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ABSTRACT

Throughout thighesisan 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 tsdncers of a small diameter-19 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 understaow the nuclear
waste moves in transit. Several nuclear simulant suspensions were used
throughout thisthesis the most prominent simulants were silica glass bead
powders which were dispersed in an agueous suspension. To calibrate the UVP,
silica glass bads 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 apprcla 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 usedgitu and inremote 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 &sed in the calibration rig. Calcium carbonate
(CaCQ) and magnesium hydroxide (Mg(OM) mineral suspensions were
suspended in the calibration tank aimdsitu and remotely placed ultrasonic
transducers were utilised to extract acoustic profiles. Floctweas used to
investigate thecambility of the UVP to monitor changes in particle sizing.
Sedimentation attenuation coefficients were extracted fromfloooulated and

flocculated suspensions for both calcium carbonate and magnesium hydroxide and



compaed to understand the effects of flocculation on attenuation. This has not
been achieved before using boih 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 aocenyell

to sedimentation attenuation coefficients from previous literature, therefore, data
was validated before analysis of complex mineral suspensions. Accuracy of the
sedimentation coefficients shows that the UVP is able to monitor changes in
concentrdon 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 loopas commissioned (with an outer diameter of 0.03 m) and
silica glass suspensions were dispersed in the pipe loop. Transducers were
mounted in a noigontact configuration on horizontal and vertical pipelines to
understand which pipeline arrangement prodide most accurate results.
Transducers were mounted at 90 and 1f85°novel simultaneous extraicin of
acoustic profiles and velocity profiles respectively. This has not been achieved in
a single experiment before for silica glass beads using thisfisp&bvP.
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 siZée UVP was usedor novel
analysis ofnonflocculated and flocculated complex mineral suspensions using
remotely placed transducers. Transducers were mounted at 90 anfdrli3dvel
simultaneougxtradion of acoustic profiles and velocity profiles respively. 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 tan situ data where sedimentation attenuation coefficients were

attaired 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 ensor&er safety.
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1. INTRODUCTION

1.1BACKGROUND

Characterisation of sediment suspensions is a complex process which is vital for
industrial processing. A suspension carcbaracteried physically or chemically
where the results of both can vary greatly (Mechtchegingl, 2019). Chemical
characterigtion will often lead to understanding the chemical composition and
chemical structure of a suspension, on the other,hamgical characteriation

lends to concentration profiling, particle sizing, velocity profiling etc. Within the
scope of this?hD, physical characteriation can provide the necessary information

on the physical characteristics of suspensions including viscosity, rheology, and
density (Giglio and Sabbatini, 2022)n situ characterisation of sediment
suspensions requires samples to berigkom 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 analysieVvenythere are not many
remote techniques which are capable of concentration profiling (Hentat,
2011).In this thesis, remote is a n@ontact technique which is nenvasive and

does not require contact with the suspension or slurry for analyss specific
thesisfocuses 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 takerstff due to contamination risks (Biggs

al., 2009).

In this PhD, the remote characterisation is focused on analysis nuclear waste
slurries and sludges, specifically a magnesium hydrebaded sludge with
unknown chemical and physical properties (Alderman and Heywood, 2011;
Hunteret 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 (Gregsoret al, 2011;Johnsonet al, 2019). Magnox was not able to

maintain its integrity at the high operating temperatures within the plant which led
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to loss of stability of the wind scale pile reactor (Hill, 2013). The spent fuel
assemblies from these magnox fleet of reactvere decommissioned over time
and left in operair storage ponds. Over time, the spent fuel assemblies have
hydrolysed into a magnesium hydroxidased sludge with unknown properties
(Burton, 2002). The plan is to transport this sludge in engineepadin@s to an
interim storage or waste treatment plant, this will require remotknean
characteriation of the sludge in transit which is not viable for most techniques in
industry (Alderman and Heywood, 2011; Hurgeal., 2020).

Remote characterigion techniques can be incredibly useful especially in
industries like nuclear where minimal exposure to workers is key to maintaining a
safe environment (Mirleast al, 2001). There are a range of remote techniques
which have been proven to accuratehaacteri® 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
characterisd (Sourdevalet al, 2018). One of the most comon 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 momentlltrasonics is the science and application ofasibonic
waves, which are waves above a frequency of the audible human range of 20 kHz
(Butler and Sherman, 2016)Itrasonic acoustics has been used in marine
surveying where underwater ultrasonic transducers were used to detect moving
sediment on the seat) (Carreraet 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 pringle, ultrasonic transducers can be utilised to
analyse moving sediment in a tank or a pipe. In ttesisacoustic backscatter
systems (ABS) were used where a single ultrasonic transducer or a transducer
array acts as transmitter and recie¥&hen usinga single transducer, the wave is
reflected or back scatteredABS have been used extensively in marine or
estuarine environments and generally use single frequency transducers @funter
al., 2012; Riceet al, 2014; Buxet al, 2015; Tonget 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 ttiesisis the
ultrasonic velocity profiler (UVP) which is a commercial 8BThe UVP was

used in backcatter mode to collect acoustic profiles for attenuation coefficients
from voltage data. UVP systems have been used previously imiyedt tanks to
measure attenuation of a variety of suspension environments (Ogasdvedsa
2019).

The main focus othis PhD is the magnox sludge in the opaim ponds which
requirescharacteriation before being transported to a ldegn storage facility
(Gregsonet al, 2011). The physical and chemical properties of the sludge have
changed over time due to the hygit of the magnox fuel assemblies (Adaehs

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 Heywo@@®11; Giglio and Sabbatini, 2022).
The use of a remoteharacteriation 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, lesgaurtions and less
funding whilst collecting data remotely and in réate will cut down on analysis

time (Mirleanet al,, 2001).

The setup in this thesis evolved over time to produce a fully remote
characteriation technique. Through tiéhapters thex were several experimental
setups used which include the use of a weiked tank as well as a pipe loop.
Collectively, for all the setups used throughout the thesis there were a limited
number of nuclear simulants used. The first simulants were sahejliass
dispersions which had been used previously by Rical, (2019, (2015). The
scatteringattenuation 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, 200§. 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 calmm carbonate and magnesium hydroxide. Calcium
carbonate is a nehazardous test material with a similar structure to common fine
sludges. It has also been used extensively as an analogue for nuclear wastes in
experiments (Hunteet al, 2020). The other meral 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 (Hrigaal., 2018).

1.2 OBJECTIVES AND OVERVIEW OF THE THESIS

1.2.1 Aims

The main aim of thiPhDwas to prove that acoustic backscatter systems could be
used to analyse sediment suspensioAfgé and remotely using a namntact
arrangementRice, 2013. This technique has been showith a nuclear specific
focus; however, the use of a remote system can be used in most industries
especially in the current global climate (Juegal, 2021). The ability to protect
workers and prevent direct contact limits exposure to any hazardowensios s

whilst analysing and providing data rich results (Ahreedl, 2021). Any solid

liquid suspensions can be analysed using acoustic backscatter systems however, in
this thesisthe main liquid dispersant was water. Aqueous sediment suspensions
are faund in all industries including water treatment and the oil and gas sector
(Liu et al, 2021).

The specific acoustic backscatter system used in th@sisis an ultrasonic
velocity profiler which is a commercial system that has been used by previous
reearchers (Ricet al, 2015). Riceet 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 accuritielse

specific objectivesas well as thecientific noveltiesare shown below;
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9 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 datasedgo
determine the minimum and maximum attenuation coefficients. This was only
conducted on the linear region of the attenuation profile, where the suspension
iIs homogeneous. The error analysis ensures other researchers that the
attenuation coefficientextracted 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 dadletermine the variation

in voltage, Gfunction, attenuation and subsequently sedimentation attenuation

coefficients.

9 Provide Accurate Predictions for Comparison to Measured Data

To ensure the measured data was accurate, a combined attenuation prediction
was used where Betteridgst 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 glasslgsm and
complex flocculating mineral suspensions. This combined attenuation

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

9 Develop a Norinvasive System for Analysis.

Both in situ and remote (noimvasive) transducers weresad 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 invasivsitu
transducers. A nemvasve configuration has not been achieved before for

homogeneous glass dispersions with the UVP transducers.



1 Ensure the Measured Scattering Cross Section is Accurate.

To predict scattering, the form function and normalised scattering cross
section valuesvere 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 wontact transducers in nen

contact environments.

I Monitor a Flocculating System Accurately and Nowasively.

Complex mineral suspensions were analysed in -floamoulated and
flocculated form where the UVP transducers were used to determine
sedimentatiorattenuation 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 linenvasively and
simultaneous velocity and acoustidata was extracted. Attenuation
coefficients from the in line data could be used to compareflooculated

and flocculated suspensions of complex mineral suspensions which had not
been achieved before. The niowasive analysis is novel, but the compariso

of attenuation coefficients is also novel. Novel comparisons of normalised
scattering cross section values were made to predictions which had been
conductedby Tongeet al, (2021) for homogeneous glass suspensions not

complex mineral suspensions.

1 Devdop 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 werdiggd 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 mountednhfaitu
particle sizing, this was the only equipment which was invagivilow meter

was mounted for flow measurementdis setup was novel where a single

6



experiment could yield attenuation coefficients, velocity profiles, Chord
Length Distributions (CLD6s) and fl ow d

1.2.2 Objectives

The objectives in this thesis have been outlines using Specific, Measurable,
Achievable, Relevant and Timmsed (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 summaiy 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 havat 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 tbgearch 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 stualy. peri

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 Chapidrsed
author has been muto 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 researchesho have published papers detailing new and novel
calibration procedures and this thesis has detailed a thoroughysségp 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 shwothe 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 theansducers 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 Hussaial., 2020.

The desired outcome of Chapter 5 was to use the now calitwstedransducers

in anin 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 367 0 & m. This was achieved

UVP transducers foin stu data and mounting the transducers on the outside of
the tank for remote, necontact data. Tha situ data can be used to prove that
mounting transducers remotely can produce accurate results. Mounting remotely
can show that ultrasonic transducers banused 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 nofflocculatedand flocculated mineral suspensions using UVP
transducers in arn 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; calaganbonate 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 norflocculated and flocculated suspensions, it can also be inferred
that theUVP can be used to monitor the flocculation of mineral suspensioms via

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 norflocculated andlocculated suspensions of sludge. Results from
this Chapter were published in the authors second paper, see Hessdin
2021a.

Chapter 7 is the first Chapter where the engineered pipe loop was utilised. The
desired outcome of this Chapter was to tise 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 andaitigy vel
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 agueus 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 treuthors third paper, see Hussairal, 2021b.

Chapter 8 was the final results Chapter where the experimentg) se&is pushed

to its limits. Only vertically mounted transducers were used due to the findings in
Chapter 8. The desired outcome of thiba@ter was to show that the UVP
transducers could be used to analyse complexfloooulated and flocculated
mineral suspensions in pipe flow. This was measured by the velocity and acoustic
profiles extracted from the system. The flocculation of minergpesusions 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.
Magnesum 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 conductedver the third year of the PhD and published in the
authors fourth paper, see Hussatral, 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 ireC8apt
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 nucleamwaste 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 ofvaste. Nuclear waste analogues used in literature are
specified where the analogues can be utilised to demonstrate competency for
analysis techniques. As thiBesishinges on the abilities of acoustic methods, a
background to ultrasonics is covered. Tieckground on the physics behind
acoustic theory and acoustic backscatter systems is covered forspewalist
scientific audience. There is also a smaller background on ultrasonic spectroscopy

which is another common method used for analysis of sugpsns

The author also investigates the range of techniques availabte dibu physical
characterisation specifically for slurries and suspenslarstu characterisation is
necessary in the nuclear industry to provide accurate results for chaetiarof
radioactive suspensions and slurriddthough sampling is not required for 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
instrumenation 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 tim&herefore, remotely placed equipment which is not in
direct contact with th 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 suspensiongh no contact with the waste. This
technique setip will prioritise workers health and safety whilst also producing

accurate results without the need for additional contamination risk.
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A range ofin situ characterisation techniques will be scrutinised to show why
acoustics were selected as the -gontact characterisation method. The
techniques investigated will beharacterised byheir ability to analyse particle

size and concentration as these are themroperties 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 thep@h explores the use of
acoustics for characterisation which directly compares the use of ultrasonits for
situ measurements in comparison to fdtmasonic based techniques e.g.
microscopy. Acoustics have mainly been utilised in the marine and defecios

for analysing marine life on the seabed, the same principles have been utilised in
this thesisto analyse moving sediment in a tank or pipe. Acoustics has a very
wide range of techniques available for characterisation, in this spt#whsan
aoustic 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 covereth this thesis which shows both the novelty and the drive for the
research.

Throughout thighesisseveral experimental sap variations are used. The main
setup includesa 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 pile®p. The experimental sep changes with

each result€hapter 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 expental setups used and a

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

The drivefor this PhD originates from the desire fan situand online analysis of
particulate suspensions which are seen across industriegerLgarticle
suspensions, colloidal suspensions and flocculated suspensions are present in the
pharmaceutical industry, brewingdustry, water treatment and nuclear waste
treatment, amongst many more (Stille and Giere, 2004; Mewis and Wagner,
2012). Chaacterising the physical properties of particulate suspensions will
provide information on concentration, rheology, particle size distribution and
more (Mooreet al, 2013; Riceet al, 2019; Tongeet al, 2021). The techniques
which provide information orphysical properties include microscopy, PVM,
FBRM, XRD, XRF etc (Jiaet al, 2008; Wanget al, 2020). Characterising the
chemical properties of particulate suspensions provides information on chemical
composition and elemental analysiBaman Spectroscopprovide chemical
analysis of materialfYanget 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
(Amgarouet al, 2021). SEPA, (2010) has said that physical properties of the
waste should benderstoodso any risks posed by the waste can be assessed and
comply with safety casestandards Oftentimes for the radioactivity of the
suspension, dose modetliircan be used which provides sufficient assurance on
the activity of the suspension (Johanseal, 2012). Therefore, chemical analysis

is not imperative from a decommissioning perspective. Information on physical
properties can be difficult to obtain ete methods often require sampling éor

situ techniques. There are a varietyimsitu 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 nucl ear industry began in the UK

commission the wind scale pile nuclear reactors for military purposes. The Calder
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Hall facility was later commissioned ihhe 19506s with a civi
( Newtan, 2007). From the initial reactor
variety of temporary waste storages, particularly wet storage facilities at Sellafield

(IAEA, 2021). The legacy storage facilities mmtly 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 21 Magnox swarf storage silo, cross section (RadioRoSo, 2022)

This PhD has been sponsored by Sellafield Ltd ifositu or online measurement

of nuclear waste with a specific focus on the Magnox Pond which was used to
store fuel cladding from the Magndbeet 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 gdudvith unknown
physical properties (Ayoola, 2018). However, with the current infrastructure
available for analysis, there is equipment that can be umseitu 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 experimeral 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, andtu process which can be shown to be
norrintrusive and provide accurate physical characterisation would be ideal and

provide assurances for stakeholders to minimise concern.

