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Abstract

The ability to accurately characterise the settling of particulate suspensiongesative in
numerous industries for improved processing, optimisation and control. Chiaeditie is
typically a non-trivial process, and in situ measurements that remheveestriction of
requiring particular sample sizes are preferred. Here for the first wexplore the use of

an acoustic backscatter system (ABS) to charaetkeig settling dynamics within a common
colloidal mineral suspension, where backscatter attenuation is heightened dhe to t
associated low scattering cross sections of the parti®ting titanium dioxide dispersions

with concentrations ranging @b — 3.00 vol% were successfully profiled using ABS
transducers of 1, 2 and 4 MHz frequencies. This approach enabled the simultaneous
visualisation of both the settling interface and sediment bed formation, dgegerat
sedimentation curves and eluding settling velocities. Furthermore, backsdtgteration

was empirically correlated with the attenuation-concentration relationstaplisked for
homogenous dispersions, to obtain concentration profiles of the settling suspensions. The
data depicted concentration changes as a function of time in a hindered settling suspension,
and allowed observation of the segregation of a size polydisperse suspensiomei2ata
compared with sedimentation data obtained via two common ex situ bealehtechniques.
Critically, the acoustic backscatter method was validated as a powerful in situ
characterisation tool for opaque concentrated heterogeneous dispersions, wiityhto a
provide concentration density information in conjunction with settling kineticsishaot

eadly attainable via other methods.
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1. Introduction

Particulate suspensions and colloidal dispersions are ubiquitous in numerous industries,
ranging from pigments, cosmetics, pharmaceutical and foods, to minerals pr@casdi
treatment of water, sewage and nuclear waste. Understanding the settling,tieegeegh

bed development behaviours in these typically complex solid-liquid regste often
imperative to process design and efficiefidy Mihough settling generally depends on initial
suspension heterogeneity and particle levels, settling can change fromdm-psastant
concentration process to a series of increasing rarefaction fan linesmétfii4] Also, if
segregation instability leads to a significant gradient in particle density wighth hindered
settling will become depth dependent, leading to further complewittasime. Importantly,

the actual verification of concentration profiles in settling suspensions igrimiah- The

ability to monitor settling rates, sediment bed evolution and concentration changes (which are
essential knowledge for optimizing process desigie])bis typically impeded due to the lack

of convenient non-invasive measurement technies [7].

The characterisation of physically extracted samples is frequently practibed, labour
intensive, intrusive and incapable of providing spatial and tempocdiles with easd |8]
Alternative approaches include those analysing the transmission-attenuation re$pasee

light in sample based devices such as the Lumizier (from Lum Gmbéi)Tarbiscan
(Formulation, SA)[[9t1]; however, these ex situ systems are only suitable for small sample
analysis of sloly evolving suspensionsIn situ devises include light based
transmission/backscatter or fluorescence devidgs1§, CCD video analysis[19-23,
gamma ray[Z4] or x-ray CATSCAN [R6], and also tomographic techniques which
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measure electrical resistance within suspensi@ib[4g. However, a number of these
techniques suffer from common limitations to their use, such complicated s¢hatps
encompass specific vessel requirements (and hence are not stdidabieployment
industrially) while many are highly intrusive, or complex angensive in applicatio.
Additionally, many are only suitable for specific particle concentration regimes.

Diagnostic ultrasonic techniques however have proven to surmount suchscéveat
practicable extenft [B0J[31], enabling remote and relativempr-intrusive measurement with
subsequently high resolution temporal and spatial profiles of suspended concentration
particle size and settling velociti¢82]. Typical instrumentation include ex situ bench scale
devices comprising separate transmitter and receiver p[8B&&][ and even recent interest

in B-scan ultrasound imagind@g|. In situ transceiver devices utilizing Doppler shift
measurements provide improved flexibility, such as the ultrasalacity profiler which
employs only a single frequen¢$7[38, while point profiling can be conducted via acoustic
Doppler velocimety and large dilute depths via the acoustic Doppler current profiler
. Furthermore, related acoustic backscatter systems (ABS) offer the litppaibi
employing multiple frequencieand enable minimally intrusive true in situ depth profiling of
suspensions withostpecific sample size requiremerft&l[44]. Hence, they can be deployed
on a laboratory bench scale or potentially large scale industrial systems

Acoustic backscatter systems are typically utilised in estuseédément transport studies
, for the characterisation of dilute (<1 g/L) sand suspensions with particles typaaly

of microns in size or largd@f]. In this scenario, acoustic backscatter theory can be applied
to determine concentration or particle size from measured backscatter intensigndata
particle specific backscatter and attenuation properties are kl@/.nT[his approach is
inapplicable in concentrated suspensions where increased concentration enhances inter-
particle scattering43 and where small particle radii augment the influence of viscous
attenuation on the backscatter sig.[ Indeed, there is a challenge in characterising
suspensions of small particles for which we anticipate a highly ateshaeustic response.
Due to these caveats, it is impossible to apply rigorous theoretical solutions tdyqtinenti
backscatter response, although some advances are currently being masable
determination of the backscatter and attenuation properties of arbjteatigles [Bg.
Recently, a phenomenological approach has been demonstrated for the chatiactesf
concentration imon-dilute suspensions (>2.5 g/lﬂ and is applied in this study.

