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Abstract

Gravelfilters are potentially a low cost, low maintenance water treatment solution. They
require no mechanical or electrical parts and can operate without the addition of chemicals
or the need for close supervision. As such, they are an appropriate technoltrggtfng

road runoff as a component of Sustainable urban Drainage Systems (SuDS) and as a
initial stage of drinking water treatment in rural areas. However, the processes by which
pollutant particles are removed in gravel filters are poorly understodd paactical
experience shows that many filters fail long before their expected design life is reached.
For this reason gravel filters are little used for drinking water treatment and, when they are
incorporated into SuDS, their removal efficiency and megiance requirements are
unpredictable.

The aim of thisthesiswas to better understand particle removal processes and the
implications for gravel filter design. This was achieved through a combination-batzul

experiments and numerical modelling.

1 The change in conservative tracer transport characteristics with pollutant particle
accumulation was assessed through column experiments.

1 The spatial heterogeneity of particle accumulation was measured by collecting 3D
data with magnetic resonance imaging (IMRAultiple scans of filters allowed the
temporal evolution of particle accumulation to be assessed. A method for
processing the raw MRI data to yield the change in 3D pore geometry was
developed, assessed and applied.

1 A simple method for extracting andmparing pore network characteristics at
different stages of particle accumulation was applied to the MRI derived geometry.

91 Direct modelling of the 3D MRI pore geometry with the open source software
OpenFOAMallowed correlation of flow velocities with particle accumulation at
each point in the pore network. Lagrangian particle tracking was used to simulate

the transport of a conservative tracer through the filter.

Key findings were that spatial heterogenaityparticle accumulation was influenced by

both initial pore geometry and the temporal evolution of the pore network with




accumulation. This was attributed to the formation of high velocity preferential flow paths
that were evident in both the 3D MRI daad the numerical model of that data. Pore
networks exhibited a decrease in connectivity with accumulation and this was mirrored by

a decrease in the volume of the filter that was accessible to a conservative tracer.

Conclusions of this thesis are that MiRla useful tool for noimvasively assessing the
spatial variability of clogging in gravel filters and, when combined with numerical
modelling of the poregeometry, for establishing the link between pore velocity and
particle removal. The formation of gferential flow paths is detrimental to the pollutant
removal efficiency of a filter and could explain why many filters fail to produce good
quality effluent well before their physical pollutant storage capacity is reached.

Keywords: magnetic resonance igiag, pore network, gravel filter, numerical modelling,

tracer residence time distribution.
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Chapter 1

Chapterlil nt roducti on

1.1 Context

It is often necessary to removelljptants such as chemicalspollutant metals and
suspended solidom water either taender itpotable or to reluce the environmental
pollution that results from human developmdritese two agpations vary in thejuantity

of water to be treated, the types of pollutanmtbat constitutes an acceptabiesidual
pollutant level, andvhen andwhere the water need be treated. Howetreey also share

mary similarities in terms of therocesses that can be utilisedréoove pollutantsThis

thesis considers the use of gravel filtration as a pollutant removal process for both reducing

environmental pollution and producing potable water.
1.1.1Sustainable Drainage Systems

As a region develops and urbanises, permeable soil is replaced with impermeable surface
such as roads anduildings. This results in a shift irhe hydrological balance od
catchmentfrom a system dominated by infiltration and evdganspiration to a sfem
dominated by surface runofas shown inFigure 1.1. The increased surface runoff is
traditionally collected in artificial piped drainage $gms and discharged as
quickly/efficiently as possible to a watercourddis has the effect of boihcreasing the

flood hydrographpeak potentiallyincreasing the risk dlooding) and reducing baseflow

which is often detrimental to the ecology of the watercourse.

Increasd levels of pollutant are also introduced to the runoff as a result of combustion
processes, careless disposal of waste and general wear and deterioration of the bui
environmentDiffuse pollution is thought to account for 11% of polluted rivers and 8%

seriously polluted rivers in ScotlagdD 6 Ar cy et al ., 2000)
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Figure 1.1. Urbanisation results in a shift from permeable ground cover with high
infiltration and low runoff to impermeable with low infiltration and high runoff (top
left and right, adapted from Arnold & Gibbons (1996)). The consequences of this are
illustrated with a river hydrograph: a shorter lag time between rain falling on a
catchment and the peak river flow, higher river flow peaks (increasing flood risk) and

lower river baseflow (with associated negative ecological impacts).

Roads are the greatest source of polluted rujidfetic & Orr, 2005; Grant et al., 2003;
Thorpe & Harrison, 2008)Types of pollutants found in road runoff inckuails and
hydrocarbons leaked from vehicles, pesticides from roadside weed cqahoitant

metals fromdisintegrationof vehicle brakes, tyres and body as well as from signs and

2
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street furniture, and sediment washed or blown onto the road surfacatadcas a result
of degradation of the road its€lEampbell et al., 2004)n addition to being a pollutant in
its own right, sedimestactas a surface onto which other pollutants easorb These

pollutants acconulate on the road surfaceduring dry periods and are washeff by

suitably intense rainfallRichardson & Tripp, 2006; Sansalone et al., 1998; Shuster et al.,
2008)

Figure 1.2. Typical types of SuDS: A) retention pond, B) detention basin, G)egetated
roadside swale and D) roadside filter trenchwith coarse gravel overlying finer filter
media (to prevent gravel scatter onto the road)The pollutant removal processes that
occur in each type of SuDS, to a greater or lesser degree, are sedimentation, filtration,
biodegradation, adsorption and uptake by vegetation.

Sustainable Drainage Systems (SuDS) are a method of mitigating the impacts of
urbanisation at a catchment level. They attempt to preserve the natural hydrology by
attenuating and infiltrating runoff, impvong water quality and maximising the amenity
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and biodivergy opportunities of the land the SuDS occufpygure 1.2 shows several

typicaltypes of SDS.

Under the Water Environment (Controlled Activities) (Scotland) Regulations 2005, the
drainage of surface water from all new
equi valent equipped to avoi(#@M3Dp2005h)Whilst n o
regulation vaies from caintry to country, regulatoryequirenent forsome formof SuD
systemis becoming increasingly common; most notably in the USA where they are
referred to as Best Management Practices (BMPs) and Australia where they are known a

Low Impact Designs (LIDs).

1.1.2Roughing Filtration

For water treatmenby chlorination, ultra violet lightor by slow sand filtration to be
effective, the water must first havensuspended solids content. Roughing filtration has
been developed as a meanisremoving suspended soligmior to further treatment.
Roughing filters can operate in both vertical and horizontal flow configurations and
generally consist of three or more compartments filled with progressively finer grades of

gravel(Wegelin, 1996)as shown irrigurel.3.

clear
water

S m injet
chamber

Figure 1.3. Horizontal flow roughing filter with three gravel filled compartments.
Reproduced from United Nations High Commissioner for Refugee$1992)
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The gravel provides a large surface area onto which suspended solids can attach, reduc
the distance a settling particle must travel before encountering such a surface, ates$prov

a large pore volume for storage of removed particles. Due to the presence of the gravel
roughing filters occupy a much smaller land footprint than an equivalent plain
settlement/sedimentation tarfkurther advantages of roughing filters compared wikier
sediment removal methods are that they do not require the addition of chemicals such a
flocculants(although flocculants have been usednprove performancéDorea, 2005)

nor regular backwashing to restore permeability, avitere site topography permitbey

can be operated ®grely under gravity requiring no electricitior pumping Roughing

filters also have few mechanical components resulting in little maintenance or supervision
and hence low operational cosfsl of these factors increase the suitability of roughing
filters for pollutant removal in locations without electricity, where the addition of
chemicals is undesirable and where regular supervision and maintenance cannot b

guaranteed.

1.2 Current State of Gravel Filtration Research

Both SuDS and roughing filters are ddished treatment techniqueget there is
considerable scope for the performance of both to be imprdtvisdunclear what level of
treatment gravel filter SuDS provide and typically a great variation in removal efficiencies
of a variety of pollutants arebserved For instanceClaytor & Schuelef1996)found the
removal of metals, polycyclic aromatic hydrocarbons and total suspended solids in gravel
SuDS filters to be in the range of-80%, 85% and 80%espectively whilst in the Design
Manual for Roads and BridgéBMRB), lower removal efficiencies of 7%, 52% and 38%
are notedHMSO, 2006) Possible reason®r such a discrepancy could be the result of
different filter designs, hydraulic loading and pollutant characteristics between different
countriss (USA for Claytor & Schueler(1996) UK for DMRB). Nevertheless, this
highlights the uncertainty in SuDS removal efficiency with the result that more modern
guidance has moved away from statipgrcentag removal efficiencies in favour of
ranking each different SuDS measure as low, medium or high relative to other SuDS
measuregScholes et al., 2008; Pittner & Afton, 2010)
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Research into gravel filter SuDfasfocused on the following areas:

1. The removal of containantmetals bydifferent filter media such as iron oxide
coated gravelNorris et al., 2013) limestone(FernandeBarrera et al., 2010)
woodchipg(Syring et al., 2009and zeolit§Wu & Zhou, 2009}0 name a few.

2. The icl ean f remava efficidney D suspended solidgBarton &
Buchberger, 2007)

3. Monitoring of operational gravel filte(Schluter, 2005)

4. Measuringthe accumulation opollutant metalsand suspended solids on road
surfacegHerngren et al., 2006;0feto et al., 2009; Pal et al., 2010)

5. Measuringpollutantmetal and suspended solids content of road runoff and rainfall
event mean concentratiofiKayhanian et al., 2007; Crabtree & Whitehead, 2006;
Lau et al., 2009)

Little research has been carried out into the effects that filter clogging with accumulated
sediment has updiiter operation.Siriwardene et al2007)attempted to elvelop a model

of removal efficiency with sediment accumulation. The authors note that whilst their

model was successful in estimating removal efficiency in clean filters, the model failed to

predict sediment removal over time as sediment accumulated.

Understanding filter cloggings crucial as filtration based SuDS are pronéatire within
several years, well short of their anticipated 10 year desigiRd&lands & Ellis, 2007,
Schluter, 2005)Lindsey et al(1992) (in Emerson & Traver, 2008pund that, less than

two years after installation, 67% of the filtration based SuDS surveyed in Maryland, USA
were not functioning properly. After six years a follow up survey identified that 51% were
not functoning at all with many of the observed problems relating to accumulated

sediment.

Research into roughing filters has progressed along a different Ralkgtantmetals are
less of a problem and so the main pollutant of concern is suspended Balidsore
progress into aheoretical and conceptuaihderstanding of the transport and removal

processes has been madet | mi nating in a collection o

6
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t heoryo whi ch tdslow sandofikeetlwasakipepal.,il@BAVeberShirk &

Dick, 1997)and to gravel roughing filter@Ahn et al., 2007; Ahsan, 1995; Bail, 1993;

Lin et al., 2008; Wegelin et al., 198 Hlowever filtration theory has its limitation: the
trajectory approach (a microscopic approach originally developed for air filtration which
considers how individual particles collide and adhere toglesicollector surfacéyao et

al., 1971) is only valid for clean bed conditions in which no particles have been deposited
within the filter (Amirtharajah, 1988) The phenomenological approa¢h macroscopic
approach that comgers bulk filter characteristics) can model the whole filter cycle
including clogging, but requires extensive experiments to determine the empirical
constants of the model, cannot be used for predicting removal in systems that differ from
the experimentalsetup, and does not provide a fundamental understanding of the

mechanisms of deposition.

1.3 Thesis Aims& Layout

Both gravel filter SuDS and roughing fileecould benefit from an improved understanding

of how sediment accumulation affects filter pollutegrnoval efficiency. Such information
could result in improved filter design (e.g. more efficient at removing pollutants or longer
lasting filters), a better understanding of the level and frequency of maintenance required
to ensure adequate filter operatioor perhaps a more realistic expectation of filter
performance and design life based upon local conditions ensuring that filters are only usec

where appropriate.

This thesis aims to better understand sediment accumulation within gravel filters through a

combination of lakbased experiments and numerical modelling:

1 Chapter 2: the change in conservative tracer transport characteristics with
pollutant particle accumulation was assessed through column experiments.

1 Chapter 3: the spatial heterogeneity of pakt accumulation was measured by
collecting 3D data with magnetic resonance imaging (MRI). Multiple scans of
filters allowed the temporal evolution of particle accumulation to be assessed. A
method for processing the raw MRI data to yield the change ipd3® geometry

was developed, assessed and applied.
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1 Chapter 4. a simple method for extracting and comparing pore network
characteristics at different stages of particle accumulation was applied to the MRI
derived geometry.

1 Chapter 5: direct modelling of te 3D MRI pore geometry with the open source
software OpenFOAM allowed correlation afomputer flow velocities with
measuredparticle accumulation at each point in the pore network. Lagrangian
particle tracking was used to simulate the transport of a caiser tracer through

the filter.
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Chapter2iCharacterisation of Filte
Conservative Tracers

2.1 Abstract

Experiments were carried out in which gravel filters, similar to water treatment roughing
filters and roadside SuDS filters, were clogged with kaolin clay. The removal efficiency of
the kaolin was measured for clean filters prior to any deposition, &ftiment loading
equivalent to 20 days of roughing filter operation (for a given filter design) and finally
after 40 days of operation. Conservative tracers were used to determine the change in filte
hydraulics with clogging and it was found that, by fii¢fia convectioispersion model to

the tracer breakthrough curves, the mobile pore volume of the filter could be estimated to
within at leastLl0% of the independently measured pore volume. With knowledge of filter
sediment loading and sediment deposiklignsity, it was possible to estimate sediment
removal efficiency from the change in pore volume between two tracers. It is proposed that
this may be a useful tool for evaluating laboratory or pilot scale filter performance and as a

diagnostic tool to argse failing or undeperforming filters.

It was found that care must be taken when using turbidity as a surrogate for total suspende
sediment concentration. Due to the preferential removal of larger particles within the filter,
the influent and effluentparticle size distributions differ. The kaolin turbidity/TSS
relationship derived for the influent kaolin suspension was not appropriate for the effluent
suspension. The use of a single turbidity/TSS relationship derived for the influent
suspension undgwredicted TSS removal efficiency by ~16%. It is therefore recommended
that TSS removal efficiency be calculated from TSS measured by filtration through glass
fibre filter papers rather than turbidity. In some situations it may be more appropriate to
deriveseparate influent and effluent turbidity/TSS relationships to determine TSS removal

efficiency from turbidity measurements.
2.2 Introduction

To understand filter removal efficiency and how it changes over the filter design life, it is

necessary to understahdw sediment particles are transported through and removed by

9
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the filter and how this is affected by increasing amounts of retained sedirhendim of

this chapter was to evaluate conservative tracers as a monitoring or diagnostic tool to
assess the woine of sediment retained within a gravel filter. Additionally, this chapter
includes justification for aspects of the experiments used throughout the thesis such as flow

rates and concentrations of sediment.