Figure 22 Pile fuel storage pond (RPS Group, 2022)

A range of nuclear waste analogues will be explored to understand whethrer the
situ non-contact method used here will be viable for deployment in the nuclear
industry. The method employed in this thesis willdoafirmed 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 nowontact,in situ, provide information in reaime 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 23 TRL (technology readiness levels) schematic (Abaco, 2022)

Theadic technoin DRy V-2 is eoseeed incséction 2.7 in the

literature review where examples of the rmmmtact method are explored. The

Gesearch to prove feasibildy wi | | be shown by t he I
dfechnol ogy willebe eqploved threugh the experimental procedures

and results in Chapters Simple homogeneous suspensions will be analysed for

proof of concept and whether thghysical characteristics required can be

extracted, these properties include concentration, padize and velocity. This

will provide enough information to assist with the case for transport into an

i nterim or per malneecnhtn osltoogrya gdedl biecamesredri attyi. o nod
by results in Chapters-& This is where complex mineral suspensionl 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 theawmact method is

able to mortor flocculation and characterise the physical properties through that

flocculation process (Roet al., 2006).

The nuclear waste analogues used are homogeneous silica glass bead suspensions,
complex mineral suspensions of calcium carbonate and magnédsidroxide
(otherwise known as Versamag) and flocculated mineral suspensions of calcium
carbonate and Versamggpmmerciallymagnesium hydroxidpowde) is shown

below in Fig. 2.4 (Hunteet al, 2016;Lockwood et al., 2021a;Tongeet 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; Tonget al, 2021). Colloids can be generated during the
corrosion of nucleawaste glasses in groundwater, but, typically nuclear waste are
concentrated suspensions of colloidal aggregates (€ealg 1994; Smithet al,
2010). Therefore, being able to prove that colloidal suspensions can be
characterised using an situ and norcontact 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 magnésiseal
alloy) which has ne hydrolysed into amagnesium hydroxidbased 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 24 Optical microscope image of magnesium hydroxide suspensions mixed
with 20 ppm 30% polymer (Lockwood, 2021a)
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2.3WHY 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 ethods. 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 undemgineered which leads txaessive expense or potential
integrity issues with the waste storage. Ideally for nuclear waste-aambactin

situ method which can provide the same accuracy as an invassie technique
would be identified (NDA, 2020). Through the characterisatimethods
described below, an ideal na@ontact, norinvasive andn situ method will be

specified.

2.4CHARACTERISATION METHODS

The accurate characterisation of the nuclear waste analogues identified will
depend on the characterisation method chosendandloped 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. i@siyu methods

are explored in the next section as Situ characterisation allows the target
medium, which in this case is suspensions or slurries, to be analysed on site. On
the other handex situcharacterisation requires characterisation to be caeduc

off site. A number of methods are shown below which shexv situ
characterisation, and why these techniques are not used for monitoring and control

purposes in the nuclear industry.

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

position (NDA, 2022). Foex situcharacterisation 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 smeditdires 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 bem. 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 (WHamid, 2018). Transission 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 appeately 106200 nm

for TEM (Sadamatset al, 201§. For SEM, themaximum sample size depends

on the size of the specimen chamber. The maximum sample height is 145 mm for
the Carl Zeiss EVO SEM (MAL15) (Zeiss, 2022). A desktop TM3030 Plus, Hitachi
SEM is dso 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, Kensletal, (2018) produces ultrtnin samples for
analysis in the TEM which requires spdised preparation equipment. Guadt

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 wheia situ analysis is peferrable. Amgaroet al, (2021)
details recommendations for situ measurements for characterisation in nuclear

installations wheré situtechniques are the only methods considered.
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Figure 25. Hitachi desktop SEM (Hitdi, 2013)

When considering specimen prep, secimens have to be dried before analysis

in the Carl Zeiss EVO SEM (Hape al, 2015; UlHamid, 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 conditionsin situ. However, for preliminary data and validation of
characterisation results from hetr 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 visuak the material being analysed which allows the reader to
easily understand the scope of the work. Throughout this thesis, SEM and
microscopy techniques have badilisedto help the reader visuadi differences
between various species of minerals and Emtumaterial. 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 fan situanalysis.
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2.5NON-ACOUSTIC PHYSICAL IN SITU CHARACTERISATION TECHNIQUES

This section covers neacoustic physicah situ methods. Optical techniques are

one of the most diverse and universal techniques available across industries and
includes a range of equipment luding microscopes, Raman spectrometers, and

a series of probes (Bishet al, 2013; Simoneet al, 2014;Sahinet al., 2017,
Kutluay, et al., 2020; Linet al, 2020). In this Chapter, only techniques which
study the physical properties of particulatedgles 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 knownuogeaadurate
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 21 Summary ofechniques discussed in Chapter 2

Particle Particle Concentration
Technique Type| Advantages | Disadvantagey Size Shape Range Portable/ Fixed Literature
Range | Limitations g
Very
Transmission Offer. avery EXpensive, None, this None, this N
high large and ; : TEMO6s al Sadamatsu
electron Ex o . . 1-100 provides provides . ' Kensleaet | Amgarouet | Guofuet
. ; 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 None_, this SEM&s a| Sadamatsu
electron Ex . . N provides provides . ) Kensleaet | Amgarouet | Guofuet
. . larger samples| immobile, i 200 . . and likely fixed et al,
microscopes situ . images of images of . al., (2018) al., (2021) | al., (2022)
than TEM extensive em ” ” equipment. (2016)
(SEM) particles. particles.
sample
preparation
Able to
Ultrasomc Online Requires the . Most measure Takeda and . .
attenuation In o : 10 nmi models are opaque Li et al, Falolaet al, | Belicardet
. characterisatior] use of diluted . Portable Systen]  Goetz,
spectroscopy | situ 3 mm | for spherical systems (2005) (2021) al., (2022)
of PSD samples . . (1998)
(UAS) particles without
dilution.
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Probes are | The idealised E')ep'e'nds on
individual
portable and | chord length o .
o Derivations particle
can be distribution . Co
Focused beam . . are very visualisation.
mounted easily] (CLD) model | 0.1i . .
reflectance In meanin assumes all | 1000 complex for| Suspensions Portable Svster Ahmedet Kyodaet Kutluay et Li etal,
measurement | situ Aning . non need to have ¢ y al., (2018) | al., (2019) al., (2020) (2021)
experimental | particles are em .
(FBRM) : . spherical clear
setup 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 LT
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 Svster Cardoneet | Kutluay et Li et al, Wanget
situ . g once images which need to have g y al.,, (2018) | al., (2020) (2021) al., (2021)
(PVM) experimental em .
: have been provides clear
setup is easy . L
. produced images. distinction
and less time | .
. images can from
consuming ) .
sometimes be dispersant.
blurry
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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 mkods 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 astrel®agnetic methods are;
MRI, thermal imaging, infared and neafared 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 op#l techniques whichutilise lasers to provide
information on particle size, chord length, and chemical composition through the
production of images, chord length distributions and speSiradgneet al, 2015;
Asamoaktet al, 2021). When taking a deepevelinto the analysis of particle size
and concentrationin situ measurements can be taken using Doppler profilers
(Vanrolleghenet al.,2006; Taruckt al, 2010;Mohanaranganet al, 2013 image
analysers (Conchet al, 2017; Derlonet al, 2017), focusd beam reflectance
measurement, etc (Simome 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) utiliseptiral fibores to measure the backscatter
intensity and determine the sediment concentratiime optical fibres were
utilisedto measure the natural sediment concentration after using natural sediment
samples from coast beaches for calibration, an example of the measuring
instrument is shown in Fig. 2.6. This technique is purely usesitu and has
limited potential for remote use as the optical fibore send out $igimals which

would not be able to penetrate throymgpe walls.
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Figure 26 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 andi&etacc
2017). Xray techniques can also be utilisadsitu, specifically Xray diffraction

(XRD) and Xray fluorescence (XRF) (Ingalket al, 2020). XRD uses Xays to
irradiate the material and analyses the scattering angles to determine the chemical
compogdion. XRF analyses the -xay emitted from a sample when excited by an
X-ray source (Wiescher and Manukyan, 2022). Both have been utilisedsitu
analysis of slurries (Let al, 2020; Bacet al, 2021). XRD has size limitations
andis more accurateof measuring large structures which limits the ability of the
technique for analysis whilst XRF has limitations on volume and elements it can
detect (Natteret al, 2000; Munizet al, 2016; Haschkest al, 2021). As the
chemical composition of the slursi@re unknown the author has chosen not to use
XRF and XRD as primary techniqueBoth of these techniques are used for solid
particle crystal structure and therefore fall under physical and chemical
characterisation, however, these methods will not geoinformation 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 thoprobebased apparatus which can be inserteditu for

27



analysis. The FBRM is a lasbased 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, 2022 Li et al, 2021; Wanget al, 2021).Both
probes are portable and can be mounted easily meaning experimenialiset
easy and less time consuming. In terms of results, the FBRM results in a chord
length distribution which can be converted to the parside distribution through

a series of conversions (Lockwoetdl al, 2021a). On the other hand, the PVM
produces images of the sluiiry situwhich can be used to determine particle size
and concentration (Agimelesgt al, 2018; Cardonat al, 2018; Shiet al, 2022).
Limitations of the PVM is the post processing that is conducted once images have
been produced (Cardoetal., 2018; Liet al, 2021). Agglomeration is difficult to
detect as the images can sometimes be blurry, as the protseitedin sity,
material can settle on the probe window causing obstruction or the particles may
move past the window too fast for clear images éfial, 2008). Therefore, the
PVM is a valuable technique but collecting images of the siargjtu produces
unreliable results. The FBRM was also used by inal, (2012) tounderstand
whether the FBRM could be used to monitor precipitatlansitu probes were

used to determine the chord length distribution measurements. An example of the
results obtaiad 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 pasded 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 27 FBRM spectra of solids precipitated in-PizO solutions: in 34.5 and
61.5nvt% PzH20 solutions. Lines: (solid) 34.5 wt, (dashed) 61.5 wt % (Kim et al.,
2012)
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(b)

Figure 28 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 ideselil CLD model assumes all particles

are in the focal plane of theBRM probe (Ahmedet al, 2018; Kyodaet 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 atitdl at (Grabsclet al, 2020;
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Acevedoet 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 tanonitor the PSD of particleis situ (Kutluay et d., 2020; Huet al,
2021; Liet al, 2021; Wanget al, 2021). The FBRM can be used in tRkD as

an inline monitoring tool for changes in particle size (8hal, 2022). Oweret

al., (2008) also used the FBRM as ariite measurement technique on pipelines
where the FBRM probe was insertedsitu. Owenet al, (2008) also used the
FBRM to monitor aggregation and polyrandging flocculation in mineral
systems which shows thatista versatile and useful technique for biotlsitu and

in line monitoring.

Following on from the FBRM, another ladeased technique is LISST (lager

situ scattering transmissometer) which measures the-foeaard angular
scattering distribution tadetermine a particle size distribution of slurries or
suspensions in their environment (Sandeeml, 2020). The LISST can also be
used to determine the mean density, mean settling velocity and volume
concentration, LISST is limited by particle size (8@ pm) which restricts the
samples for analysis (Cartwrigkt al, 2011). Felixet 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. Fele 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 thiEhD. For the scope of thithesisa wide range of
concentrabn environments are required as the specific concentration of nuclear
sludge suspensions is unknown. Example results are shown below for the LISST
from Felixet al, (2018).
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Figure 29 Time series of the median particle dhieters, eb, and of the optical
transmissi on, U, obtained from the LI SS-
concentrationSS@, obtained from various techniques, measured at the HPP
Fieschertal during the four sediment transport events defined in Ei@:€elixe et
al., 2017)(Fig. 12a modified from Felix et a2016a); Fig. 12b modified from

Felix, (2017); Fig. 12c modified from Felix et a(2016b)) (Felix et al., 2018)

Tomography techniques can be used to analyse industrial environments. The
spatal 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-seotisn
images which provides materidistribution 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 thiscsfe thesis (Faieet al, 2020).

EIT has been used by Ventwehal, (2008) to characterise pule fibre suspensions
using EIT rings which were attached to a pilot rig. Ventetral, (2008) were

able to measure changes in pressure and velocity, however, in this thesis, the
research goal is to provide specific propertédsindividual 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 witlhuah modality ERT
Electrical Capacitance Tomography (ECT) by Wagigal, (2017) to visualise
gasoil-water flow in horizontal pipelines. This method incorporates information
from spatial, temporal and frequency dimensions where an-EERIT sensor is
mountedonto 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 dueotdifferences 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 Wanet al, (2017) is shown below in if. 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 210 Visualisation Result of By 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 ACOUSTICSBACKGROUND

Acoustics is one of the branches of classic physics that has the oldest origins and
also has the most modern applicatiofxperimentation 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 acoustesl architecturglNamorato, 2000; Ralall, 2012,

Butler and Sherman, 2016Acoustics 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, 20A6hustics is specifically a branch
focused onhe 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 audiltdeels, 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 (Bainal, 2008). An ultrasonic
transducer is a device which can convert electrical energy intro ultrasound energy
(Denaultet al, 2016). Transducers are probes (typical dimensions, length: 8 cm,
diameter: 3 cm, (Meflow, 2022) that can be suspended or attadioedny flat
surface. A pulse is propagated from girebeand the reflection is received by a
probe this can be #&ransducer which acts asansmitter and recievar separate
probes(Butler and Sherman, 2016). An ultrasonic transducer refers to a oapacit

or a piezoelectricaprobe in this thesis the focus is on piezoelectrical (Bakshi
and Bakshi, 2020). These are electroacoysbbes that converelectricalenergy

into acousticenergyand vice versa. This functiorm 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 crystdius andthickness (EBadawy,
2008). The development ainderwater transduceexpanded 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 211 Schematic diagram of a piezoelectric transducerB&tiawy, 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 origi, 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; Tatge, 2021). The specific
acoustic backscatter theory isveoed 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 ¢Rate 2015;
Hunteret al, 2016; Tongest al, 2021). Acousic 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 oréd sufface (Rice, 2013;
Hunteret al, 2016; Tongeet al, 2021). Data can be collected in réale 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, 28@h&)xample of an

ABS setup is shown below in Fig. 221
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Figure 212 ABS seup schematic (Weser et al., 2014)

Attenuation of a signal can be dissected into two mechanisms: scattering and
viscous absorption (Urick, 1948; Betteridgeal.,, 2008). Scattering leads to the
energy of the ultrasonic pulse being redirected, this contributes to attenuation as
less energyreaches 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 intgrarticle interactions and leads to the loss of sound,
both contribute t@ttenuation. From the received backscatter signal, the voltage of
the pulse can be calculated over the measurement distance ¢Dahg2020).