Titanium dioxide was selected in this study owing to its incorporatismumerous consumer
products [£9). Its high refractive index renderan opaque suspensiompsuitable for
characterisation via optical techniques. Furthermore its fine and cohesiidepaeadily
aggregate, resulting in broad size distributigg5f [51] which is more representative of
commonly encountered suspensions. Furthermore at typically 1-2 um, this aadbyusti
attenuating size is at minimum an order of magnitude smaller relatiteaddionally
characterised particulate disperssvia acoustic backscatter analysis.

Essentially this paper investigates the capability of a commercially deailsBS to
characterise a settling, colloidal, industrially relevant mineral suspension.tté/ept to
identify sludge zone and sediment bed positions, monitor settling dynamicgrbedidn,
and elucidate potential concentration gradients within polydisperse susper3espite the
anticipated challenges, we extend and validate the phenomenological approatle for
characterisation of fine colloidal mineral suspensions for the first time hedeed we
investigate a tool which is insightful with respect to furthering understanding of the
dynamics of polydisperse suspensions, for which theoretical modelling is very imuch
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developmen{35[52][53), and colloidal cohesive suspensions for which modelking yet
well established due to associated complex inter-particle interactions. \Moriis is of
direct value where in situ characterisation aids the optimisation of processdgng
suspensions.

2. Experimental Procedure
2.1. Materials

All experiments were conducted with an anatase titanium dioxide sa(Dggussa,
Germany) dispersed in deionized water. Since particle size signi§idafitlences acoustic
attenuation and the subsequent measured backscatter re§p@hseisfributions of the
dispersed particles prepared via stirring (indicative of the conditions irpriteeeding
experiments) were obtained via a Malvern Mastersizer 2000 (Malvern Instaymen
Worcestershire UK)The average size distribution obtained for three samples which were
measured three times over is presented in Fig. 1. For comparative purpississpitesented
alongside the average size distribution of suspensions initially preparsdnation for the
same duration (30 minutegssentially, the broader trimodal size distribution of the stirred
suspensions illustrates the enhanced level of particle agglomeration encowiitieiredhe
proceeding experimental suspensiofise median particle diameterssgpalso reflect this,
with 7.2 um for the former and 2.8 um for the latter.
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Fig. 1. Particle size distribution comparison (in volume percent) of titanium dioxide
dispersions prepared via stirring and sonication

For further validation, the size and shape of the particles were alsotehiged via scanning
electron microscopy (SEM). Dry powder samples were coated with platinum and imaged
with a LEO/Zeiss 1530 FEGSEM (LEO Elektronike GmbH, Germany). The images abllecte
at x 2,500 and x 20,000 magnification are respectively presented.id. Eigdently at lower
magnification, Fig2(a) depicts a large number of fine particles plus a few relatiseder
agglomerates. At higher magnification, Fifb) suggests that these fines are typically within
the 2 um region with spheroidal structures comprised of aggregated particulates. Yzurrentl
the acoustic response of aggregated structures are not well esta@hed [



(b)

Fig. 2. Titanium dioxide SEM images at (a) x2,500 magnification, and (b) x20,000
magnification

2.2. In Situ Acoustic Experimental Method

The AQUAscat 1000 ABS (Aquatec Group Ltd, Hampshire, UK) was utilised for
experimentation here. It comprises of transceiving probes which propagtteted
monochromaticfrequencies .5 — 5 MHz) into suspensionThe active diameters of the
transducers range froh.0 — 1.8 cm depending on frequency. The experimental setup is
depicted in Fig. 3. The 1, 2 and 4 MHz transdueese siccessively submerged below the
waterline of a 4 L titanium dioxide deionised water suspension in a cylindrical Perspex
column; 50 cm in height and 10 cm in diameter. Geae taken to degas the suspension via



magnetic stirring prior to experimentation to negate the influencér dfulble attenuation

