dispersion before running the homogeneous suspension through the loop. The
bulk suspension ran through the horizontal pipe length first where the valve on the
far left prevents the suspension from going down through the vertical probe
holder. The transducers ran consecutively with a time delay of 100 ms, this
specific time delay has been used in Chapters 4-6 and has produced accurate

profiles when using multiple transducers. This has also been shown in literature to

241



be a sufficient time delay between multiple transducers (Camnasio et al., 2010).
As only two transducers of the same 4 MHz frequency were used with a 60 ms
pulse at a given time, the total measurement time was 220 seconds. For analysis in
both the horizontal and vertical, the total measurement time was 440 seconds. For
each concentration, the bulk suspension was first analysed in the horizontal pipe
section. All other settings for the UVP-DUO are shown in Chapter 4, see Table

4.1 for more details.

Once all data had been collected, the valve on the far left was opened and the bulk
suspension ran through the vertical measurement section. The suspension was
emptied using the drainage point shown at the bottom right of Fig. 7.1 (a). The
pump and mixer were turned off and the experiment was repeated where the valve
to the horizontal pipe section was closed, and the vertical pipe section was
opened. The tank was filled, and the powder dispersed after which the suspension
was circulated around the pipe and given 5 mins to ensure the bulk suspension
was running through the vertical probe holder. The transducers on the vertical
pipe length were then activated and the suspension was analysed using both
transducers consecutively with the 100 ms time delay. The suspension
concentrations used in this experiment ranged from 11.9 to 107.5 g/L.
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Figure 7.1 Schematic of pipe loop for remote analysis of suspensions in a
horizontally and vertically mounted probe at 90° and 135° to the flow (red arrows
indicate UVP connection) and (b) visual representation of the probe holders from

the front and (c) side
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7.2.3 Pipe Materials

The acoustic impedance of the uPVC is investigated to determine whether the
pipe material will have an effect on the penetration of sound through the wall. The
acoustic impedance of PVC = 3.27 MPa was used from Selfridge, (1985) and
Manwar et al., (2022). The impedance of water (Bushberg et al., 2002; Manwar et
al., 2022) is also needed (1.48 MPa) to understand the impedance at the pipe wall
— water interface. The acoustic impedance can be used to determine the reflection
coefficient where the coefficient determines the sound signal which is reflected at
the interface. Figueiredo et al., (2020) mounted ultrasonic transducers onto a steel
pipe using a thermoplastic resin transducer support. The reflection coefficient of
steel is ~88% which would mean only 12% of the pulse would reach the flow and
therefore a thermoplastic resin with a reflection coefficient of 17% was used.
Gibbs et al., (2011) used Eq. (7.01) to determine the reflection coefficient, R at
the PVC-water interface. Where R is a function of I, (reflected intensity) and I;
(transmitted intensity). Both Ir and li can be broken down into Z; and Z» which are
the acoustic impedances for the two substances, here the subscripts 1 and 2
correspond to PVC and water. For this experiment, the calculated R values for the
PVC-water interface is 14.2% where 85.8% of the pulse should reach the flow and

so the signal should provide accurate profiles.

_ 2
R=t=G%)r (7.01)

T (244 2y)?

7.2.4 Velocity Calculations

The velocity values are given as a raw output of the velocity in (mm.s™), where
the velocity output needs to be converted to SI units of m.s™ before analysis. Once
the velocity array is in Sl units, the velocity needs to be re-calculated to show the
velocity in the direction of flow. As the transducers for velocity profiling are
mounted at 135°, the velocity values extracted are shown as the velocity in that
specific direction. To convert to velocity in direction of flow, Pythagoras theorem
is used to convert the maximum measured velocity values (Bolton, 2016), this is

shown as a schematic in Fig. 7.2. The velocity in the direction of flow is expected
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to be greater in the direction of flow, this can be seen in Fig. 7.2 where the
velocity in the direction of flow is representative of the hypotenuse (longest
length) of the triangle.

d Velocity at 135°

Velocity in
direction of
flow

Figure 7.2 Calculation of velocity in the direction of flow

The velocity profiles are displayed in this thesis as a normalised velocity profile
much like Tezuka et al., (2008) this ratio is shown in Eq. (7.02). The peak
velocity in the direction of flow can be converted to a normalised velocity value
viv™ as shown in Eq. (7.02). The Reynolds number for the suspensions is 21,913
at the experimental pump speed which is high enough for a turbulent flow
velocity profile.

v measured velocity (@) 7.02
vm maximum velocity (@) ( ' )
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7.2.5 Calculated velocity profiles

To compare measured velocity profiles to predicted, the power law velocity
profile can be determined using Eg. (7.03) from Stigler, (2014). Eqg. (7.03) is a
function of the pipe radius, R, a coefficient, n and the distance from the middle of
the pipe, r. The velocity profile is shown until the velocity peaks in the middle of

the pipe.

= (1-1) (7.03)
The coefficient n is calculated using Eq. (7.04) which is a function of the Re.
n = 1.03In(Re) — 3.6 (7.04)

When inputting the Re = 21,913, the n coefficient is calculated to be ~ 6.7.
Munson et al., (2006) and Stigler, (2014) found that n = 7 is a good approximation
for many practical flow approximations which shows that the coefficient value

calculated is accurate.

7.3 RESULTS AND DISCUSSION

7.3.1 Velocity Profiling

As the UVP simultaneously captured velocity data from the Doppler shift, the
pipe velocity profiles were measured to confirm the instrument’s capability to
measure the flowrate. It is noted that only velocity components in the direction of
the transducer are measured, and thus, the probes at 135° were used to ensure the
transducers could detect the streamwise flow. As the transducer is mounted at a
135° angle, the relative inner pipe distance is 0.035 m. Transducers mounted at
90° to the flow were not used as flow velocity across the pipe is negligible, and
any velocity detected using a probe mounted at 90° would be attributed to
turbulence fluctuations in the pipe. Although there was segregation of flow in the

horizontal arrangement, velocity profiles were extracted from both pipe
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orientations to further investigate the degree and effect of segregation on the flow
field.

Measurements were made with both particle sizes at two intermediate
concentrations to investigate whether the suspension concentration affected the
accuracy of the velocity determination. Profiles are shown in dimensionless form
in Fig. 7.3 (a) and (b) for 36 um glass using a horizontal and vertical pipe
arrangement. Fig. 7.4 (a) and (b) show the same profiles for the 82 um glass. The
velocity profiles were taken from where the velocity peaks until the middle of the
pipe (which, for the probe at 135° is a span of ~ 0.018 m). The diameter of the
pipe is 0.025 m whereas, the sound signal travels through 0.035 m for the
transducer mounted at 135° because the signal travels a further distance. This
should be translated in the velocity profiles where the radius of the pipe is
approximately 0.018 m. The velocity profiles start at 0 near the pipe walls and

peak to a normalised velocity of 1 in the middle.

For both particle systems in the horizontal pipe arrangement there was a marked
increase in velocity at 0.018 m. This increase occurred at 0.011 m when using the
vertical arrangement which shows that the horizontal pipe arrangement sees the
solid moving suspension at a later point in the pipe. For the vertical probe the
peak velocity occurs after 0.018 m (collective 0.029 m) which is the actual radius
of the probe path. On the other hand, the peak velocity for the horizontal probes
occurs after 0.012 m which shows that the horizontally placed probe has a smaller
distance to analyse across due to the decreased pipe area from the layer of settling
material. The increase in velocity at ~0.011 m when using the vertical pipe
arrangement is where the probe enters the suspension from the pipe wall, and
peaks in the middle of the pipe at ~0.029 m. The flattened profile shape is
indicative of turbulent pipe flow (Re = 21,913 for all experiments) as the strength
and proximity of the peaks to the wall increases with increasing Re (Laufer, 1954;
Rennels and Hudson, 2012).

The measured profiles in Fig. 7.3 (a) and 7.4 (a) show inconsistencies for varying

concentration where the concentration affects the velocity in the pipe. This shows
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that the attenuation of the increased concentrations has an effect on the velocity in
the pipe. The measured profiles in Fig. 7.3 (b) and 7.4 (b) show consistency with
at least two concentrations where the velocity profiles are less effected by particle
concentration. This indicates the Doppler signal is accurately measured despite

the greater attenuation in the more concentrated systems.
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glass beads where the red crosses indicate a predicted velocity profile using

expressions in section 7.2.5 from Stigler, (2014)
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When comparing both species in Fig. 7.3 (b) and 7.4 (b), the profiles were
generally smoother towards the middle of the pipe with less variation for the

smaller glass species. When only considering the two higher concentration
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profiles, the profiles were smoother for the larger glass species which is likely due
to their enhanced scattering intensity.

Table 7.1 shows the actual velocity values where the max measured velocity was
converted to the velocity in direction of flow using Fig. 7.2. The velocity for the
individual glass species is similar for different pipe orientations where the smaller
glass beads show a higher peak velocity. This could be attributed to the decreased
particle size as larger particle species likely limit the pipe velocity (Khalitov and
Longmire, 2003; Prochaska et al., 2008).

Hitomi et al., (2021) also determined velocity profiles of quartz suspensions and
mounted two 4 MHz transducers to determine the velocity. The velocity profiles
determined show a peak in the centre of the pipe much like the velocity profiles
shown above. This shows that UVP transducers with a 4 MHz frequency can

extract velocity profiles in line.