The format of this chapter consists of a brigfaduction to tracer theory, justification for

the use of kaolin as the model pollutant for removal, justification for kaolin concentrations
and experiment flow rates and a description of the gravel filter media. The experimental
setup and operation is tdded together with results on filter removal efficiency, tracer
transport characteristics and change in suspension particle size distributions. Finally, the

utility of tracers as a diagnostic tool for gravel filters is assessed.

2.3 Tracer Theory

Conservatre tracers have been used to establish dispersion coefficients in wetlands
(Werner & Kadlec, 2000Q)in saturated soil¢Pattanaik et al., 2004and as tools for
monitoring change in granular filter hydraulics with sediment accumulé®endse et al.,
1978; Rodier et al.,, 1997)n this thesis | evaluated the use of tracers as tools for
measuring the change in pore volume of a gravel filter with sediment deposition and thus,

to measure removal éfency.
2.3.1Tracer Residence Time Distribution

The residence time is the average time it takes a pasticieendedh the flov to travel
through the filter. Consequently, the residence time is important for pollutant treatment as
longer residence equals largcontact/reaction times for particle removal, chemical

degradation, bi@ssimilation and adsorption.

Filter residence time is calculated as the first moment of the residence time distribution
(RTD) function (Kadlec, 1994) The residence time distribution curve is also known as the

tracer breakthrough curve and is calculated by
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z — @l AOE# AOE_?‘AO Equation 2.1
} . 108 O&A 0

WhereC(t) = effluent tracer concentratigkg/n),

Q(t) = flow rate(m?s),

MO = effluentmass of tracefarea under breakthrough curgky/s),

M1 = first moment of tracer effluewlistribution(kg),

t = elapsed tim¢s),

tf = total time span of theffluentpulse(s),

U = average (mean) tracer hydraulic residence tietermined from RTs).

The second moment of the RTD is the variance (the square of the spread of the
distribution) and this is a measure of the dispersive processes occurringthetisystem
and is expressed in units of tiff®ierberg & DeBusk, 2005)

S + Equation 2.2

Wh e r2ethelariace ().

The variance can be natimensionalised by dividing by the tracer detention time squared:

p A
5

Wh e r?@e (i=)ihe nordimensionalised variance.

Equation 2.3

2.3.2Normalising the RTD of Steadyflow Systems

In order to compare the RTDs between experiments carried out under different conditions,
each RTD should be normalised by removing units of flow rate, tracer concentration and
the volume of the systeiHolland et al., 2004)Volume and flow are commonly used to
normalise the time axis into dimensionless units. This is done by replacineatte with

dimensionless flowveighted tme, known as pore volumes (PV):
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'—\
(@}

Equation 2.4

>:
O

06

(o]
O

whereQ(t)=flow rate(m?s),
t=time(s),
to= the time of tracer introductiqis),
V(t)= the system volumém?3),.

For perfect plug flow, th@ormalised residence time of the filter should occur at one pore
volume. Pore volume is simply the total volume of fluid that can be contained within the
porous media. If there is significant shontcuiting and regions of immobile pore water,

the normaked residence time will occur in less than one pore volume.

The yaxis can be normalised with respect to the concentration of tracer injected and
removal of background conductivity.
#0O0 #

5 = Equation 2.5
# 0O m m

whereC(t)& normalised concentration at timgdtmensionless)
C(t)= concentratiorat time t(kg/m®),
Co= tracer stoclkconcentratior(kg/m®),
Ce= backgrounctoncentratiorof column effluentkg/m®).

2.3.3Hydraulic Efficiency

The hydraulic efficiency is the ability of a system to distribute flow uniformly throughout
its volume. This can be used to characterise the systems treatment efficiency as
maximising the hydraulic efficiency maximises contact time of pollutanthe system,

thus optimising the chance of pollutant remoi\tédlland et al., 2004)

The theoretical residence time of the system bancalculated from the system pore
volume divided by the flow rat@®ierberg & DeBusk, 2005)

z _6 Equation 2.6

1
Where:3 = thetheoretical hydraulic residence tirs).

12



Chapter 3

Thackston et al. (1987) (itdolland et al.(2004) proposed dividing the theoretical
residence time by the actual residence time calculated from the RTD curve to give the
hydraulic efficiency.This is a measure of what proportion of the filter pore volume was

accessible to the tracer.
2.3.ACXTFIT/Excel

CXTFIT is a computer programme widely used to analyse the transport of solutes in
subsurface tracer experimeifii@ng et al., 2010; Zhang et al., 2010; Wang et al., 2008)
Microsoft Excel version of the original FORTRAN code, developeddyg et al(2010)

was used tdit equilibriumand norequilibrium convectiordispersion modelt the tracer

RTDs using a nonlinear least squares methGdnvectiondispersion model parameters
sweh as dispersivity, mobile water fraction, tracer mass transfer and pore volume can ther

be estimated for each RTD.

2.4Kaolin as Surrogate for Road & River Particulate Pollution

When measuring the lortgrm particle removal efficiency of gravel filters, itdesirable

that the particle properties be as consistent as possible during or between experiment run
Collecting a sufficient quantity of homogenous road ruaofiriver particulate matter for

all experiments would be problematic. In addition, the larggation in particle size and
densities that would be present in the road particles would make analysis of the results
challenging. Instead, kaolin clay (Imerys Kaolin SuprEfjiavas used as a surrogate for

both river particles and the finer fractionroid runoff particles.
2.4.1River Particulate Matter

In drinking water treatment studies, kaolin has traditionally been used in place of the
colloidal particles suspended in river water. Kaolin is suited to this purpose as it can be
obtained in bulk and with eelatively uniform particle size. As both the size and surface

charge of kaolin are similar to that of river particles, attachment mechanisms are similar

hence removal efficiencies are similar. Researchers who have used kaolin as a surrogat
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for river paticles for these reasons incluféegelin et al. (1987), Rajapakse & lIves,
(1990), Boller (1993), Ahsan (1995), Rooklidge e(2002) and.in et al.(2008.

2.4.2Road Runoff Particulate Matter

Road runoff particles consist of those blown onto the road surface by wind, washed off
vehicles and degradation of the road, road infrastructure and vehicles themselves. As sucl
road runoff consists of a diverse range of particles with a rangeesfand characteristics.
Other pollutants such as polycyclic aromatic hydrocarbons (PAHSs), pesticides and
herbicides applied to roadside verges, bacteriapatidtant metals are contained within

road runoff(Napier et al., 2008)A review of numerous studies from around the world
reporting the particle size distribution in road runoff is summarisdtigare 2.1 together

with the measurement of a sample collected froma@Nestern Road, a busy urban dual

carriageway in Glasgow.
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Figure 2.1. Review of reported particle size distributions in road runoff from around

the world. Analysis of a single road runoff sample collected from a typical urban

trunk road in Glasgow (labelled Minto) is presented for comparisonSpecific Annual

Average Rainfall (SAAR) is an indicator of average rainfall depth whilst Annual

Average Daily Traffic (AADT) is an indicator of average traffic load.
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As is evident fromFigure 2.1, road runoff particle size typically covers a range from

millimetres down to colloidal particles. Mediars§¢d par ti cl e si zes ar ¢
to 633&gm. This highlights t he istiecsdependingl i t
on location, road type, traffic characteristics, climate and geology as well as the intensity
of the individual storms producing the runoff and antecedent dry period between rainfall

events.

Numerous researchers have reported increaséatgndl loading associated with the finer
fractions of road runoff particles such as clay sized parti@estzen & Larsen, 2009;
German & Svensson, 2002; Herngren et al., 2006; McKenzie et al., 2008; Pa2@1@).,

This is most likely because, due to their large surface area and negative surfacefcharge
the clay sized particles, pollutants suchpafiutant metals and PAHs adsorb onto their
surface(Li et al., 2006) When coupled with the difficulty in removing such fine particles

in other SuDS components such as ponds and swales, any improvement in filter drain
design so as to retain clay sized particles would reduce the greater volyrakutdn
passing through a SuBDeatmentsystem As such, it is appropriate to use kaolin as a
surogate for road runoff particles when measuring the removal efficiency of clay sized

particles.

2.4.3Kaolin Properties

The kaolin particle size distribution was measured by dynamic light scattering with a
Malvern Zetasizer ZS90 (Malvern InstrumentEhis instument records the tensity of

light scattered by particles in the suspensawer discrete time steps. The change in
intensity is a function of particle motion. Provid#tht temperature and viscosity of the
suspension are known and constamtd the pdicles are small enough that settlement
under gravity is not significant, the particle motion can be considered to be from Brownian

motion alone From this Brownian motion, the particle size distribution can be inferred.

To ensure the particle size measurements were representative of the particles entering tt
gravel filters, multiple samples (totalling 31) were taken throughout the experiments from
the kaolin suspension feed tank at the same level as the tank extradtem This

sampling method captured timatural flocculationof particles within the tank (i.e. the
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flocculation occurring without the addition of a chemical coagulant) and for a change in
average particle or particle floc size as the experiment progresskdank volume

decreased, as presentedtigure2.2.

Ideally particle size would remain constant throughout each experiment; however, despite
vigorous mixing of tle kaolin suspension feed tank with an overhead staletails of the
experimental setup can be found in Sect®n), differential settlement of the naturally
palydisperse kaolin leéto a decrease in particle size over time. As shiowkigure2.2 A),

influent medianparticle size decreases from 1762when the tank is full (45 litres) to

1126 when the tank is empty (5 litres remaining below extraction tube level). This change
in particle size must be considered when analysing the particle removal efficiency results
(Section2.8.3.

Particle size variation within the first 10 litres is, on average, 4.8% (reducing from 1762nm
to 1682nm). The evaluation of size dependent particle breaighr(Section2.8.§ was
limited to the first 10 litres. It is worth noting that none of the studies identified in the
literature review that used a polydisperse particle ssdkaalin reported influent particle

size variation over time and the effect it may have on removal efficiency.

Kaolin has a dry density of 2600g/l. Settling column tests established that a high
concentration (80g/l) kaolin suspension settled with a belksily of 1178g/l which is
similar to the value of 1150g/l determined Wegelin et al(1987) It is assumed that the
particleby-particle accumulation of kaolin within the filter would result in a sestitrwith

less trapped water and hence a higher bulk density than that observed in the settling
column tests, similar to the values of 1264 and 1340g/I reportBdliar & Kavanaugh
(1995)f or 3 ¢ m kablinaepesits &lre settledbulk density of kaah therefore lies

within the range of 1178 to 2600g/l and must be determined experimentally.
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Figure 2.2. Median (d50) size of kaolin particles entering filter over A) the entire removal efficiency
measurement period from full tank (45 litres) to empty (O litres)) and B) the particle size monitoring
period (first 10 litres). Vertical bars in B denote range in particle size about thenedian from 5™ to 95"
percentile for each measurement. A reduction inmedian particle size entering the filter is evident
when considering the entire removal period, yet is relatively minor when considering the first 10 litres,
as shown by the exponential trendlines (solid black lines) fitted to each data set.

The concentrabn of particles in suspension can be measured gravimetrically following the
procedure outlined in standard method 254B8Merican Public Health Association, 1999)

in which a sample of known volume is filtereddbhgh a glass fibre filter of knowmass

dried to constanmassand the increase imassrecorded. A far quicker method is to

measure the turbidity of each sample.
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Turbidity is an optical property of a particle suspension that primarily depends upon
particle concentration. However, particle colour and particle size distribution also affect
turbidity, as do environmental factors such as temperétimeet al., 2008) As such, the
relationship between the turbidity and concentration of a kaolin suspension is not quite
linear (Lin et al., 2008; Wegelin et al., 198@hd must be establishédr each batch of
kaolin. Results of the turbidity/concentration relationship fer latch of kaolin used in

this thesis are presented in Sect?o®.1
2.4.4Fluid Phase

Attachment properties of the kaolin particles and the suspension stability dgpenthe
chemistry of the fluid phase O6 Me | i a & SMeasorementslo® H7apd zeta
potental were made for three concentrations of kaolin, each suspended in either deionisec
water (MilliporeMilli-Q,1 8 MY/ ¢ m r),¢ap watet dr SuD$ water. The SuDS water
was collected from a highway SuDS system (M77, East Ayrshire, UK) between filier dra

outflow channel and sedimentation pond during a rainfall event.

0 9
-5 e T — 3 -8
_____________ L —@— Zeta Potential (DI
10 @————mmmnoczoo P <+ 7 (DI)
2 15 ®-------mmmmmeoeeo L S -6 —e— 7eta Potential (tap)
| 3 - —®— Zeta Potential (SuDS)
= 20 —
= =
2 -4
£ s *— — o — o -—--pH (DI)
8 -3
£
™ 30 e —e -—--pH (tap)
) 7
35 o —‘\\. L --#--pH (SuDS)
'40 T T T T T T 0
0 50 100 150 200 250 300 350
Concentration (mg/1)

Figure 2.3. Variation in zeta potential and pH with kaolin suspension concentration

and fluid type.
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Results are presented fgure 2.3 and show that both zeta potential and pH are
independent of particle concentration, but are dependent on the fluid type. Ideally SuDS
water or river watewould be used in the experiments. However, the properties of the
SuDS or river water would vary with each rainfall event and would change with time in
storage hence could not reliably be collected and used. The zeta potential and pH of the ta
water/kaolin suspensions more closely match those of the SuDS water than does the
deionised water, however the difference is minimal. Tap water was chosen for the

practicality of obtaining the large volumes (~225 litres) required for each filter run.

2.5Hydraulic & Lifetime Sediment Loading onFilters

As the aimof this chapter is to evaluate changes in filter hydraulics over the life of a gravel
filter as it clogs with sediment, the clogging process must be accelerated to ensure

substantial clogging within a feasible #stale for lab based experiments.

In the Trajectory Approach to modelling particle removal propose® byMe | i a & S
(1967) three methods by which particles may be transported to the gravel surface are
considered: diffusion, interception and sedimentation. Transport by diffusion and
sedimentaon are both reduced as velocity increases. Velocity therefore cannot be
increased so as to deliver a greater quantity of sediment to the filter and accelerate

clogging without altering the deposition mechanisms under investigation.

Particle concentratiomn the other hand should not influence particle transport to the
gravel surface. This is provided that the particles can be considered dispersed with a bull
density approximately equal to the fluid density and no paspalécle interactions that

would hinder settlement.

Hindered settlement only occurs once the mass of particles in suspension exceeds sever
kilograms per cubic metre. Clear hindered settlement of kaolin was notBdrikers &
Winterwerp (2007) at concentrations of 27kg(2.7% weight for weight) and above
whilst Ni chol son §986) 6s€do2sky/th (2.5% w/w) to define the onset of
hindered settlement in cohesive sediments based on laboratory studies. The maximun

concentration of kaolin used in this study was 200g suspended in 30 litres of tap water
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corresponding to a weight for weight ratio of @6 &nd no hindered settlement of the

suspension was observed.