[8]. It was assumed that the speed of sound in the suspension was 1489 misse to that

in water. The actual value may differ due to the presence of paitickesspension and any

air entrainment[[B], however itvasn’t expected to have significant effect on subsequent
measurements. Isonification involved pulse propagation for 4 minutes at §83{&6. The
measured voltage root mean square backscatter response is converted d#oliel scale
(20logi(Vrms) and is referred to as backscatter intensity in proceeding discussions. The
measurement output was set at one averaged backscatter profile per $hiongpresents
beyond 1000 sample data recommended by the manufa¢&fierSince the backscatter
intensity is highly dependent upon the medium of interaction, this mezasuat provides a
means of characterising suspension composli&h And from the incremental delay in the
echo responsesuspensions can be characterised depth wise (up to 10 m has been
demonstrated in dilute estuarine suspens.[For most measurements in this study,
depth 0f0.45 m was profiled and segregatetbid.5x10° m bins
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Fig. 3. Experimental system schematic

Initially, a set of calibration experiments were conducted to elucttiatdackscatter decay
curves of homogenous titanium dioxide suspensions at incremental conceritrert@ses
from 005 — 3.00 vol% solids concentration, at each frequency, where the particles we
suspended continually via a magnetic stirrer &&300 rpm. Each experiment was repeated
three times. Note an independent concentration test was conducted opramoustic
investigation to ensure homogenous integrity throughout the 0.45 m dgpth
supplementary material). These calibrations critically identified the uniglagionship
between acoustic attenuation and concentration with respect to isonification frequigohy,
has not previously been recorded for titanium dioxide suspensions, and providerer@ceef
relationship which can be utilised to characterise concentration from measuksdalize
intensity. This approach is advantageous in that direct knowledgeartitle specific
backscatter and attenuation properties is not a prerequisite for characterisation -ﬁj poses [

Additionally, the ABS was used to characterise settling, W@spensions.. Specifically 1.1
vol% suspensions, which are expected to be on the cusp of a free settlimtered settling
regime (refer to section 3.2) were selected, to enable measurement withoulirextbe
concentration limits of the device with respect to signal attenuation effects. This soli
concentration is also within the region utilised in personal care produneee witanium
dioxide concentrations are regulatgth][ and concentrations encountered in engineering
processesA 2 MHz frequency probe was selected for the optimisation of signal attenuation



effects versus resolution. Here, the transducer was position@d8am from the base of
column and a total column suspension heighd.off m was measured. These changes were
necessitated by the high attenuation of the titanium dioxide dispersibnsing the total
acoustic penetration depth at higher particle concentrations. The ABS was set to profile the
settling suspension after an initial five minute homogenisation period. &geeatic stirrer
was then removed to prevent interference with sediment bed consolidatiobackscatter
data was collected for a total duration of 15 minukes validation purposes, an identical
independent settling experiment was conducted in the absence of the ABS2(Hare
samples were extracted via syringe and rubber tubing at a positi@ori2d m from the
column base (just above the near-bed region). Samples were extractednate? intervals

for a 14 minute settling duration. The samples were weighed wet and drynmidetsolids
concentration.

2.3. Ex Situ Visual and Laser Characterisation M ethods

In order to validate the settling data obtained via the ABS, two exatitrdtory techniques
were employed to obtain comparative settling data. Initially, a iwadit settling test was
conducted[30] with 1.1, 1.6 and 2.1 vol% titanium dioxide suspensions prepared in 1 L
measuring cylinders. The suspensions underwent agitation to ensure uniform mixripbvia
inversions of the cylinder. Subsequently, the movement of the supernataettling
suspension interface was measured and timed with a stop watch over a 15 minute duration
(by which point bulk settling had ceased). A time value was recordedesy &0 ml
graduation during zonal settling and appropriate smaller graduations during coompress
settling. It was not possible to investigate the settling of a 0.5 &l$pension in this
manner, as it was impossible to observe the demarcation of a clarifiéggsstispension
interface by eye at this concentration

An additioral secondary technique measured light turbidity via the Turbiscan Lab Expert
Profiler (Fullbrook Systems, UK). Specifically here, 20 ml sample vials (withO4 m
profiling depth) were prepared with 0.5, 116 and2.2 vol% suspensions which were
agitated for uniformity. The sample vials were consecutively inserted in theniestruand
scanned vertically via a laser set at 800 nm. The highest scan rate (2 scanséappheal

for 10 min duration. The descent of the settling cloud was monitored via lasemission
intensity measurement through the vial, and sediment bed formation vischtiek intensity
measurement at 45°. Advantageously, this technique enabled simultaramlsation of

the evolving settling and sediment bed interfaces even for the lowemt@tioe regime at

0.5 vol%.