Table 7.1 Velocity measurements in comparison to predicted velocity in the

direction of flow

Silica Glass  Transducer | Max Measured Velocity Velocity in direction
Beadds,  Arrangement at 135° (m/s) of flow (m/s)

Vertical 0.999 1.412

36 um _
Horizontal 0.991 1.402
Vertical 0.990 1.399

82 pum ]
Horizontal 0.990 1.399

7.3.2 Acoustics
7.3.2.1 G function profiles

Fig. 7.5 (a) shows the G-function profiles for the silica glass bead suspensions

with a dsp of 36 um travelling through the horizontal pipe arrangement. The sound
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signal travels initially through a thin layer of the probe holder before penetrating
through the pipe wall, where a layer of acoustic couplant is placed between the
transducer face and pipe wall to promote acoustic transmission. The noisy profile
in the first ~ 0.005-0.009 m is attributed to internal reflections in the probe holder
and pipe wall. The speed of sound through solid uPVC pipe is ~ 2300 m/s which
is given by Podesta, (2020) however, the input for the UVP uses the speed of
sound in water (1480 m/s) which leads to some ambiguity in where the pipe
interface is. Inside from the pipe wall, the profile is still noticeably noisy within
the first 0.012 m, this is due to the complex near field interference from the
ultrasonic transducers, and potential suspension segregation in the pipeline.
Segregation in the suspension may lead to settling in the pipe and a clear-water
region from 0.009 to 0.012 m. The estimated inner and outer pipe walls are
indicated by the vertical lines in (a). The increase in signal at 0.034 m is attributed
to reflections at the bottom of the pipe wall, by extrapolating, the inner pipe wall
is assumed to be at 0.009 m by using the actual measured inner pipe diameter of
0.025 m. It is also noted that the estimated speed of sound calculated for silica
glass beads using Egs. (3.11-3.14) from Urick, (1979) (Table 3.2) indicate that the
highest concentration produces a speed of sound of 1463 m/s, which is only 1.2%
lower than water, and therefore would make a negligible difference on the echo

distance estimations within the pipe.
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Figure 7.5 (a) G-function versus distance for 36 um glass at varying
concentrations in a horizontal arrangement and (b) Isolation of linear region in
(a). Vertical lines in (a) indicate pipe boundaries and dashed lines in (b) are

linear fits of profiles

To use the profile data more accurately for calibration purposes, a section between

0.014-0.028 m was selected to take the linear gradient (dG/dr) values, as this zone

gave consistent profiles outside of the nearfield region but was before scattering

interference from the far inner pipe wall. The profiles in this region are expanded

in Fig. 7.5 (b), where the decay trendlines are shown. The profiles are

approximately linear in this region (as would be expected for a largely constant
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concentration, from Eqgs. (3.05-3.06)), although there is some degree of elevated
noise in the averaged signal. The signals show a slight curvature till 0.016 m in
7.5 (b) which is attributed to gravitational segregation in the pipe. The signal will
skew in the clear water region and the high solid region. The relatively low signal
to noise ratio may indicate that the horizontal pipe orientation enhances
suspension segregation in the pipe (Rice et al., 2015). The smaller glass beads
also have a limited backscatter response due to the decreased particle size,
therefore, the noise in the profiles can also be attributed to the limitations of the
UVP when analysing a limited backscatter response. The Reynolds number in the
pipe is approximately 21,913 as shown in Table 3.7 where it is expected that the
flow is turbulent. It has been shown by Dutta et al., (2016) that when the flow
travels through a pipe bend, the radial pressure gradient from the centrifugal force
on the fluid may lead to flow separation. It was found by Dutta et al., (2016) that
at higher Reynolds number, the separation points for the fluid moved towards the
upstream which could account for the segregation of flow. From the high
Reynolds number, it is expected that the fluid should be fully suspended,
however, the short entry length from the 90° pipe bend could have affected the
fluid segregation. Nevertheless, sedimentation attenuation gradients extracted by
the dashed lines indicated the higher particle concentrations lead to increased

attenuation, from increased dG/dr values which is evidenced in Chapters 4-6.

Fig. 7.6 (a) similarly shows the acoustic profiles for small glass bead suspensions
travelling through a vertical pipe arrangement, while again Fig. 7.6 (b) presents a
highlighted region used to extract the linear attenuation profiles for calibration. As
with the horizontal arrangement, signals from the initial 0.005-0.008 m region are
ignored, as they are within the pipe wall, where there is additional signal noise
within the first 0.012 m from nearfield interference.
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Figure 7.6 (a) G-function versus distance for 36 um glass at varying
concentrations in a vertical arrangement and (b) Isolation of the linear region in
(a). Vertical lines in (a) indicate estimated pipe boundaries and dashed lines in

(b) are linear fits of profiles

The profiles show a more linear profile across the isolated region in Fig. 7.6 (b)
which is attributed to the gravitational segregation in the horizontal pipe. The
profiles in Fig. 7.5 (b) show curvature in the first half of the profile. As there

would not be any gravitational segregation across the pipe in the vertical
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arrangement, the improved linearity in the profiles further indicates that
suspension segregation within the horizontal pipe led to a limited linear region for
analysis. The signal to noise ratio for both pipe orientations are similar which
shows that the transducer signal was not affected by the pipe orientation.
Interestingly, both pipe orientation profiles have a similar range of G-function
values (approximately -5.5 to -6 in the suspension region) which shows that the
signal strength of the transducers was consistent for both pipe orientations, as it is

dominated by the relatively low backscatter from the smaller glass particles.

The acoustic profiles extracted from glass bead suspensions with a dso of 82 um
travelling through the horizontal and vertical pipe arrangements are shown in Fig.
7.7 and 7.8 respectively. The same general features are present, as with the 36 pm
glass, with the profiles from the first 0.012 m being ignored, due to the internal
reflections from the pipe wall and nearfield interference from the initial
suspension zone. Again, the level of signal noise from the averaged profiles was
higher for the horizontal arrangement where there is curvature in the clear water
and high solid region. Here, it was especially evident with the lowest 11.9 g/L
concentration, where the delay within the suspension deviated from a linear trend
expected from a homogeneous concentration, inferring even higher levels of
segregation due to the larger particle size. Indeed, the deviation in the expected
linear signal decay meant that a smaller region in the far side of the pipe was
taken to obtain average dG/dr values for the horizontal arrangement (from 0.018—
0.029 m) as shown in Fig. 7.7 (b). For the vertical arrangement, a larger section
from 0.01-0.029 m (Fig. 7.8 (b)) was taken to gain average linear gradient values

for the calculation of attenuation coefficients.

The isolated linear regions shown in Fig. 7.5 (b), 7.6 (b), 7.7 (b) and 7.8 (b) were
utilised to extract the gradients (dG/dr) at each concentration. These gradients
were then plotted against their corresponding concentration values to produce an
attenuation profile, where Fig. 7.9 (a) and (b) present the profiles for the 36 um
and 82 um glass suspensions, respectively (with horizontal and vertical

arrangements being directly compared). The dashed linear trendlines in these
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figures are used to directly calculate the concentration independent attenuation
coefficients (using Eq. (3.06)) where for both particle sizes, the vertical pipe
arrangement attenuates less (gradient versus concentration is less steep). It is
assumed that the higher attenuation in the horizontal arrangement may be again
from suspension segregation which invalidates the use of the horizontal

arrangement for acoustic profiling.
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Figure 7.7 G-function versus distance for glass beads with an 82 um dso at
varying concentrations in a horizontal arrangement and (b) Isolation of the linear
region in (a). Vertical lines in (a) indicate estimated pipe boundaries and dashed
lines in (b) are linear fits of profiles
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lines in (b) are linear fits of profiles

As the isolated linear suspension region was towards the bottom of the horizontal
pipe, any segregation may increase the relative concentrations as they become
depleted from the top of the pipe. Such an increase in relative concentration would

lead to higher relative attenuation, as the actual concentrations in the measurement
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zone may be greater than assumed from the added particle levels.
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Figure 7.9 Change in G-function with distance with a concentration array

ranging from 0-107 g/L using a silica glass bead medium of dso (a) 36 and (b) 82
pm

Interestingly also, for the 36 um glass, actual dG/dr values for both arrangements

are relatively similar at lower concentrations, implying a similar backscatter
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profile, where differences are extenuated as concentration is increased. For the 82
um glass, however, dG/dr values are very different for both arrangements across
the entire concentration range. Specifically at low concentrations, it is
hypothesised that the level of segregation with the large glass is great enough that
the backscatter is considerably affected by the depletion of the suspension. The
larger glass is slightly underestimated at the higher concentrations which is shown
in Chapter 4 for the largest glass size of 170 um. Given that these correlations
require a region of homogenous concentration to accurately estimate suspension
attenuation, it is likely therefore that measured attenuation values for the

horizontal pipe arrangement may be inaccurate.

7.3.2.2 Sedimentation attenuation coefficient

To directly compare concentration independent attenuation coefficients, values
were calculated from the gradients in Fig. 7.9 (a) and (b) using Eqg. (3.06), as
shown in Fig. 7.10 and Table 7.2. Calibration values extracted from Chapter 5
using the same particle species in a homogenous mixing tank are also shown for
direct comparison, where error bars for all systems are calculated from the array
of echo data across the 1023 profiles, see Chapter 4, section 4.2.6. Combined
theoretical attenuation was determined using heuristic expressions from
Betteridge et al., (2008) which predicts scattering losses and Urick, (1948) which
predicts viscous losses. Both of these predictions were combined to provide a
theoretical attenuation that can be compared to the measured attenuation

coefficients.
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Table 7.2 Sedimentation attenuation coefficients for silica glass beads of varying

sizes using a horizontally and vertically placed transducer

Sedimentation Attenuation Coefficient E"  Theoretical

il (m?.kg™) attenuation

ilica

Transducer . Calibration using
ass

Frequency Horizontal ~ Vertical Data from heuristic

Bead dso
(MHz) Transducer  Transducer Chapter 5,  expressions &

see Table 5.1 (m?2.kg™)

82 um 0.30 0.23 0.09 0.228
36 um 0.12 0.06 0.04 0.063

4 MHz

The coefficient values for the horizontal arrangement in both particle suspensions
are much higher than those of the vertical arrangement (which again is assumed to
be due to segregation in the pipe leading to an increase in attenuation) where
values from the vertical arrangement are closer to the calibration data. This
correlation is particularly true for the 36 um beads, where the overestimation of
the horizontal arrangement is considerable. It is also noted that, in line with
theoretical expectations, attenuation values for the larger particles are higher, due
to the enhanced scattering from the larger particle cross sections as evidenced in
Chapters 4 and 5 (Moore et al., 2013), (Rice, 2013), (Bux et al., 2013). Hence, it
is evident that transducers mounted on a vertical pipe arrangement are able to
produce accurate acoustic profiles and attenuation coefficients, and thus it is
recommended that any future industrial monitoring applications should use
vertical mounting configurations. When comparing to the theoretical attenuation,
the measured attenuation coefficients from the vertically placed transducer
compare very well with minimal difference. This shows that the theoretical
expressions were found to produce very accurate predictions of measured
attenuation for these two silica glass bead sizes. Coefficients from Chapter 5 were
underestimated in comparison to the attenuation coefficients from the vertical

transducer, this is because the pipe has a limited area for analysis.
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The differences between the data from Chapter 5 (when using the calibration rig)
and when using the pipe loop are significant. This could be due to increased
attenuation from increased dissipation due to particle drag at higher speeds
(Leskovec et al., 2020). Attenuation coefficients for varying rig arrangements has
not been explored in literature. However, the change in attenuation coefficient
should not effect the industrial capability of the system. Provided that the flow
rate and pipe diameter can be tested before industrial deployment, calibration
coefficients can be used for comparison. The UVP has been shown to produce
accurate coefficients in comparison to previous literature. There is a lack of data
for suspensions in pipe flow and this leads to a lack of data for comparison.