This is then used to establish a range correct logarithmic voltage value which is
utilised to extract the atte@ation 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 atteuation spectra is sensitive to both size and concentration (Mougin
et al., 2003) The technique is similar to acoustic backscatter systems where the
technigues are nedestructive, give information on the particle size and can be
used inline. However, UASgives 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

compressibilityandthermal conductivity (Nollet, 2004)n 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 thgstal size distribution whereas for

the ABS, the theory is simple and does not require extensive knowledge of other
thermophysical properties (Mouggat al, 2000). An example of an attenuation
spectrum is shown below in Fig. 3.1There is limited mentio 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 (Mougfinal, 2000).
Backscatte systems also use a single transmitemiever probe whereas
spectroscopic systems use a separate transmitter and reciever which makes the

equipment setip more complicated (Richtet al, 2005).

The general particle size range for both techniquekiasvn in Table 2.1 where

the general range for UAS (10 nm to 3 mm (ISO, 2006)) and ABSQ0@ m

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
¢ mtherefore, although the ABS has a lower limit ofel@nthe majority of the
suspensions can be analysed by ABS (Guat, 2011).
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Figure 213 Attenuation spectrum (squares) for a 3% wi/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 theoreticalt$ 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 transmitt@eciever also needs to be positioned 180° from the pulsing
transducer, this places limitations on the experimentalgathereas the ABS
transducers can beaunted anywhere at any angle, as long as the transducer face
is mounted on a flat edge, this provides more flexibility in thaupdgfalolaet al,

2021).
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2.7ACOUSTIC PHYSICAL CHARACTERISATION TECHNIQUES

Acoustic systems are able to determine a range of particle propersiaswhilst

the methods are flexible and can be applied in industry (Hweited, 2012;
Thorne and Hurther, 2014; Steredral, 2016). Acoustic techniques are applied
environmentdy and for monitoring purposes (Thorne and Hanes, 2002; Wilson
and Hay, 2015; Guerreret al, 2016). Settling in sediments can be tracked
(Simmonset al, 2010; Hunteret al, 2012; Buxet al, 2015; Simmont al,
2020), sediment flow velocity can be aseired, and concentration profiles can be
developed (Huntest al, 2020; Wanget 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 sea#ledFig.

2.14 (Mondal et al, 2019; Ali and Miraz, 2020Goossen®t al, 2020;Zhanget

al., 2020; Liet al, 2021;Rideout, 2022Thomson and Binder, 202¥anget al,

2021). The same principle can be utilised to analyse moving sediment in a tank or
pipe. Acousics offer nondestructiven situanalysis of suspensions with fast data
collection in reatime (Ducheneet al, 2018; Shevchilet al, 2019; Wasmeet

al., 2019; Hossaiet al, 2020). Acoustics require ultrasonic transducers which act
as pulsers and ceivers, 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 (Szuypianal, 2019; Vyseet 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 particiees concentration, and velocity
(Mooreet al, 2013; Butler and Sherman, 2016).
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Figure 214 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 (lezeal, 2018; Fernandeet al, 2021). There

are a variety of syems used, namely the following: U\ARultrasonic velocity
profiler (Met flow Ltd) (Conevsket al, 2018; Gaetat al, 2020; MontegQuiroz

et al, 2020), ADV- acoustic doppler velocimeter (Son Tek) (Chneiehl, 2018;
Canilhoet al, 2022), ADCP acaustic doppler current profiler (Priegdernandez

et al, 2019; Klemeet al, 2020), AQUAscat 1000 (Aquatec Group Ltd) (Beix

al., 2019; Smerdon, 2020; Brouweassal, 2022) amongst others which have been
used for characterisation over the years. T@rspter will go through the
advantages of each system ahm@racteris the methods by the probe placement.
Ideally, thisPhD is hoping to be able to move on towards remote analysis of
suspensions, therefore, it is imperative that a system is chosen whidbe can

utilisedremotely 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, flexibleupe{Williams et al, 1990;

Challiset al, 2005; Gray and Gartner, 2009; Bon#taal, 2011). This cannot be
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said for otherin situ instrumentation which exists on active plants, examples of

which are turbidity meters and electrical impedance techniques (Sauldh

2007). Acoustics also petnate further than light waves (Temkin, 2005) and allow

for characterisation of opaque and more concentrated suspensions (Haugtmann

al., 2002). Acoustics can be usedsitu and in other placement types, therefore,

the literature reflects the use of astics in ann situ placement firstThere 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 limitof (1071 500 € m) , anal ysing par
than 10 &m i's complex. There are also |
whereby concentration could not be predicted accurately using the dual frequency
inversion method above 40 g/L (Tongieal., 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 ad Goetz, (1998) used UAS a&x situtechnique 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 equipmddbwever, there are online versions of
ultrasonic spectroscopy devices (where the pitrtich cell is inserted into the

dispersions), these are explored below in section 2.7.1.

2.7.1 Kcoustic physical in situ characterisation techniques:

There are manyifferent types of acoustic techniques forsitu 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 UA&hd ABS are covered. UAS can also be used

situ using online versions (where the p#catch cell is inserted into the
dispersions). Mougiret al, (2000) used a commercial ultrasonic spectrometer
(Ultrasizer by Malvern Instruments Ltdph situ to examim solution phase

crystallisation processes.
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Falolaet 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 measurhisTwas 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 prperties 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, largep seid

more preliminary informationequired 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 215 Attenuation spectra for SrGI6H0 at differentconcentrations
(Falola et al., 2021)

Acoustics have been used to study particle flow with minimal intrusion and low
running costs (Shevchigt al, 2018; Nsugbeet al, 2019; Poddaand Tandon,
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2019; Princeet al, 2019; Wilson, 2022). There are severabustic systems
which use doppler shift measurements, this includes an ultrasonic velocity profiler
(UVP) which uses a single frequency transducer (Hwettat, 2011; Steneet al,
2014). Large dilute depths can be analysed using acoustic Dopplertcurren
profiling (ADCP) (Sonet al., 2020). Soret al, (2020) analysed algal blooms
using ADCPs over large dilute depths, whilst acoustic doppler velocimetry can be
used for point profiling (ADV) (Liuet al, 2022). These acoustic Doppler profilers
quantify the doppler shift of the baseline frequency aeduaed to track particle
velocities in multiple applications such as environmental and engineering
(Kostaschulet al, 2005; Hosseinet al, 2006; Harbottleet al, 2011; Kotzeet al,
2011). Acoustics backscatter systems on the other hand measuretuthedre
echo voltage from an ultrasonic pulse (8hial, 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 e multiple frequency transducers and allowifositu 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 Batidgeet 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 (Hehtdr, 2012). Both acoustic
doppler profilers and ABS were expéal below when investigating the use of

acoustics fomn situcharacterisation.

Panettaet al, (2012) conducted elne measurements of particle size and
concentration using acoustic scattering properties. Pagietih (2012) learned

that existing mihods become inaccurate at highly concentrated suspensions due
to the dominant multiple scattering which requires complex mathematics and
extensive expressions. Therefore, Panettal, (2012) measured the backscatter
and diffuse field to characteriserpele 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. Thivides evidence that the author is
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able to use multiple frequency transducers to analyse suspensions in a range of

environments.

BenoitBird and Waluk, (2021) found that understanding the behaviour ofrfish
situwas not achievable using aerial obsexvagi(Freoret 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 Brindit

and Waluk, (2021) to investigate the use of ultrasomied acoustic scattering
properties for analysis as most techniques for subsurface imaging are invasive
which would change the behaviours of the fish (Oppeelalal, 2001).
Echosounders have been relatively successful in identifying shape and edge
strucure to identify groups of fish (Hewitt, 1975; Misumd al, 1995; Petitgas

and Levenez, 1996; Brierley and Cox, 2010). BeBail and Waluk, (2021)
found that using single frequency data provided echoes for schools of fish
however, the single frequencyaw 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 sectesich 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 measureniestisy(

et al, 2019 Escrig et al, 2020). The use of whsonic 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, noninvasive sensors where the sensors showed agcafag to 96.3%

for honeywater blending (Bowleet 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 -ByifAlet 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 dominalitenmature
(Kostaschuket al, 2005; Hosseinet al, 2006; Kotzeet al, 2011; Jourdain de
Thieulloy et al, 2020; Soret al., 2020). The ADCP was found to give accurate
concentration measurements where Moetel, (2013) was able to show the
effect of grain size on attenuation regime (see Fig6RwWhilst Thorneet al,
(2021) was able to show the limitations of the ADCP to analyse mixed sediments.
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Figure 216 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 rrdiuency profilers were used
at 300, 600 and 1200 kHz. ADCPs are predominantly used to measure both flow

speeds and sediment transport wers where an ADCP could be attached to a
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traversing motorboat. Mooret al, (2013) specifically used side looking ADCPs

which can be used to monitor flow speed (Morl@tkal, 2002). Mooreet al,

(2013) was able to plot the viscous and scattering wdtem coefficients using

Richards et al, (2003) and Thorne and Meral, (2008) where the viscous
attenuation peaked at a grain radius of
operating frequency led to an increase in the magnitude of the peak atra lowe
grain radii. This correlated to a peak v
1.2 MHz frequency in comparison to the p
using a 0.3 MHz frequency, see Fig. 2.The scattering attenuation coefficient

followed the ame relationship, but the peaks were at a higher grain radius where

the attenuation peaked at an 800 em gr ai
two regimes show that the grain radii have an effect on the attenuation where a

particle size distributioro f around 0.8 em | eads to a ¢
coefficient and l i mited or no scatterin
attenuation is predominantly from scattering attenuation. This was the main result

from Moore et al, (2013) which can be useab a reference for any acoustic

system, see Fig. 1 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. Fudleral, (2013) used colloidal
suspensions which is useful for use in the nuclear industry where the size of the
particles is unknown. Fullegt 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 gweduction of bubbles to enhance

the signal detection of colloidal agueous 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 suspermns which were considered to be in the sand regime (Virstealt
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1982; Younget al, 1982; Hanegt al, 1988; Lynchet al, 1991, 1994; Hay and
Sheng, 1992; Thorne and Hardcastle, 1997; Villetrél, 2000; Thorneet al,

2002; Cacchionet al, 2008;006 Har a eVal r2014;yMoateet 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 backscattearacteristics could be expressed
nondimensionally using the form function (Sheng and Hay, 1988; Hay, 1991; He
and Hay, 1993; Thornet al, 1993; Thorne and Buckingham, 2004; Moate and
Thorne, 2012).

Sahinet al, (2017) was able to investigate theeeffof 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 Het al, (2011) were able to useastering from 1.2 2.4

MHz transducers to produce concentration profiles by using the flocs as scatterers.
Inversion calculations were conducted by Sadtiml, (2013) by using flocs and
primary particles as scatterers where a correction was requiregnsider 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-aptby Gartner, (2004) is shown in Fig. 2.1

where the mobile saip is deployed in an estuarine bay.
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Figure 217 Experimental arrangement of 12861z ADCP (transducer at 199 cm
above bed) and 2400 kHz ADCP (transducer at 180 cm above bed). OBS sensors
were located at3, 63, and 99 cm above bed and CTD sensors were located at 33,
59, and 117 cm above bed. The LIS90 was located at 212 cm above
bed.(Gartner, 2004)

Masseyet al, (2011) was able to demonstrate the use of an ADV (acoustic
Doppler velocimeter) to tracthe 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 wkxvely 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 usedmmeleter

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 colleepedately from

two different apparatus (Harret al, 2003; VanderWerét al, 2007; Simmonst

al., 2009; Thornest al. 20009; Oét Hla20Hl). TMe AQVR provides
nortintrusive high temporagpatial resolution measurements of flow and sediment
processes (Hurtheet al, 2011). There have been limited ACVP instruments
developed previously where Shen and Lemmin, (1999) produced a system whi
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-tadace. However, Hurtheet al,

(2011) was ald to show a new ACVP system which was able to produce
improved performance in terms of concentration and sediment flux measurements
due to the multfrequency capabilities where transducers were used between 1
and 2 MHz. Here Hurtheet al, (2011) was akl 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 dfel n
inversion method were found to give comparable results with OBS data (optical
backscattering system). Thoraeal, (2018) was able to use the ACVP system to
analyse boundary layer processes where direct measurements of sand flux and

settling measuraents 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 (Thatriaé, 2021). The

first being the AQUAscat 1000 which uses transducers 65 W81z transducers

and active radii of 4..8 cm (Thorneet al, 2001; Buxet al, 2015). The UVP
(ultrasonic velocity profiler) was used which is a médéiquency ABS that has

the capability to mountransducers of frequency 686MHz 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 fammmercial system produced by

the University of Leeds. This UARP has beeredisn literature to analyse

sediment suspensions (Cowell, 2016; Toegel, 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 218 Experimentasetup using the UARP (Tonge et al., 2021)

AQUAscat 1000

The AQUAscat 1000 acoustic backscatter system (Aquatec Group Ltd,
Hampshire, UK) is composed of transceiver probes with frequencie§; i3z
(Bux et al, 2015). The active diameters of the transducers range fib/& dm
depending on frequency. Bugt 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 (Thomteal, 2001). Generafl concentrated
suspensions which enhance inparticle scattering (Hunteet al, 2012) and
small particle dispersions which are influenced by viscous attenuation (Mbore
al., 2013) deviate from the general acoustic backscatter theory. Howeveet Bux
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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 inteparicle interactions (Burgeet al, 2010; Deboeukt al,

2011; Dorrellet al, 2013). Buxet al, (2015) utilised the AQUAscat 1000 to
characterise concentrated colloidal mineral suspensions using an empirical
analysis approach where the concentration obsngere 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 polgdisper
colloidal suspensions. The AQUAscat 1000 probes are shown below, these probes

are mobile and can be mounted onto any flat surface.

Figure 219 AQUAscat 1000 transducers (Aquatec, 2022)
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Directly following on from this reearch, Bwet al., (2017) used the AQUAscat
1000 on a nomactive, scaled, highly active storage tank (HAST) at Sellafield
where the tank was profiled to produce concentration profiles. A bidisperse
barytes suspension was utilised in tdéstscalibration experiments to characterise
concentration changeAttenuation was quantified using a method by Rital,

(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 barytpecges. The ABS was used to predict
behaviour in industrial HASS 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
measurementtdetermine 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 enabthe 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 dataeBalx (2019) was able

to determine that scattering properties of ipk$ close to the colloidal regime
could be measured accurately with the ABS showing how versatile the technique
is. Tongeet al,, (2019) also used the AQUAscat 1000 to monitor suspended solids
concentration and aggregated sludges where the ABS wasditiidrack 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 developlea detailed calibration method for the calculation

of backscattering and transducer constants from the attenuation coefficients
established experimentally or heuristicalbge Fig. 2.20This calibration method
skips the initial conversion of the raw eclamplitude 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. Irinss, a novel error
analysis will be conducted on the attenuation coefficient valletermined

experimentally.