3. Resultsand Discussion
3.1. Attenuation — Concentration Relationship Ascertained in Homogenous Dispersions

Here, the acoustic response of homogenous titanium dioxide dispersions is repoeed, w
the backscatter intensity measured with respect to transducer distance bimsargeprin
Fig. 4 (a€) for 1, 2 and 4 MHz respectively coveringdB.— 3.00 vol% suspension
concentration range. These data depict the mean backscatter inteesityeoentire duration

of measurement for each homogenous concentrgime, some concentration profiles have
been omitted from Fig. 4 for aesthetic reasoi$k initial 0.06 m of data, approximately
corresponding to the transducers’ near-field regions, are also disregarded to avoid signal
errors incurred due to complex signal interferences occurring within tienrd32].
Additionally, the manufacturer advises that the minimum signal thresholte AAQUAscat



1000 is -72 dB, beyond which there is discontinuity between the acoustic pulsenanated

voltage [57]. Thus, all data beyond -70 dB are neglected in data analysis to providsya saf
margin.
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Fig. 4. Homogenous suspension backscatter profiles at (a) 1 MHz, (b) 2 MHz and (c) 4 MHz,
where the dashed line at -70 dB represents the signal cut-off threshold

Generally, the backscatter profiles in Fig. 4 display a significant riedust backscatter
intensity with distance, correlating to profiles expected for higtitgnaating suspensions.
Additionally, some low concentration profiles also display a peakratind 0.45 m
corresponding to the experimental column base which behaves as a saibegngcplane.
Initially, it was expected that the detection of a measureablestaitdr response from these
fine particles would be challenging in comparison to larger particle suspensmoallyy
characterised4f| owing to the small scattering cross section inherent in small par(&les
significant issue in static backscatter devices and due to the heightesraghtion caused by
viscous absorption of submicron particles in addition to scattering [d3keNpnetheless,
although backscatter intensity and subsequent penetration depth islyela¢iaker than that
encountered in analogous experiments with larger (40 um) spherical gttiskep (reported
by the authorsj43|[44], the intensity in the suspensions here is in fact measurable. With data
variability ranging 0.0- 5.6 dB for the 1 MHz, 0.6 1.27 dB for the 2 MHz and 0-01.03
dB for the 4 MHz transducers, highlighting good consistency within the signahighest
variability experienced at 1 MHz was at the lower concentrations. dwyciaé have
identified that these substantially attenuating colloidal dispersiorisdaed still suitable for
this type of measurement technique, despite the enhanced concentratiodegthd
penetration limitations.

Additionally, , comparison of Fig. 4 (a-c) reveals that, as expe attenuation is
enhanced with increasing frequency,, as the associated shorter wavelength are more
susceptible to absorption. This relationship also suggests that increasing the frequenc
inevitably increases sensitivity to concentration changes, thus improving @soand these
competing features require some consideration when designing acouskiscabise
experiments, such that a coomise may need to be made between aclpevatrktion

.

depth and the resoluti

Referring back to the profiles in Fig. 4 (a-c), the varying degreastenuation with respect
to concentration are also apparent. In the lower concentration regimes, the attenuation
gradients adhere to a logarithmic decay which progressively reseritdas dlecay with



increasing concentration. To expand on this observation, the factors which contiibute
acoustic backscatter response are presented in the following equation (as isedhinar

Hunter et aI.:

Vrms[dB] = 2010910(

Ks Kp C*
Ly

)—40aL ,

Where the particle backscattering constant Ks, transducer coKstaarticle concentration

C, transducer range L, spherical spreading constamind combined fluid and particle
attenuation constant are influential. From this relationship we see that there are two major
components which contribute to the overall backscatter responserie which influence
backscattering intensity and the terms influencing attenuation. Collectihelybackscatter
component exhibits a logarithmic relationship and the attenuation component exliigits a
relationship on the dB scale. Hence, when a suspension is dilute, the attenuatias fassor
influential and a backscatter profile with a logarithmic decay is expettewever, when
attenuation is enhanced in more concentrated regimes, a profile with a lewar ahd

reduced backscatter intensity is expeﬁlﬂ.

Accordingly, the averaged linear slope of each concentration profilegin4 (a-c) was
calculated for each dispersion and frequency, in order to create an titewoacentration
correlation. These data are presented in Fig. 5 (a). Evidently, ale®réam concentration
threshold for each frequency, attenuation appears to follow a linear dgatgnship with
respect to concentration (illustrated via the dashed lines on Fig. Bél)v this threshold in

the dilute regime, scattering is dominant and a linear relationship is novedhs&his is
corroborated by the corresponding &alyses presented in Fig. 5 (b), where the dotted line
at 0.995 represents the linear threshold taken in this case. Thetyirwes@erved at higher
concentrations is important, as this demonstrates that a direct non depth depaEnelatiba

can be made between attenuation measurements and concentfaitbncan be exploited to
characterise concentration changes in subsequent concentrated settling titaniigi® diox
experiments, as well as a future reference for characterising suspength analogous
particles.
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Fig. 5. (&) The attenuationconcentration relationship for all frequencies, where the dashed
lines represent a linear trend, and (b) the corresponding attenuatioraligsis, i.e. deviation
from linear decay, where the dotted line represents the linear threshold.