Filter clogging was accelerated by increasing the concentration of kaolin entering the filter
and, in the case of SuDS gravel filters, duration of flow entering the filter whilst
maintaining reastic flow velocities. The influent kaolin concentration and flow duration
were chosen to obtain a meaningful degree of clogging based on whether the filter would
be operated as a roughing filter for potable water supply or SuDS gravel filter for treating

highway runoff.

2.5.1Roughing Filter Hydraulic & Sediment Loading Rates

2.5.1.1Hydraulic Loading

The hydraulic loading on roughing filters is normally expressed as a filtration rate which is
the inflow rate divided by the crosectional area of the filter and is eeplent to the
superficial flow velocity through the filter. The volume that must be treated by the
roughing filter is determined by the required output of the water treatment works, which is
often limited by other components of the treatment system swsibvasand filters. Cross
sectional area of the filter can therefore be chosen to ensure the filtration rate falls within
the desired range.

Filtration rates used in pilot studies and full scale roughing filters generally fall within the
range of 0.3 to bm/hr (Ahsan, 1995; Sanchez et al., 2006; Nkwonta & Ochieng, 2009)
and appear to be based upon the recommendatioWgegtlin et al.(1987) perhaps
because these are incorporated into the only comprehemsiaaal for roughing filter

design and constructidiVegelin, 1996)

2.5.1.2Sediment Loading

River water sediment loading varies with climate, geology and season (amongst other
factors). Reported raw water concentrations of suspended solids entering roughing filters
range fran 10 to 800 NTU (nephelometric turbidity units, a standard measure of turbidity)
(Wegelin, 1996; Galvis, 1999; Ochieng et al.,, 2004; Boller, 1993; Ahsan, 19@iey

21



Chapter 3

normal condions. During high river flows the total suspended solids load can be much
greater.Sanchez et al2006) report that, over a 10 year period in Peru, peak turbidities
exceeded 3600NTU, haver 90% of the monitoring samples were below 80NTU whilst

in Bolivia peaks of 1350NTU commonly lasted for two or three days.

The sediment loading on a filter over its lifetime can be calculated as the suspended
sediment concentration multiplied by thewloate multiplied by the duration of operation
before maintenance. A load factor is necessary to take account of filters that are only in
operation for a fraction of a 24 hour period. It is preferable to use the filtration rate in place
of flow rate as ttg way the crossectional area of the filter need not be known. The result

is Equation2.7 in which the sediment loading for a given unit of time (for instance 1 day)
can be calculated. The units Bfjuation2.7 areg/n¥ i.e. the massof suspended sediment

entering each unit of crosectional area of the filter over the run duwmati

OAAEIN AA@ 38818 & Equation 2.7

WhereTSS= total suspended sediment concentratgm?),
Vit = filtration rate (m/hr) = flow rate divided by filter crosgctional area,
T = filter run duration (hours),
LF = load factor on filter (dimensionless) = hours of operation per 24 hours.

In the removal efficiency experiments, a knomassof kaolin passed through the filter at
each stage of the experiment. Ndimensionalising thisnassby the crosssectional area
of the experimental filter column allows direct comparison with the roughing filter

sediment loading in g/fn
2.5.2Highway SuDS Gravel Filter Hydraulic & Sediment Loading Rates

2.5.2.1Hydraulic Loading

SUDS for RoadgPittner & Allerton, 2010)s a guidance manual that aimed to consolidate
all the design guidance and information available on road applicatiD®,Sspecifically

for Scotland. Tgether with The SUDS ManudWoodsballard et al., 2007and the
Design Manual for Roads and Bridges (DMRB) sections relevarda drainage, these

three documents constitute the main design guidance for roadside filters.
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The hydraulic loading on roadside gravel Subifters is more complicated than for
roughing filters. This is because inflow volume is usually not controlled; instead it is
determined by the amount of rainfall, t
system. Roadside SuDS filters are desigiweeimpty within 24 hours so that they have the
capacity to attenuate the runoff from the next rainfall event. The water level in a SuDS

filter therefore constantly varies between full and empty in response to rainfall.

Figure 2.4. Total annual volume of road runoff entering each unit length of roadside
filter drain for a single carriageway road. Approximately to scale with specific annual
average rainfall (SAAR) of 1400mm (typical of West Scotland), road with of 3.65m
and filter drain width of 0.5m.

Roadsiddilter drains are linear structures that run parallel to the road. The catchment area
that is connected to the SuDS can be described per metre length of road regardless ¢
whether the flow enters the SBas lateral sheet flow from the road surface directly to the
drain, as shown irFigure 2.4, or to kerbside gullies and then into the drain at specific

points.

The Scdtish trunk road network consists of 3,405km of road, 559km of which is motorway
of 2 to 4 lanes, 526km of which is dual carriageway A road and 2,320km of which is single

23



Chapter 3

carriageway A roa@National Statistics, 2008)The majority of the trunk road network is
therefore single or dual lane. Using the standard lane widths given DMR& (HMSO,
2005a)and assuming all roads have a camber that dittegtfiow either to the left or the
right of the central reservation, the catchment area is between?m6%ngth for a single
lane with no hardshoulder to 10.68m length for a dual carriageway with 330m

hardshoulder.

Verge Carriageway entral Reserve
SRR G e T e
Lane 1 ol Lane 2 ol Lane 3
T Ll L2 = (L3) Ll 1~ 7, VRS{where required)
0.10 0.10 !
Lane » |<_ lane+| |4_
Line Lina [
Road Type G Ex G’
L1 | L2 L3
. 7.30
Dual 2 Lane (D2UAP) Varies 5 NIA 1.80
3.66 | 3.65
. 11.00
Dual 3 Lane (D3UAP) Varies 1.80
| 3.65 | 370 | 365

Figure 2.5: Typical cross-section of UKurban dual carriageway road (HMSO, 2005a)

Filter drain widths are a minimum of 0.2(AIMSO, 1998)with no upper limit set in the
design guidance. This is because filter drain depth is afb@strained by topography yet
the filter must have sufficient capacity to attenuate the 1 in 30 year return period flow
volume. The filter width, together with the porosity of the gravel media, is chosen to

achieve this capacity. In practice they ramkgeed approximately 1m in width.

24



Chapter 3

~1
)

=]
=]

h
]

L
o

o
=

Frequency

[
=

—
(=

=]

0 1 2 3 4 5 6 7

Event Averaged Rainfall Intensity (mm/hr)

Figure 2.6. Histogram of event averaged rainfall intensities for all events exceeding 1mm
total depth within the five year period (886 separate rainfall evélriis)annualolume of

road runoff entering each meter length of filter can be calculated by multiplying the
catchment area by the annual rainfall. This volume is useful when calculating the pollutant
load on a filter over the course of a year but does not allowdwerdte entering the filter

to be calculated as for much of the year there is no rainfall and hence no road runoff. The

approach taken in this thesis to determine the range in potential filter flow rates was:

1. use five years of 15 minute interval tippibgcket rain gauge measurements of

rainfall at a location in Glasgow (175,000 measurements),

2. divide this data series into discrete rainfall events using anemtert dry period of

three hours to define the end of one rainfall event and the start of eveaty

3. remove all rainfall events with less than 1mm total precipitation as these events are
unlikely to produce runoff with most of the rain water stored on the road surface
(Ellis et al., 1986; Chin, 2000; Ostendorf et al., 2001)

4. calculate the average intensity of each of the resulting 886 separate rainfall events

(seeFigure2.6),
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5. calculate the maximum intensity within each rainfall event by multiplying the
average intensity by 3.9, termed the 50% summer profile and derived from analysis

of UK summer storm@aulkner, 1999)
6. define five catchments:

T Abest caseo filter design with a

(single lane trunk road with no hardshoulder) and-theedge inflow;

M "imedian caseo with filter wi dth of

road with no hardshoulder) and ostbee-edge inflow;

T Awor st caseo with filter width of

road with hardshouldegnd ovefthe-edge inflow;

1 median case with flow entering filter through road gullies spaced at 24m
intervals corresponding to a road slope of 0(BfMSO, 2000) the

minimum slope necessary to ensure drainage of the road surface;

1 median case with flow entering filter through road gullies spaced at 79m
intervals corresponding to a road slages° (HMSO, 2000) the maximum

slope typically alloweddr motorways;

7. each catchment area was divided by the filter drain width and multiplied by both
the 886 event averaged rainfall intensities and peak intensities to obtain a range in

filtration rates.

The range in average and peak filtration rates for édehand road design are presented
in Figure2.7. It is apparent that the filtration rates in roadside SuDS filters span several
orders of magnitude depending om tihesign of the filter, the road, the rainfall event and

whether peak or average event intensities are considered.
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Figure 2.7. The total volume of flow passing through theoadside SuDdfilter over the
five year period investigatedis plotted against the range in filtration rates Each data
series corresponds to different filter widths, road widths, event averaged intensity or
peak intensity, and, when flow into the filter is through road gullies, the slope of the

road which determines gully spacing and hence catchment area between gullies.

2.5.2.2Sediment Loading

Duncan(1999)reviewed the concerdtion of pollutants in urban stormwater runoff from a
variety of land uses at locations throughout the world. Suspended solids from 37 locations
were evaluated and found to vary between 60mg/l and 720mg/I with a mean of 210mg/l.
Duncan(1999)notes a strong correlation between average suspended solids concentratior
and mean annual rainfall with a higher mean annual rainfall resulting in lower average
concentrations leading to the conclusion that the runoff contientrs limited by the

availability of sediment.

The annual sediment loading on a roadside SuDS filter can be calculated as the annuz
average total rainfall depth of runoff producing events (in this case taken to be all events
with a total rainfall deptlgreater than 1mm) multiplied by the average runoff suspended

sediment concentration for a range of catchment sizes and filter widths:
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OAKENAAB——438 8 Ol NEAO  Equation238

WhereAr = area of filter drain for a unit length @
D>1mm = the depth of rainfall for each event exceeding 1mm (m),
Gullies= spacing between roadside gullies (set as 1 if no gullies) (m),
TSS= total suspended sediment concentratgmg),
Wr = width of road carriageway (including hardshoulder) (m),
Years = number of years of data series from which rainfall depths were evaluated.

2.6 Gravel Media Physical Characteristics

Two types of gravel media were investigated: angular gabbro from a quarsupmies
aggregates for drainage and rounded bepebbles supplied by Rowebb Garden
Aggregates. The angular gabbro was divided into the two size range8nmi4and 8
11.2mm with standard sieves and mechanical shaker, whilst the roundedpebatds

weresieved to 8.1.2mm. Average gravel particle sizes were therefore 6mm and ~10mm.

Roughing filters typically consist of several compartments, each filled with a different size
of media e.g. 12mm, 35mm, 7#10mm and 1825mm (Wegelin et al., 1987)For
roadside SuDS filters, locally available graded stone/rock is recommended with a nominal
size of 4660mm (Woodsballard et al.2007)or locally available Type B (BS EN 13242)
20-40mm grave(HMSO, 1998)

The average gravel sizes of 6mm and ~10mm used in this study were more appropriate fo
roughing filters than for roaide SuDS filters. Larger gravel sizes in the rangd@@m

were not investigated because, to avoid significant wall effects, the ratio of the column to
the average gravel particle diameter should exceed 10:1. With the 200mm diameter columr

used, the maxiom gravel diameter was 10mm.

To measure the difference in anguiaof the two types of gravelpnamagebased method
that related angularity to the geometry of each gravel grain was used, as described b
Janoo(1998) The degree of angularity was calculated for 20 pieces of angular gravel and

20 pieces of rounded gravel wilguation2.9.
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Figure 2.8: Parameters for determining the degree oaingularity (Janoo, 1998)
I pymy - Equation 2.9

where:Ai = degree of angularitfdegrees
U= measured anglgegrees)
r = radius of the maximum inscribed cir¢la)
x = distance to the tipraghe corner from the centre of the maximum
inscribed circlgm)

A)

Figure 2.9. A) angular 10mm gravel grain B) rounded 10mm gravel grain.

Average degree of angularity was 316 with a standard deviation of 133 for the angular
gravel and 250 with a standard deviation of 81 for the rounded gravel. This shows that the
angular gravel is indeed moamgular than the rounded, but also is more heterogeneous
with implications for gravel packing in the filter, pore throat size distributions, porosity

and hencéocal variations irthe interstitial pore velocity.

A standard procedure was adopted for fillegch column with gravel so as to minimise
variations in porosity due to the placement of the gravel and ensure repeatable anc

comparable experiments. The procedure is described in ScTidn
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Whilst only the physical properties of the gravel were investigated in this thiesiss et

al. (2013) have shown that both gravel mineralogy and surface weatham@ngnportant

for pollutantmetal adsorptionUsing the same angular gabbro as used in this thesis, they
found that scrubbinghe gravelcleanresulted in removal of a weathered clay layer and a
decrease impollutantmetal removal efficiency. It is therefore worth bearing in mind that,
when selecting the most appropriate media for a filter, both the physical and mineralogical

chaacteristics of the gravel must be considered.

2.7 Experimental Setup & Procedure

/
Figure 2.10. Experimental setupfor two filter column experiments run in parallel.

Figure 2.10 outlines the experimental setup and equipment used to deliver a kaolin
suspension to the two gravel columns, measure removal efficiency, monitor change in
particle size and measure consematiracer breakthrough profiles. The experimental

setup consisted of the following components:
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A) Magnetic stirrer to mix stock of concentrated kaolin suspension.

B) 50litre thermally insulated feed tank filled with 45litre kaolin suspension kept in
suspasion with an overhead stirrer and at constant temperature with a heater/cooler unit
(ThermoFisher) connected to a copper heat exchange coil. Tracer stock kept in bottle ir

tank prior to tracer injection.
C) Dual channel peristaltic pump (Watson Marlow B3
D) Threeway valves controlling flow through tracer injector.

E) Tracer injector system diverting flow from pump to ensure tracer delivered at a constant
flow rate. Injector system must be connected directly to either columralsmhated

between traer injections.

F) Gravel filled column composed of sections of clear agrgbaled with silicone sealant

and thermally insulated
G) Piezometer allowing measurement of inlet head.

H) Multimeter (Hach HQ40D) with conductivity probe (Hach CDC401) allowongine

measuremerdf conductivity.

[) Sample collection area with threeay valves to direct flow to conductivity probe
(during tracer breakthrough measurement) or free outflow (during clogging and removal

efficiency measurement phases).
J) Turbidimete(Hach 2100N) for offine measurement of kaolin concentration.

K) Particle sizer (Zetasizer ZS90, Malvern Instruments) forliof measurement of

particle size.
L) Balance to measueffluent mass per unit of time and heffiosv rate.