Route 1: Route 2:
Standard Process Alternative Novel Process

¢

Attenuation coefficient calculated
from heuristic expression for ¥

ky

Backscattering constant calculated from heuristic expression for f°

!

ks
Transducer constant determined
from & and k*

Figure 220 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 usingn situ transducers which were suspended into a
homogeneoussuspension. Thighesiswill aim to provide similar data using
combined attenuation predictions from Betteriégal, (2008) and Urick, (1948)
where Buxet al, (2019) had only used Betteridgeal., (2008) predictions. The
combined attenuation should account for viscdosses which are dominant in
smaller particle sizes and align predicted data with the measured data at the lower
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kavalues. Tonget al, (2021) has done this for glass dispersions using the UARP
but this is novel for the UVPAs shown in Fig2.21 (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 nofcontact probes to show that data can be colletctedign with

the nuclear industries requirements.
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Figure 221 (a) form function vs ka and (b) normalised scattering cross section vs
ka for homogeneous suspensions of silica glass beads with predictions from
Betteridge eal., (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, Thornet al, (2014) developed a hybrid model
which considers a heuristic approachstudy complex shaped scattering bodies
(Stanton and Chi, 2000; Thorne and Meral, 2008). M&tral, (2017) was able to

use an artificial neural network (ANN) in conjunction with the AQUAscat 1000 to
develop an acoustic method for determining soundtesaay properties. This
eliminates the requirement for complex expressions and inversions. However, this

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

MacDonaldet al, (2013) used the AQUAscat 1000 to determine the duzadter
response from fine sediment suspensions. Transducer frequencies bfHz

were used, and the suspensions were flocculated at various levels to determine the
change in backscatter response. MacDonetidal, (2013) found that the
flocculated partile 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
etal.,, 201} and assessing tank mixing systems {HEiozaffari et al, 2007). The

UVP has also been used in pipe flow for full rheological profiling (Birkheter

al., 2008; Wiklund and Stading, 2008). Although this system has been mainly
used to extract the Dopplerefjuency shift to measure flow velocity, a
methodology for extracting concentration profiles has been used by extracting
backscatter voltage (Ria al, 2014; Riceet al, 2015). This UVP has also been
used to determine the critical deposition velocifgicé et al, 2015) and
characterise the settling and erosion of beds (Huwitad, 2011; Hunteret al,
2013).

Rice, (2013) determined sedimentation attenuation coefficients using transducers
mountedn situon a pipe loop, this meant that data cowddcbllected idine. The

face of the transducers was in contact with the suspension which is not viable for
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deployment in the nucleandustry, therefore, in thihesis the author will aim to
mount transducers 4line but remotely to maintain a naontat environment.

The setup 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 sep 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 expssions 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, inthbgs the

author aims to provide combined attenuafmwadictions which can be compared

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

Probes
4 MHz 2 MHz /
90 <
a5 1352
(a) Flow b
direction
-_ s "\:
—
~15 mm

(b)

A

Figure 222 Probes mounted #ine on an engineered pipeline (Rice, 2013)
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Hunteret al, (2011) utilised the ultrasonic velocity profiler to characterise settling
dispersions where the UVP measured the transmitted Doppler shift of moving
particulates. The settling tes of particles was examined and the reduction in
settling rates was able to provide information on the level of segregation and
hindered settling. In Huntest al, (2011), the UVP was not used to measure the
actual particle concentration. However, inrtder 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 al, 2008; Meral, 2008as concentrations
higher than 1 wt % could not be characterised from the effect ofpatécle

sound absorption.

Hunter et al., (2012) investigated the use of a mHilequency acoustic
backscatter system which uses 2, 4, and 5 MHz probes to umdetiséasettling
behaviour of flocculated glass dispersions. Both wweled suspensions and
settling systems were measured where the echo strength of the settling systems
was compared to the wetiixed systems to monitor the concentration changes in
the sispension sludge zone. Huntgral, (2012) found that welnixed systems
produced a linear function for the backscatter attenuation, therefore, the
backscatter strength through the settling dispersions was tracked and compared.
The levels of segregatiomuld be determined by taking the attenuation decay and
comparing the linear function. Huntet al, (2012) found that this technique was
limited due to the small depth penetration from higher frequency transducers due
to the greater intgparticle attenu#on. An example of the concentration profiles

from Hunteret al, (2012) is shown in Fig. 232
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Figure 223 Concentration profile measurements through settling flocculated
spheriglass dispersions (Hunter et al., 2012)

Stene 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 gdhe method. Stenet

al., (2016) conducted ergpiments 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 trdmsers for more advanced
characterisation where three transducers can be mounted to determine a 3 D flow
profile (Metflow, 2021).

Riceet 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. Théd®heet

thickness and bed thicknesgere determined andhovel characterisation of
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bedformswas conductediepending on the Reynolds number. Retal, (2012)
was able to exploit acoustic methods in a novel manner where only one other
author had utilised the same method to determine bet @dpLelland, 2010).

Riceet al, (2014) was then able to adapt a model described by Thorne and Hanes,
(2002) and Thornet al, (2011) so attenuation and backscatter coefficients could
be measured experimentally. These coefficients could then be misadlual
frequency inversion method for concentration profiling (Hurtteal., 2011). The

novel approach was successful however, there were limitations from species
which exhibit strong attenuation, therefore any large particle sizes and high

concentrathns were limited in analysis.

Faiaet 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 whichnsures the flow is fully developed at the time of
analysis. Faiat 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 MRifigs become broader. At higher
concentrations, the UVP and MRihagnetic resonance imagingjofiles were
affected equally where the profiles become flatter. Eaial, (2016) found that

the methods had a high level of agreement which has shown thatséh 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 Lddds
equipmen was developed tdurther advance hardware and provide flexibility
needed for omsite deployment of acoustic devices in the nuclear industry
(Carpenter, 2020). The system uses a mobile measurement array with relatively
cheap transducers which can be dsgiide 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; Huntert al, 2020). A schematic of the UARP s&hown
below, the system is quite large, although mobile, will take some effort to move

around should the system need to be relocated.

Figure 224 Picture of the UARP (University of Leeds, 2022)

Most of the acoustic systemave been tested in lab scale environments or small
scale tests, however Huntgral, (2016) conducted large scale trials of the UARP
ABS for concentration profiling. The UARP can be used to visualise particulate
levels in reattime from the backscattecko signal (Cowelkt 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 otheusticosystems have had a
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limit on sediment concentrations they are able to accurately analyse (Euater
2011). The UARP was able to prove effective for characterisation of complex
flocculated suspensions in a largeale test, this shows that thichaeique is

applicable in industrial systems.

Hunteret 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 prdafilim a largescale
sedimentation tankReattime monitoringwhen using the UARP woulole highly
valuable in the nuclear industry (Hunttral, 2016). To understand the settling
process in the tank for the flocculated material, the UARP has been used in
tandem with a CFOcomputational fluid dynamicsnodel of the same system
(Heathet 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 dispersiondiowever, the CFD model ovpredicted the particle
settling for the flocculating calcitelThis could be attributed to additional shear

breakup of aggregates.

Tonge et al, (2021) was able to present a dowear relationship for glass
dispersions usip concentrationsf up to 125 g/L forka values between 0.2 and

0.4. For a larger glass speciesvhere theka was approximately 1 the multiple
scattering effect led to a higher limit in the noise floor where the measured
attenuation was overpredictedrhis overprediction meant the higherka
suspension was only accurageto concentrations of 40 g/L (Tonge al, 2017).

This indicded 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 scatiteg and a higher limit in the noise floor. A dual
frequency inversion method was used (Hurtkteal., 2011) with the transducers
where the frequency ranged fror25 MHz and were accurate until 20 g/L. The
dual frequency inversions offer enhanced cotre¢ion 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 reposdresults is
limited. The scaleup 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 seetimh
compared measured values to combined attenuation predictions from Betridge
al., (2008) and Urick, (1948), this has not yet been achieved using the UVP.

2.7.2 Koustic 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 applicatioraadustic
systems for remote placement and characterisation is explored below to
understand whether the UVP rncabe deployed as an @ite, nonrinvasive
characterisation method. Tezuktal, (2008) measured velocity profiles within
pipes using nofintrusive flow meters where the influence of surface roughness
and Reynolds number was investigated on the velogitpagoniet al, (2022)

also mounted nemvasive transducers to measurewdter twoephase 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 restrictibas on
effective range where the water volume fraction needed to be betwéens2b.

The UVP has been used in previous literature to monitosimasively, this is
explored below.

Prateepasest al, (2011) used a neimvasive microcontroller to detecttarnal

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.
Prateepaseret al, (2011) confirmed that the leakage rate of air could be
measured. fiis data is useful in the knowledge that acoustics can be used in a

norrinvasive setting, however the results would not be applicable for this specific
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thesis as Prateepaseret al, (2011) didnot measuring aqueous suspensions.
Haldenwanget al, (2008) manted 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 adaptoraendstic
couplantto enhance the signal penetration through tipe pvall. 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 velogiyfiles. This research
opened the door for analysis of complex iN&wtonian mineral suspensions
using a nofinvasive technique. A photograph of the experimentaupetrom
Prateepaseet al,, (2011) is shown in Fig. 252

Figure 225 Experimental setip employed by Prateepasen et al., (2011)

Flow loops have been used by S&i al, (2022) for characterisation of
suspensions using other means such as FBRM and PVM where the FBRM was
used toproduce a chordcehgth distribution which can be correlated to the particle
size distributionprovided the solids are sphericalhe FBRM produced accurate

chord length distributions which were used for monitoring whilst the PVM
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produced microscopic images of the aggtegain flow (Shiet al, 2022).
Acoustic sensors have also been used as a leakage detection method where
transducers are mounted remotely and acoustic signals are extracted-fioneeal
monitoring (Wanget al, 2021). Acoustic emission techniques can bedufor
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 tan 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 mounlied iout in contact

with the suspension.

Monteset al, 2020 was abléo 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 suitablEhe technique haitb be norinvasive, thereforex-

ray radiography and MRamongst other techniquesuld not be usedPpwel,

2008; Martin Rodrigues and Martin Rodriguez, 204dtze et al, 2016). As the
velocity profile processing was conducted posicessing, the techque 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 Hanusively. Tashiet al, (2002) investigated

the effect of measurement volumes on the velocity profiles and shows that the
velocity profile beomes 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.
Obayashket al, (2008) mounted UVP transducers remotely onto a pipe surface to
determine a velocity vector pit#. This required multiple transducers to be

mounted at varying angles namvasively. 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 w&ed to provide a base
understanding of what was required for velocity profiling of a pipe in a non
invasive seup. In thisthesis the UVP has been used to determine simultaneous
velocity and echo amplitude data which has not been achieved before faexom

mineral suspensions.

All literature presented above show that acoustics can be used to analyse waste
suspensions remotely, specifically the UVP has been used 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 ¢éoyment 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 literegurew 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 i®f th
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 $ 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 frequeng 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
understandhte 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 usad tlie analysis of
sediment suspensions. This covered previous-acoastic and acoustic
techniques which were used situ and in line. The novelty in this research is
presented in the five results Chapters shown. The UVP has been used to determine
sedimatation attenuation coefficients of various materials including silica glass
bead suspensions. A calibration method has been detailed fromt Bux(2019)

which shows how attenuation coefficients can be used to determine the total
normalised scatteringross 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 havenbgsed by Tonget al, (2021) to
compare experimental form function and normalised scattering cross section
values to combined predicted attenuation using expressions from Betitrialge
(2008) and Urick, (1948). This has not been achieved with ¥e. WPrevious
literature shows that UVP probes were used to determine sedimentation
attenuation coefficients from glass dispersions but not using remote transducers
(Riceet al, 2015; Buxet al, 2019). Therefore, the placement of the-gontact

UVP probe is novel. The form function and normalised scattering cross section
values for measured data was compared using remotely placedh asitl

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

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

transducers. The ndiocculated and flocculated dispersions have not been
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compared in previous literature to show the change in acoustic behaviour through
the flocculaton 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 trandowtcasingin

situ probes Transducers have not been mounted remotelyvarying pipe
orientations for simultaneous extraction okcho amplitude and velogit
Flocculated suspensions have not been monitored remotely in line to
simultaneously extract echo amplitude and ei&oto 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 conitehe raw echo amplitude into results which can be
directly compared to literature, theselude voltages, G function profiles and
sedimentation attenuation coefficients. Various literaturereferenced here.
Derivations fromRice, (2013) were utilisedo convert the raw UVP data to
voltage. General acoustic theory from Downgitgal, (1995), Betteridget al,

(2008) and Thorne and Hanes, (2002) were used to determine the sedimentation
attenuation coefficientform function and normalisedcattering cross section

This was achieved frorneuristic expressions and experimentally. Equations from
Urick, (1948) were then utilised to determine thecous attenuation loss. This
was combined with scattering losses from Betteridgel, (2008) toform a
combinedattenuation predictionThe viscous boundary layer waalculatedfor

the two transducer frequencies utilised and the numerous sediments used
throughout this thesis. The shear and viscosity of individual particles was
determined to invegiate the effect on the acoustic theory. Pipe flow theory was
investigated insection 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 Rejsts 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 eonducted for the two
methods and comparéal establish the most accurate calculation method.