3.2. Characterising Settling Suspensions,; Ex Situ Technique Results

The settling of suspension concentrations ranging-®2 vol%, measured via the Turbiscan
technique are presented in Fig. 6 (a) with the descent of the settlirensiospinterface as
well as the simultaneous formation @sediment bed at the column base depicted at each
concentrationEvidently, all concentrations exhibit an initial zonal hindered settling asne
the clarified supernatantsettling suspension interface descends towards the column base, at
constant velocity, followed by a compression settling zone when the susperisiface
meets the bed interface. Also, sedimentation is hindered markedly witlasing particulate
concentration which enhances fluid drigg-6]. Additionally, titanium dioxide slurry is
known to have strong inter-particle interactions, which could increasdereid settling
effects (from changes expected for discrete sphdbd$)ahd the presence of a wide size
range is expected to enhance these intera S [

The results of standard timed batch settling tests conducted in measuring cydirelers
presented in Fig. 6 (b). Notably, no sediment bed data were measuredtowhieglack of
contrast hindering observation of the suspensibed interface. Similarlyit wasn’t possible

to discern the settling suspension interface by eye at the lowest catioan{.5 vol%) and
the interface was too diffuse owing to the Brownian motion of theoidsllin the dilute
suspensiondg]. Essentially the sedimentation curves obtained in these settling tests bear
close resemblance to those obtained via the Turbiscan. Any deviations béheetvo
results are because the Turbiscan only enables depth measuremer@t.@p rtg and thus
statistically is much less accurate than the measuring cylih8@m in height. Furthermore
changes in relation to the cylinder could also be down to the small widtie afurbiscan
bottles creating wall-effects from wall slip and potemhialtered flow lines in relation to the
larger settling vessel.
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Fig. 6. Sedimentation curves visualising suspension interface demarcation and bédrevol
from the base at various concentrations via (a) Turbiscan and (b) measyiinderc
technique.

The bulk suspension settling velocities from the data in Fig. 6 were extfemtedthe slope

of each linear zonal settling region and directly associated agaidstconcentration, and is
presented in Fig.7 for both ex situ methods, (note concentration is expresséul kug/nt).
Variability in the Turbiscan velocities averagifg2x10* m/s and the 058.0“ m/s in the
measuring cylindersBoth Turbiscan and cylinder data were fitted to an exponential type
decay of settling velocity with respect to increasing concentraioalogous to that defined
by the Vesilind equatiof6p|[70], where settling velocity Mis calculated from knowledge of
the particle free settling velocityoVsecond empirical Vesilind parameter dnd particle
concentratiorg;

VI = [/Oe_kl® .

12



0.0010
00009 | X
0.0008 | .
0.0007 | \
0.0006 |

0.0005 |
0.0004 | X
0.0003 | L

0.0002 - %

00001 X Turbiscan g
' ® Measuring Cylinder

0.0000 : : :

0.0 20.0 40.0 60.0 80.0 100.
Concentration (kg/m3)

Settling Rate (m/s)
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Vesilind fits)

Assuming a Vesilind fit of the data in Fig. 7, the data points were extrapdtatebtain
estimated particle free settling velocity Yfrom the zero concentration intercept) and
empirical Vesilind parameter, kwhich correlates to the degree of hindered settling). These
are compared in Table 1, with the theoretical Stokes free settlingityetalculated for the
titanium dispersion, witl{Dsg) 7.2 um and a manufacturer density3800 kg/n7. Notably,

the Stokes free settling velocitymuch lower as calculated from the Stokes relationship than
estimated with either Turbiscan or cylinders from the Vesilind interdéy discrepancy is
likely due to differing levels of aggregation in the real experimesysiems. As evidenced
from Fig. 1, mixing without the use of a sonicator (as conducted faxjerimental studies)
resulted in a polydisperse suspension with a much higher proportion of larger aggredates, an
hence correspondingly higher mean settling velocities than those estishady the 3o,
Also, the Stokes equation considers only discrete spheres not irregular shaped aggregate

Table 1. Comparison of calculated free settling velocity and Vesilind parameters

Turbiscan Measuring Cylinder Stokes
(Theoretical)
Free Settling 5x10” 3 x10* 0.8x10"
Veacity (m/s)
Vesilind Parameter b0024 0001$ _ Comment [TH1]: I think these are the
(m3 Ik g) wrong way round, the free settling

veolicites are the zero intercept (24 x10-4
and 13 x 10-4) while the other numbers are