Sedimentation attenuation coefficients from Guerrero et al., (2015) could not be
compared as the transducer frequency used was too low (1.2 MHz) in comparison
to the 4 MHz transducer used above.

The error bars in Fig. 7.10 are calculated using the error analysis process in
Chapter 4 where the error bars for the horizontal attenuation coefficients are larger
due to the increased variation of echo amplitude. The lower attenuation
coefficients from the calibration rig could be due to increased scattering in the
smaller pipe loop width which leads to increased attenuation in the pipe. As
shown below in Table 7.10, the theoretical expression compared very well to the
vertical measured data. This shows that the vertical pipe loop orientation was able
to provide accurate attenuation coefficients which compared very well to

theoretical predictions.
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Figure 7.10 Sedimentation attenuation coefficients for silica glass beads using a

vertical and horizontally placed transducer

The measured in situ values for the calibrated data in Chapter 5 for the 82 um
glass was underestimated, this is likely due to taking concentration measurements
over too large a concentration range. This may also be that in the restricted pipe
loop environment, these effects are mitigated somewhat as the attenuation is taken
over a very small distance with respect to the distance in Chapters 4-6. The
pipeline data here fits much better to the combined theoretical estimate which
incorporates scattering losses from Betteridge et al., (2008) and viscous losses
from Urick, (1948).

7.3.2.3 Normalised Scattering Cross Section

The normalised scattering cross section (y) shown in Fig. 7.11 was calculated
using the sedimentation attenuation coefficients from Fig. 7.10 and Eq. (3.09).

The Betteridge et al., (2008) prediction was calculated using the heuristic
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expression in Eqg. (3.07). The 36 and 82 pwm measured cross section values are
underpredicted by the Betteridge et al., (2008) function with the larger of the glass
species aligning better. In both glass species, the vertical cross section values are
lower than the horizontal due to the lower attenuation coefficient. When taking
into consideration the viscous losses in Eq. (3.11-3.14), a new prediction is shown
by the red dashed lines which shows the vertical measured cross section values

align much better to the heuristic expression.

A 3.75 and 4.25 MHz frequency were input into Eq. (3.07) to understand how the
frequency of the transducer effects the normalised cross section values. A lower
frequency leads to lower ka and y values, and vice versa for a higher frequency.
When comparing to combined viscous and attenuation models, the inline UVP
data achieves a remarkable level of consistency with these two particle sizes. This
is despite the very restricted acoustic volume in the pipeline as the inner pipe
diameter is only 2.5 cm wide. This clear result demonstrates very good audio
connection using the novel mounting arrangement (with the addition of acoustic
couplant) where, there is now a high level of confidence of potential direct
application of these mount systems to industrial pipeline movements. This
concentration and size data was taken simultaneously with the velocity profiling
which shows that the UVP could be used as a ‘complete’ slurry monitoring
system. This work can be adapted to other pipeline materials where the limitations

of this technique on other pipes can be explored.
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Figure 7.11 Normalised scattering cross function for silica glass beads from
vertical and horizontal probes in comparison to the Betteridge et al., (2008)

prediction in the black dashed line and the Betteridge prediction with

consideration of viscous losses in the red dashed line

7.4 CONCLUSION

Presented in Chapter 7 is an investigation into the characterisation of slurry pipe
flows with acoustic backscatter, using a commercial ultrasonic velocity profiler. A
bespoke pipe loop system was utilised to understand the attenuation of 36 and 82
um glass bead suspensions in horizontally and vertically mounted transducer
holders, where the vertical pipe orientation was found to provide the most
accurate attenuation and velocity profiles. The larger 82 um glass bead
suspensions were found to attenuate more due to an increased rate of scattering
from the larger cross-sectional area with both pipe configurations. When
comparing pipe orientations, the horizontal arrangement was found to enhance
attenuation producing higher coefficient values, which was likely caused by

suspension segregation. This effect was especially evident with the larger glass. In
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comparison, attenuation coefficients from the vertical pipes correlated very
closely to previous calibration values for both particle species. Simultaneous
velocity profile measurement using the Doppler effect was also achieved, where,

in general, profiles were as expected for highly turbulent flow.

This Chapter proves that the UVP ultrasonic transducers can be mounted in-line
and non-invasively to provide real time data analysis of echo and velocity data.
Velocity profiles were found to compare very well to measured profiles for
varying concentrations and particle sizes on homogeneous silica glass bead
suspensions. Whilst echo amplitude data was able to provide accurate
sedimentation attenuation coefficients which provided normalised scattering cross
section values that compare very well to predicted viscous attenuation values
using expressions from Betteridge et al., (2008) and Urick, (1948). The predicted
combined attenuation compares very well to measured attenuation values which

shows the accuracy of this technique to acoustic models.
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8. FLOCCULATION OF MINERAL SUSPENSIONS IN
VERTICAL PIPELOOP ARRANGEMENTS

CHAPTER SUMMARY

In this Chapter, flocculated and non-flocculated mineral suspensions were
analysed using transducers mounted on vertical pipe lengths to simultaneously
extract the echo amplitude and velocity data. The echo amplitude and velocity
were used to determine the sedimentation attenuation coefficient and velocity
profiles. Rice et al., (2020) determined velocity profiles from non-flocculated
suspensions of calcium carbonate and magnesium hydroxide using a mixing tank,
here, both non-flocculated and flocculated suspension of both species was
analysed, and sedimentation attenuation coefficients were extracted

simultaneously with velocity data, this is an entirely novel approach.

8.1 INTRODUCTION

In Chapter 6 polymer flocculants were used to monitor flocculation of complex
mineral suspensions in a calibration rig. In this Chapter, the same process has
been conducted in a pipe loop to understand whether the UVP is able to monitor
flocculation in-line. Thorne et al., (2014) and MacDonald et al., (2013) were able
to measure acoustic scattering from suspensions of flocculating sediments. The
author has found that acoustics have not yet been used to monitor flocculation in-
line, however, acoustics have been used to monitor monodisperse suspensions in-
line. This is discussed in detail in Chapter 7 where the pipe loop was first used for
analysis of homogeneous suspensions of silica glass beads. Other particle sizing
instruments have been used for monitoring flocculation. For example, Heath et
al., (2006) used a Lasentec® FBRM to monitor the particle size of calcite
particles flocculated with a high molecular weight polymer flocculant. A feed
suspension storage tank was fed into a pump and flocculant was dosed into the
tank at several dosing points. Transparent acrylic pipe was used with a 0.024 m
internal diameter. This is directly comparable to the internal pipe diameter of the

rig used in Chapters 7 and 8 (0.025 m). Various floc doses were used and the size
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of flocs was estimated using the FBRM where it was found that the aggregate size
increased as a function of the flocculant dose. The aggregate diameter increases
from ~ 5 to 120 um with a flocculant dose of 20 ppm which is the same dosage
used in Chapter 6 (Heath et al., 2006). The pipe was suspended in a horizontal
arrangement where the FBRM probe was inserted into the tank through a port
facing the flow. In Chapter 7 it was found that horizontal probes promoted
segregation in the pipe and therefore, a vertical pipe arrangement was used in this
Chapter. Owen et al., (2008) also used a linear Perspex pipe reactor with an
FBRM inserted in situ which was used to monitor the particle size in-line and in
real time. Owen et al., (2008) also used an FDA (Floc density analyser) where
samples were taken from the pipe for ex situ measurements of particle size, shape,
density and settling velocity. Calcite was also used by Owen et al., (2008) and
Benn et al., (2018) where a larger primary particle size was found (11.7 pm).
Benn et al., (2018) built on this research by conducting column profiling and

taking particle size measurements using a Mastersizer 2000.

Other methods have been used to monitor flocculation, Huang and Chen, (1995)
used fibre-optics to monitor the fluctuating light intensity from a flowing
suspension. Huang and Chen, (1995) used a photometric dispersion analyser
(PDA) to monitor flocculation where particle aggregation can be indicated by a
ratio value from the PDA. A PDA analyses flowing suspensions and emulsions
whereby the flowing suspension is illuminated by a narrow beam of light
perpendicular to the direction of flow. Optical fibres carry the incident and
transmitted light. Transmitted light is continuously monitored by a photodiode
which outputs a voltage (McFarlane et al., 2017). The output of the PDA
accurately reflected the formation of the floc however, the results are complex to
analyse and limited quantitative information can be extracted (Huang and Chen,
1995).

Chapter 7 shows that acoustics can be used to monitor suspension flow in pipes
whilst Chapter 6 shows the UVP can be utilised to monitor flocculation, therefore,

the UVP can theoretically be utilised to monitor flocculation in-line.
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8.2 MATERIALS AND METHODS

8.2.1 Materials

The complex mineral suspensions used in this Chapter were calcium carbonate
and magnesium hydroxide, which were the same materials used in Chapter 6.
SEM images of the species are shown in Fig. 6.1 where both species were
differentiated based on the presence of fines in calcite and larger aggregates in

magnesium hydroxide.