3.1 ACOUSTICTHEORY

Acoustics have been used to analyse moving material in the defence sector and
marine biology (Younget al, 1982; Jones and Clarke, 20@harreraet al, 2019
Guan et al, 202). Analysis of material has been achieved by utilising the
principle of sound propagation and attenuation (Gataal, 2021). Acoustics have
also been a dominant method for the analysis of moving sediment (Th88%e, 1
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Thorne and Hardcastle, 1993; Guerretal, 2013; Latosinsket 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 bedw. 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 processanélysing 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. Téiodology 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 literaturereview was that acoustic backscatter systems were the most
viable technique for analysi&¢tze et al, 2011 Rice et al, 2014; Bux, 2016).
Several acoustic backscatter systems were investigated and from those systems
the ultrasonic velocity profiler (UVMPwas chosenKotze et al, 2011;Bux, 2016;
Quirozet al, 2020; Ohieet 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 bepeoduced Riceet al., 2015 Met-flow, 2021). The

UVP is designed by Mdtow (SA) i a company based in Switzerlandnd is
generally used for velocity profiling. A logarithmic function of the voltage is
produced by using the UVP to extract echo amplitude dataf{biet 2021). The

use of the UVP to remotely extract simultaneous velocity and acoustic profiles has
not been achievedsing remote probdsefore which shows that this technique is
novel. The seup consists of a pulser/ receiver, a set of transducers andisedigi
with signal processing which is carried out on a connected laptw .UVP is
simple to operate, makes low computational demandshas 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, 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 (Metlow, 2021). Analysis is achieved through the signal detected
(Butler and Sherman, 201@&aw echo amplitude data can be extracted from the
UVP where the amplitude shows the attenuation of sound as it travels through a
suspension (Haminet al, 2013; Vergnest al, 2019). The UVP detects the sound
which has been scattered back to the detectdruses 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 concentratiore(R@13). The raw

echo amplitud&(r) extracted from the UVP can be converted to voltage using the
gain functiong(r) as shown in Eq. (3.01%ain is a measure of the amplification

of the sound signal and ranges in value betweénoh the UVP system (Rice
2013). Lower gain values may produce too low a signal (where the signal is below
the noisefloor and analysis cannot be achieved) (Mydlatzal, 2017) whilst
higher values may cause saturation of the signal (where the signal is higher than
the maximumamplitude and therefore produces results which are not of value)
(Rice, 2013;Auerbacket al., 2019). Therefore, a gain value of 6 was selected
which was an intermediate gain value that produced accurate acoustic profiles
(Rice, 2013). Eqg. (3.01) is derweusing thevoltagevariation of the transducer

(+/- 2.5 V) and dividing this data into it (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 providgd\bet-flow (Rice, 2013)

) I A— (3.01)

The following derivation in Eq. (3.02) is used to calculate the-moednsquare
(RMS) of the received voltage (Thorne and Hanes, 2002). The received voltage

from the UVP varies with diahce 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 conlstant,
(V.m19), backscatter coefficienks (m.kg®), concentrationM (kg.nT), distance

from transducer; (m), attenuation dut solid and waterlk (m™?), Uy (m™) and

the nearfield correction factoy, .The nearfield correction factoy, in Eq. (3.02)

is calculated in Eqg. (3.03) and shown as a function @fansducer active radius,

a (m) and wavelengthe-(m) (Downing et al, 1995). The nearfield correction
factor accounts for the change from spherical spreading within the nearfield of the
transducer face (Downingt al, 1995). The wavelength is calculated using the
speed of sound in water (1480 M).sindthe transducer frequencWhere2 or 4

MHz transducers were used throughout tthesis Transducers of 2 MHz
frequency have been used for analysis of sediments in water columns previously
by Thorne and Hanes, (2002), Betteridgeal, (2003), Williamset al., (2003),
Hurther et al, (2011). Transducers of 4 MHz frequency have been used in
literature to analyse sediment in pipes by Bxsl., (2009), Guneyet al, (2013)

and Riceet 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 tire ultrasonic frequency(MHz) and temperaturd,

(°C). As this derivatio 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 miple 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 solidJs can be determined using the sedittation attenuation coefficient,
s-and concentratiotM (1= 3, Bssuming the suspension is homogeneous (Rice,
2013).

o —07Q hor i QQd 7Q (3.02)
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[ 5 (3.03)

v 9N (3.04)

To produce an acoustic profile, the voltage values calculated in Eqg. (3.01) were
converted to the logarithmic function of the voltage, otherwise known aG-the
function. G is calculated usingks, k, M, andUlll but can be determined
experimentally usinghe near field constant (Downirgg al, 1995), distance from
transducer and the measurddrom experimental datal'his function is used to
compare the attenuation of profiles using different suspension environments. Eg.
(3.05) shows the calculation of tli&function using the experimental functions
and the calculated (Rice, 2013).

OiTielle mib ) (3.05)

The attenuation constarg; (T?.kg?) is determined by plotting thé-function vs
the distance from the transducesand establishing the gradient from the resulting
plot (Rice, 2013). The superscriph indicates values from experimental/

measured data.

, ™ — ®— —aF 1 ® (3.06)

The nornalised scattering cross sectiog @nd the form functionf can be
calculated using heuristic expressions from Betteriegal, (2008). Both are
functions of the particle radiua (m) and angular wavenumbek, (m™). The
wavenumberk is calculated usig the speed of sound in water{m.s') and the
transducer frequency( MH z )f /c)((Betteridgeet al, 2008). The superscript

indicates values determined through calculations or heuristic expressions.
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2 (3.07)

Q g 8 (3.08)

The scattering cross section and form function can be calculated experimentally
using expressions from Thorne andrés, (2002), these expressions are shown in
Eqg. (3.09) and (3.10). The sedimentation attenuation coefficient can be used along
with particle radius and density of solid,s (kg.n) to calculate the
experimentally determined (Bux, 2016) The form function can be calculated
using thebackscatter coefficienks (m.kg”®) from experimental data, the particle
radius,a and density of solid (Rice, 2013; Bux, 2016).

— (3.09)

N QW (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 understavitether viscous losses occur, tkee

values needtb be known for all systems used in ttiigsis 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 fregioerbies

UVP where both frequencies have been used in previous literature to provide

accurate acoustic profiles (Rice, 2013).
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Table 31 ka values for all systems (sizes for the silica glass can be found in
Chapter 5, Sectioh.3.1 whilst sizes for the calcium carbonate and magnesium

hydroxide are found in Chapter 6, Section 6.3.2)

ka
Material a (m) > MHz 4 MHz
Silicaglass 170 pm | 8.5E05 0.71 1.43
Silica glass 682 pm 4.1E05 0.34 0.69
Silica glass €48 pm 2.4E05 0.20 0.40
Silica glass &b 36 pm 1.8E05 0.15 0.30
Calcium Carbonate | 2.4E06 0.02 0.04
Magnesium Hydroxide| 2.5E06 0.02 0.04

All particle sizes for the silica glass can be found in Chaptee&jon 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 shownn Chapter 6section 6.3.2. Foall systems apart from the 4
MHz probe analysing the largest glass spediasl where the system is within

the Rayleigh regime and viscous losses acdinmeselosses have to be taken
account of Bux et al, 2019 Tonge, 202). Tonge, (2021) found thathen
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 (Thoeh@l, 2014). Theheoretical models

from Urick, (1948) are used to determine attenuation due to viscous losses from
monosized spheres, where the intermediate-giomensional variable), t andd

in Eq. (3.11) are used to calculate attenuation due to viscous lasga®,.kg?),

the subscripsvindicated viscous losses. To calculate the intermediate vafiable

the kinematic viscosity of water at room temperature is up€by® m?.s?) and

the angular frequency;, ( 4, ‘wheref is the transducer frequency) (Kesénhal,

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.m3 (Rice, 2013). The dynamic viscosity is determirfienin data by Kestiret
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al., (1978). Intermediate variablel, t and d and the density of the solid and
water, ) w (kg.n®) are used to calculate attenuation due to viscous losses in Eq.
(3.12).

i -, 0 —8p —, — W — (3.11)

— — p 8—— (3.12)

Eq. (3.09) can then be-weritten in Eq. (3.13) to calculate the scattering cross
section using the sedimentation attenuation coefficient due to viscous losses
(Urick, 1948). The predicted sedimentaticattenuation 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. (3.149.CHm then be compared

to the attenuation coefficient from experimental data.

— (3.13)

— (3.14)

3.1.2 Speed of Sound

The speed of sound of suspensiongm.s!) was calculated usingxpressions
from Urick, (1979) and Povey, (1997) where density, (kg.m3) and
compressibility,k (m?.N?) of the suspensions are both additive properties. Eq.
(3.15) shows the density and compressibility calculated using volume frac¢tions,
of the suspenson 6 s ¢ 0o mp 0 n s antvs indicafewalex for isqaiment
and water, respectively whilst subscipindicates bulk density. Eq. (3.16) shows
the speed of sound equation (Urick, 1979; Povey, 1997).

76



"% "R P % Q Q% Qp % (3.15)

S
|

(3.16)

The speed of sound was calculated for gleess test materials (Honite, Guyson
Ltd) (mainly composed of silica dioxide) from Guyson, (2021) as well as the
mineral supensions. The mineral suspensions used in ftiissis 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 parsizke 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 kgf)mvas used in calculations as

the silica glass beads are ~75% silica dioxide (Guyson, 208&)bulk densities

for the mineral suspensions of calcium carbonate (Ito, 2017) and magnesium
hydroxide (Patnaik, 2002) are 2711 (kgyrand 2340 (kg.m), respectively.
Compressibility was calculated by taking the inverse of the bulk modulus, where
values for the compressibility of the three materialskiSicium carbonate= 77 GPa
(Carmichael,2017), Kmvagnesium hydroxide= 43.3 GPa (Hermann and Mookherjee,
2016) andksio, = 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, respectiltely. shownthat the

speed of sounadthanges by a maximurof 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 asraa 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 silicaligads 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 @rbonate 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 exhibitsrgéa change in speed of soufi@bles 3.2

i 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 32 Speed o$ound calculations for silica glass beads (Compressibility and

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

Concentration, Volume Density,jr Compressibility, Speed of
M (kg.nT3) (%) (kg.n) k (m?.N1) soundc(m.s?) o c/
11.9 0.46 1004 4.6E10 1478 -0.15
35.7 1.35 1019 4.5E10 1474 -0.44
47.6 1.80 1026 4.5E10 1472 -0.57
59.5 2.24 1033 4.5E10 1470 -0.70
83.3 3.11 1047 4.4E10 1466 -0.95
107.5 3.97 1061 4.4E10 1463 -1.18

Table 33 Speed of sound calculations for calcium carbonate suspensions
(Compressibility values for calcium carbonate were found in Carmichz@l,/(

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

Concentration, Volume Density,}r Compressibility, Speed of sound
M (kg.nT3) (%) (kg.ni3) k (m?.N1) c(m.s?) ® c/
3.8 0.15 1000 4.6E10 1479 -0.04
11.9 0.46 1005 4.6E10 1478 -0.15
15.7 0.60 1007 4.6E10 1477 -0.21
20.9 0.80 1011 4.5E10 1476 -0.28
26.2 1.00 1014 4.5E10 1475 -0.35
35.7 1.36 1020 4.5E10 1473 -0.48
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Table 34 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,}p» Compressibility, Speed of
M (kg.n®) (%) (kg.n3) k (m?.N7) soundc(m.sl) o c/
3.8 0.17 999 4.6E10 1480 -0.02
11.9 0.53 1004 4.6E10 1479 -0.09
15.7 0.70 1006 4.6E10 1478 -0.12
20.9 0.93 1009 4.5E10 1478 -0.16
26.2 1.16 1013 4.5E10 1477 -0.21
35.7 1.58 1018 4.5E10 1476 -0.28

3.1.3 Viscous Boundary Layer Thickness

The patrticle 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. Kaevalue is used to establish the importance

of the boundaryayer thickness and the effect of the boundary layer thickness on
acoustic absorption (Kytomaa, 1995; Khamis and Brambley, 2017; Foregster
al., 2019).

Whenka < 1, the system is in the long wavelength regime where the boundary
layer thickness becomeamportant whilst wherka >> 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, 1988tomaa, 1995). Tlale 3.1 shows that all
systems have lkavalue < 1 apart from the largest glass species analysed using a 4
MHz transducer where thka value is slightly larger than 1. Therefore, the
multiple-scattering effect is assumed to be negligible (Javanaud andashom
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 viscogity102 kg.mt.s?), density

of water,}w, (1000 kg.n?), particle radiusa (m) and the angular frequency,
(rad.sb). The dynamic viscosity (1 mPa.s at 20 °C) is taken from data by Kastin

al., (1978). Angular frequency is calculated using the frequency of the transducer
used ¢ = 2 By assuming a 2 MHz or 4 MHz transduteused, Eq. (3.18) and
(3.19) can be derived from Eg. (3.1Allégra and Hawley, 1972; Atkinson and
Kytomaa, 1992Kytomaa, 1995; Panett al,, 2012).

Yo - — 0 — (3.17)
Yo o - (3.18)
Yoo (3.19)

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 lay&im) is 4 EO7 when using a 2 MHz probe and

2.8 EO07 when using a 4 MHz probe
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Table 35 Reynolds number as a function of the viscous boundary layer thickness

Particle Re
Material Radius,a 2 MHz, 4 MHz,
™|t (m) = 4.0807 | & (m) = 2.8507

SilicaGlassebl 7 0 ¢ 8.5E05 212.5 303.6

Silica Glass ¢b 82 pm 4.1E05 102.5 146.4
Silica Glass ¢b 48 pm 2.4E05 60.0 85.7
Silica Glass b 36 pm 1.8E05 45.0 64.3
Calcium Carbonate 2.4E06 6.0 8.6
Magnesium Hydroxide 2.5E06 6.3 8.9

All values in Table 3.5 are much greater than 1. Kytomaa, (1995) found that when
Re >> 1,0 is very small and the fluid outside the boundary layer is dominated by
inviscid inertial effects. This is where viscous forces are smdiian inertial
forces(Gerhartet al, 2016). The viscous bounddgyer is smaller when using a

4 MHz probe, therefore, it is expected that the 4 MHz probe will exthébreased
viscous losses. When comparing the particle Reynolds number in Table 3.5, the
particle Reis 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. Thedased 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 absordbarever, 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 attetiuaiegh

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 minimakahe concentration of the particles is so snta#l@3.97

vol % for silica glass, 0.21 vol % for calcium carbonate and 0-126 vol % for
magnesium hydroxide)Kytomaa, 1995; Stevensoet al, 2002). As the
remaining dispersant was 96 vol% (or mot@g 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 thedéffect
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 tothe small concentration of sol{8.46-3.97 vol % for silica glass, 0.11 vol

% for calcium carbonate and 0-1216 vol % for magnesium hydroxide). This
was confirmed by investigating the dependence of relative viscosity predictions
on solid fractions irFFig. 3.1 below, where Konjiet al, (2014) compared several
theoretical and semr@mpirical 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 maximm solid fraction (4 vol%) used across all
sediment suspensions. The relative viscosity was found to change by a maximum
1.141.24 when comparing four theoretical expressions including Eilers, (1941),
Vand, (1948), Mooney, (1951) and KgerandDougherty (1959). The change in
relative viscosity from the viscosity of the dispersant was found to be negligible.
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Figure 31 Dependence of relative viscosity with change in solid fraction with
annotations correlating to the maximusolid fraction used for suspensions

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

The dependence of the viscosity on shear rate was investigated using results from
Riceet al, (2020) to understand how the change in viscosity also effecthear

rate. The relationship between viscosity and shear rate is investigated in Fig. 3.2
(Papadopoulouet 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 bya maximum of 0.24, this figure is used to determine the maximum
viscosity depending on the viscosity of the disperaanbom temperature (20),

102 kg.m.st. The maximum viscosity according to Fig. 3.2 is 1.24 X (tf*.s?)

whilst theviscosity of water is 18 Riceet 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
consistentFig. 3.2 slows 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 ssuaned to be negligible (Papadopoutbal,

2020). The same is shown for dispersions of calcium carbonate and magnesium

hydroxide suspensions in Fig. 3.3.
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Figure 32 Dependence on shear rate with relative viscosity forggédleca
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 ecreases, 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 changignificantly 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 ratexpected 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: 1BRick, 20%

- red and 30% green

3.2ENGINEEREDPIPE LOOP METHODOLOGY

In terms of the pipe loop, théheory is usedo determinethe 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 l(aufer, 1954 Zagarola and Smits, 1998hames, 200Rice,
2013. Before this, the author has explored the several aethich 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 pfmiget al, 2010;
Schlichting and Gersten, 201BeltranPrieto and Kolomaznik, 2019

3.2.1 Pipe Reynolds Number

The pipe Reynolds number is deterntinesing the flow rate, pipe diameter and
kinematic viscosyt. 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 ftbm flow meters and
averaged to give a representative value. The mean velbigity(m.s') recorded

from the flow meters was used along with the internal pipe diani2tel.025m

and the kinematic viscosity of water at room temperature@Qv = 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, 18&@n, 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(Kestinet al, 197§ 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 estblished 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 Fi.3331

vYQ Y 8 (3.20)
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Table 36 Properties required for Reynolds number calculations

Kinematic Viscosityy, n?.s* 0.000001

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

Area of Pipe, i 0.00049

The pipe Reynolds number ¢alculatedfor varying pipe flow rates tadentify
whether the flow was turbulent. Turbulent flow occurs above a Re of 4000
(Dunneet al, 2019). The speed and rate of the pumyttilssed for pipe Reynolds
number calculationsTable 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-t% accuracy which is reflected in the 26

error for the pipe Re, where the Redetermined using the linear function in Eq.
(3.20). The flow velocities here were selected as the minimum and maximum
speeds the experimental gt could manageThe flow velocity of 0.39 m/s
prevented settling in the mixing tank and ensured all salidre 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 37 Calculation of Re using a variation thbw 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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3.3ENTRY LENGTH

Whenfluid enters the pipe, a boundary layer along the wall starts to devidlep
boundary layer is thin near tipgoe entrance and the viscous effects are restricted
to the near wall region. However, as the flow develops, the boundary layer
thicknessgrows and reaches the pifpee. 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 Sits, 1998 Shames, 2003Schlichting and
Gersten, 2016; Moon, 2022).