M) Return of columreffluent to tank during recirculating phases.

The experimental procedure consisted of seven phases outlined graphitalyef.1:

1. filling and sealing the gravel otumn, characterising initial porosity and

conservative tracer transport properties,

2. first measurement of kaolin concentration and particle size breakthrough profiles

together with removal efficiency from a once through flow of kaolin suspension,
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3. first clogging of filter with high concentration kaolin suspension recirculated
through tank and followed by a tracer transport measurement,

4. second measurement of kaolin concentration breakthrough profile together with
removal efficiency from a once through flowlaolin suspension,

5. second clogging of filter with high concentration kaolin suspension recirculated
through tank and followed by a tracer transport measurement,

6. third and final measurement of kaolin concentration breakthrough profile together
with removalefficiency from a once through flow of kaolin suspension,

7. dismantling filter, measuringhassof kaolin retained in gravel, in filter pore water

and within the acrylic column.

Table 2.1. Experiment procedurefor clogging filter and acquiring measurements.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 | Phase 7
Flow Once through Once througl] Recirculated| Once througl Recirculated] Once through -
Kaolin - 667 mg/l 5000 mg/| 667 mg/l 5000 mg/l 667 mg/l
Tracer [T1 - [T4 - T3 -
Turbidity Measure ment
Size Measurement -
Samples for Filtering . . . . -
Table 2.2. Experiment parameters.
RuN Parameters
Name - .
Identifier Shape Size Flow Rate Length
Standard S Angular 8-11mm 0.35m/hr 2 sections
Fine gravel FG Angular 4-8mm 0.35m/hr 2 sections
Layered gravel LG Angular 8-11mm, 48mm 0.35m/hr 2 sections
Rounded gravel RG Rounded 8-11mm 0.35m/hr 2 sections
Low flow, long LF Angular 8-11mm 0.12m/hr 3 sections

Five filter runs were performed, each with two identically prepared columns. The details of
each run are provided fable2.2. The parameters investigated were gravel size, the effect
of layering different sized gravels, gravel shape and the residence time within the column.
Residence time (Run LF) was evaluated rbgucing the flow rate and increasing the
To

deposition, run LF was conducted with five once through removal efficiency phases (5x

~

column | engt h. determine i f Afilter r

Phase 2) and a lower kaolin loadidgring clogging (Phases 3 & 5) of 2500mg/l in place
of 5000mg/I.
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2.7.1Phase 1i Column Preparation & Tracer Characterisation

Columns were filled by hand with a knowmassof washed and dried gravel. After every
handful of gravel was placed in the column, tiodumn was gently tapped to-aerange
and compact the gravel. Once full, silicone sealant was used to ensure a waterproof seal c

each section of the column.

The column was initially filled with water by slowly pumping from a container filled with
a knownmassof room temperature tap water. By filling from the base upwards and
recording the change massof the container, the volume of water in the tubing and the

pore volume of each section of the gravel column could be ascertained.

After switching fromupflow to a downflow configuration and running ten pore volumes of
temperature regulated tap water through the filter at the experimental flow rate, a pulse of
NaCl tracer was injected. The injection system consisted of a 10ml graduated pipette filled
with 10ml of tracer (at feed tank temperature) connected at one end to the column influent
line and at the other end to the column inlet (seEigiyre2.10). During tra@r injection,
threeway valves divert the flow supplied by the peristaltic pump through the pipette
forcing the tracer into the column at a constant flow rate. With this system tracer pulse

volume and duratiowereprecisely known.

A conductivity probe comected to a meter with timaterval data logging capabilities
allowed the conductivity of the column effluent to be measured at ten second intervals. The
entire tracer breakthrough profiles were captured together with the volume of the profile
and averageoncentration and was analysed wiitle Microsoft Excelimplementation of
CXTFIT.

2.7.2Phase 2, 4 & 6 Kaolin Removal Efficiency & Size

To measure kaolin removal efficiency, a constant inflow of kaolin from the feed tank was
passed through the filters. SangpMere taken from the feed tank and from the column

outflow and turbidity was measured with a ratio turbidimeter then converted to a

33



Chapter 3

concentration of kaolin usingquation2.10 and Equation2.11 for inflow and effluent

respectively(see SectioR.8.]).

Kaolin stock was prepared by adding 30g dry kaolin to 5l of tap water and mixing with a
magnetic stirrer for 24 hours. The stock was then added to 40l of tap water in the
temperature controlled feed tank and mixed with an overhead stirrendéonour; enough

time for a stable suspension and temperature to be reached.

The peristaltic pump RPM was set to supply the required flow rate through the column.
The flow rate was subsequently monitored at regular intervals by collecting the column

effluent over a given time period and dividing the volume by the length of time.

Particle size measurement was performed on a selection of the influent and effluent
samples used for turbidity measurement. The selection of samples focused on the point G

breakthlmough so as to establish the change in particle size at breakthrough.

When the kaolin suspension feed tank approached empty, flows were stopped and th
remaining kaolin suspension in the feed tank was collected, the volume measured (~5I) anc
the concentran of kaolin measured by filtration so that a mass balance of kaolin passing

through the filter could be calculated.

Phases 4 and 6 were identical to Phase 2, only without the particle size measurement.

2.7.3Phases 3 & 5§ Clogging & Tracer Characterisation

A kaolin stock of 200g in 5l of tap water was prepared and mixed for 24 hours prior to
being added to the feed tank. After thorough mixing in the feed tank with 35| tap water, the
clogging phase began in which the concentrated kaolin weiscidated thragh the filter

for 48 hours.

At the end of the clogging phase, a 10ml tracer pulse was injected to establish the chang

in filter hydraulics due to the deposition of kaolin within the filter.
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2.7.4Phase T Mass Balance

After the final measurement of removafi@ency (Phase 6), the columns were drained by
pumping in air at the minimum flowate of 3 RPM £5ml/min). The volume of pore water

in the columnsvasmeasured and the concentration of kaolin measured by filtration. The
gravel from each column section sveemoved and dried at 1:085°C until a constant
masswas reached, allowed to cool and then nieessof gravel and attached kaolin was
measured. Finally, the acrylic components of the columns were rinsed with tap water. All
rinse water was collected, thelume was measured and the concentration of kaolin in the

rinse water was measured by filtratibmough glass fibre filter paper

As themassof kaolin attached and retained by the gravel, the concentration of kaolin in
the pore water (and washed outtleé column during draining) and the amount of kaolin
retained on the column itself was known, a mass balance of kaolin retained within the filter

could be performed.

2.8 Results

2.8.1Kaolin Turbidity/Concentration Relationships

The relationship between turbidity canconcentration of the kaolin suspension was
established by taking 200mg of kaolin, suspending in 200ml of tap vsaeiSectio.4.4

for justification of using tap water) to obtain a concentration of 2000mg/l. The suspension
was mixed by overhead stirrer for 24 hours to ensure a uniform distribution of kaolin
before serial dilutions down to 10mg/lI were performed. The turbidity of each dilution was
measured using a Hach 2100N ratio turbidimeter with an EPA method 180.1 compliant
filter installed and with signal averaging turned on. This created the range of
turbidity/concentration values labelled &tandardin Figure 2.11 with values from

Wegelin et al(1987)presented for comparison.
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Figure 2.11. Kaolin turbidity/concentration relationship for 1) standards in which
known massesof kaolin were suspended in a known volumes of water, 2) the gravel
filter effluent concentration measured by filtration through glass fibre filters and 3)
the relationship reported by Wegelin et al. (1987) Turbidity was measured in
nephelometric turbidity units. Polynomial trend lines were fitted to the Standardand
Effluent data series. The Standard data series (and assated trend line) extended to
1000mg/I (947NTU) but is only shown up to 500 for clarity.

The Standard turbidity/concentration relationship was best fitted by a second order
polynomial equation with anRvalue of 0.999 Equation2.10). This equation was used
when determining the mass of kaolin entering the filter based upon measurements of
turbidity.

# MinuYs5 pd et d>5s Equation 2.10
Where Gy = Influent kaolin concentration (mg/l),

NTU = measured turbidity (NTU).

However, measurement of particle size (Secd®8 entering and leaving the gravel

filters showed a reduction in average particle size, thought to be due to the increasec
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removal of larger particles within the filters. Consequently, the particle suspension
characteristics of the effluediffer from the influent. To test if this resulted in a different
turbidity/concentration relationship for the effluent, 22 effluent samples were collected
during filter runs and analysed with respect to turbidity and concentration as per standard
method2540D. Turbidity of the glass fibre filtrate was also measured and found to be
within the range of pure tap water turbidities leading to the conclusion that that the glass
fibre filters (Whatman GF/ F, nomi nahe poi
results are plotted ifrigure 2.11 as seriesEffluent and clearly show that the effluent
turbidity/concentration relationship differs from that of the influent. TE#luent
relationship can be characterised by a polynomial equation with?aralRe of 0.939
(Equation2.11).

# mMnpaes5 MPuvwdb5 Equation 2.11

Where G+ = effluent kaolin concentration (mg/l),
NTU = measured turbidity (NTU).

For calculations of mass balance and removal efficierifiyyation 2.10 was used to
transform influent turbidities into concentrations whiEtuation 2.11 was used to
transform effluent turbiditiesin all previous studies identified (in which kaolin was used

as a particulate for removal), a single relationship between turbidity and concentration was
utilised for calculating both influent and effluent concentrations. The significance of this
upon renoval efficiencies and mass of kaolin retained by the filter is discussed in Section
2.9.2

2.8.2Filter Sediment Loading

The average sediment loading per column in thpeements was 9.5g per removal
efficiency phase and 105.3g per clogging phase. Average cumulative sediment loadings
over the entire seven phases of the filter run are presenttabie 2.3. Loadings have

been nordimensionalised by filter crossectional area so as to allow comparison with
roughing filter and SuDS filter sediment loadings, hence a loading of 9.5g over a single

column of diameter 100mm is equivalentat loading of 1,212g/f
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Table 2.3. Sediment loading on filter runs S, FG, LG and RG.

Phase 1 2 3 4 5 6 7
Loading (g/n%) 0 1,212 | 14,625| 15,836 | 29,249 | 30,461 | 30,461

Figure 2.12. White kaolin accumulating on grey angular gravel during Run LF. Flow
direction from top to bottom. A) inlet after first clogging phase, B) inlet after second
clogging phase, and C) entire column after second clogging phasi@owing increased

removal closer to the inlet.

As can be seen iRigure2.12, greaterremoval occurred at the inlet of each filtErgure

2.13 shows deposition within inlet of Run RG after the column has been drained and the
inlet cap removed. Although draining the column has thett the sediment, it is apparent
that a considerable proportion of the filter had been blocked leaving only #dew

channelspen.
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Figure 2.13. Filter RG drained and with inlet cap removed during Phase?
(measurement of retained kaolin mass). A considerable amount of kaolin has been
retained at the inlet with some areas of the filter completely blocked whilst, in other

areas, narrow flow channels into the filter remain open.

Indicative sediment loads amughing filters were calculated usiguation2.7 with a

range of probable total suspended solids and filtration rates. The time unit used was 24
hours hence sedimeloads are per day. The filtration load factor was 1, hence the filters
are assumed to operate 24 hours per day. The seven phases of kaolin removal and cloggil
simulated in the experiment would therefore be equivalent to 42.3 days of roughing filter
opeation at a flow rate of 0.3m/h and an average TSS of 100mg/l (1GgTiable 2.4

shows a range of equivalent operating durations for a roughing filter with different

combinations of influent TSS and filtration rate.
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Table 2.4. Roughing filter sediment load and equivalent duration simulated by runs
S, FG, LG and RG.

TSS Vi T | Lp | Sediment | Average Duration of Filter Operation Simulated (days)
2 Load

(9/m’) | (mthr) | () | () (g/m?) 1 2 3 4 5 6 7
10 0.3 24 1 72 0.0 | 16.8 | 203.1| 219.9| 406.2 | 423.1| 423.1
10 0.7 24 1 168 0.0 7.2 87.1 | 943 | 174.1| 181.3| 181.3
10 1 24 1 240 0.0 5.0 60.9 | 66.0 | 121.9| 126.9| 126.9
10 15 24 1 360 0.0 3.4 40.6 | 440 | 81.2 | 84.6 84.6
100 | 03 | 24| 1 720 00| 17 | 203 | 22.0 | 406 | 423 | 423
100 0.7 24 1 1680 0.0 0.7 8.7 9.4 174 | 181 18.1
100 1 24 1 2400 0.0 0.5 6.1 6.6 12.2 | 12.7 12.7
100 15 24 1 3600 0.0 0.3 4.1 4.4 8.1 8.5 8.5
500 0.3 24 1 3600 0.0 0.3 4.1 4.4 8.1 8.5 8.5
500 0.7 24 1 8400 0.0 0.1 1.7 1.9 3.5 3.6 3.6
500 1 24 1 12000 0.0 0.1 1.2 1.3 2.4 2.5 2.5
500 15 24 1 18000 0.0 0.1 0.8 0.9 1.6 1.7 1.7

Indicative sediment loads on roadside SuDS filters were calculated Eiguagion2.8 with

a range of probable total suspended solids, road widths, filter widths and guaitygspa

1m (no gullies), 24m (dual carriageway, 0.5° slope) and 79m (dual carriageway, 6° slope).
Only a single annual rainfall depth of runoff producing storms (total depth >1mm) derived
from Glasgow rain gauge data was used because, as not®ednoan (1999) TSS is
linked to the availability of sediment on the road surface rather than the annual rainfall
depth. Results are tabulatedTiable2.5 and show the huge variation in sediment loading
on roadside SuDS filters depending on their design. The sediment loading in the
experiment filter runs was equivalent to 10.3 years of operaifoa 0.5m wide filter
adjacent to a dual carriageway road in which the average TSS was 210g/| & X0wim

with overthe-edge drainage.
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Table 2.5. Roadside SuDS filter sediment load and equivalent duratiosimulated by
runs S, FG, LG and RG.

i Average Duration of Filter Operation

TSS | Dotmm | Wr Gully A Sediment g cimulated p
@) | miyn | (m) | PN | (mzrm) Load imulated (years)

g y (m) (g/mlyr) | 1| 2 3 4 5 6 7
60 0.965 | 3.65 1 1 211 0 | 57| 69.2| 74.9| 138 | 144 | 144
720 0.965 | 10.6 1 0.2 36824 0|00| 04| 04| 08| 08 0.8
210 0.965 | 7.3 1 05 2059 0|04| 49| 54| 99 | 10.3| 10.3
210 0.965 | 7.3 24 0.5 71009 0(00| 02|02]| 04| 04 0.4
210 0.965 | 7.3 79 0.5 233737 | 0 |00] 01| 01| 01| 0.1 0.1

The sediment load calculations show that a significant amount of clogging has taken place
within the filter. This should be borne in mind when assessing the change in removal

efficiency and tracer properties with clogging.