More importantly, Fig. 7 (and the associated hindered fit parameter shown in Table Lprobably the vesilind parameter

suggests some importance differenicesettling behaviour evidenced with the Turbiscan and
cylinder tests. It is clear that measured mean settling velocities are higharagesllwith the
Turbiscan, while the Vesilind fit parameter is also enhanced (indicating strbimgiering
effects with concentration changes). These variations again point feseddes in the
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aggregation state of suspensions between the two systems, and a likely lgredhtef
agglomeration with the Turbiscan tests. Owing to the time taken to load tilesamale
vials in the Turbiscan, it appears a level of re-aggregation has eddhat was not broken
down with the agitation of the vials before measurement. This highligatdifficulties of
using ex situ techniques that require small discrete samples, dypémiadvaluating the
behaviour of aggregated systems. Additionally, the low time resolution dfuttéscan (2
scans/min) may have also led to a reduction in data quality in respects to thersylind

3.3. Characterising Settling Suspensions; In Situ Acoustic Results
3.3.1. Sedimentation Behaviour and Concentration Changes

The backscatter data from the 2 MHz settling experiments were recordeuk iprofiles.
Although one depth profile was recorded every second, the data were smgothkitdp 5 s
and 5 distance bin moving averages to reduce the effects of inherentfroaiseandom
fluctuations within the dynamic settling systdi][ This essentially achieves smoothing of
the data for analysis in a short enough time frame that any signiibanges in the settling
suspension are still observel selection of smoothed backscatter profiles from the settling
experiments are presented in Fig. 8 (a-f). A range of time fravh&sh illustrate the overall
evolution of the settling suspension are exhibited. Note that the peak répdesdath a
dotted line at approximately 0.16 m, is in line with the location of the coluasa m these
experiments
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The first profile in Fig 8.(a), portrays the moments proceeding measutanitiation, and is
reminiscent of a typical backscatter profile for a concentrated homogetispesrsion
(similar to Fig. 4(b)), whelgy a linear backscatter decay is proceeded by a peak (dottgd line
representing the column bas& homogenous suspension profile at this early stage is
consistent with a well-mixed dispersion expected prior to the onset of sefthagsecond
profile approximatelyat 2.5 minutes (Fig. &)) portrays the formation of three distinct
regions within the suspension. In the first region (i.e. closest to the ti@rsda very weak
backscatter response is obtained implying that there are very fewlepatitteers in
suspensioncorresponding with the clarified supernatant region. Subsequently, this supernate
region is succeeded with a backscatter peak, after which the intensiiys deca linear
fashion, akin to that of a homogenous dispersion. This peak in backsctdtesitynis the
result of an interaction with a strong scattering plane at the supernatant-suspeasien bo
Over time, from Fig. 8(c-e), we observe the gradual shift of this padker down the
experimental column, as expected for a hindered settling system. tingdyeshe linearity
of the backscatter decay in the hindered suspension zone k, appearst® aeai time, see
Fig. 8 (be) and is particularly noticeable in Fig. 8 (dhis suggests a gradual reduction in
suspension homogeneity, likely due to particle segregation in the suspension wkgtbm
comprises a broad size distribution. This observation is consistent with the bdioh eétt
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polydisperse suspensions with a wide distribution, where particles of different sizemsegre
and the larger aggregated particles settle out expediti¢6@[72-74). Markedly here we
have identified the potentially complex settling behaviour of this suspengsbans from
brief observation of the evolving backscatter profiles.

Thethird notable region of interest is the fluctuation in backscatter intemehibited in the
near-base vicinity. Initially in Fig 8(b), therie a slight rise in intensitysignifying the
formation of a boundary below the zonal settling region. In due courseFigpr8 (c-f) that
boundary gradually shifts away from the base, i.e. increases in depth. This titnsesven
line with the formation of a sediment bed in the near-base vicinitychaihitially increases
in depth. Indeed a compressed bed depth of 0.025 m was physically meapared
experimental completion which coincides well with bed depth visualis#ite latter profile
Fig. 8(f). Some difficulty was encountered in gauging the exactitwcaf the boundary
between the zonal settling and sediment bed regions. Inherently the desndicas of inter
zone boundaries within settling polydisperse suspensions are not alwaysZjaifhis
observation indicates the presence of a high-concentration zone directly #i#o bed
(termed the supersediment zone or the rarefaction fan in mathematical muadhids$),is
essentially a transition zone between the settling suspension aﬁ [2