8.2.2 Methods

The final development stage in the pipe loop is the addition of a port for a
Lasentec® Focused Beam Reflectance Measurement (FBRM) model PI1-14/206
(Mettler-Toledo) on the vertical section of the pipe. From the previous rig set-up,
it was shown that the horizontal orientation produced results which increased in
attenuation over time. This is likely attributed to the fact that the horizontal pipe
arrangement promotes settling in the pipe, causing blockages, and limits the
movement of the suspension through the pipe. Much like Chapter 7, the
transducer mounted at 90° was used to extract echo amplitude data. The
transducer mounted at 135° was used to extract velocity data. The probe mounting

units are shown in Chapter 7.

The entry lengths of the horizontal and vertical pipe arrangements are 1.3 and 2.1
m, this was due to the limitations of the pipe loop lengths where these were the
maximum entry lengths available. Chapter 3 shows how the minimum entry
length required for fully developed flow was calculated, both methods for
calculating the minimum entry length had varying lengths for a range of pump
speeds used in experiments. Method 1 (see Chapter 3.3.1 and Table 3.8) which
used the Reynolds number produced a minimum entry length of 0.58 m whilst the
second method which used the Darcy friction factor led to a minimum entry
length of 1.28 m (see Chapter 3.3.2 and Table 3.8). The actual entry length for the
horizontal pipe arrangement is 1.3 m which is just slightly above the minimum

entry length of 1.28 m. Therefore, the vertical pipe section will be used for
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analysis to ensure that the flow is fully developed. Two 4 MHz transducers will be
utilised, mounted at 90° and 135° to the flow. The probe mounted at 90° will be
used to extract echo amplitude data and the probe at 135° was used for extraction
of velocity data, this was shown in Chapter 7. A single flowrate was used for
experiments, where the speed of the pump was 1131 rpm and the Reynolds
number (Re) was 21, 913.
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Much like Chapter 6.1, mineral suspensions were utilised with this complex pipe
loop set-up. This is to demonstrate the versatility of this process and the ability of
the UVP to analyse mineral suspensions in flow. On the right in Fig 8.1 (b) is the
mixing tank which was used to disperse the complex mineral suspensions. The
tank was filled with ~42 L water and the pump and mixer were maintained at a
speed of 1131 and 750 RPM, respectively. The valves required for the vertical
loop were then opened, and the suspension ran from the pump, up to the T
junction, left through the flow meter and down the vertical testing section. The
first mineral suspension was added to the tank to produce a concentration of 3.38
g/L within the loop. A time period of 5 mins was given to allow the suspension to
disperse homogeneously through the loop. Two transducers were used with a
measurement time of 60 ms and a time delay of 100 ms. The measurement time
per profile is 220 ms which leads to a total measurement time of 225 seconds
across the 1023 profiles.

The UVP was used to analyse the non-flocculated suspension first where echo
amplitude and velocity data were extracted from the 90 and 135° probes,
respectively. The impeller rate was then lowered from 750 RPM to 300 RPM and
the pump was also turned down from 1131 RPM to 750 RPM to prevent shearing
of the flocs. The flocculation methodology in Chapter 6.2.2 is utilised here where
the flocculant is added to a 1 L aqueous suspension over a rate of 0.1 g.min* to
produce a 1000 ppm stock solution. The same water-soluble anionic
polyacrylamide-poly(acrylic acid) copolymer, AN934SH (SNF Ltd) in Chapter 6
was used here to ensure the stock solution was the same. As the pipe loop has a
smaller diameter (D = 0.025 m) than the calibration rig (D = 0.3 m) used in
Chapters 4-6, the effects of the smaller pipe diameter will have an effect on the
expected floc size. The stock solution in Fig 8.1 (a) was added to the mixing tank
on the left in Fig. 8.1 (b) and added dropwise down the impeller shaft, this was to
ensure the flocculant dispersed across the mixing tank. The flocculant was added
until a polymer concentration of 40 ppm existed in the tank. A higher polymer
concentration than in the calibration rig in Chapter 6 was needed for flocculation

in the pipe loop as the shear of the mixer and pump immediately broke down flocs
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at a polymer dose of 20 ppm. After adding the flocculant, the two UVP probes
were activated 5 mins after to extract both echo amplitude and velocity data.

The tank was then emptied from the draining point and repeated with a higher
concentration of 27.5 g/L. The same process was repeated so the UVP was used to
collect data from the non-flocculated mineral suspension and flocculated mineral
suspension at 27.5 g/L. The whole process was repeated with another mineral
suspension so two species were analysed at two different suspension
concentrations. Only two concentrations were specified in this experimental
section. A lower concentration of 3.38 g/L and a higher concentration of 27.5 g/L
were used for analysis, these concentrations were found to produce an accurate
sedimentation attenuation coefficient in Chapter 6. Two experiments were
conducted, one experiments was run with the 3.38 g/L concentration and a
separate experimental run with 27.5 g/L concentration. In both experiments the
same polymer dose was used. In Chapter 6, a dilution method was used where the
tank was emptied by 50% and diluted with 50% water, however, in the pipe loop,
the suspension would need to be drained at the drainage point and then refilled in
the mixing tank. The floc sizes were stable with dilution in the calibration rig,
however, for the pipe loop, the shear of the pump and mixer meant that flocs were
less stable and would likely break down through the dilution procedure. The
mixing tank cannot be emptied by 50% as the bulk of the suspension is in the
pipe, where emptying the tank by 50% could lead to the pump running dry and

causing air entrainment.

The FBRM port on the bottom left of the pipe rig in Fig. 8.1 (b) is inserted much
like the in situ probes in Chapters 4 and 5 where the FBRM probe is in direct
contact with the suspension. The port is blocked when the FBRM is not in use.
The FBRM is utilised to monitor changes in particle size throughout the
experiment where the FBRM is inserted facing the flow of the suspension to
ensure the probe is able to visualise most particles in flow. The flow of the
suspension could prevent fines from settling on the probe window in comparison

to the probe placement in Chapter 6 where it was found that fines in the probe
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window led to underestimation of the calcium carbonate floc size (Saraka et al.,
2019). The FBRM was run at both experiments for the concentrations of 3.38 and

27.5 g/L where an average FBRM profile was shown below.

8.2.3 Flowmeter

A wall mounted ultrasonic flowmeter (Omega Engineering, Model FDT-25W)
was installed into the pipe loop on the top left in Fig. 8.1 (b). This flowmeter was
only installed after tests in Chapter 7 to give a better correlation for estimated bulk
flowrates. The transducers have a water-proof function with a measurement limit
of 15-6000 mm pipe diameter (Omega Engineering, 2022). The flow meter
measures the fluid velocity of the suspension within a pipe and has two
transducers which are non-contacting, and clamp-on which makes the analysis in
Fig. 8.1 (b) entirely remote. The transducers function as transmitters and
receivers, where the difference between the transit time is directly related to the
velocity of the suspension. The W-method was used for installation and is shown
below in Fig. 8.2, this method is generally used on pipes with a diameter from 15-

50 mm (Omega Engineering, 2022).

|
.h..:!j
/
/
/
/7
/
/

Direction of Flow

A 4

Transducer Spacing

Figure 8.2 FDT-25W wall mounted transducer in W configuration
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The velocity, v (m.s) was calculated in Eq. (8.01) using the angle to flow
direction, 6, the travel time of the ultrasonic beam, M (s), the pipe diameter, D
(m). As well as the time for the beam to travel from the upstream to downstream
transducer, Typ (S) and the time for the beam to travel from the downstream to the
upstream, Tdown, 47 = Tup - Tdown. The flow meter has a +/- 1 % accuracy error
which is shown in Table 3.8 to have a negligible effect on the entry length

calculated using derivations from Shames, (2003) and Zagarola and Smits, (1998).

__MD_ AT
sin(26) " Tup.Tdown

(8.01)

8.2.4 FBRM

Data was collected in real time from the FBRM probe and converted to a
cumulative size distribution using the methodology shown in Chapter 6.2.5.
Number and square weighted distributions are also shown for comparison, these

were calculated in Egs. (6.10) and (6.12), respectively.

The original raw chord length values were used to determine the particle size of
both the non-flocculated and flocculated species. This is because raw chord length
values produced accurate particle sizes for the non-flocculated species in Chapter
6. In this Chapter the suspensions were not diluted, instead agitation was used to
determine whether the FBRM could monitor the breakup of flocs. The in-line floc
size in Chapter 6 was found to be 19 and 29.7 um for calcium carbonate and
magnesium hydroxide, respectively where the polymer dose was 20 ppm. The floc

size is expected to be larger due to the increased polymer dose (40 ppm).
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8.3 RESULTS AND DISCUSSION

8.3.1 FBRM

The FBRM was installed at the bottom left of the loop in Fig. 8.1 (b) below the
vertical probe holder for analysis of flocs in-line. The FBRM is mounted in situ
where the probe window is in direct contact with the suspension. The suspension
flows downwards onto the FBRM face so there is a high likelihood that material
will flow past the window and limit the settling of fines which will prevent the
limitation of the floc size readings. Saraka et al., (2019) found that if untreated,
the FBRM probe window can become coated which leads to deterioration of data.
In this thesis, the probe window was left untreated as the author did not want to
risk the integrity of the probe window. The data collected from the non-
flocculated and the flocculated mineral suspensions is shown below in Fig. 8.3 as
a cumulative distribution of the data. The flocculated data was taken
approximately 10 minutes after adding the flocculant where the particle size
peaked. The non-flocculated data was taken after the suspension had fully

dispersed in the tank.
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Figure 8.3 Non-weighted chord length distributions for non-flocculated and
flocculated suspensions of calcium carbonate and magnesium hydroxide using an
FBRM

The non-flocculated calcite and magnesium hydroxide is shown to be 158 and 184
pum whilst in-line values in Chapter 6 were found to be 4.3 and 5.6 um in Figs. 6.7
and 6.10. The sizes in the rig are significantly larger which can be attributed to a
number of things including; the angle the device is inserted, particles may be
attached onto the end of the probe leading to false measurements. The FBRM
being used in this experiment is an old device which has been used in other
experiments, this could have an effect on the reliability of the probe itself (Saraka
et al., 2019). The non-flocculated magnesium hydroxide was still shown to be
larger due to the presence of fines found in the calcite. However, the particle sizes
shown in Fig. 8.3 were more than 36 times the values shown in Fig. 6.8 for the
calcite and more than 32 times for the magnesium hydroxide in Fig. 6.11. This is
attributed to the lower shear rate within the pipe loop which promotes

agglomeration within the suspension. The lower shear rate was maintained to
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prevent break-up of the flocs but has also meant the particle sizes are much
greater than expected from data in the well-mixed tank in Chapter 6.