2.8.3Kaolin Removal Efficiency

Kaolin removal efficiency was established at three points during the filter clogging
process: the first flow of kaolin through a clean filter bed, after the first clogging phase and
after the second clogging phase. Removal efficiencymeasured at a further four stages
during the low flow filter experiment to establish if and when an increase in removal
efficiency due to Afilter ripeningodo occu
and the column effluent were collected atuleg intervals, the turbidity measured and

converted into kaolin concentrations, as showRigure2.14.
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Figure 2.14. Representative influent and effluent kaolin profiles (from Run S,
Column A, Phase 6). Average influent concentration and stable average effluent

concentration used to establish removal efficiency.

Once a steady effluent concentration was reached, #rages effluent concentration was
divided by the average influent to obtain the removal efficiency. Kaolin breakthrough
occurs before one pore volume, indicating sleoduiting and a deviation from perfect
plug flow, and peaks after one pore volume inticaremoval of kaolin within the filter
(Figure 2.14). Kaolin effluent concentration rises by 33mg/l (19%) between four and 10
pore volumes inFigure 2.14 and similar trends were visible in all kaolin breakthrough
profiles. This rise in effluent kaolin concentration was attributed to the reduction in mean
particle size in the kaml stock tank over time (Sectidh4.3: smaller particles require a
longer time to settle hence removal efficiency is reduced and kaolin effluent concentration

rises.
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Table 2.6. Removal efficiency, porosity and average velocity of filter runs S, FG, LG
and RG. The increase in average velocity with clogging is due to the decrease in
porosity. Porosity calculated based ommass balance of kaolin passing through filter

and estimated kaolin bulk density of 1455g/I.

Rgmoval Mass pf Kaolin Porosity (%) Average Velocity
Efficiency (%) Retained (g) (m/hr)
Phase Phase Phase Phase
2 4 6 2 4 6 2 4 6 2 4 6
A 82.8| 794 | 78.1| 8.7 | 98.0 | 193.3 | 49.2| 454 | 41.3] 0.72| 0.79| 0.88
S B 826 | 796 | 78.3| 85 | 102.0| 207.0 | 51.0| 47.0| 425| 0.68 | 0.76 | 0.85
A 76.5| 79.0| 80.8| 85 | 111.9| 217.3 | 499 | 454 | 409 0.70 | 0.77 | 0.86
FG B 76.7| 796 | 81.6| 8.1 | 106.9| 2124 | 50.5| 46.3| 41.8| 0.68 | 0.73 | 0.82
A 79.7| 782 | 782 | 55 | 77.2 | 1435 | 39.1| 35.2| 31.7| 0.72| 0.74| 0.76
LG B 80.3| 77.2| 781| 49 | 71.0 | 130.7 | 38.7| 34.4| 30.6| 0.73| 0.78 | 0.79
A 76.0| 78.1| 76.2| 75 | 97.0 | 179.9 | 39.1| 35.2| 31.7| 0.86 | 0.92| 1.08
RG B 755|776 | 76.9| 8.1 | 107.1| 1955 | 38.7| 344 | 306 0.91| 0.98| 1.16

Table 2.7. Removal efficiency, porosity and average velocity of filter run LF. The
increasein average velocity with clogging is due to the decrease in porosity. Porosity
calculated based on mass balance of kaolin passing through filter and estimated
kaolin bulk density of 1455g/I.

Run Removal Efficiency Mass pf Kaolin Porosity (%) Average Velocity
LF (%) Retained (g) (m/hr)

Phase A B A B A B A B
1 - - - - 50.2 50.3 0.23 0.22
2 84.0 82.8 10.1 9.2 49.9 50.0 0.24 0.23
3 85.0 83.4 18.3 16.6 49.7 49.8 0.24 0.22
4 84.8 83.9 26.4 24.1 49.5 49.6 0.24 0.2
5 83.5 82.0 35.0 31.9 49.2 49.4 0.24 0.23
6 84.3 83.6 43.6 39.8 49.0 49.1 0.24 0.23
7 - - 87.2 83.0 47.7 47.9 0.24 0.24
8 88.0 89.0 96.1 91.3 47.5 47.7 0.24 0.23
9 - - 138.4 130.5 46.3 46.5 0.25 0.24
10 90.4 90.5 148.3 139.2 46.0 46.3 0.26 0.24

Table 2.6 and Table 2.7 show removal efficiencies of a clean gravel bed (Phase 2) vary

between 75.5% and 84.0% with an average of 79.7% for all Rermoval efficiency is
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highest in Run LF which was attributed to flow velocities that were half that of the othe
runs and a column that wa s 1/ 3 Il onger.
configuration based on removal efficiency. However, on average, the rounded gravel had
the lowest removal efficiency across all measurement phases (RG: 76.7%, S: 80.1%, FG
79.0%, LG: 78.6%). The rounded gravel had the lowest initial pore volume due to tighter
packing of the individual gravel particles. This tighter packing may result in a higher total
surface area of rounded gravel than angular gravel, however also reqdte velocities
initially 25% higher than for angular gravel. Furthermore, the total gravel surface area may
be increased but the surface area perpendicular to the flow direction on which deposition
may take place is decreased (as showkigure 2.15) and, as this surface is rounded,

deposition stability is reduced leading to a lower volume of kaolin that may be stored on

each grain of gravel.

Figure 2.15. A) angular gravel with kaolin deposits after second clogging phase, and
B) rounded gravel with kaolin deposits after second clogging phase. The angular
gravel presents a larger, flatter surface area perpedicular to the flow on which
kaolin may deposit as well as maintaining a greater porosity, and hence lower
average pore velocities, than does the rounded gravel.

In runs S, FG, LG and RG there is no clear evidence for filter ripening (an increase in
remonal efficiency) or filter failure between the clean, intermediate (Phase 4) and clogged
(Phase 6) stages: the maximum changes were a decrease in removal efficiency of 4.59
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(average of columns A & B) for Run S and in increase of 4.6% (average of columns A &
B) for Run FG.

In Run LF there is an increase in average removal efficiency from 84.0% to 88.5% after
the first clogging stage and to 90.4% after the second stage of clogging with corresponding
porosities of 49.1%, 47.6% and 46.1%. In Run LF, these clggdiases were preceded by

five removal efficiency measurement phases over which the average porosity decreaset

from 50.3% to 49.1% and in which there was no discernible change in removal efficiency.

Filter ripening therefore appears to occur only onceethas been a substantial amount of
deposited kaolin and only in the low flow run. A potential explanation for this is that in
runs S, FG, LG and RG, kaolin deposition is coupled with a reduction in pore volume and
an increase in pore velocity (due to tanstant inflow rate) of, on average, 20.04%. This
would act to reduce the removal efficiency at the same time as the increased surface are
due to deposited kaolin would increase the surface area with the net effect of no discernible
filter ripening. In he low flow velocity experiment, the increase in velocity was only
10.2%.

2.8.4Tracer Characteristics & Repeatability

Effluent conductivitymeasurements takeat 10 second intervalsere used to determine

the breakthrough and residence time distribution (RTD) of a 10ml pulse of NaCl tracer.
Curvefitting software CXTFIT/Excel was used to fit a convectiiapersion model to the
data and estimate model parametErgure2.16 shows the RTDs for Run S, column B for
the clean filter (T1B) and ogjged filters (T2B & T3B) as it wagpresentative of all tracer
RTDs in this study.

The decrease in peakight and increasing skewedness of the RTDs with kaolin deposition
is indicative of an increase in dispersion within the filter. This is borne out by the
CXTFIT/Excel model parameters shownTable2.8 in which dispersivity increases from
1.126cm to 3.873cm for column B (shown kigure 2.16) with a similar increase for

column A.
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Figure 2.16 also shows a decrease in time to tracer breakthrough and peak with kaolin
deposition and a decrease in the slope of the rising limb of the RTDs. Tleasteor time

to peak indicates that the average pore velocity has increased, as was estimated based
the fixed inflow rate but decreasing filter volume due to kaolin deposition. The decreasing
slope of the tracer rising limb indicates that flow path fogfeneity is increasing within

the filter: some paths are becoming disproportionately faster than others leading to earliel
breakthrough of the tracer carried in these paths. It is hypothesised that this indicates a shi

from uniform transport through thiter to transport dominated by preferential flow paths.
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Figure 2.16. Residence time distributions for Run S, column B with CXTFIT/Excel

fitted convectiondispersion models.

Table 2.8. CXTFIT/Excel parameters and estimated average pore velocity of tracers
for Run S.

Estimated Average Pore

Run S Pore Volume (ml) Dispersivity (cm) Velocity (m/hr)

Tracer A B A B A B
T1 1758 1825 1.287 1.126 0.72 0.71
T2 1770 1799 1.960 2.309 0.78 0.77
T3 1694 1728 3.869 3.873 0.86 0.88
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To be a useful tool for characterising changes in filter hydrodynamics with clogging, tracer
RTDs must be consistent and reproducible. Potential sources of error and steps taken t

removeor mitigate them are listed below.

2.8.4.1Tracer Volume

Tracer pulse duration is an important factor for CXTFIT/Excel and dependent upon the
volume of tracer injected as well as the injection flow rate. Tracer volume was controlled
using a 10ml graduated pipette filled with 10ml of tracer. The level was jumgege and
typically with an accuracy of £0.1ml. With the injector setup described in Se2tibm

the entire volume of tracer was injected into the column.

2.8.4.2Flow Rate

As a result of the use of a peristaltic pump to deliver the flow, slight variations in flow rate
over the duration of tracer breakthrough are possible. Due to the injector setup (Sectior
2.7.7), the 10ml tracer is injected at exactly the same flow rate as the preceding and
subsequent flows. The entire volume of effluent from the beginning of tracer injection to
the end of the RTD was collected (between 3 atfittés) then weighed to determine the
volume (with an allowance for temperature effects on density) and, with the known
duration of the RTD, the average flow rate. This average flow rate was used for the
CXTFIT/Excel model.

2.8.4.3Density

If the tracer density we significantly different from the pore fluid then tracer transport
would not be representative of the pore fluid flow. There are two sources of differing
density: the concentration of NaCl in the tracer and the relative temperature difference
between théracer and the pore fluid.

Any solution containing NaCl will be denser than the kaolin/tap water suspension. To
minimise the effect of density driven flow, the tracer stock was prepared at as low a
concentration as could reliably be measured at the colwriet after mixing with the

column pore volume had taken place. This W@80mg/Iresulting in a specific gravity of
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1.0053 and a stock concentration of ~1200uS/cm. The tap water/kaolin (background)
conductivity showed little variation within each exipeent (x0.1puS/cm) and the peak
effluent concentration was between ~15.0uS/cm greater than the background for the firsi
tracer of each run (with minimum dispersion and mixing) and ~7.0uS/cm for the last tracer
of each run (with greater dispersion and myyinWith a probe measurement accuracy of
0.1uS/cm, this tracer concentration gave at least 70 distinguishable data points with which
the increase in conductivity from the background to peak could be defined. This was

sufficient to define the shape of th@ R at a high resolution.

The effect of density difference due to temperature was minimised by keeping the tracer
stock in a sealed container submerged within the temperature controlled kaolin suspensiol
tank prior to injection into the column. By minimiginthe time between filling the

injection pipette with tracer and injecting the tracer, the tracer was at the same temperature

as the column pore fluid.

2.8.4.4Conductivity Probe

Conductivity is temperature dependent. To prevent small variations in temperatare fro
affecting the conductivity reading, the Hach HQ40D meter includes a range of temperature
corrections methods. The NaCl specific Amear method with reference temperature of
20°C was found to perform best over the temperature range observed in thmexise
(~1821°C depending upon ambient room temperature). This was tested by heating a
sample of column effluent containing tracer from 18 to 21°C over approximately 30
minutes and recording both temperature and conductivity ch&imger€2.17). As there is

little change in average conductivity, the temperature correction method is adequate. Note
that the variation in conductivity shown kgure2.17 is larger than was observed in the
experiments where the temperature was either constant or varied by a maximum of 0.3°C
over the tracer measurement period and at a much sloweBeatkeground concentration

rates were constant to within £0.1uS/cm.

A second potential source of error associated with the conductivity probe was the residence
time of the measurement flow cell. Mixing within the flow cell would have an averaging

effect onthe conductivity reading that would smooth the RTD and reduce peaks. The
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volume of the flow cell was approximately 2ml, hence at the tracer flow rate of 50ml/min,

the residence time is 1.67 seconds. As readings are taken every 10 seconds, mixing withi

the flow cell is unlikely to have affected the RTDs.
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Figure 2.17. Relationship between tracer conductivity and temperature for NaCl non

linear temperature correction with reference temperature of 20°C. The tacer sample

of constant NaCl concentration was heated from 18 to 21°C whilst conductivity was

monitored.

2.8.4.5Kaolin Concentration

The presence of kaolin was found to have no influence on conductivity readings hence the

concentration of kaolin did not affectatRTDs. High concentrations of NaCl were found

to reduce the zeta potential of a kaolin suspension thus reducing stability and encouraging

kaolin particles to flocculate. This in turn would lead to greater settlement and removal of

kaolin within the filter However, at the low tracer concentration of 2000mg/l, NaCl had no

effect on zeta potential which remained in the raijel to-28.7mV (average24.7mV)

and indicates incipient suspension stability verging on moderate staf#linerican

Society for Testingrad Materials, 1985)
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2.8.4.6Tracer Repeatability

Taking into account the potential sources of error outlined in Sei@».1to 2.8.4.5
tracers were found to be highly repeatable, as can be seen from the tracer RTDn shape |
Figure2.18 and the low standard deviation for each tracer RTD descriptive parameter in
Table2.9. The four tracers were performed on a single gravel column on four consecutive
days prior to kaolin deposition. The slight differences between each tracer RTD are
thought to be due to different flow rates from the peristaltic punaget volumes and

temperature.

0.010

O Tracer 1

O Tracer 2
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o Tracer 4
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Figure 2.18. Tracer RTDs to evaluate repeatability of tracer procedure.All four

RTDs overlap indicating consistent tracer transport through the clean filter and a

consistenttracer delivery and breakthrough measurement procedure.
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Table 2.9. Tracer RTD descriptive parameters and standard deviation.

Filtration % Residence| Variance M|n|mu_m Time to | Dispersivity
Tracer Rate Recovery| Time () ) Travel Time Peak (PV) (cm)
(m/hr) y (PV)
Tracer1 | 0.3223 96.3% 0.95 0.0507 0.432 0.87 1.039
Tracer 2 | 0.3299 96.2% 0.95 0.0603 0.431 0.87 1.028
Tracer 3 | 0.3434 98.2% 0.96 0.0604 0.464 0.86 1.047
Tracer4 | 0.3437 97.6% 0.96 0.0598 0.472 0.87 0.981
St. Dev. | 0.0105 1.8% 0.01 0.0047 0.021 0.01 0.029

2.8.5Clean Bed Pore Volume Estimation from Tracer RTD

The pore volume of the filter is a critical parameter when evaluating the lifetime removal
efficiency of a gravel filter as it determines the capacity for sediment storage. The initial
pore volume of each filter was measured as described in Se&xfialh however pore

volume then decreases as sediment is deposited within the filter.