Entry length can be calculated using several expressagafola and Smits,
1998 Shames, 2003) which provide varying minimum entry length values. The
calculated entry lengths cdhen be compared to the actual distance to the UVP
transducers to ensure fully developed flow at the point of analykes actual
distance from the probes needs to be longer than the required minimum length,
(Rice, 2013). Two methods wenrgsedto deternme the entry length to pipe
diameter ratio. The first methadilisedthe Reynolds number and is shown in Eq.
(3.21) where derivations from Shames, (2003) were used. The second method
uses the Darcy friction factof)(and is derived from Zagarola and $mi(1998)

as shown in Eq. (3.23) whef@ = 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 1.3n 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.

-4aQe ' ® 18YQ”Y (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 éngth 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 frorthe flow rate measurements where the error for the entry

length calculations is explored further at a later point irCinepter.

Vertical distance from experimentally placed transducer

1.5

. .
0

9770 13188 16543 19750 21693

Entry Length (m) — Method 1

Reynolds Number (Re)

Figure 34 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 ar@mits, (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 factpwhich is calcuhted

using theroughness coefficient (m) (Haaland, 1983Rice, 2013). This is

dependent on the pipe material used, wherdor PVC pipes was used
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(approximately 1.5 x & m) (Moody, 1944; Roberson and Crowe, 19P&hwa
and Pahwa, 2034

The methodn 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. Tietion 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 deternhieeentry length to pipe

diameter ratio.
- 8
R pwl 1€ — (3.22)
- a'Qe @ — — (3.23)

The entry length to diameter values calculated using Eq. (33223) 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 tiverall error. The entry lengths
using Shameg2003) 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 ai®mits, (1998) were found to be almost double
(1.13-1.28 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-or 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 errtor all variables used to determine the entry

lengths was determined. This is shown in the following error analysis section.

Vertical distance from experimentally placed transducer
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Figure 35 Error for entry length calculations using Zagarola and Smits, (1998)
where the red andreen 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 minimuwmas 0.87 m/s. This led to a Re variation of &/

% as Re is determined using a linear calculation as shown in Eqg. (3.20). Table 3.8

shows the errors for all variables determined using both methods for entry length
calculations.
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Table 38 Entry length calculations using two methods with errors shown for each

variable
Method 1 Method 2
L/D L/D
-0.5
(+Ff%) (+/- 0.17%) L (m) (H;alan a f (Zagarola L (m)
1983)
2003) 1998)
5.67 0.031 44.3 111
9770 20.3 0.51 (+-0.14%) (+-0.28%) (+-0.17%) (+/- 0.17%)
5.9 0.029 46.9 117
13188 214 053 (4/013%) (+-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 22.9 057 (4:012%) (+-0.25%) (+-0.18%) (+-0.18%)
6.29 0.025 51.2 1.28
21913 23.3 0.58 (+1-0.12%) (+-0.25%) (+-0.19%) (+/- 0.19%)

3.3.3.1 Shames, (2003)

The ratio of entry length to diameter was determined usingminenum 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 Ref 900622000, this is shown in Fig. 3.6 where thé s 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 therer 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 36 Variation of Entry length to diameter with Re and (b) isolation of

experimental Re values where L/D was determined using Sh@o@3,

3.3.3.2 Zagarola and Smits, (1998)

The error for the friction factor values is determined by using the minimum and
maxmum Re in Eqg. (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 Eq. (3.22) where the log plot varies more at
smaller Re andbegins to level out at larger Re values. This is shown in Fig. 3.7

(@) and (b) which shows hoW° changes with an increase in Re from the
experimental limits of 90622000 where the Rwas found to be 0.98. The plot
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varies more at lower Re and followree linear prediction in Fig. 3.7 (b) at higher
Re which is shown by the decrease in errof f&? with increasing Re.
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Figure 37 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 decre&sé&ha 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 decrefsmiges. Fig.

3.8 is istated 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 marium error when using Shames, 2003 correlation is 0.17%.
This shows that for this specific data (where the Re ranges from ©Z¥913),

the two methods had similar negligible errors. However, for another user who is
using higher Re, the error when usifggarola and Smits, (1998) increases with
an increasing Re and therefore becomes less accurate at highéfhiRs the

error when usingShames, (2003) stays relatively stable with variation of Re.
Errors from the +/1% accuracy using the flow meter atewn 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 0.170.19% which shows that the error in flow rate measurésreas no effect

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

This Chapter covers all the theory required in this thesis where the first section
coveedthe UVP derivation. These derivatioare used t@onvertraw echo data

to readable voltage data. Equations from Rice, (2013) and Ainslie and McColm,
(1998) were required for the initial conversioBquations from Torne and
Hanes, (2002ere then followed to convert this voltage data to gaothmic
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 Bettegtigd, (2008)

and experimetally. Derivations forscattering (Betteridgest al, 2008) and
viscous lossegUrick, 1948) were utilised to show the combined attenuation
coefficient. These derivations from the UVP to the combined attenuation
coefficient wererequiredto convert the na data obtained experimentalgnd
establishwhether 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 illustrae éffect of
concentration on thepeed 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 thiesiswhere the viscous boundary layer
thickness was used to determine the particle Reynolds number. This boundary
layer thickness wassed to establish a trend between boundary layer thickness
and viscous absorption in Chasér 6 and 8 where the different sediment types
were used. The relationship between boundary layer and viscous absorption was
predicted for the two transducer freecies 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 aigidg 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. Tbeepumps 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 transduceeiplant 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 vdifciolind 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 éngth 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 effettie sedimentation attenuation coefficient established.

A detailed calibration method from Buet al, (2019) was used here with an
additional error analysis on the sedimentation attenuation coefficient using the
array of echo amplitude values extractednfreghe UVP. This has not been
achieved before. Tonget 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. Riceet 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 Betteridgéal, (2008)which are specifically for glass
spheres were not used. Therefarethis Chapterthe Betteridgeet al, (2008)
prediction is utilised this expression only considers scattering losses and
therefore, expressions from Urick, (1948) are incorporated for viscous lobses.
combined attenuation prediction from botlas usedto compare to measured
attenuation valuesThis has not been achexV beforeusing the UVP Here,novel

error analysis was conducted on the measured attenuation coefficients and these
measured values wemdmpared toattenuation predictions from scattering and

viscous losses.

4.1INTRODUCTION

In this Chapter, UVP (ulisonic 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 aestic profiles.Novel acoustic profiles were
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extracted using transducer of varying transducer radii and frequeRegearch

has been done for the use of transducers with varying frequency for analysis of
varying suspensiondut not for transducers of wang radii (Rice, 2013; Tonge,
2021). In thisthesis 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 accwhtye 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 (Jackd®), Zhis means

the transmitted signal strengtare 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 efficients
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).eBuat,

(2019) applieda 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 Bek al, (2019) is shown in Fig.

2.19. A mixer impeller systenwith a mintimpeller 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 whese Bux
al., (2019) utilised a concentration of50- 10 kg.m®. The methodology for
determining the attenuation coefficient provided by Betxal, (2019) used
logarithmic voltage profiles. From this attenuation coefficient, the normalised
scattering cross section and the form function can be calculatad heuristic
expressions from Betteridget 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
backgattering 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 pessions within a calibration rig. Attenuation

coefficients from Buxet al, (2019) can be used as a measure of how accurate the
calibration system is in this Chapter. Tongeal, (2021) followed the same

calibration method highlighted from Bt al, (2019) where a similar calibration

tank was used with the same dimensions as shown ineBak, (2019) and a

mixer impeller system with a single impeller. Similar glass particle suspensions
wereused withasdof 40 em with a conceéefbg/lati on r a
Tongeet 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.

Transducerdiave been used to determine solids concentrations from backscatter
intensity extensivelySpeltet al, 2001;Gartner, 2004; Mooret al, 2013; Huang

et al, 2019). Huanget al, (2019) used optical fibres to determine concentration
measurements from basdatter intensity. These experiments were on a smaller
scale and requireith situ analysis, however the focus of thiesisis to transition

into remote analysisMoore et al, (2013) used mukHirequency transducers to
monitor grain size and concentratiowhere 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 large¢o dgattering. This

will allow the author tgpredictthe 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 attenuatgimes.
Mooreet 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 regiors of high viscous and scattering losses where the author will be able to
differentiate between transducers using the experimental sedimentation
attenuation coefficients. Thornet al, (2021) have focused on the scattering

characteristics of mixed sands evh 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 Chaptenly monodisperse systems were explored and
polydispersity in the suspensions was considécetie 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 Ricet al, (2014), Buxet al, (2019) and Tonget 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 doubledtsample 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 slighurication 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 tansducers 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 ingsbis

4.2MATERIALS AND METHODS

4.2.1 Materials

Silica glass bead dispersions (Honite, Guyson Ltd) witkp@fd36 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 batdised in tandem wth
acoustics in previous literature (Rieeal, 2014; Hunteet al, 2016 Bux et al,

2019 Tonge et al, 202) 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 Metoag, (2013) where
the particle size determines whether thejamty 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 observindghé 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
nonspherical piece of contamination, however this is assumed to be a
contaminant and is therefore statistigalhsignificant. A Carl Zeiss EVO SEM

(MA15) was used to image the blend silica glass beads.

Mag= 100KX WD=8Smm  2000kV czeso i ‘ )
N Width = 300.1 um H
Figure 41 SEM EVO images of silica glass beads withgofl 36 um (1000 X

magnification)
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4.2.2 Particle size analysis

Samples (5ml 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 ithsitu transducer placement as
shown in Fig. 4.2. Theseamples 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 ot scatter as the laser passes through a
dispersed particulate sample. The scattering pattern is analysed to calculate the
size of the particles (Blott al, 2004; Kippax, 2005; Bugt al, 2015; Riceet al.,

2015). The Mastersizer outputs data aslative 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 (Lockwoaet al, 2021b). The dispersion cell wiited with

~120 ml of deiorsed 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
Madersizer 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 claad with deiorsed 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 me fromMet-flow S.A. The UVRDUO (Met-flow

S.A.) outputs a raw echo amplitude where the backscatter amplitude signal was
extracted as outlined in Eqg. (3.01). The same UVP parameters were used
throughout this calibration experiment to ensure the sameimgeal setup 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 41 UVP Instrument Parameters using 2 MHz and 4 MHz probes

Parameter Zpl:/cl)ﬂé 4Pl:/c|)|t_)|é 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-tt;|r:22r?mrrr1ne)asurement 0.37- 302 03?672 mm
Channel distance 1.11 1.11 mm
Channel width 0.74 0.37 mm
Angle 90 90 °
Frequency of transducer 2 4 MHz
USvoltage 150 150 \%
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 samplingf 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 B2, 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 disteacselected
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to ensure the suspension was homogeneous for andlisiglistance beynd 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 anlg 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
(Auerbacket al., 2019) which is used to carert 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 frefhvthere a ampromise 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
saund 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 widtlwhich 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 distanceis defined in Eq. (4.01) and is a functiohtbe

radius of the active face of the transdueer’nd the wavelengthe-(Rice, 2013;

Sorrell and Jayasuriya, 2019) where the wavelength is determined using the speed
of sound in watergwater and the frequency, (&  wae/B (Behrman, 2021). This

can be used to calculate the ndi@id distance of the transducer 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 trand uc e r (Ananbev, 2020) . The
found to produce errors of small magnitude of ~ a few percent for the measured

flow rate and therefore, the calculated velocity (Rice, 2048)a result,lie beam

divergence has been calculated but & 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.

J— (4.01)
i (4.02)

' OET M uw (4.03)

Table 42 Transducer Properties for the 2.5 mm 2 and 4 MHz transducers

Radius of active Focal Nearfield )
Frequency, . _ Beam divergence)
face of transducer, distancer; distancern
f, (MHz) a n g b(degrees)
a (mm) (mm) (mm)

2 25 8.5 26.5 4.38

5 334 104.9 2.19

4 25 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-@lto ensure that tests were completed in the same

environment.
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Figure 42 (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 sidg 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
(a). The baffles were secured into the tank to enhance dispersion and ensure a top
to bottom fow which limits the possibility of sediment settling at the bottom
(Kokossiset 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 enhanceaking and collected any material which had settled, this
ensured the concentration of the sediment waasistentacross the tank
(Schoedderet al, 2019). The tank was constructed with a conical bottom in Fig.
4.2 (a) where a cylindrical PVC base hab installed to prevent the tank from
falling over and ensure a stable testing
prevented a layer of material settling on the bottom of the rigfandelled

material into the pump pipe for recirculation (Meesters Biedkus, 2015). The
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mixer-impeller system (500 rpm impeller speed, 100 mm impeller diameter)
promoted dispersion across the tank and maintained a homogeneous suspension

environment (Satjaritanuet al,, 2021).

Three different transducers were plageditu 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 wgatemerged 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.
Prokes 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, 2033Bux et al, 2019 Tongeet al, 2021). In Fig. 4.2 (b) and (c),

the blue probes indiate 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 aamazely analyse in

both the rig and in a pipe (which is used in l&@bapters). 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 ggaflbse to

the probe were inaccurate. This distance is unknown for the transducers used in
this thesiswhere the near field distance is known but the distance required for
accurate profiling is unknown. This needed further investigation through
experimenal validation. The pipe width used in lahapters has a diameter of
0.03 m. Therefore, the transducers used in thesisneed to be tested on
suspensions to understand whether the pipe width is enough distance for accurate
profiling. Data produced inthis Chapter will be used to determine which

frequency probe is most appropriate for use in the aanlpipe.
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Probes with active radii of 2.5 mm can be mounted onto pipe loops without
significant shaving down of the pipe waRrgteepaseat 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 thighesis 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 theonset, 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 dat Calibration data from this Chapter for all three
transducers can be used to validate data in fur@lepters using various
experimental setips.