When using the well-mixed rig, sizes from the ex situ data was found to be
comparable in Fig. 6.7 (a) and (b) where the magnesium hydroxide floc sizes were
slightly larger. For the suspensions within the pipe loop, the flocculated calcite
and magnesium hydroxide were found to have a 76 um difference where the
magnesium hydroxide was larger. This is likely attributed to the presence of
aggregates in magnesium hydroxide. Both the flocculating suspensions increase in
particle size which was the aim of the flocculation process. The goal of the FBRM
was to successfully monitor changes in particle size which has shown to be a
success, however, the particle sizes found were not representative of original data
in Chapter 6.

The chord length distributions in Fig. 8.3 were converted to number and square
weighted distributions in Fig. 8.4 (a) and (b) using Egs. (6.10) and (6.12),
respectively. The average sizes are much larger than in Fig. 8.3 where the
weighted distributions led to changes of 100 um or more. This shows how
complex it is to extract data from the FBRM chord length and correlate this to a
reliable PSD. The raw chord length distributions were found to be most accurate
in Chapter 6, however, the particle sizes for non-flocculated species are
significantly larger from in-line particle sizes. Therefore, for ongoing acoustic
models, the ex situ particle sizes in Fig. 6.7 are used.
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Figure 8.4 (a) Number weighted and (b) square weighted PSDs of non-flocculated

and flocculated calcium carbonate and magnesium hydroxide using a FBRM

Fig. 8.5 (a) and (b) show the change in particle size with time for the flocculation
of calcite and magnesium hydroxide, respectively. The calcite shows a particle

278



size of 158 um before adding the flocculant. Once added, the suspensions take
approximately 10 mins to peak in particle size before the flocs begin to break up.
Which shows that the pipe loop is not able to provide a stable floc size. The
suspension particle size in Figs. 6.9 and 6.11 peaked after 30 mins but were found
to be relatively stable. This could be due to the higher polymer dose in the pipe
where a higher polymer dose was used because the mixing tank did not show a
significant size increase with the lower polymer dose. The calcite particle size in
Fig. 8.5 (a) increases from 158 to 292 pum which is a 134 pum increase. In
comparison, the magnesium hydroxide flocculation process in Fig. 8.5 (b) shows
that the magnesium hydroxide starts at 184 pm and increased by 184 um to 368
um. The magnesium hydroxide has a larger increase in particle size in comparison
which shows that the magnesium hydroxide is more effected by the flocculation
process. This is likely due to the increased non-flocculated particle size which
agglomerate to produce larger floc sizes. Table 6.3 also shows that the number of

particles in an aggregate was higher for the magnesium hydroxide.
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Fig. 8.6 shows the change in particle size with time where it was found that the
flocs peaked in size 10 minutes after adding flocculant. The flocs then started to
breakup and the floc size decreased for both species after another 10 minutes. The
pipe loop breaks down the aggregates more slowly, in Chapter 6 the flocs became
stable over a certain time whilst for the pipe loop, there is no stable size region in
pipe flow. This shows that the flocs are less stable in the pipe loop which is likely

due to the turbulent flow.
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8.3.2 Velocity Profiling

The velocity profiles are determined using raw velocity values extracted from the
transducer mounted at 135°, this is shown in Chapter 7. The transducer analyses
the velocity across the pipe with the transducer facing the flow of the suspension.
Fig. 8.7 shows profiles for calcite and magnesium hydroxide, respectively. The
Reynolds number at this pump speed is shown in Table 3.8 to be 21,913 where the
flow is turbulent. This can be used to calculate the expected velocity profile from
turbulent flow in a pipe using the power law velocity profile equation. This is
shown in Chapter 7 where the Reynolds number is used to determine the velocity
ratio. The blue crosses in Fig. 8.7 (a) and (b) show the calculated velocity profile
using derivations from Stigler, (2014). The predicted velocity profile aligns very
well with the measured velocity profiles in Fig. 8.7(a) and (b). The lower
concentration flocculated profile in Fig. 8.7 (a) is overpredicted by the predicted
velocity whilst the higher concentration and non-flocculated profiles align very
well. The velocity profiles are predicted using the Re whereas in Fig. 8.7 (a), the
measured profiles vary with changes in concentrations and particle size. The
measured velocity profiles in Fig. 8.7 (b) vary between particle size where the
predicted velocity profile does not align with either and instead transgresses
across all profiles. It is assumed that the effect of attenuation is as of yet
unknown, and this could be the reason for the slight difference in measured and

predicted velocity values.
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Apart from the 3 g/L flocculated data most profiles are within the expected single-

phase profile in experimental variation. In previous literature the influence of

particles on turbulence modification have been explored. Harbottle et al., (2011)

found that colloidal silica suspensions were sensitive to particle-particle

interaction energy. Aggregation of the silica suspensions led to enhanced

turbulence at lower Re, however at the experimental Re (21, 913) the fluid shear is
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sufficient to cause breakup of the aggregated which leads to reduced micro-
hydrodynamic disturbances and a reduction in turbulence. This effect of
turbulence modification from particles is not accounted for in the predicted
velocity profiles and this could have caused in the differences between the

theoretical estimates.

The profiles in Fig. 8.7 (a) show that the higher concentrations have the highest
peak velocity in the pipe. The density of the suspension increases with an increase
in concentration as shown in Tables 3.3 and 3.4 which in unexpected as Eq. (3.16)
shows that an increase in density leads to a decrease in speed of sound. This could
be explained by the effect of attenuation on velocity. The lower concentration
attenuates less than the higher concentration suspensions and has a lower peak
velocity whilst the flocculated 3 g/L suspensions attenuate the least. This is shown
in Fig. 8.7 (b) where the non-flocculated suspensions show a greater peak velocity
than the flocculated, however, the individual concentration values do not show a
significant difference. The measured velocity values are shown below in Table 8.1
with the conversion to the velocity in direction of flow. This is detailed in Chapter
7. The velocity in the direction of flow is higher than at 135°. The non-flocculated
suspensions show a higher velocity which could be attributed to the smaller
particle size or attenuation effects. The calcite shows higher velocity values, this

could be attributed to the fines within the suspension.
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Table 8.1 Velocity measurements in comparison to predicted velocity in the
direction of flow for non-flocculated and flocculated suspensions of calcite and

magnesium hydroxide

. . . Max Measured Average Velocity in
Mineral Suspension  Concentration . o . o
Suspension  Environment (g/L) Velocity at 135 Velocity at  Direction of
P g (ms) 135° (mfs)  Flow (m/s)
) 3.4 4.13
Non 4.33 6.12
flocculated 275 452
Calcite
3.4 3.38
Flocculated 3.96 5.60
27.5 4.54
) 3.4 4.02
flocculated 39 560
Magnesium 27.5 3.91
hydroxide 3.4 3.64
Flocculated 3.51 4.97
27.5 3.38

8.3.3 Acoustics
8.3.3.1 G function profiles

The acoustic profiles for calcite and magnesium hydroxide were displayed as
distance dependent G-function values, as done in Chapter 6.3.4.1. Much like
Chapter 6, the G-function profiles were used to extract the sediment attenuation
coefficient values for the two different sediment types, which were compared to
coefficients from Betteridge et al., (2008). Fig. 8.8 (a) and (b) show the non-
flocculated and flocculated acoustic profiles for calcium carbonate and
magnesium hydroxide travelling through a vertical pipe arrangement. In Fig. 8.8
(@) and (b), the end of the pipe was indicated by a dramatic increase in sound
signal at approximately 0.0285 m, this was also noted in Chapters 4 and 5. The
increase in signal was due to reflections from the back end of the pipe. The inner
pipe wall was assumed to be at 0.0035 m using the actual inner pipe diameter of
0.025 m and the back end of the pipe. The peak decay in the profiles in the first

0.0035 m infer a complex nearfield environment, as shown in Fig. 6.13 and Fig.
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6.14 for profiles from the calibration rig. This can also be attributed to internal
reflections in the probe holder and pipe wall. The averaging of the signals across
the 61 second measurement time period (for each transducer) produces noisy
signals, which was shown in all acoustic profiles. However, the likely main reason
was that the expected backscatter strength from both sediments is minimal, as
they were comprised of fine particulate material that does not scatter significantly.
The small proportion of backscatter available for analysis makes it difficult for the
UVP to produce a smooth profile. This is shown in Chapter 6 where profiles

fluctuated across the distance of the calibration rig.

The speed of sound in calcite and magnesium hydroxide suspensions were
calculated using Egs. (3.15) — (3.16). The calculated speed of sound for calcite
suspensions at the highest concentration was 1473 m/s, which is slightly slower
than the speed of sound in water. This should have translated to an increased
measured inner diameter; however, the difference in speed of sound was smaller
than 1%, as shown in Tables 3.3 and 3.4. Due to the potential complexities from
nearfield interference, in-pipe calibration was performed on the vertical pipe in
the lower pipe section from 0.013-0.024 m. This same method to isolate linear

sections of the profile is seen in Chapters 4-7.
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Figure 8.8 G-function profiles for non-flocculated and flocculated suspensions of
(a) Calcium carbonate and (b) magnesium hydroxide using a remote 4 MHz

transducer mounted on a vertical pipe length

In the non-contacting arrangement in Fig. 8.1 (b), the sound signal travelled
through a thin layer of the probe holder before penetrating the pipe wall, with a
thin layer of acoustic couplant between them. The UVP expects the signal to
travel at the speed of sound in water (1480 m/s), however, the speed of sound
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through the uPVC solid pipe wall was much faster (2300 m/s) (Podesta, 2020).
This increased speed of sound through solid was due to the increase in vibrations
(Denny, 1993; Johnson et al., 2013; Lingireddy and Wood, 2021). The faster
speed of sound resulted in the signal travelling through the pipe wall quicker than
the UVP expected. Therefore, it is assumed that the suspension environment starts
at 0.0035 m as the UVP determines the time taken for the signal to enter the
suspension environment and uses the speed of sound in water to calculate the
distance. However, when using the increased speed of sound and assuming the
same time taken, the distance at which the suspension environment should start is
0.0054 m. The calculation required for this analysis is shown in Table 8.2. As this
only occurs in the region outside the pipe environment, this does not affect the
profiles in the suspension environment and is therefore ignored for analysis
purposes. The profile between 0 and 0.0035 m corresponds to the sound travelling
through the pipe wall and probe holder where the wall thickness is approximately
0.0025 m and the probe holder thickness is calculated (0.001 m). The distance
between 0.0035 m and 0.012 m where the profiles are noisy is due to the complex
nearfield region. Finally, the distance between 0.0035 to 0.0285 (0.025 m)
corresponds to the inner diameter of the pipe and the suspension environment.
This has also been covered in Chapter 7 when using the pipe loop to analyse silica
glass bead suspensions. The data here and the noisy nearfield region align well
with previous data and the general G v r profile relationship is similar to G

profiles in Chapter 7.