Error bars were omitted from these averaged profiles for aestbatons, however typical
variability in these data for different averaging times was calculatedallpitthe average
standard deviation was determined where a continuous average was taken of tlseipfofile
s segmentsAccordingly, the variation is in the region of + 3.9% of backscatter signdB.
Comparatively, the average variation in the data where 10 s awgrags conducted ix
4.5%. This increased variability is owed to the kinetic changes in settling reispe
interface over timeWhen 1 s profiles were smoothed over 5 distance bin the average error
was(x 10.1%), which in this case is due to the noise level in the system. fiauishallenge

is to ensure that the data is sufficiently smoothed such that thenicdsi®f inherent noise
are negated whilst enabling the timely observation of kinetic changes whghisettling
suspension. To convert the measured attenuation to concentration, the calibrdtmrshia

for 2 MHz was used (Fig. 5). Herthe attenuation was quantified as the gradient between
each consecutive 5 distance bin segment, and then correlated with concentratioa via
reference relationship. A selection of resulting concentration profiles, are teckserig
9(a-f). Similarly to the previous qualitative analysis, we identify that the ing&itling
suspension is fairly uniform and corresponds with the initial dispersion concamtaatiund

1.1 vol% (Fig. 9(a-b)). As time elapses (Fig. §(¢the concentration continually increases
downwards in a smooth transition indicating the presence of a supersedimmarefaction

fan in a hindered settling systela@. Although initial concentration is uniform, hindered
settling can lead to complicated sedimentation behaviour especially lydigperse
suspensions where different sized particles sediment at different veloaitibeugh
generally maximum flux remains constant until the largest pardiats has settled settle out
. Essentially by 5 minutes (Fig.f9), the concentration at the near-bed boundary is
significantly greater than the initial concentration, whilst thathim apper region (near the
supernate boundary) falls below the initial suspension concentratiorigofofa). This
phenomenon is a consequence of the reduction in the settling velocity ofater garticle
class [[2 [53. These findings are consistent with other experimental investigations of
multisized non-colloidal suspensiong |27 [43 [44. Importantly, they demonstrate the
ABS’s capability for very detailed in situ characterisation of complex sedimentation
processes within colloidal polydisperse suspensions. These data are difficult to widtai
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other methods especially via in situ devices, and correspond well qualitativielpreitious
literature looking at modelled settijtrends of polydisperse suspensi .

(@) 0.12 (© 012 §
o1 011 |
£ £ I
= 0.10 = 0.10
-2 0.09 = 0.09
£ 0.08 £ 0.08
E 0.07 E 0.07
= =
8 0.06 8 0.06
o Q
%n 0.05 %3 0.05
T 0.04 S 0.04
0.03 0.03
0.02 X 0.02
0.0 05 1.0 15 20 0.0 05 1.0 L5 20 0.0 05 1.0 15 20
Concentration (vol%) Concentration (vol%o) Concentration (vol%)
(d) 0.12 - (e 0.12
ol \ _ 011 | L
£ 0.10 £ 0.10 . E
g g
= 0.09 = 0.09 ‘\ L
£ 0.08 £ 0.08 & B
)
foor Eoo R far B
S 0.06 & 0.06 .
[ o
Eg 0.05 %n 0.05
2 0.04 T 0.04
0.03 0.03
0.02 0.02
00 05 10 15 20 0.0 05 1.0 15 20 0.0 05 10 15 20
Concentration (vol%) Concentration (vol%) Concentration (vol%)

Fig. 9. Settling suspension concentration profiles at (a) 38 s, (b) 143 s, (c) 178 s, (d) 213 s,
(e) 283 s and (f) 318 s

3.3.2. Combined concentration and interface phase settling diagram

Thusfar we have established that it is possiblérack both the settling interface movement
as well as concentration changes during the settling process, as demoirstFigeda-f).
However this figure onlyepresents selected time intervals. Therefore, the raw scattiziag
was analysed over every 5 s time-step to present a combined phase diagridma
continuously measured proce$sg. 10 depicts the moving averages of the conceoirati
profiles over distance and time (as discussed in the previous section)niCatime changes
are depicted via a colour scale; light to dark representing dilutertoentrated regimes
respectively. It is clear from Fig. 10 that the level of noise associatadingitvidual time-
steps from the measured backscatter signal is relatively high. Nonethelessndeed
possible to identify the delineation of a clarified supernatasettling suspension interface,
alongside the gradual development of a high concentration neawehedhat is denoted by
the concentration increase in the near-base region (the actual seld@ddsa just below the
viable image).Crucially, this highlights that the ABS is capable of providing a subathnti
deeper level of information on the dynamics of a settling suspension ohteneehasis in
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comparison to other techniques such as the Turbiscan, which only providedattiface
data. The ABS can provide specific depth-wise concentration data proxidefdrence
attenuation- concentration relationship is available. Where a reference is noaldead
colour plot akin to Fig. 11, conveying changes in attenuation levelsr ridthie the given
concentration would provide a somewhat qualitative indication of inner suspension
characteristics in conjunction with a sedimentation curves.