Initial pore volumes were also derived from fitting an equilibrium convedatispersion

model to each residence time distribution by using pore volume, in conjunction with
dispersivity, as a parameter for fitting. The use of the equilibrium model assoateke
tracer does not adsorb onto the gravel n
i.e. there are no stagnant areas or disconnected pore regions. The first assumption can |
verified as at least 95% of the tracer was recovered at the dutketsecond assumption
cannot be verified. As the gravel is of a relatively uniform siz&l(@@m, 48mm) and does

not pack tightly, it is unlikely that there will be a significant volume of disconnected pore
regions within the gravel body, however thereyrbasmallregions of stagnant, immobile

pore regions, particularly close to the inlet and outlet.

Comparing the initial measured pore volume with that estimated from curve fitting
determines how accurate the use of the convedigpersion model with pervolume as a
fitting parameter can be. As can be seen fiicable2.10, the tracer derived pore volume
(hereafter referred to as tracer PV) are, on average, 4.96ét tban the measured value

and are all within £10%.
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Table 2.10. Comparison between measured pore volumand tracer PV estimated
from fitting an equilibrium convection -dispersion model to tracer RTDs for the fve
experiments (S, FG, LG, RG & LF) and two columns (A & B). N.B. pore volumes

include inlet and outlet mixing sections (approximately 350ml each) and tubing

(approximately 40ml).
Measured Pore . 0
Volume (ml) Tracer PV (ml) Difference (%)
Run A B A B A B
S 1967.0 | 19334 | 1863.2 | 1825.1 -5.28 -5.61
FG 1894.0 | 1880.1 | 1915.0 | 1814.2 1.11 -3.50
LG 19285 | 1961.9 | 1778.9 | 1783.2 -5.05 -4.30
RG 1636.0 | 1560.9 | 1485.4 | 1458.0 -9.21 -6.59
LF 2692.3 | 2664.8 | 2882.1 | 2660.0 7.05 -0.18

2.8.6Clogged Bed Pore Volume Estimatiorirom Tracer RTD

At the end of each filter run, the mass of kaolin retained within each filter was measured as

described in Sectio®.7.4 Results & presented iable2.11.

Table 2.11. Comparison between tracer PV and mass balance PV. A settled kaolin
bulk density of 1455g/l yielded the lowest total difference in pore volumes. Run RG

was excluded from the analysis.

Mass of Kaolin TracerPV Mass Balance PV Difference in Pore
Retained (g) (ml) (ml) Volumes (%)
Run A B A B A B 0 0
S 132.2 1515 | 1694.1 | 17285 | 1788.3 | 17285 | -5.27 0.00
FG 151.1 158.3 | 1689.4 | 1761.3 | 1689.7 | 1666.0 | -0.02 5.72
LG 106.4 100.2 | 1801.1 | 1780.6 | 1784.6 | 1826.4 0.92 -2.51
RG 170.7 169.0 | 1097.4 | 1102.8 | 1405.2 | 1332.4 | -21.90 | -17.23
LF 62.8 49.5 2614.7 | 2682.1 | 2607.4 | 2597.8 0.28 3.68

The bulk density of kaolin deposited within the filter was not known, but could be

determined based upon the volume that kaolin occupied, which in turn could be determinec

by the change in the pore volume within the filter. Similar to the estimationtiaf ipore

volume, the final clogged pore volume can be estimated from equilibrium convection

dispersion model parameters fitted to the clogged RTD. Again it is assumed that the trace
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is conservative (a valid assumption as once again at least 95% adbewias recovered)
and that there are no disconnected pore regions. This second assumption may no longer |
valid as it was possible that kaolin deposition led to the formation of significant

disconnected pore regions or stagnant regions of no flow.

The hulk density of settled kaolin was estimated by iteratively sol&ggation2.12 for
each filter with an assumed bulk density until the sum of the residuals for all filter runs

were minimised.

06 06 — Equation 2.12

WherePVE = final pore volume of clogged filter estimated from tracer RTD
PV =initial pore volume of filter measured when filling column with water,
Mkr = final mass of kaolin retained in filter measured when column dismantled,
} ks = assumed bulk density of kaolin settled within the filter.

Results are presented Trable 2.11. Run RG columns A and B were excluded from the
analysis as the mass balandéwas substantially larger than the tracer PV. This is thought

to be because the rounded surface of the gravel led to less stable kaolin deposits an
increased cascading of settled kaolin within the filter. Cascading kaolin would then be
capable of entirgl blocking pore channels leading to the formation of disconnected pore

regions.

Table 2.12. Bulk density of settled kaolin derived from central, upper and lower

tracer RTD estimates of column pore volume.

Bulk Density (g/)
Tracer | Upper 1529
Pore ™ entral 1455
Volume
Estimate Lower 1434

Upper and lower 95% confidence intervals were calculated for pore volume in

CXTFIT/Excel. Combining all lower estimates of pore volume and soliqgation2.12

gives a lower estimate of the kaolin bulk dens&inilarly, cmombining all upper estimates

of pore volume and solvingquation2.12 gives an upper estimate of the kaolin bulk

density. Central, upper and lower estimates of settled kaolin bulk density are given in
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Table2.12. These fall within the expected range of 1-PB®0g/I (Sectior?.4.3, however
are likely to be slightly lower tharthe true settled kaolin bulk density (hence
overestimating the kaolin volume) as there was no way to distinguish immobile pore water

from the volume of water displaced by settled kaolin.

2.8.7Intermediate Clogged Bed Pore Volume Estimation from Tracer RTD

The mass of kaolin retained within the filters at the end of each phase was estimated from
the removal efficiency mass balance in SecBdh3 The density of the sedill kaolin was
estimated within 95% confidence limits based on the mass of kaolin retained and the
reduction in mobile pore volume in Secti@r8.6 It is thereforegpossible to calculate the

pore volume within the filter after each phase based on the amount of kaolin retained.
Table2.13 shows a comparison between the intermediater PVs (at the end of Phase 3,
T2) and the removal efficiency mass balances. Unlike for the clogged filters (Phase 6, T3),
the mass of kaolin retained within the filter was not known, hence the intermediate clogged
RTDs could not be used to refine thstimate of settled kaolin bulk density. The central,
upper and lower estimates of settled kaolin bulk density were used to reflect the

uncertainty in this measurement.

Tracer PV was, on average, 3.30% lower than the central pore volume estimate, 3.65%
lower than the upper estimate, 2.93% lower than the lower estimate and all pore volumes
fell within a range 0f5.6% to +6.10% . Accuracy of the tracer PV at intermediate stages

of clogging is therefore similar to that of the initial and final stages ofyeiog

Table 2.13. Tracer PVs compared with removal efficiency PVs (with upper, central
and lower estimates of settled kaolin bulk density).

Removal EfficiencypV(ml)
TracerPV(ml)
Upper Central Lower

Run A B A B A B A B
S 1770 1799 1853 | 1815 | 1835 | 1796 | 1828 | 1789
FG 1786 1834 1764 1756 1743 1735 1735 1728
LG 1841 1774 1839 | 1879 1824 | 1866 | 1819 | 1861
RG 1456 1395 1523 | 1436 | 1505 | 1416 | 1498 | 1409
LF 2671 2616 2591 | 2568 | 2574 | 2553 | 2569 | 2547
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For the rounded gravel Run RG, the clogged tracer PV (Phase 6, T3) was far below tha:
determined from the mass of kaolin retained within the filter (Se@i8rg§. This was
attributed to the formation of disconnected pore regions reducing the volume of the filter
accessible to the tracer. As shownTiable 2.14, the intermediatéracer (T2) was much
more similar to the mass balance PV than the clogged tracer (T3). This suggests that th

formation of disconnected pore regions only occurs during the second clogging phase.

Table 2.14. Comparison between tracer PVs and mass balance PVs for rounded

gravel filter Run RG.

Run RG| TracerP\V{ml) Mass Balanc®V(ml) Dlﬁ\%?ﬂr?]i '?0 /OF;ore
Tracer A B A B A B
T2 1456 1395 1514 1426 -3.86% -2.19%
T3 1097 1100 1403 1308 -21.79% | -15.89%

2.8.8Patrticle Size Breakthrough

The change in particle size during kaolin breakthrough was measured from samples
collected for turbidity analysis during the first addition of kaolin (Phase 2) of runs S, FG,
LG and RG.Figure 2.19 shows the kaolin breakthrough profile for Run S, Column A
(Kaolin C/G) with tracer T1A breakthrough (Tracer G)JCthe average background
effluent particle size (Background Size) and ramgeédianbackgroundsizefor all filter

runs, and the average influent kaolin suspension particle size (Influent Average Size) with
range in influentmedian sizeor all filter runs. Finally, the effluent mean particle size is

shown (Effluent Size).

55



Chapter 3

3000 ® ° 0.016
Q@
o o

® ° - 0.014 _
2500 = S
_ - 0012 @
= =
£ 2000 E
Y 0.010 £
i )
¥ 0] =]
% 1300 0.008 =<
g © 0.006 6:]
95 1000 ——Background Size | )
g Influent Average Size| () 004 E
= @ Effluent Size £
500 - —

Tracer C/CO - 0.002

. ® Kaolin C/C0O
0 - T R i T T 0.000
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Pore Volumes

Figure 2.19. Run S, Column A evolution of effluent particle size during kaolin
breakthrough. Tracer breakthrough RTD T1A shown for reference along with
average background particle size (with blue shading indating the range inmedian
sizes observed and average influent particle size (with red shading indicating the

range in median size$.

It is clear that immediately upon kaolin breakthrough (between 0.47 and 0.55 pore
volumes), themedianeffluent particlesize is higher than thmedianinfluent particle size
(2815nm compared with 1762nm). By the time of the tracer peakn#uian effluent
particle size is equal to theedianinfluent particle size and by full kaolin breakthrough
(3.5 pore volumes and onvas) themedianeffluent particle size is lower than theedian

influent.
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Figure 2.20. Run S, FG, LG & RG aggregated effluentmedian particle sizes. Run S,
Column A kaolin breakthrough and tracer T1A breakthrough are shown for

reference.

Similar, although less pronounced trends are visible when aggregating the results for run:
S, FG, LG and RG, as shown irigure 2.20. This result first appears somewhat
counterintuitive. The two main particle removal mechanisms for gravel filters are
gravitational settlement and straining (sieving), both of which should result in an increased
removal efficiency of larger particles and heran effluentnedianparticle size lower than

the influent, as is the case after approximately two to three pore volumes.

The initial peak in effluenmedian particle size can be explained by considering the
transport properties of different particle classes through porous nt@diegan et al.
(1996) showed that of all the gas molecules released from an undedgnowclear
explosion, those with a higher atomic mass (larger molecules) and lower diffusivity were
transported to the surface through faults and fractures more rapidly than those molecule:
with a lower atomic mas#uset & Keller(2004)found that in arficial pore networks of

varying pore size, larger colloids were confined to the centre streamlines of the pore
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channels due to their size whilst smaller colloids occupy both the central and peripheral
streamlines. Due to friction with the pore walls, tlentcal streamlines tend to have a

higher velocity than the peripheral streamlines.

Therefore, there are more opportunities for the smaller particles in a kaolin suspension tc
be transported in low velocity streamlines through the filter than large psrieteling to

an enhanced transport and earlier breakthrough of large particles. Whilst many small
particles will be transported in fast flow channels along with the large particles, this
process affects the average particle size and skews the PSD ttawvgedgarticles in the

initial breakthrough period.

The first effluent samples containing kaolin (around 0.5 pore volumEgyure 2.20) are
composed of a greater gmortion of large particles transported in central streamlines.
Despite the increased removal efficiency of large particles, overall this leadsedian
effluent particle sizehat is larger than the influent median particle size and closer to the
uppe valueof the influent particle sizdistribution

At the point of full kaolin breakthrough (around three pore volumes), kaolin particles from
the very first injection of kaolin that were transported through the filter in the lowest
velocity streamlinespr which took a more tortuous path, exit the filter and both kaolin
concentration and effluent particle size reach a steady state. Because of the increase
removal of the larger particles, tmeedianparticle size at this point is lower than the

influent medianparticle size.

2.9 Discussion

The aims of this chapter were to measure the efficiency of gravel filters at removing
colloidal particles and determine how the removal efficiency varies with accumulation of
deposited particles. Conservative tracers weeel s determine change in filter hydraulics
with clogging. Particle size measurement of the filter influent and effluent kaolin

suspensions were made to determine how removal affects particle size distribution.
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2.9.1Kaolin as Surrogate for Road & River Particulate Pollution

Kaolin is commonly used as a surrogate for river particles and is appropriate for analysing
the removal efficiency of roughing filte(®\hsan, 1995; Wegelin et al., 198 Kaolin is
somewhat less ideal for roadside SuDS filters where there icatlypia large range in
particle sizes entering the filter from colloidal particles up to several millimetres; kaolin is
entirely within the colloidal particle range. Removal mechanisms for colloidal particles are
predominantly settling undegravity and diect interception(Boller, 1993) Straining and
wedging between gravel particles would also occur but are likely to be insignificant due to
the high ratio of gravel size to kaolin size. Straining is likely to become significant once
particle simfer4dgmmegudav &I2 8a nldmnl gatebased ugow r ¢
the particle diameter to media diameteBaiton & Buchbergef2007) both of which are

at the upper end of the road runoff particle size distribution

If particles larger tha® 2 8 /4 B 4 7veerma to enter the gravel filter, the system would be
expected to switch from dedged filtration in which particles are able to penetrate deep
into the filter media and utilise the entire volume for particle removal to straining
dominated filtration. Paidles removed by straining would alter flow paths through the
filter as well as present additional surfaces for colloidal particles to attach. In straining
dominated filtration the top several layers of gravel quickly block with strained particles
and thepressure headould becoménigh enough to prevent road runoff entering the filter.
The blocking of the upper surface is a common failure mechanism in roadside SuDS filters
(Pittner & Allerton, 2010)without pretreatment. However, it is recommended that all
roadside SuDS filters constructed in the UK include-tpratment(Pittner & Allerton,
2010)in the form of flow over a grass verge or through gully pots before entering the filter,

both of which would be expected to remove the coarser particles.

The effect of larger road runoff particles on roadside StiD&8 clogging and pollutant

removal efficiency was not investigated in this study for the following reasons:

1. The removal of colloidal particles was of more interest as these are both more

difficult to remove and also contain other pollutants suchpakitant metals
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adsorbed to their surfaggllis & Revitt, 1982; Lau & Stenstrom, 2005; Stovin et
al., 2010)

2. Particles that would cause significant straining are likely to be removed by pre

treatment hence dedged filtration would occur in SuDS and not surface straining.