Table 8.2 Distance prediction for varying speed of sound in water and uPVC

Material | Speed of Sound (m/s) | Distance (m) | Seconds Taken (S)

Water 1480 0.0035 2.36E-06
uPvC 2300 0.0054 2.36E-06

Within this section, the change in G with distance (dG/dr) was approximately

linear for each specific concentration, as would be expected for well-mixed
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suspensions although there was still a large degree of noise associated. However,
the overall averaged attenuation gradients (shown by the dashed lines) do indicate
the expected change between concentrations, where higher particle levels lead to
greater attenuation and associated dG/dr values, as shown in Chapters 4-7 (Rice et
al., 2015). The flocculated suspensions appear to attenuate less. This was
discussed in Chapter 6 where the flocculated systems were expected to enhance
attenuation through greater non-directional particle scattering. It was found for
both the mineral suspensions; the non-flocculated particles are small enough to
cause a considerable increase in viscous absorption which increases overall
attenuation. The profiles are noisier in Fig. 8.8 (a) which is likely due to the
increased density of calcite (Omya North America, 2021). Magnesium hydroxide
acoustic profiles in Fig. 8.8 (b) appeared to attenuate less with little difference

between varying concentration profiles. This is evidenced in Chapter 6.

The acoustic profiles in Fig. 8.8 (a) intercept the y-axis at -7 whereas profiles in
Chapter 6 from the calibration rig intercept the y-axis at approximately -6. This
shows that the UVP signal strength is higher when analysing in the calibration rig
but not statistically different in the pipe loop. In this Chapter 4 MHz probes were
used whilst 2 MHz probes were used in Chapter 6, this may account for small
differences in the G intercept. This decreased signal strength is likely attributed to
the limited analysis width and the fact that the complex nearfield region (0.0035 —
0.012 m) limits the distance for analysis (0.025 m) by 33%. The signal strength in
Fig. 8.8 (b) is between -6.5 and -7 which aligns very well with the signal strength
in Chapter 6. This shows that the larger magnesium hydroxide particles were
analysed with similar strength in both the calibration rig and the pipe loop. This

could be attributed to the decreased density of magnesium hydroxide suspensions.

The gradients are extracted from Fig. 8.8 and plotted against their respective
concentrations in Fig. 8.9 as shown in Chapters 4-7. Only two concentration plots
have been shown in Fig. 8.9. However, when considering the previous gradient
plots (see Fig. 5.10, 6.13, 7.9) all plots follow the linear gradient. Therefore, it is

expected that although the gradient plots in Fig. 8.8 have two concentration plots,
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the attenuation gradient extracted from these is accurate.

The difference in attenuation is as expected from Fig. 6.16, however, the dso of all
four species is dramatically different from in-line FBRM measurements. This is
unexpected as the size of the particles determines whether the suspension
attenuates predominantly by scattering or viscous losses. The concentration of the
suspensions is consistent with Chapter 6, the transducer frequency is 4 MHz
instead of 2 MHz which can lead to an increased sedimentation attenuation
coefficient as evidenced in Chapter 4. The size of the primary particles from Fig
8.4 is 184 um for calcite and 158 pm for magnesium hydroxide which is taken
from in-line FBRM measurements. At this large size, the particles are within the
size range of the largest particle species in Chapter 5 which is known to have
enhanced scattering losses. According to the principle that the particles will
undergo mainly scattering losses and the calcite should attenuate less due to its
decreased particle size (Moore et al., 2013). As the calcite attenuates more than
the magnesium hydroxide as evidenced in Chapter 6, it is much more likely that
the size of the primary particles is similar to the ex situ measurements from the
Camsizer XT in Chapter 6. Therefore, for ongoing models, the same ex situ
particle sizes used in Chapter 6 were used here Where acacie: 2.4, amagnesium hydroxide: 2.5,
ftoceulated calcite: 13, Gftocculated magnesium hydroxide: 13.25. Attenuation behaviour here is consistent
with the primary particles having considerable viscous attenuation which is
expected from particle sizes which are much smaller than the in-line raw chord

length distributions.
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Figure 8.9 Change in G with distance for varying concentrations in vertical pipe

arrangement of non-flocculated and flocculated (a) calcium carbonate and (b)
Magnesium hydroxide

8.3.1.2 Sedimentation attenuation coefficient

The gradient of all acoustic profiles shown in Fig. 8.9 (a) and (b) were extracted

and converted to the sedimentation attenuation coefficient using Eq. (3.06) in

Chapter 3, this is shown throughout Chapters 4-7. Fig. 8.10 shows all attenuation

coefficients where the coefficients from Fig. 8.9 (a) and (b) are shown by the blue

vertically striped bars. The yellow bars show previous data from a probe mounted

on a vertical pipe whilst the red horizontally striped bars show data collected
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previously from a probe mounted on a horizontal pipe. The data from the vertical
pipe lengths are very similar which shows that the data was reproducible in this
arrangement. The horizontal transducer showed increased attenuation as
evidenced in Chapter 7 where the horizontal pipe likely promoted settling in the
pipe. The attenuation coefficients from calcite suspensions are higher due to
increased viscous absorption from the smaller particle size, this is evidenced in
Chapter 6.
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Figure 8.10 Sedimentation attenuation coefficient for non-flocculated and

flocculated mineral systems in a vertical and horizontal pipe length

Below in Fig. 8.11 was where the effect of viscous absorption was probed further
by comparing the measured attenuation coefficients to estimations from
Betteridge et al., (2008) (see Eq. 3.07) and Urick, (1948) (see Eq. 3.11-3.12) for
combined scattering and viscous attenuation. The predictions are highly
dependent on the particle size which is why both the Camsizer XT ex situ data

from Chapter 6 and the FBRM in-line data were both used to determine the
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predicted attenuation coefficient. It was found that the attenuation coefficients
predicted when using the larger FBRM in-line particle sizes highly overestimated
the measured attenuation coefficient. This is because the scattering losses were

expected to be dominant at that larger particle size.
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Figure 8.11 Sedimentation attenuation coefficient for non-flocculated and
flocculated mineral systems in a vertical transducer placement in comparison to
coefficients calculated using various PSD in Betteridge heuristic expressions with

viscous attenuation accounted for

The error bars in Fig. 8.11 were calculated by determining the variation in echo
amplitude, this is shown in Chapter 4. When using the ex situ particle size data,
the predictions are much more comparable to measured values. This is unexpected
as the ex situ data was not representative of in-line particle size data from the pipe
loop. It is clear that the in-line FBRM data is not providing a realistic PSD where
the models actually compare very well to data when using the ex situ particle
sizes. There is a slight underprediction for most systems where the estimated

coefficients are higher and this is likely from the fact that the models do not taken
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into account polydispersity. The measured and predicted values from Camsizer
XT PSD are isolated in Fig. 8.12 where it is shown that the predictions are slightly
underestimated for all systems apart from the non-flocculated magnesium
hydroxide. The values could be underpredicted due to the particle size being
larger in actuality and therefore viscous losses are limited. The opposite could be
said for the non-flocculated magnesium hydroxide. This shows how complicated
it is to analyse flocculating systems in a pipeline however, the data here correlated
very well to predicted data and the differences in predictions may also be due to

changes in density of the floc, this is explored later in the Chapter.

0.4 m& Measured

éj ) S Betteridge Prediction with Viscous-. |
B | T IR e

Figure 8.12 Sedimentation attenuation coefficient for non-flocculated and
flocculated mineral systems in a vertical transducer placement in comparison to
coefficients calculated using ex situ particle sizes from Chapter 6 in Betteridge

heuristic expressions with viscous losses accounted for
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The attenuation coefficients in Guerrero et al., (2015) for sediment with a mean
size of ~ 4 ym was ~ 0.032 whilst the measured data in Fig. 8.12 shows
attenuation coefficients of approximately 0.1 and 0.3 for magnesium hydroxide
and calcium carbonate, respectively. This is an order of magnitude different, but
this can be explained by the changes in transducer frequency as well as the set-up.
The data from Guerrero et al., (2015) was collected from free-flowing water
where scattering is minimal as the only scattering is from presence of solid
material in the water. Whilst in a pipeline, the sound signal scatters off the pipe

wall.

In Fig. 8.12, viscous losses account for the majority of losses in the combined
attenuation shown, this is because the particle size is so small that scattering
losses are minimal as shown by Moore et al., (2013). This is also shown in Fig.
6.16 where the same mineral species were used. Viscous losses for the non-
flocculated calcium carbonate and magnesium hydroxide were 0.15 and 0.13,
respectively. However, in Fig. 8.12 when using a 4 MHz transducer, the viscous
losses were 0.22 and 0.19, respectively. The increased viscous losses may be due
to the increased attenuation from the higher frequency transducer. When looking
at the proportion of attenuation is from viscous losses, this translates to 99.95 and
99.93 % which is lower than the proportion in Fig. 6.16. Therefore the increased
viscous losses is due to the increased attenuation. When observing the flocculated
species, the viscous losses for calcium carbonate and magnesium hydroxide are
0.043 and 0.038 which correspond to 76 and 69.8 %. Whereas when using the 2
MHz transducer in Fig. 6.16, the viscous losses were 96.9 and 95.8 % for the
same respective species with a numerical value of 0.03 and 0.027. The
proportional viscous losses were lower when using a higher frequency transducer
for both the 2 and 4 MHz transducer. This can be compared to Table 3.5 where
the particle Reynolds number was higher when using a 4 MHz transducer and for
magnesium hydroxide, in both cases, the viscous loss contribution was lower.
This is something that will have to be explored further however, this is out of
scope for this thesis. This is also seen in Chapter 5 where the increase in
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transducer frequency led to a decrease in proportional viscous losses in

comparison to combined attenuation.