1—1’—Il_

0.12

0.00 vol%
0.01-0.39 vol%
0.40-0.69 vol%
0.70-0.99 vol%
1.00-1.29 vol%
1.30-1.59 vol%
1.60-1.89 vol%
1.90-2.19 vol%
>2.20 vol%

=
>
2

= .
e I
3 )

-
o
a«

Average Column Position (m)

200 250
Average Time (s)

Fig. 10. Combined concentration settling interface phase diagram

In order to compare the sedimentation behaviour directly with those obtained via the
Turbiscan and measuring cylinder techniquesedimentation curve analogous to those in
Fig. 6(a-b) is presented in Fig. 11. Here 30 s smoothed tiraeagas were taken and
similarly selected concentration profiles were separated into regiod$bf 0.70, 0.71-
0.90, 0.912- 1.10 and 1.1% 1.30vol%, where the upper peak was directly plotted as the
settling interface and lower signal peak plotted as the consolidatethdoediary. . For
comparative purposes, the linear gradidrthe zonal settling regions in thel vol% settling
suspensions from Fig. 6(a-b) and Fig. 11 were calculated and summarisdaler2 Tehe
measured ABS and cylinder velocities are identical (3 m/s) providing confidence in the
ABS’s ability to accurately measure settling kinetics, while the Turbiscan settling rate of
4x10* m/s is slightly more rapid in comparison. It must be noted that the Tambisc
experiments were conducted in much smaller (20 ml) sample vials remaioliy 004 m of
measurement depth at a maximum scan rate of 2 scan/min. Here Hirlg seis complete
within three scans (i.e. three data points), thus little settling data werievedt
Consequently, it is expected that statistically the greatest level of error avidd been
incurred with this laser method.

By presenting the averaged ABS settling data as shown in Fig. 11, thalitepeof this
instrumentation technique are fully observed. Notably, the ABS enabled sinulane
visualisation of settling kinetics, bed evolution and detailed concentration changedn even
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micron sized colloidal dispersions at the limit of backscattering tigteaue to the small
cross sectional area and absorptive attenuation. Importantly, a low concentagoin the
upper suspension is clearly evident, suggesting segregation of the finer partiolethé

bulk. This behaviour essentially indicates that even at 1.1 vol%, concentratomst yreat
enough for the settling to occur completely en masse as wouldpeeted for strongly
hindered dispersions. While such density information in conjunction with settlingckinisti
either not possible or easy attainable via other methods, the main advaintageABS is

that it can be used in sitlihis allows measurements that are independent of the sample cell,
allowing large cylinders to be used for settling, overcoming issues with sawaple
preparation as evidenced with the Turbiscan.
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Fig. 11. 1.1 vol% TiQ, settling phase diagram, as measured with the ABS (incorporating
average concentration changes)

Table 2. Settling velocities of 1.1 vol% titanium dioxide dispersions obtainedrem th
techniques

Technique Settling Velocity (m/s)
ABS 3x10”
Measuring Cylinder 3x10*
Turbiscan 4x10*
4. Conclusion

An acoustic backscatter system was deployed to characterise sedimentatiorepranéss
concentration density changes in a settling titanium dioxide suspensionct€hiaagion of a
concentrated colloidal mineral suspension for which the backscatter and attenuation
coefficients are unknown, was demonstrated for the first time here viagricainanalysis
approach. Initially the backscatter attenuation was quantified in homogenoiusttitioxide
dispersions ranging from @ — 3.00 vol% in concentration. Consequently a linear
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relationship was established between the two parameters at 1, 2 and 4 MHz frequencies.
Subsequently a settling titanium dioxide suspension was profiled at 2 MHz, wieere t
calibrated attenuation concentration relationship was exploited to characterise concentration
changes in the settling suspension. Interestingly the results indicated the gradiogrdent

of a downward concentration gradient whereby the concentration at the seperna
suspension boundary dropped below the initial concentration, and a concentrated
supersediment formed in the near-base reditoreover the ABS also enabled simultaneous
visualisation of both settling interface and sediment bed evolution over fiiome which

settling rates were extracted and hindered settling behaviour was inferred. These data
compared well with that extracted from ex situ laboratory experiments.

To conclude the ABS captured very complicated sedimentation behaviour ipdésperse
colloidal settling suspension, for which mathematical methods and ex sith baale
experiments are normally required to predict behaviour. We havendéieged an in situ
measurement technique that can visualise intricate interior dynamibatch scale lab
experiments. Furthermore since the device comprises of a single trargpqeote, it offers
versatility in terms of application, i.e. it is very flexible for deploymientield applications
[52). On a final note, since concentration will denote some restrictidtis nespect to
achievable penetration depth in commercial devices, future work alguvés the
development of an enhanced instrument design which aims to ach&weddeenetration
depths of up to a few meters for application in industry, without compromisintutiesofor

detailed concentration analysis.
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