There was a concern of interfering signals as all three transducers were connected
to the UVP (ultrasoniwelocity 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 delaywsstn each transducer; this is shown in
Table 4.1. After this, the MIHz 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. \Wasgaollected from

all three probes at a singleoncentration andepeated for each change in
concentration. When using the three transducers in this calibratiup gbere

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. Thespension was then left to disperse for 5

minutes to ensure a homogeneous suspension. The-imipeller system was
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maintained at 500 rpm throughout the addition of the powder and |éftr dhe
experiments. The pump was only turned on at a rate offi5after 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 methodologgveated

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 meairement points 1 and 2, respectively. A moé#aded 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 dehtetl 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 thieneoof 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 &function

The raw echo amplitle, 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 arbitragfr) value of 6.67 which is used in Eq. (3.01)
(Rice, 2013). An example of the cargion 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 profileacht distance point has
been consolidated into a root mean square value. This echo amplitudee¢glue,

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 thgedtiadecibels
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(dB), see Fig. 4.3 (c) (Backscatter (dB) = 2Qig/oltage in Volts)) (Paul, 2006).
The data in Fig. 4.3 was taken from a 5 mm 2 MHz transducer.
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Figure 43 (a) Echo amplitude profile as a function of thstance 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 voltageG. This procedure has been developed from the calibration
method detailed by Buet al, (2019) and Ricet al, (2014).
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4.2.6 Error Analysi®f Sedimentation Attenuation Coefficients

The G-function in Eg. (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 lineaadgents 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 taleterminethe error in sedimentation atteation
coefficient extracted. Across the raw echo amplitude, dagse 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 @(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
translats 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 catedl in Eq. (4.04) wher8l is the
number of profiles (1023) is each individual voltage value ahhsis the rms
voltage value at that distance point. Only the minimum and maximum
concentrations are required to determine the error as these concentiiitiate

the minimum and maximumG-function gradients used to determine the

attenuation coefficient as shown in Eq. (3.06).

©w — (4.04)

The voltage values determined using Eq. (3.01) were converted @ fthection
using Eq. (3.05) where the voltage array across the 1023 profiles was 0éed as
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 unpredctable. The active radius and wavelength are also used to determine
the near field correction factor as shown in Eq. (3.03). The same methodology
required to determin¥er in Eq. (4.04) wasitilisedto determine the error across

the G-function values. Té corresponding equation f@Ger is shown in Eq. (4.05).

(4.05)

The d5/dr values from theG-function profiles can be extracted using the linear

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

— 0 A0 —— (4.06)

To calculate the minimum and maximum sedimentation attenuation coefficient,
the minimum and maximum 2@/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 &). (3.
The final values show the error of the coefficients determined. This process was
repeated for every species.

(4.07)

(4.08)
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4.3RESULTS 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 ormgng 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. /a&dd)p)
where it was found that the expected concentration was comparable to the
measured concentratiomeasured values were found to be slightly lower than the
expected. This could be attributed to particledepositing in the pump

recirculation system which reduc® 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 daectad 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. Satjaritanwet al, (2021) found that a large impeil
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 45 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 tdarter 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 wasingle 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 passeght the dispersed

glass bead suspensions. The dispersantingbdthesisis water.
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Figure 46 Particle size data of silica glass bead species measured using a

Malvern Mastersizer 3000

The median particle si z®@ si $hdlwawn ot bebat
anddoi s 58 em which shows that there are a
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 Gfunction 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 actda respectively. Th&-
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 propadrti

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 approximatel5 dB at intermediate distances (cortielg to the

probe noisdloor). 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 backsacaitierconcentration
increagsare observed in Fig. 4.7 (a) where tBdunction 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 gadients in the G-function (d5/dr) for each corresponding particle
concentration are slightly reduced with a decrease in concentration (when taken
from the given linear regions$ahinet al, (2020) found that attenuation followed

two particle regimes as Moost al, (2013) had found. Sahgt al, (2020) built

on thisand 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 concentratioi$ie gradient appears to be limited (as expected)
for lower attemating species in Fig. 4.7 (a) and Fig 4.8 (dbdre 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 lead® the signal becoming very weak and approaching the-noise

floor at intermediate distances (leading to a second inflection oBtheaction
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versus distanc@he decreased backscatter can be seen in Atalar, (2008) where the
formula for determining the vage uses the transducer radius. This voltage can
then be converted to backscatter, therefore, the backscatter is dependant on the
transducer radiusHaughtet al, (2017) found that profiles became nonlinear
(concave or convex) when the profiles reachrbiese 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
sevee at lower concentrations. The concavity in the profiles veamd not to
appear due to changes in concentration or grain size. Therefore, the inflection is
purely due to the signal reaching the noise flbtaughtet al, (2017) found that

there were two methods to avoid profile concavity, the first would be to
corservatively 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
differernt 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 exqied that particles of a mean size of

~40 em may also attenuate sound via vVvisc
to scattering (Betteridget al, 2008; Riceet al, 2014; Buxet al.,2019; Tongeet

al., 2021), which would elevate the level of overdtenuationThis is shown by

regimes of attenuation identified for smaller particles as shown by Mk

(2013) and Sahiet al, (2020).Sahinet al, (2020) also shows typical backscatter

profiles and determined that for particles smaller thane206®, t he over al | t
backscatter with the increase Slispended Sediment Concentrati8®&Q 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 thef@ction.

The differences in sl attenuation as concentration increases are observed in

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

against the corresponding concentratsee Fig. 4.12.
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Figure 47 Silica glass particles ofsgd 36 pum analysed using a 2 MHz 2.5 mm

active radius transducer to produce (a)f@ction and (b) backscatter profiles
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Figure 48 Silica glass particles ofsgd36 pm analysed using a 2 MHz 5 mm active

radius transducer to prtuce (a) Gfunction and (b) backscatter profiles

Figure 4.9 (a) and (b) show the-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 appnog the transducer
noisefloor. This was observed for the 2 MHz small transducer data in Fig. 4.7 (a)
Haughtet al, (2017) also found these concave profiles which were corrected by
assuming a linear profile and ignoring the noise fldtwus, a closelinear region

was taken from 0.09.1 m to estimate @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 avera@&lrdgradient values for
partiaular 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 interactipiibis is also shown in Guerreet al,

(2015)
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Figure 49 Silica glass patrticles ofsd36 pum analysed using a 4 MHz 2.5 mm

active radius transducer to produce (a)f@ction and (b) backscatter profiles
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4.3.3.2 Sedimentation Attenuation Coefficient

The calibration procedure for éhcalculation of the attenuation coefficient is
shown below for the 2 MHz 2.5 mm transducer and repeated for all other
transducers used. Tl&function profiles are isolated in the linear regions shown
by the dashed lines in Fig. 4:74.9 to extract the eslimentation 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 concentratafilgs.
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Figure 410 (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 &/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 411 Extraction of the gradient for dG/dr v M

The sedimentation attenuation cod#itt can be extracted from Fig. 4.11 using
Eq. (3.06) where the gradient is multiplied H)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. Tae3 shows the calculated

sedimentation attenuation coefficients when using all three transducers.

, ™w — ™w——a§ i 0 TW—— T8iCcuYX

(4.09)
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Fig. 4.12 and Table 4.3 show that the two 2 MHz transducers were found to
produce comparablettanuation 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;Guerrercet al, 2015;Bux etal., 2019; Tonget al, 2021).

Table 43 Measured sedimentation attenuation coefficients from experiments for
two silica glass bead suspensions of silica glass beads8fél ¢ m usi ng 2 an

MHz transducers with varying active radii (mm)

Transducer Transducer Active Sedimentation Attenuatio|
Frequency (MHZz) Radii (mm) Coefficients-(m2.kg?)
5 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 Hg7 (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 thé&s-function.

Table 44 Properties required for conversion of echo amplitude tu@&tion

Start of Measurement  End of Measurement
Properties Window Window
Active Radiusa' (m) 0.0025 0.0025
Speed of Sound;, (m.s?) 1480 1480
Frequencyf (Hz) 2000000 2000000
Wavelengtha(m) (c/F) 0.0007 0.0007
Distancey (m) 0.10 0.15
Near Field Correction Factoy, 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
asinglet ansducerés data were used for visua
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 breadof data to be 1023x46. The error from Gdunction is

determined in EqQ. (4.05) and plotted in Fig. 4.14.
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Figure 413 Voltage plotted against r with the error bars determined using the

standard deviation of voltage valuasross the 1023 profiles output from the UVP
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Figure 414 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 mininum and maximum @/dr values can be determined by selecting the
minimum and maximumG values at the start and end of the measurement
window. This can be extracted from Fig. 4.14 where the maxi@walue at the
start of the measurement window is shown by tibp of the error bar for both

11.9 and 107.5 g/L. Or this can be calculated usin@theat the start and end of
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the measurement windogms is calculated in Eq. (3.05) by usingms as V(r).
The minimum and maximum gradients are shown in Fig. 4d)5atd (b),
respectively. Table 4.5 shows the quantitative values for the minimum and

maximumG at the start and end of the measurement window.
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Figure 415 Minimum and maximum gradients for G using a suspension
concentration of 11.9 and 107.5 g/L
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Table 45 Minimum and maximum G at the start and end of the measurement

window
Start of Measurement Windov W!Er(;d ofé\;/leaiy_re(r;n entt
Concentration  (Gyms+/i Ger atr = 0.10) n °""r(_r(’3“515)' err &
(g/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 @/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 46 Minimum and maximum dG/dr values

Concentration (g/L)

Minimum dG/dr value

(Gmax,start' Gmin, en()

Maximum d3/dr value

(Gmin, start= Gmax, ena

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 (4.0&spectively ashownin Chapter 4.2.5, the

guantitative values are shown in Table 4.7.

Table 47 Minimum and maximum siedentation attenuation coefficients

Min d?G/drdM

Min 3

Max fG/drdM

Max 3

-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
Betteridgeet al., (2008) model are displayed for validation. These Better&tge

al., (2008) heurisic expressions are shown in Eqgs. (33@8) and have also been
highlighted in Fig. 4.4. It was found that the measured values from the 4 MHz
transducer are closer to Betteridgteal, (2008) predictions which shows that the
measured attenuation from 4H4 probes is less affected by viscous los3ess

has been explored by Guerrezb al, (2015) whereby viscous attenuation was
found to be less sensitive to frequency and PSD heterogeneity than scattering
attenuation. Guerrercet al, (2015) determined ih was because scatter
attenuation is due to acoustic cr@extion of particles whilst viscous attenuation

is produced by an oscillation friction process in relation with particle nidmss.
measured attenuation is 0.06 in comparison to the predictedaft€3uation
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 identicéta 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 &rclearly certain systems that compare less well to the estimated
values. These measured attenuation values are an order of magnitude out from the
Betteridgeet al, (2008) estimations where the measured values are ten times
more than the predictions. Tledore,viscous losses need to be incorporated for an

accurate estimation of the attenuation coefficient.
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Figure 416 Measured sedimentation attenuation coefficient values for two
species of silica glass beads using 2 aldHE 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 frort Bux(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 viscouslm attenuation with small
particles and the lower 2 MHz frequency transducers, where the given prediction
is only based on scattering attenuatidhis can be shown by Mooe¢ al, (2013)

and Sahiret al, (2@0) who determined that viscous attenaatis dominant at
smaller particle sizesSimilar measured enhancements have been observed for
particles in the same size rangeBuxet al, (2019). The error bars shown in Fig.
(4.16) were calculated from the variation of echo amplitude across therettasu
distance 1), as has been discussed in detail above. The coefficients for the 36 um
species using a 2 MHz probe are underpredicted by Bettezidgle (2008); the

error bars do not overlap but this is due to enhanced viscous absorption
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attenuation. e 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 Bwset al, (2019) compare very well to measured data using the 2
MHz transducers. The measurezkfficient for the 4 MHz probe is slightly lower

than the measured Bt al, (2019) values but they are similar enough to show
the accuracy of the UVPO6s ability to

varying transducer frequencies and radii.

4.3.3.4 Considering Viscous Losses

Egs. (3.11) and (3.12) werdilised 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 predictedsadus losses to determine overall
attenuation. The viscous losses were incorporated from Ui&d8) and are
shown in Egs. (3.128.14) in Chapter 3. When considering viscous losses, the
attenuation predictions are much closer to the measured attencedifficients

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 &uxl., (2019). The 4 MHz
probecompare much better than in Fig 4.16 where the coefficients were found to
compare very well to previous experimental data from Btpal, (2019). As
outlined previously, the higher frequency led to the signal decaying rapidly
towards the noiséloor 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 Haugdttal, (2017)
where one of the two methods for treatthg concave profile was to use a lower
particle concentration arraif.required, this problem could be overcome in future
work by utilising a lowerparticle concentration range for 4 MHz calibration and
incorporating a nearfield correction factor, imprayi 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 frenuYP

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
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Figure 417 Measurel 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 predictidnam 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, sphei c a | gl ass di s pe rclaiaatenssl by( of ~36
acoustic backscattentilising a commercial ultrasonic velocity profiler (UVP). In

particular, a welmixed recirculating tank was used to determine the sediment
attenuation coefficients, with twd 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 Ricet al, (2015) and Buxet al, (2019). Measured

attenuation coefficients were compared to estimates prodiyctok Betteridget

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 coefficidifis highlighs the

smal |l er probeobs applicability for onl in
smaller probe was also found to provide a higher accuracy of data from a minimal

echo variation. Measured data from Beial, (2019) were found to compare

very well to neasured coefficients in this Chapter. This shows the accuracy of the

UVP and the ability taleliverreproducible 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 glasgecies 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 Betteridgeet al, (2008) predictions and sc¢ous 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 caction 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. Jack¢d019) 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 transducersonge 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.eRule
(2015) and Buxet al, (2019) have both used similar glass beadgramuce
sedimentation attenuation coefficients frowsitu probes but not remotely placed
probes. Coefficients from Ricet al, (2015) and Bwet al, (2019) have been
used to confirm the accuracy of coefficients from remotely placedirarsitu
transdweers. 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 mbes in norcontact environmentslhis has not been

achieved before for remotely placed transducers in ecantact environment.