8.3.1.3 Scattering cross function

Scattering cross function (y) values from the non-flocculated and flocculated
suspensions are calculated using the sedimentation attenuation coefficients,
particle size and density as shown in Eg. (3.09), these calculated values are shown
below in Fig. 8.13 and 8.14. The floc densities calculated in Tables 6.1 and 6.2
were also used to calculate the scattering cross function as an alternative to the
particle density (also as completed in Chapter 6). Fig. 8.13 and 8.14 correspond to
scattering cross function values for calcium carbonate and magnesium hydroxide,
respectively. The y values in Fig 8.13 are all underpredicted by the Betteridge et
al., (2008) prediction shown by the black dashed line. The red dotted line shows
combined attenuation where viscous losses have been considered and the
prediction is much closer to the measured y values. However, the prediction still
underestimates the measured values. For the flocculated values this could be due

to the increased particle density used in calculations.

Whereas for the non-flocculated values this could be because the particle size in
the pipe loop was actually smaller than predicted in ex situ data and therefore the
attenuation coefficient was lower. The combined attenuation prediction is
calculated using a 4 MHz frequency transducer, the crosses in pink and red
correspond to values calculated using a 3.75 and 4.25 MH transducer where the
increased frequency led to increased ka and y. The measured flocculated y value
with the lower density aligns very well to the predicted y value which shows that
accounting for the lower density of the floc allows for better alignment with

predicted y values.
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Figure 8.13 The dimensionless scattering cross function vs product of the
wavenumber and particle radius (ka) using a (a) flocculated calcium carbonate
system where the red line shows the prediction for combined losses when using a
4 MHz transducer, light and dark red crosses show predictions using a 3.75 MHz

and 4.25 MHz frequency, respectively

Fig. 8.14 shows the normalised scattering cross function values for non-
flocculating and flocculating magnesium hydroxide suspensions. The alignment
for the magnesium hydroxide is slightly worse due to the complex aggregation
with both the non-flocculated and flocculated species. It was found that the
combined attenuation prediction aligned much better with the measured values as
shown previously. When accounting for the lower floc density, the measured
value decreases to below the prediction which is unexpected. A likely reason for
this is that in the case of magnesium hydroxide, it is not sufficient to say they
behave as spherical particles. the scattering losses are more complex and slightly
less than would be expected for a low-density sphere, this could be due to the
shape of the particle floc. The non-flocculated measured y values are

overpredicted by the combined attenuation prediction. Both are likely due to the

298



particle size being smaller than predicted which would lead to increased viscous
losses. As evidenced above, the increase in transducer frequency leads to an
increase in ka and y. Predicting the scattering cross function is highly complicated
and depends on the particle size of the suspensions. However, as we are dealing
with polydisperse systems, the ability to predict scattering depending on a single
particle size becomes very complex and is quite often not representative of the
suspension. The influence of polydispersity on acoustic measurements has been
explored by Guerrero and Federico, (2018) where multiple frequency transducers
were used to determine sound attenuation. They predicted a likely attenuation
coefficient to determine the mass concentration as a function of the sound
attenuation. Guerrero and Federico were able to propose a method which enables
indirect measurements of concentration which is weakly dependant on actual
PSD. Future work will delve into using this newer method for determination of
concentration profiles which have a limited dependency on PSD.
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Figure 8.14 The dimensionless scattering cross function vs product of the
wavenumber and particle radius (ka) using a flocculated magnesium hydroxide
system where the red line shows the prediction for combined losses when using a
4 MHz transducer, light and dark red crosses show predictions using a 3.75 and

4.25 MHz frequency, respectively

Results in this Chapter show an inline UVP can be used to simultaneously gain
velocity data and calibrated concentration data for both flocculated and non-
flocculated fine mineral systems. Through y figures and theoretical expressions
the particle size during flocculation can be predicted. If more in situ size
validation data had been taken the UVP can also be used to measure the state of
flocculation directly. Future work will focus on understanding the limitations of
the FBRM for validation purposes. The combined viscous + scattering model
seems to compare very well broadly and gives good confidence that the

flocculated systems can also largely be modelled spherically.
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8.4 CONCLUSIONS

An increase in concentration within the pipe leads to increased attenuation across
the pipe due to the increased density of particles. Calcite attenuates the signal
more due to the presence of fines which increases the viscous attenuation.
Particles which are non-spherical shape create an effective diameter larger than
that for a sphere of equal volume which leads to underestimation of the
attenuation when using predictions based on spherical particles (Baker and
Lavelle, 1984). When observing Table 6.1 and 6.1, magnesium hydroxide has a
lower fractal dimension value which infers a more elliptical shape. If the
orientation of the particles in relation ot the transducer were not showing the
transducer the effective larger diameter, this could have led to a decreased
attenuation (Atlas et al., 1953).

The prediction of the normalised scattering cross function and sedimentation
attenuation coefficient was found to be complex. Where the predictions did not
account for the polydisperse systems and estimations in particle size led to
significant changes in predicted y and ¢ values. The in-line particle size data was
found to produce very high attenuation coefficient predictions in comparison to
measured values where the particle size data from ex situ sampling compared
much better. The attenuation of the suspensions was assumed to govern the peak
velocities within the pipe. The particle size for both calcite and magnesium
hydroxide are very small, this means that the level of backscatter is low. A lower
backscatter level produces a noisy profile as the UVP is trying to analyse the
small component of scatter. Predicted velocity profiles from Stigler, (2014) were

found to follow the measured velocity profiles quite well.

The author has been able to characterise and monitor the flocculation process of
complex fine particulates in line and non-invasively. Data in Chapter 8 really
highlights the UVP could be a viable online monitor system to characterise
realistic complex aggregated dispersions — giving, not only velocity information,
but concentration information (from the G-function) and also particle size

information/degree of flocculation (from the measured attenuation coefficients/y
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figures). Differences with flocculation are also evident online where the in situ
work in Chapter 6 can be directly correlated. Data correlates well with combined
spherical scattering models, especially when considering changes in density. The
magnesium hydroxide looks to be slightly more complex where the need to
account for non-spherical particle shapes may need to be considered in the future.
Data has been found to be accurate and results were comparable to validation
experiments in previous Chapters. Future work will detail the use of particle size
validation data where the accuracy of the FBRM will be explored for a more
robust non-invasive monitoring process. The full extent of the complexities of
flocculated scattering losses need to be considered where the change in floc

density has a significant effect on predicted scattering losses.
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9. CONCLUSIONS & FUTURE WORK

9.1 CONCLUSIONS

This section will provide more clarity on the scientific contributions of the thesis.
The novelty across the thesis will be described and any potential gaps still left in

the research will be flagged as future work in the next Chapter.

Comparing Results to Physical Properties

Provided knowledge of two properties from particle size, concentration and
transducer frequency are known, a property can be inferred from the
sedimentation attenuation coefficient measured. This can be further developed by
applying the dual frequency inversion method which can be utilised to develop a
concentration profile. From this, the attenuation coefficient can be used solely to
infer the particle size.

Combined Scattering and Viscous Loss Prediction for the UVP

The author has been able to provide a consolidated calibration method where the
novel method developed by Bux et al., (2019) was compared to heuristic
predictions from Betteridge et al., (2008). This provides a clearer understanding
of which heuristic predictions to use. Although these predictions were specifically
for spherical glass beads, they were used in tandem with viscous loss predictions
using derivations from Urick, (1948) and provided accurate predictions for the
sedimentation attenuation coefficients of aqueous suspensions of silica glass
beads, magnesium hydroxide and calcium carbonate. The scientific contribution
in this thesis is the combination of the Betteridge et al., (2008) expressions (for
scattering losses) and Urick, (1948) expressions (for viscous losses) to determine
a combined sedimentation attenuation coefficient when using the UVP. As this
was proven to provide accurate attenuation coefficients, future researchers can use
this combined approach for the prediction of attenuation for homogeneous
suspensions of silica glass beads, magnesium hydroxide and calcium carbonate.
This can also be used for flocculating suspensions of magnesium hydroxide and

calcium carbonate. The author will caveat that this approach has only proven
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accurate for specific particle sizes and concentrations of each sediment type. This
approach has been used previously by Tonge et al., (2021) for use with the UARP
but the scientific contribution in this thesis is the combined prediction approach
for use with the commercial UVP system. As the UARP is a novel system, data is
less easily reproduced. Whereas, the UVP can be purchased off-the-shelf which

allows the data to be re-produced easily by other researchers.

Novel Error Analysis Method for UVP Raw Echo Data

In this thesis, the author identified that several researchers had determined

sedimentation attenuation coefficients from experimental data when utilising
ABS’s, including Bux et al., (2019), Tonge et al., (2021) and Rice et al., (2014).
However, none of the researchers identified had performed an error analysis on
the raw echo amplitude data extracted from the ABS’s. The author determined the
spread of data across an individual distance point from the 1023 profiles extracted
from the UVP. From this spread of echo amplitude values, the author established
the maximum sedimentation attenuation coefficient from a specified linear section
of an attenuation profile. Linearity in an attenuation profile denotes a
homogeneous suspension, which is specifically why only the variation of echo
amplitude across the linear section was analysed. The determination of attenuation
coefficients is via a user identified cut off for the linear section. Providing an error
analysis for the attenuation coefficient values shows that the attenuation
coefficients are accurate and can be defined as representative for the suspension.
In terms of scientific contribution, this error analysis provides other researchers
with a process to determine whether experimentally determined sedimentation
attenuation coefficients are accurate for the data gathered. This combined with the
consolidated scattering and viscous loss prediction shows a systematic approach
to extracting accurate sedimentation attenuation coefficients. This form of error
analysis has not been identified across the researchers reviewed for various forms

of ABS’s and is displayed in this thesis as a novel approach.
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Accurate Sedimentation Attenuation Coefficients

Using the combined attenuation prediction and the novel error analysis, the author
has been able to determine accurate attenuation coefficients experimentally for the

following suspensions:

e Utilising in situ and remote transducers in a calibration rig for:

o Homogeneous suspensions of silica glass beads for a concentration
range of 11.9 — 107.5 g/L and a particle size range of 36 — 170 pum.

o Flocculating suspensions of calcium carbonate and magnesium
hydroxide for a concentration range of ~3 - 27.5 g/L where the primary
particle size was ~ 5 um and the flocculated particle size was ~ 28 um.

e Utilising remote and in-line transducers on a pipe loop for:

o Homogeneous suspensions of silica glass beads for a concentration
range of 11.9 — 107.5 g/L and a particle size range of 36 — 82 um.

o Flocculating suspensions of calcium carbonate and magnesium
hydroxide for a concentration range of ~4 - 27.5 g/L where the primary

particle size was ~ 5 um and the flocculated particle size was ~ 28 um.