3. For the practical reasorhdt turbidity and size distribution measurement of a

rapidly settling suspension was not possible with the available equipment.

2.9.2Kaolin Turbidity/Concentration Relationship

In the field of water treatment it is common practice to use turbidity measur@ément
conjunction with a calibration curve as a surrogate for directly measuring total suspended
sediment (TSS) concentration. This is because turbidity measurement is quicker, cheapel
can be carried out in the field and allows many more samples to be eahdif the

alternative which is filtration through a glass fibre filter paper.

It is well known that, in addition to concentration, turbidity is dependent upon other
particle suspension properties such as sediment colour, shape ar{@lifiaed et al.,

1995) In this study and other@din et al., 2008; Rooklidge et al., 2002; Wegelin et al.,
1987) a decrease iaverage particle size was measured between filter inlet and outlet
which is entirely in line with filtration theory: larger particles are more likely to be
removed by settlement and straining. Some studies measure both turbidity and TSS
separately treatgnthese parameters as unrelated and calculating the removal efficiency of
each (Galvis, 1999; Ochieng et al., 2004; Rooklidge et al., 20@3jlvis, 1999 and
Rooklidge et al(2002)both found lower removal efficiency for turbidity than TSS whilst
Ochieng et al(2004)found both to be comparable. The approach takeWeégelin et al.

(1987)was to measure removal efficiency based on particle counts of each size class.

Without acess to a particle counter and with a desire to adequately characterise the kaolir
breakthrough curve (requiring more samples than could conveniently be analysed by
membrane filtration), te approach taken in this thesis was to derive two relationships

between turbidity and TSS: one for the influent kaolin suspension and one for the effluent

kaolin suspension. Had a single relationship based on the influent kaolin suspension beel
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used in this study, the effluent concentration would have beeregtiaratedresulting in
a removal efficiency of 66.3% instead of 82.8% for Run S, column A for example.

Yet there are numerous studies in which removal efficiency is based upon the difference
between influent and effluent turbiditfAhn et al., 2007; Ingallinella et al., 1997;
Losleben,2008; Mahvi et al., 20049pr TSS derived from a single relationship between
TSS and turbiditfAhsan, 1995and it is suspected that these studies and others like them

underestimate removal efficiency.

Lin et al. (2008) state that they initially used turbidity to determine TSS, but found that
increasing the influent concentration increased tunpukrived removal efficiency by 7%.

A membrane filtration derived measure of concentration showed no change in removal
efficiency over the same increase in influent concentration. They attributed the difference
to the nonrlinear relationship between turltigd and TSS and based all further removal

efficiencies upon membrane filtration derived concentrations.

Based upon the influent and effluent kaolin turbidity/TSS relationshigsqation2.10

and Equation 2.11 (shown in Figure 2.11, Section2.8.]), it is clear that the curves
converge at low concentrations and diverge as concentration increases. Hence, a
concentation increases, the error caused by using a single turbidity/TSS relationship that
does not take into account the change in particle size distribution between influent and

effluent increases, as observedLiy et al.(2008)

Many studies may therefore have underestimated removal efficiency in filters and hence
underestimated the mass of sediment retained, particulatiyghtsuspended sediment
concentrations. Often there will Isguations in whiclremoval efficiency based solely on
turbidity is sufficient. For instance, if the purpose of monitoring removal is to determine if
the roughing filter effluent is suitable for slow sand filtration, it is as useful for the operator
to have empirical knowledge of how the sand filter behaves at a givadityids at a

given TSS. In developingountries where roughing filters are most often udbéd
filtration equipment and operator skills ne@ysto measure TSE vacuum pump, filter
holder, drying ovenhigh precision(calibrated) balancand a large naber of glass fibre

filters T may not be available or would not be available for the-lengn operation of the
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treatment works. For this reason, there would bebeaefit in developing a filter
management strategy that relied on TSS measurement andtyusbpieferable.

However, if the purpose of the study is to compare the removal efficiency of different filter
designs that may produce different effluent particle size distributions (e.g. media of
different shape, size or roughness), or accurate kngeled the mass and volume of
sediment retained is required, removal efficiencies based on turbidity are not suitable.

The approach taken in this thesis in which an influent turbidity/TSS relationship and an
effluent turbidity/TSS relationship were estabég is an improvement over a single
turbidity/TSS relationship. It is also a compromise between accuracy of kaolin retained and
high frequency of sampling necessary to define the kaolin breakthrough curve.

2.9.3Tracers

A method for reliably delivering a knowiuantity of sodium chloride tracer and
measuring the resulting tracer breakthrough profile in the effluent was devised. The
method was found to be highly repeatable hence small changes in tracer residence tim

distribution (RTD) curves could be used toen€hanges in filter hydraulics.

With curvefitting software CXTFIT/Excel, pore volume was used as a fitting parameter in
a convectiordispersion model of tracer transport. Pore volume derived from the tracer
RTDs (referred to as tracer PV) were compareth Wnown pore volumes measured
during filling of the gravel filters. It was found thatjth knowledge of the influent tracer
volume, concentration, flow rate and effluent tracer breakthrough profile, it was possible to
predict he clean bed pore volumeithin at leastl0% of the measured value for all 10
filters. On average the tracer PVs were 4.96% lower than the measured value.

Transport of tracer through the filter, and hence the RTD curve, is only influenced by the
mobile pore volume: the volume ofid filter that is accessible to the tracer by either

convection or dispersion. The tracer PV is therefore a measure of the mobile pore volume
hence why it is lower than the physical measure of pore volume which includes regions

inaccessible to a tracer.
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The bulk density of the kaolin deposits within the filters was determined from the mass of
kaolin retained within each filters (measured when dismantling the filter at the end of the
filter run) divided by the reduction in mobile pore volume after kaolipod#ion
determined from tracer PVs. There are several sources of error within this measure of bulk
density: error from the measure of kaolin retained (by filtration, drying and weighing),
error associated with the tracer measurement (volume, concentaatioflow rate) but

most significant is the error associated with the tracer measure of pore volume. This
measure only includes mobile pore water. Any increase in immobile pore water with
clogging was attributed to displacement by deposited kaolin, herereestimating the

bulk density of the kaolin deposits.

Such an increase in immobile pore water could result from entire pore channels becoming
disconnected from the main pore volume due to kaolin deposition, as shdvigune

2.21, B. Feedback between increasing flow velocity and decreasing deposition is expectec
to reduce the number of channels that block completely Céepter 3 however the
downward drift of large kaolin deposits that have exceeded the limit of stability would be

less affected by velocity and could block pore channels, as shdviguire2.21, C.

Unstable deposits become more likely with increasing kaolin deposition and with rounded
gravel (Ahn et al., 2007)The greatest error in clogged tracer PV was observed after the
second stage of clogging of the rounded gravel filter. Here pttre volume was
underestimated by, on averagi9.8% which was consistent with the increase in immobile

pore volume described above.
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Filter Media

Tracer Accessible Pore Volume
Tracer Inaccessible Pore Volume
Deposited Kaolin

@ Remobilised Kaolin

Figure 2.21. A and B show two kaolin deposition patterns that result ina similar
tracer accessible pore volume but require very different amounts of kaolin to be
retained. The tracer PV would under predict the total pore volume for case B hence
kaolin bulk density would be under predicted. C shows how the downward drift of
deposited kaolin that has exceeded the stability limit could cause the deposition

pattern in B.

At intermediate stages of clogging neither pore volume nor mass of kaolin retained can be
directly measured. The mass of kaolin retained can be inferred frosedimaent loading

and removal efficiency for each phase and then the settled Kadkndensity used to
estimate the decrease in pore volume due to kaolin deposition. Tracer PVs agreed with th
removal efficiency mass balance PVs to within 6.1% and w&% Boweron average for

all 10 filters, an improvement over the initial clean bed accuracy. A potential reason for
this improved agreement is that the bulk density estimate of settled kaolin is too low as it
incorporates immobile pore volume. This leadsan over prediction of settled kaolin
volume and under prediction of total volume thus compensating for the tracer PVs inability

to measure immobile pore volume.
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In addition to measuring filter transport properties such as dispersivity, tracer residence
time distributions have the ability to measure mobile pore volume within 10% of the true
mobile pore volume. This allows the volume of sediment retained in a filter to be
calculated over the period between two tracer injections and is an alternativeie rout
monitoring of influent and effluent concentrations to establish removal efficiencies on
which retention can be based. The main setting in which this application of tracers may be
useful is expected to be in laboratory or pgotale assessment of filtdesign parameters.

In such a setting an understanding of how filter removal efficiency and head loss are
related to the accumulation of sediment and reduction in mobile pore volume would be
very useful, particularly if it would allow the frequency of skemeasurements to be

reduced.

In roughing filters operated for drinking water fireatment head loss, influent and
effluent concentrations are used to assess if a filter is performing satisfactorily. It is
therefore likely that they would be routinely mred and there would be no value in
additionally measuring mobile pore volume from tracer RTDs. However, should a filter be
behaving incorrectly, tracers to establish the mobile pore volume may be a useful

diagnostic tool.

2.10Conclusions

Key findings of ths chapter weréhatthe change between influent and effluent turbidity of
a kaolin suspension cannot be used as a proxy for TSS removal efficiency based on :
single relationship between turbidity and TSS. This is because the mean particle size is
reducedby filtration. Instead, a turbidity/TSS relationship for the influent and effluent
suspensions can be used, provided that the change in effluent particle size over time is nc

significant.

The mobile pore volume of a filter can be estimated to within 19%sing pore volume
as a parameter for fitting a convection dispersion model to tracer breakthrough curves.
Subsequent tracer derived pore volumes can be used to determine the change in mobi
pore volume due to sediment accumulation within a filter angl beaa useful tool for

assessing filter status.
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Enhanced transport of large particles through heterogeneous porous media has previous!
been observed b@arrigan et al(1996)andAuset & Keller(2004) A similar phenomenon

was detected in this studlgroughmonitoring filter influent and effluent PSD over time.
This was attributed to the exclusion of large particles from the narrower, slower pore
channels with the result that large particles were either resnmveonfined to larger, high
velocity channels whilst small particles were transported in both fast and slow channels.
The net result was a skewingtbk effluent PSD towards large particles during the initial
stage of filtration.The enhanced transpant larger particless not thought to significantly
affect filter removal efficiency or the longevity of the filter, but is worth considering when
carrying out experimentsnd monitoring filter performanceéhe initial effluent suspension

(and hence any nasuremenbf concentration, turbidity oPSDmade during this stage) is

not representative of the general behaviour of the filter.

Whilst the emoval efficiencyand tracer transport measurertsgorovide infamation for
characterising bulk filter performance, ttigange in tracer RTD and enhanced transport of
large particles indicatéhat pore channeland spatial heterogeneity mag significant.
Bulk measurement of filter performance cannot capture suchalspaterogeneity and so
the remainder of this thesis focuses techniques formeasuring spatial variation in
particle removalunderstandinghe processes involved, ahdw filter performancenight

be impacted
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Chapter3iiMagneti ¢ Resonan-cmwli maegitrm
to characterise and quantify s
accumul ati on

3.1 Abstract

Magnetic Resonance Imaging (MRI) offers the opportunity foringasive measurement

of particle accumulation within a filter. Although increasingly being used for- non
biomedical applications, such studies on gravel filtemse not been identifiedn this

study, MRI was used as a tool for characterising and quantifying fine particle accumulation
within a gravel filter; the specific objective of which was to relate pore geometry and
velocity to the spatial and temporal variation in clogging. To obtain dats at an
appropriate scale and resolution for analysis, a high magnetic field strength MRI machine
was used to image the filters. The filters consisted of 100mm diameter Perspex columns
filled with 20mm dolomite gravel. MRI scans were performed seqalgnton the filter
before, during and after substantial clogging with kaolin clay at a high flow rate and a low
flow rate. Scan resolution was 100f@nd wigde, wi |

130mm high and 180mm long

An image processing methodology usitng free and open source software ImageJ was
developed. The method was able to segment the raw MRI intensity data into solid (gravel
and kaolin) and fluid (water) regions and reproduce experimentally measured porosities to
within 1.75%. Analysis of the segented images allowed trends in clogging to be
quantified, such as increased kaolin deposition at the inlet during low flows and more
uniform deposition throughout the filter at high flow rates. The imaging and analysis
procedures developed herein are shdw reliably differentiate between veat gravel and
deposited kaolinMRI thus provides a valuable tool for characterising the 3D spatial
variation of particle depositioandis appropriate for answering an important aim of this
thesis: to better undesstd the particle removal processes occurring during gravel

filtration.
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3.2 Introduction

Magnetic resonance imaging (MRI) has traditionally been used in medical and veterinary
applications as a neinvasive method for imaging the internal organs of patient&o or

three dimensionsMRI has also been used ftow-particle applications: for instance
Sederman et al. (1998)sed MRI to measure flow velocities in 5mm diameter glass
ballotini; Amitay-Rosen et al. (2005neasured porosity change over time during colloid
particle depositionBaumann & Werth (2005neasured colloid breakthrough in silica gel;
Kleinhans et al. (2008)sed MRI to measure sorting patterns in gravel ldagnes et al.
(2012) used MRI to measure flowelatedrestructuring of bed particles in gravel bed

rivers.

The use of MRI to measure changes in porosity has been estalféisih@anitay-Rosen et
al., 2005)and the following advantages displayed: imaging is entirelyimeasivevia the
use of laboratorpased flow columnsspatial variation in sediment accumulation can be
measuredn any useidefined plane of orientatiorand, there is the ability to measure
propagation of a suitable tracer direct measurement of flow velocitiegith suitably
tailored MRI pulse sequencd3ohns et al., 2000; Hingerl, 2013yet, this technique
remains in its infancy in floveediment researcand has notpreviouslybeen applied to
filters containinggravetsized angular mediavhere fluid flow is likely more variable in

velocity than that found in smaller grain filters.

The wealth of data on pore network connectivity offered by a fully 3D lsaamore often

been collected using-ray tomographyGruber et al., 2012; Blunt et al., 2013; Cooper et
al., 2003)than by MRI. Whilst a valuable technique offering excellentiapegsolution, x

ray tomography is limited in the size of sample that can be scanned and hence is bette
suited for soil and rock samples than coarse grained gravel filters. Furthermore, MRI offers
the potential for fluid velocity and tracer propagatioeasurement thatsay tomography
cannot matchlt should be noted that the present investigation did not utilise velocity

imaging, although it does serve as a precursor to such an experiment.