5.1INTRODUCTION

Chapter 4 detailed the analysis of monodisperse suspensions of silica glass beads
with transducers of varying active radius and frequency. Thispter details a

full in-depth analysis of four species of silica glass beads with varying particle
size distrbutions (PSDs) usin®.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 toparticle 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
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four species with varying concenti@ts are analysed using four transducers of a

2 and 4 MHz frequency where the probes were plateitu and remotely (i.e.,
external to the tank wall). Remote placement indicates a probe which has been
fixed externally to the tank wall. Attenuation pro§ileare 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 thieansducer. These are compared to sedimentation ditanua
coefficients from previous literature (Rie¢ al, 2014;Guerreroet 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 patrticle
sizewhere the larger species predominantly attenuates through scattering losses
whilst the small species attenuates through viscous losses (Mbaile 2013
Sahinet al, 2@0). Backscatter and sediment constants are calculated to ensure
theconstants 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.eta@hge
(2021) used three grades of similar silidasg beads in a calibration rig to
determine concentration profiles using a single submeigesitu transducer at
multiple frequencies. In previous research, Tomgeal., (2017) was able to
produce scattering cross section plots which showed the varemises 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 plaeing th
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
transducersof varying frequency havenot been mounted remotely for
characterisation ddilica glass beadHowever, 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 Betteetige,

(2008) with incorporation of viscoutosses from Urick, (1948). Ultrasonic

transducers have been mounted remotely for velocity profiling, for instance
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Obayashiet al, (2008) mounted UVP transducers fiowasively for velocity
profiling using multiple transducers. Kota¢ al, (2016)also nounteda 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 bedds a
plastic bead suspensions. Reteal, (2015) used the UVP to determine velocity
profiles of similar silica glass bead suspensions using the same satd
transducers in Ricet al, (2014). Riceet al,, (2014) determined the sedimentation
attenuationcoefficients experimentally and compared this to predicted values
using the wavenumber and particle radiGaierreroet al, (2015) determined
sedimentation attenuation coefficients for sand and silt suspensions. These
attenuation coefficients were comgpdrto functions for monsize suspensions at
varying transducer frequencies. Vergee al, (2021) analysed fine river
sediments and determined acoustic profiles but no comparison was made to
combined predictions.nl this Chapter, the author has determitieel measured
attenuation coefficients ancbmpared this to a combined predicted attenuation
coefficient using heuristic expressions from Betteridgal, (2008) and Urick,
(1948). The form function and normalised scattering cross section have also been
determined experimentally which was not done in Rical, (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 UVRB for velocity profiling, however, Ricet al,

(2014) has proven that the UVP can be used for accurate acoustic backscatter
profiing and extraction of attenuation coefficients. Riee al, (2014) used
transducers mounted -lme placedin situ. Therefoe, with precedent from
Obayashkt al, (2008) and Ricet 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 instrumartgrms of

ability to gain backscatter data for size and concentration has never been

guantified previously. Tongeet al, (2021) used a bespoke ABS to extract
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attenuation coefficients and Riekal, (2014) used the UVP to extract attenuation
coefficients from idline transducersHere 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 agdergical 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 iadustrially appealing, there may be significant
restrictions on its ability to gain particle characterisation data from acoustic
backscatterThiswill be investigated in thi€hapter.The remote probes generate
data which is consistent with combined potidins of attenuation from Betteridge

et al, (2008) which details scatteringsses and Urick, (1948) which considers
viscous losses. Measured remote data align well with measuséd data where

the maximum difference between values is 0.015. Deljgges 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 tltg.nove

5.2MATERIALS AND METHODS

5.2.1 Materials

Silica glass bead particles were used for characterisation of homogeneous
suspensions in Chapter 4, these silica gheessd species were manufactured by
Guyson Ltd, (2021), and similar species have been insprkvious literature for
analysis using acoustics (Riee al, 2014; Hunteet al, 2016; Buxet al, 2019;
Tongeet al.,2021). In this Chapter, four silica glass bead species were used, all of
the same chemical composition but with different parsate distributions; these

are shown in Fig. 5.4nd 5.2where the nominal size{g) for thegradesshown in

Fig. 5.1 (a)and(b) are2 0 0 amdm 9 . 5 respactively. The nominal sizes in
Fig.5.2 (@ and (b)areé 7. 5 & m a,rebpeivkly The reommnal 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 Rigb)5.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 tthemically inert and can be
purchased commercially (Croéit al, 2019; Guyson, 2021). The three larger
species were analysed using a desktop SEM (TM3030 Plus, Hitachi) as shown in
Fig. 5.1 (a)i (b) and Fig. 5.2 (a)Fig. 52 (b) shows the smallest glaspecies
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. 5.4nd Fig. 5.2 the SEMs broadly show spherical
particles in asmall size range for each glass bead size with a small portion of
irregularparticleswith the smaller particles in Fig.5(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 51 SEM (TM3030PIlus, Hitachi) images of silica glass beads wit afd
() 170 im and (b) 82 pum (1000 X magnification)
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(a)

TM3030PIus0125 2022/0208 1127 NMM 500 pym

Figure 52 SEM (TM3030PIlus, Hitachi) images of silica glass beads wit afd
(a) 48 um and SEM EVO images of silica glass beads with @f ¢o) 36 um
(1000 Xmagnification)

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

attenuation coefficients of remotely placed &andsitu transducers to establish
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whether the signal loss from remotely placed probes led to inaccuracies in
measued attenuation values. Attenuation values were then compared to predicted
attenuation from Betteridget al, (2008) and Urick, (1948) to provide a predicted
combined attenuation value. In Chapter 4, a single glass bead species was used to
understand whaer the UVP was able to analyse the glass using transducers with

a vaying active radii and frequency. The size of the active radii had a negligible
effect on the attenuation coefficients extracted and thereforgatmsducer with a
smaller 2.5 mm activeadii 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 inomparison to the other species (Moeteal, 2013 Sahin

et al, 2@0). This difference in scattering regime will help the author differentiate
between attenuation profiles for each species (Mebral, 2013; Tongeet al,

2021).

5.2.2 Methods

The eperimental setip is shown in Fig. 88 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 accurdte res
when comparing to sedimentation attenuation coefficients found in literature
(Betteridge et al, 2008; Buxet al, 2016). Therefore, both 2 and 4 MHz
transducers were used. Both 2 and 4 MHz transducers were plagidas done

in Chapter 4 (see Fig4.2) as well as remotely on the outer diameter of the

calibration rig.

The same calibration tank and-sgt 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 Mz transducers were placedsitu and remotely to understand

whether the transducer placement would affect the sedimentation attenuation
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coefficient extracted. In Fig. 5the probes are colowoded much like Fig. 4.2
where blue probes indicate a 2 MHope and grey indicates a 4 MHz probe. The
setup for thein situtransducers is detailed in Chapter 4 (see 4.2.2). Placement of
the remote transducers considered the dynamics of the tank and particularly the
impeller. Satjaritanuret al, (2021) found thathe 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, remotediiarss 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 amntration range used experimentally (1L.807.1 g/L in
Chapters4 and 5) at varying heights in the tank to ensure the sediment had

dispersed equally across the tank.
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Figure 53 Schematic of calibration rig for analysis sifica 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 dytefinre

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

againsthe rig. The blue and red lines in the tank show the projection of the sound
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signal for thein situ and remote transducers, respectively. iFhsitu probe does

not require additional support to allow for analysis of the suspension environment.
However, he remotetransducer 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, aacoustic couplanis placed between the probe
face and rig wall which isimilar to theacoustic couplanised in ultrasounds, the
specific gel used is Anagel ultrasound transmissionTded. Anagelworks as a
acoustic couplanio enable the transmission of the sound from the probe through
the tank and back (e.g., Syketal, 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 delayand 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 tisaucers 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 dispersiorutliasd here

where a small amount of solid (to produxd 1.9 g/L suspension concentration)

was added to the tank in Fi§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, respectivdiyre
suspension was added after data were collected from the four transducers. At each
concentration point approximately 5 mins clearawes required before analysis

of the suspension. This was to ensure the suspension was fully homogeneous at
the timeof 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 Chapter 4section 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 conkgardand
measured backscattering const&gt\ere calculated using an alternatreeite to

the novel procesBom Bux et al, (2019)which uses heuristic expressions from
Betteridgeet al, (2008).The process to determine the sedimentation attenuation
coefficient is detailed in Chapter 4, Fig. 4.4 where Figt Builds on the
methodology further. The supersdrip indicates calculations fronmeuristic

expressions whilgnhindicated measured experimental values.
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Calculate the form function, fand normalised cross section, y using Betteridge et al., (2008) heuristic predictions

( 1—0.5e(—f‘“551'5)2) ( 1+0.4e(—"“71'5—)2) ( 1—0.5e(‘——kq—_'5—'q)z)(ka)2

3 0.7
fe=
1.17 + 0.95(ka)?
ka —5.5\? 4
) }0‘24(1—0.44— Te=) )(kal
X" = [0.7 + 03(ka) + 2.1(ka)? — 0.7(ka)® + 0.3(ka)*]
4
Calculate the measured sedimentation attenuation Backscattering constant, £¢ calculated from the form
coefficient, &: function, f
c
(L e
= —0. S
aMoar \/aps
L 4 L 4 A 4
Calculate the normalised scattering ~ Attenuation due to solid and water, ~ Transducer constant, k" calcu}ated
cross section, y™ from & using a,, a, can be calculated using ~ wp  using the me'asured attenuation
expressions from Thorne and expressions from Ainslie and coefficient &” and &
Hanes, (2002) McColm, (1998) and Rice, (2013) VIIJT'
m m 4aps = (—1) ki* = - 1/2 p—2r(ay+as)
xm=Em = a,, = 0.05641f2%e' 27 kEM1/2e wHs
a, = MM ¥

Backscattering constant, k,”
calculated using the measured
attenuation coefficient, & and &

= Viyr
s = k;ﬂMllzefzr(crw+as}

A4

Calculate the experimental form
function, /™ using k"

fm= ksm Vaps

Figure 54 Alternative Route for calculatioof k and k using derivations from
Rice et al., (2015) and Bux et al., (2019) and heuristic predictions from Betteridge
et al., (20083 (Rice et al., (2015)Bux et al., (2019))

The normalised scattering cross secti@l, can be determined from the
experimentally mesured sedimentation attenuation coefficierd. The
attenuation due to solidls and waterU, can also be derived with the know#

using expressions from Ainslie and McColm, (1998) and Rice, (2013). From here,
the heuristic expressions are used to deterthe calculated form functio,®

and normalised scattering cross secti@n, where ka was required for

calculations. For the silica glass bead spe&i@#)creases with increased particle

152



size,a and an increase in the wavenumberThe wavenumbeis dependent on

the speed of sound and transducer frequency. Ther&bowes calculated for the
four transducers and for each silica glass bead size \hevas the same for the

in situ andremote transducsiof each frequency. Eadta value was used ik&q.
(3.08) to determine the heuristic form function value, this is also shown in the top
box in Fig. 54. The backscattering constakd; was first calculated by using the
calculated form function usingn expression from Thorne and Hanes, (2002). The
transducer constait™ can be determined by rearranging Eq. (3.10) and using the
experimental data as well &8, this is shown in Eq.5(01). The expressions for

the attenuation due to solid and water were also used i Bd). (

Q —0 TQ (5.00

The measured backscattering constkfitcan be determined by using E§.QJ)
and rearranging to rke k" the subject and usinig™ determined in Eq.507).
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 equationsaésedetailed in Fig. 5.

5.3RESULTS ANDDISCUSSION

The UVP was utilised to determine the acoustic profiles of each species using 2
and 4 MHz transducers both situ and remotely. Attenuation profiles were
extracted from this acoustic data and atteounatoefficients were calculated for
each species. Additionally, the further calibratfmmocedure outlined in Fig. 4.
allowed estimation of the specific transducer coefficients, meaning that both
sediment attenuations coefficients and backscatter ceefsccould 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 sectwrfoem
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function were determined to establish the effect of the particle size on the
scattering losses.

5.3.1 Mastersizer

Fig. 55 shows the particle size distribution for the four silica glass bead species as

a cumulative distribution. Thesglcorresponds to the median particle size. Each
species has a distindkowi t h at | east a 10 em differert
particle species. This will provide more information on the sensitivity of the UVP

to small changes in particle size. The deslglass 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.

100 Y Y Y LLLLILIL
o v
a\e 90 @ Glass beads ds; 170 pm - -
bl Glass beads dso 82
= 20 M Glass beads d- nm ° O
= ® Glass beads d5; 48 um m
E 70 Glass beads d;, 36 um ®
72
R R T :

g 40 i@ : ¢
2 30 P ot E
o i | : :
@ 20 i i i o |
= : : I :
Z10 o i 4
= 'Y Y ¥ 1 1 i H
SENEETTTT TTT I PR POUAPE R
10 36pum 48 pm 82 pml 00 170 pm

Particle Size (um)

Figure 55 Particle size data for fourpecies of silica glass species where the

dashed lines indicate thefor each species
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5.3.2 Acoustics
5.3.2.1 G function profiles

Fig. 56 (a), (b) and Fig. 5.4@), (b) showG-f unct i on profil es for
glass beads using four transducers witége 5.6(a) shows results froma 2 MHz

probe placedn situand(b) indicates a 2 MHz probe placed remotdlig. 5.7(a)

shows results from 4 MHz probe placeim situand(b) indicates a 4 MHz probe

placed remotely.

These four probes (see Fig3bwere used to analyse wellixed suspensions of
silica glass particles. Fig.&(a), (b) and Fig. 5.9a) and ) show theG-function
profiles for t h ¢he @ate feumtrarpduedequenay andn g
placement respectively. Only the largest two silica glass bead suspeszies

are shownhere, the profiles for the two smaller glass beads are shown in the
Appendix in Fig. A1A4. The backscatter profiles for albdir species of silica
glass are shown in the Appendix in Fighi/A8.

As shown in Chapter 4, the first observation noted in all of the figures in Big. 5.
to Fig. 59 are that the greater particle concentration leads to steeper gradients in
G, at least wthin 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 mRice, 2013Met-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 (Downigigal, 1995). However, the profiles
only become linear at 0.05 m when utilisitige 2 MHz transducers as shown in
Fig. 56 (a), (b) and Fig. 53 (a), (b). When using the 4 MHz transducers as shown

in Fig. 57 (a), (b)and Fig. 3 (a), (b) the profiles are linear in the near field
region. Therefore, it can be said that the nead f@rrection 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 transducehvidiable 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 prBogl€r and Sherman,
2016;Jackson, 2019).

In some profiles, the lowest concentration of 11.9 gkdpces a positive profile,

this is specifically shown in Fig. §(a) and (b) This suggests a larger reflection

of sound at greater distances with the lower density of particles. Such behaviour
would be considered yohysical but positive gradients in tl@&function have

been shown in other work (Rice, 2013). For the remote probes in &ifp)3his

is likely from near field interferencBom 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 configiorad specifically due to the complex

near field interference.
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4 MHz transducer in and) in situ and ) remote placement

The dashed vertical lines in Fig.65to Fig. 59 show the regions where most
profiles are linear and where the attenuation coefficients are extracted from. The
angled dashed lines show the lin&ts for each concentration profile. In Fig65.

(a) and (b)where the 2 MHz probe was used, the isolated linear region is from
0.057 0.11 m which is a total measurement zone of 0.06 m. The only profile
where the linear fit was taken outside these liwids the 47.7 g/L profile inaf
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