There were several novel scientific contributions in this thesis which are for the
determination of accurate attenuation coefficients. In this thesis accurate
attenuation coefficients were determined for homogeneous silica glass bead
suspensions utilising a remote, non-invasive transducer both in a calibration rig as
well as a pipeline, which has not been achieved before. Attenuation coefficients
were also established for non-flocculated and flocculated calcium carbonate and
magnesium hydroxide when using both invasive and non-invasive transducers
which is novel. Other researchers have used other ABS systems to analyse
flocculated dispersions but not for comparison to non-flocculated suspensions
(Hunter et al., 2012). This provides a non-invasive approach for monitoring
aggregated suspensions, this is vital for the nuclear sector but is also applicable to

other industries as well.
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Combined Characterisation Approach

Throughout this thesis, several methods have been used for characterisation of
various suspensions. To analyse the flocculating suspensions, the fractal
dimension and floc size were determined theoretically alongside acoustic analysis
of the suspensions. This combined theoretical and experimental analysis of the
flocculated suspensions has not been conducted before to monitor flocculation of
complex mineral suspensions. A combined approach was also utilised for the
analysis of suspensions in the pipe loop. An in situ FBRM was used to determine
particle size, a flow meter was mounted non-invasively to measure flow rate and
the UVP was mounted non-invasively to extract velocity and acoustic data
simultaneously. This set-up is completely novel for the extraction of data from
homogeneous suspensions of silica glass beads and flocculating suspensions of

complex minerals.

9.2. FUTURE SCIENTIFIC RESEARCH

The conclusion chapter describes a summary of the scientific contribution
throughout the thesis. Research gaps have been highlighted below and this future
work section will delve further into the next steps for future research depending
on the scientific contribution of this thesis.

Future Scientific Areas to Explore

Going forward, the author would like to point out a series of other topics that were
out of scope for this thesis. One of these include the relationship between the
viscous boundary layer thickness and the effect on viscous absorption explicit.
This relationship was touched on but not proved in this thesis as the topic itself
required a multitude of research which was not explicitly relevant for this line of

research.

Only a limited range of suspensions were used throughout this thesis and the

scientific field may benefit from a more expanded index of materials which have

been experimented on with the UVP. This would provide a better understanding

of how the UVP is affected by materials of various properties including particle
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shape, viscosity and particle size. Homogeneity is assumed for all suspensions and
all acoustic models assume a single particle size to be representative of the
suspension. However, this is not always the case and it would be useful to
understand the effects of polydispersity on the acoustic models and experimental

data. This would improve the systems capabilities for work in industry.

The author would like to investigate whether the acoustics could be pushed to
analyse suspensions of unknown chemical composition to extract particle size and
concentration, however, this is something that requires maturity of the acoustic
theory and derivations as well.

Therefore, to understand this further, more investigation is required into the
limitations of concentration range against particle size for accurate attenuation
values. A more thorough attenuation value may be required for varying

concentration ranges of a specific material.

The FBRM was also used which is an in situ instrument, however, The process for
converting raw chord length data from the FBRM to particle size distribution
becomes very complex. Additional scope would be ideal to understand the process

of converting chord lengths to particle sizes for the glass suspensions.

In this thesis only one type of pipe was used which was a uPVC pipe with an
inner diameter of 0.025 m. Therefore, these results are only applicable for this
specific pipe. To build on this research, the effect of pipe material on the speed of
sound through the pipe wall would need to be investigated. The pipe diameter
would also need to be changed and several experiments conducted to see the

applicability of this method with several types of pipe size and material.

Next Steps for Technology

The UVP has been proven to be able to analyse homogeneous suspensions of

varying particle sizes and suspensions of changing particle size via flocculation in
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a calibration rig as well as via pipelines. Therefore, for this method to be deployed
in the industry, the author refers back to the TRL schematic, see Fig. 2.3.

To prove feasibility, the following steps are suggested:

e Use the UVP to analyse sediments with varying particle size, shape,
viscosity and concentration to understand the effect of all four parameters
on attenuation.

e Analyse heterogeneous suspensions to understand the effect of
polydispersity on velocity profiles, attenuation profiles and attenuation
coefficients.

e Use more relevant nuclear simulants, these would have to be provided by
Sellafield, if possible, to prove the online, non-invasive system can be
utilised to analyse sludge accurately.

e Data from the magnesium hydroxide commercial powder suspensions can

be used to compare to the nuclear sludge analysed.

Applications for Technology Outside the Nuclear Sector

When describing this system in its simplest form. The data in this thesis has
highlighted the applicability of the UVP as a viable online monitoring system to
characterise realistic complex aggregated suspensions. Where velocity,
concentration, flow and particle size data can be extracted simultaneously in a
single experiment. The flexibility of this pipe rig shows the potential for this
method to be deployed industrially. A few examples have been provided below

for where this technique can be used outside the nuclear sector.

Flocculation and coagulation in the water treatment sector are used to remove
suspended solids to clarify the water before discharge. However, these flocculants
will need to be removed as some can contain potentially toxic residues (Boer et
al., 2015). The method of monitoring in this thesis can be utilised whereby non-
invasive transducers can be mounted onto wastewater pipes to detect the presence
of flocculants. Transducers can be mounted before and after filtration methods to

determine the efficiency of the filtration for the removal of flocculated particles.
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Viscosity is an important quality parameter which can serve as an indicator for
food spoilage (Xu et al., 2020). The UVP can be used to measure changes in
concentration via sedimentation attenuation coefficients or changes in the
attenuation profiles. This can function as an early indicator for potential food
spoilage and allow companies to prevent food from becoming spoiled. Or if food
Is spoiled, prevent it from being distributed which maintains public safety.
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Figure A.1 G function profiles of silica glass beads with a dso of 48 um utilising a
2 MHz transducer in an (@) in situ and (b) remote placement.
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Table A.1 dG/dr of silica glass bead suspensions utilising 2 MHz and 4 MHz

transducers in situ and remotely

dG/dr of glass beads with a dso of:
Transducer
Frequency and | 46 82 um 48 um 36 um
Placement
2MHzinsitu | -0.11x+0.04 -0.05x+0.45 -0.03x-0.23 -0.06x + 2.59
2 MHz remote | -0.14x-0.24 -0.04x+1.76 -0.03x+1.98 -0.07x+4.39
4 MHz insitu | -0.33x-2.91 -0.18x+4.90 -0.14x-2.05 -0.07x - 5.48
4 MHz remote | -0.51x-22.36 -0.17x-2.80 -0.15x - 0.63 -0.07x - 9.41
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Figure A.11 ks™ profiles of silica glass beads of d50 170 um utilising an (a) in situ
2 MHz probe, (b) remote 2 MHz probe, (c) in situ 4 MHz probe and an (d) remote
4 MHz probe.
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Figure A.12 ks™ profiles of silica glass beads of d50 82 um utilising an (a) in situ
2 MHz probe, (b) remote 2 MHz probe, (c) in situ 4 MHz probe and an (d) remote
4 MHz probe.
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Figure A.13 ks™ profiles of silica glass beads of d50 48 pum utilising an (a) in situ
2 MHz probe, (b) remote 2 MHz probe, (c) in situ 4 MHz probe and an (d) remote
4 MHz probe.
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Figure A.14 ks™ profiles of silica glass beads of d50 36 pum utilising an (a) in situ
2 MHz probe, (b) remote 2 MHz probe, (c) in situ 4 MHz probe and an (d) remote
4 MHz probe.
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Figure A.15 ks™ profiles of silica glass beads of d50 170 um using a lower
concentration range of 5 — 30 g/L utilising an (a) in situ 2 MHz probe and (b)

remote 2 MHz probe
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Figure A.16 ks™ profiles of silica glass beads of d50 170 um using a lower
concentration range of 5 — 30 g/L utilising an (a) in situ 4 MHz probe and a (b)

remote 4 MHz probe

Table A.2 k" for silica glass beads of dsp 170 pm using a 2 and 4 MHz frequency

transducer for a concentration range of 5 — 30 g/L

Sediment backscatter

Transducer Frequency (MHz)

Silica Glass Bead dsg

constant k™ (m.kg %)

2 MHz

4 MHz

170 um

0.89

0.96
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Figure A.17 Backscatter profiles for the flocculated calcium carbonate system

using an (a) in situ transducer and a (b) remote transducer.
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Figure A.18 Backscatter profiles for the flocculated magnesium hydroxide system

using an (a) in situ transducer and a (b) remote transducer.
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Table A.3 dG/dr of flocculated and non-flocculated suspensions of magnesium
hydroxide and calcium carbonate utilising 2 MHz and 4 MHz transducers in situ

and remotely

Transducer dG/dr of Mineral Suspensions of:
Placement for | Suspension Environment Calcium Magnesium
2 MHz probe Carbonate Hydroxide

In Situ -0.37x - 0.02 -0.17x + 0.44
Non-flocculated
Remote -0.41x +4.12 -0.14x + 4.16
In Situ -0.18x - 0.89 -0.03x - 3.47
Flocculated
Remote -0.20x +1.05 -0.02x - 0.57
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