Given these characteristics, it appears beneficial to employtiMiRiage inside a SuDS or
water treatment filter system in order to provide unprecedented detail of the 3D/4D internal
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processes of sediment transport and deposition within. Such enhanced understanding he
the potential to lead to improved gravel filsrd SuDS design.

This chapter explores the use of MRI as a tool for -mwrasive characterisation and
quantification of the spatial variation in sediment accumulation in a gravel filter during
clogging. The experiment setup and method of image acquisit®described, followed

by data processing techniques, then data analysis examining how measurements of porosi
and pore connectivity vary spatially across the filRiscussion focuses on tlygiality of

the MRI derived pore volume, tfandamental sedient removal processes at work, the
use of MRI as a tool for elucidating these processespatehtialimprovements to the
methodology

3.3 Data Collection Methodology

The aim of the experimentsasto determine how pore geometry affects the spatial
variationof sediment deposition, how this changes over timehavd it is influenced by

pore velocity. Two experiments were run, one at a low flow rate and the other at a higher
flow rate. 3D MRI scans of the clean gravel, after one week clogging with kaolintand af

two weeks clogging were taken.
3.3.1Experiment Setup

Due to restrictions of the MRI bore size and requirement formagnetic components, a
bespokeplasticcolumnwasdevelopedo be compatible witthe MRI. The columrad an
internal diameteof 100mm,length of210mm with mixing sections at inlet and out(tt
distribute flows evenly over the entire width of the colupaperforated plastic mesh to
hold the gravel media in place at either end and an inlet and outlet mdFRifplde 3.1).

The column was designed fib tightly within a 2m long, 132mm internal diameter tube
that in turn fitted tightly withinthe 152mm bore of the largestdio frequencycoil
availabe at the MRI facility.Inserting the column within the larger plastic tube made it
possible to place the coluntimm (Section3.3.2 within the MRI for each scarand
ensured that, if any leaks were to occur, water would not come in to contact with the

electric components of the MRI machine.
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Figure 3.1. MRI column components.

The column was filled with a knowmassof subangular dolomite gravel sieveat
standard ¥ phi intervals to provide a rangerf 8mm to 11.2minthis approximates to 10
gravel particles per crosection of the diameter of the columBolomite was used
because it has a very low metal content tredeforelimits anydistortion or artefacts in

the resultingMR image.Based on published rates of dolomite dissolu{dhang et al.,
2007)at low temperatures (25°C), atmospheric pressure, neutral pH and a dolomite gravel
surface area calculated fronetMRI scans (SectioB.6.1), the mass loss within the filter

due to dolomite dissolution was estimated to be 0.185g over the two week experiment.
This is equivalento 0.0072% of the initial fitemasshence dissolution of the dolomite

media can be ignored.

The column was filled by hand with care taken to place the gravel from a consistent height
of approximately 5crmabove the gravel surface and the column waslhgespped after

every layer of gravel asplaced. This was to ensure that the gravel was not comp@asted

per roughing filter and SuDS filter constructipbut was also ngtrone to shiftingvhen

the column was moved in and out of the MRI macHhge subtantial movement would

make it difficult to determine where sediment deposition occyrred

Flow rates 0f49.2 and 1@ml/min were used equating to filtration rates of 0.376 and

0.779m/hrwhich were within the expected range of flow rates in roadside ditens and
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well within those of gravel roughing filte(&in et al., 2008) This flow rate was supield
by a peristaltic pump with two heads, each consisting of three rollers and set up out of
phase. Small bore peristaltic pump tubing was used in each pump hgathaddy a ¥
connectorto a single larger bore telxonnected tdhe columninlet. The canbination of
using two pump heads with the rollers out of phase and small bore tubing (requiring a
greater number of revolutions per minute of the pump head) reduced the pulsation of the

peristaltic pumpin comparison to a single pump head with large lhabéng.

Kaolin was used as a surrogate foe river sediment anfine road runoff particleshat
roughing filters and roadside SuDS filters are designed to rermbeeproperties of kaolin
which make it a suitable surrogate together with justificatioruéing a high concentration

to result in substantial clogging in a short period of time are discuss€dhapter 2
Sections2.4 and 2.5. The experiments were run at the MRI facility so as to reduce the
chance of deposited kaolin being disturbed whilst transporting the column into the MRI
machine.The feed stock of kaolin wasept in suspension via magnetic stirrer aed
circulated through the columas per the clogging phase of the removal efficiency
experimentsChapter 2 Section2.7). Each day a one litre sample of tank water was taken
for analysisof turbidity and particle concentration by filtratig€hapter 2 Section2.4.3

and onaeplacemenilitre of concentrated kaolin stoekas added to the tankhis allowed

the amounbf kaolin retained in the filter to be measured

The experiment programme is detailedTiable 3.1. A total of 130g of kaolin passed
through each filter over a two week period with 74.24g and 89.70g calculated to have beer
retained in the low flow and high flow filters respectively. Sctouk approximately 20

hours and were scheduled so as to fliee over the weekend.
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Table 3.1. Experiment programme. Each MRI scan has been assigned a label with L
standing for low flow and H for high flow, a number corresponding to the phase of
the experiment and either C or E to denote if the scan followed a clogging phase or an
erosion phase. For example, L1C signifies the scan was for the low flow experiment
during the first phase of clogging (the clean sm) whilst H4E signifies the high flow
experiment in the 4" phase and after erosion.

Phase | Low Flow - 0.376m/hr High Flow - 0.779m/hr

L1C - clean gravel filter H1C - clean gravel filter

4.2 days of flow through filter 4.19 days of flowthrough filter

Il 42.5g kaolin accumulated in filte) 54.24g kaolin accumulated in filter
L2C - partially clogged H2C - partially clogged

4.2 days of flow through filter 4.02 days of flow through filter

11 74.24g kaolin accumulated in filt4 89.70gkaolin accumulated in filter
L3C - clogged H3C - clogged

1lhour clean water flow at 3.44m/hr
H4E - 15t stage of erosion

1hour clean water flow at 4.58m/hr

H5E - 2'd stage of erosion

3.3.2Image Acquisition

Scans wer@cquiredusing theBruker 7T MRI machine ahe GlasgowExperimentalMRI

Centre (GEMRIC)using the largest bor¢152mm)radio frequency (RF) coil available.

The scan type used was a 3D rapid acquisition relaxation enhanced (RARE) sefjnence.
RARE scan consisted of a tradhRF pulses 9Q [-te -18C i te -]n with an echo time § of

11 ms, a RARE factor of n = 8 and a repetition time of 4000 ms. The bandwidth was set at
200 kHz and amnaliasing was set to 2 to reduce wraparound artefacts. The scan took 20
hours in totalwith an additional hour to pegrrocess the data. The resulting data is a 3D
array composed of 333x433x600xels with each 8-bit voxel representing one of 3236
possible signal intensitie$.h e r esol uti on was 30 talmmagen d
able areawas 100mm wide, 130mm high and 180mm lohigis data is most often viewed

as a series of 2D (X) slices in which the slice number is equivalent to the third

dimension (Z).Image resolutiorwas an appropriatecompromise between scan time, the
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desred image extent and the volume that can be-pastessed and viewaxh a highend
desktop computer;cale dependency was not investigated in this study as it Wwave

necessitaadditionalscars.

Alignment points on the MRI machine, on the plastize and on the columwere used to
ensure the column was positiongdexactly thesame locatior(within £1mm) for each
scan. The MRI was then tuned to give optimum signal and a trial scan was used to ensur

the selectedield of view aligned with the acal position of the column in the MRI.

3.4MRI Scan Quality

Artefactsin the MR image can occur due to the presence of ferromagnetic or paramagnetic
materials, noruniformity in the RF field, steep changes in signal, intensity inhomogeneity
and gradient nofinearity (Sederman &ladden, 2001; Kleinhans et al., 2008; Vovk et al.,
2007; Jelinkova et al., 201MWhen medical MR imaging made the transition from 1.5T to
3T (and higher) field strengtecanners, many of these artefacts were found to be more
pronounced. HoweveBietrich et al.(2008) have shown thawith small modifications to

the RF pulse sequences, parallel imaging and raw datgpmzsssing of 3T MRI, it was
possible to redu the effect of artefacts to the level of 1.5T whilst retaining the higher

signal to noise ratio for a given acquisition time.

As the RARE sequence employed has previously successfully been used to image wate
within the pores of dolomite gravel yaynes et al. (2012)t was used withouturther
modification. The resulting MR imagée.g.Figure3.2) shows no signs of paramagnetic or
ferromagnetic artefacts due to the use of low metal content dolddateever, gadient
nortlinearity is present; thigefers to differences in the magnetic field created by the
gradient coils and is particularly pronounced at their extremasessible where the image
becomesoundedtowards the edge of the scanlumein the alongbore direction (shown

in Figure 3.2). As indicated inFigure 3.2, only the undistortedrolumewas used irdata

analysis this comprises a regm of interest (ROI1$3.3mm x DOmm x 100mm.
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Figure 3.2. Slice through centre of full scanvolume showing MRI signal intensity.
Signal intensity is linked to water concentration: water filled pore volumes esult in
high intensity (hot colours) whilst gravel, column components and areas outside the
column result in low intensity (cool colours/black) Image dimensions are 180mm
long, 130mm high and 100mm deep. Theolume within the green box is not distorted

and is 633mm long.

Similarly, intensity inhomogeneity is also clearly visibleRigure 3.3. This occurs due to

the imaged object itself or imperfections in the image acquisition prgvesk et al.,
2007)and is manifest as a variation in intensity across the inTdge.has minimal effect

on the data of the present studytlas signal intensity of water @istinct enoughrom that

of gravelas to allow segmertian between water and gravel in all but the outermost edges
of the scan (located within Region CEiure 3.3). With image posprocessing (Section

3.5, the unsegmentable area was reduced to just 25 voxels from the edge giving a goo«
guality scan volume 282 voxels in diameter and 211 voxels deep (this translates as 84.9mr

diameter by 63.3mm long).
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Figure 3.3. Histogram of intensity values.The central segment of the scan is fmodal
(as shown by Region A), yet the overall histogram (Region B) is not-biodal due to
the overlap in water and gravel intensity at the edges of the image (Region QY.B.
the contrast of the image has been increased to aid visualisation, whereas contrast in

the histograms wasunaltered.

Following pilot trials,all scanned data continued to be scrutinised after collection. Whilst
the first scan (L1C) data was high quality, the second scan (L2C) suffered from poor
quality (Figure3.4); detailed review highlighted that this was due to the choice @fTh

and Gain set during scan acquisition. These are set automatically by the Bruker Paravisiot
4.0 controlling software after a short-prilot test scan with the aim of obtang the best
image quality possible; however, this automated procedure was unsuccessful f@Gcan

As a repeat of scah2C with different settings would have necessitateguraing the
experiment, with a notable cost implication, it was elected to moatthe lowflow test

focussing on scans1C and L3C, with cautious and judicious interpretation of s¢&C
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being used if required. To mitigate against similar problems, all subsequent scans cross
checked the automated setting selection to ensure theysiveilar to those for scan L1C,;

no further problems with image quality were encountefde implications of the image

quality, resolution and maximuROI area ardurtherdiscussed irBection3.7.1

Figure 3.4. Scan L1C (left) showing good quality image. Scan L2C (right) showing
poor quality image. In L2C the black regions present within the ROI represent
locations of no MRI signal. In these regions it is impossible to distinguish solid from

liquid and hence todetermine the location of deposited kaolin.

3.5Image Processing

For most types of further analysis (e.g. porosity and pore network structure) it is necessary
to split the MR image into water and nemater phasegknown as segmentatianjmage
segmentation istherently user subjective and image analysis experts can produce different
results depending on the methods they (B®veye et al., 2010Automated algorithms

exist, but they are used for different applications (counting number of cells, tracing
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neurons, determining void space etgith data collected from different techniques (MR,
x-ray tomographylight microscopy) and even then, the addélas often undergone very
different pre and posiprocessingAs such, there is not a standard image segmentation
protocol and so a range of methods were investigagad) tte Javabased public domain
software ImageJ developed by the National Institatieslealth this software has been
successfully applied to watgravel MRI (Haynes et al., 2009; Haynes et al., 20424

was selecteébr its open architecturapproach t®™ party plugins for image processirig.

was not the goal of this project to develop new custonwaodt or ImageJ plugins, but
rather to evaluate existing software packages, plugins and their combinations so as to finc
the method most suitable for the data and for the end purpose: spatial measurement c

porosity change within the ROI.

In this section wassess the quality of a range of common image processing methods (and
combinations of methods), select an optimum image processing method and quantify the
uncertainty in porosity measurement associated with the MRI scan resolution. A detailed
review of tre underlying image processing theory and its application to the MRI scan data
can be found irAppendix A divided into presegmentation processing, segmentation and

postsegmentation processing.
3.5.1Segmentation Quality

To establishwhich combination of prprocessing, segmentation and ppsicessing was
optimal the most promising pferocessing methods identified Appendix A SectionA.1
were combined with the most promising segmentation and-pgposéssing methods
identified in Sectioa A.2 andA.3 and summarised iRigure3.5 below. This resulted iB1
methods with a total of 166 differembmbinationsf settings

77



Chapter 3

Cropping to ROI Image Alignment

Contrast Equalisation, CLAHE (2D, 3D and 3D with
Enhancement normalisation) or Unsharp Mask

Pre-

Processing
= 3D Median Filter
or Outlier Remowval

Edge Preserving BEEPS or
Noise Removal Bilateral

Auto Local
Threshold

Adaptive 3D
Threshold

Noise Removal

i

Seegmentation Niblack, Bernsen, Mean or Median Algorithms

———--

3D Median Filter, 3D Region Removal, Despeckle
or 3D Isolated Pixel Removal

Post-

. Edge Operations Quasi-3D Watershedding or 3D Erode/Dilate
Processing

e ol e o

Cropping to
Final ROI

Figure 3.5. Summary of image preprocessing, segmentation and pogtrocessing

procedures culminating in 31 methods for processing the images.

To ascertain which was most suitable, the segmented image produced by each method wa:

1 subjected to a visual assessment and comparison with nine manually segmentec
slices,

compared with a measured bulk porosity and

compared with the known diameter of theeinihesh screen.
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Table3.2 provides a summary of data for this evaluation process and is found at the end of
this section. In order to better understand the data generated, and debateegsfdit

purpose, additionaletail is first provided on each measureable utilised.

3.5.1.1Visual Assessment

To reduce theimage processingombinations into a more manageable quantity for
numerical evaluatiomine image slices from scan L1C wgmdcessedndcompared by
eye,with nine correspondinglicesmanually segmentedith the softwareArcGIS (ESRI)
(seeAppendix A SectionA.2.1 for details of manual segmentatiorfach method was
given a score out dhree(1 = good, 2 = adequate and 3 = inadequate) in the following
categories: area successfully segmentatk of salt and pepper noise in resuffimage

and successful splitting of particles in close contaxamples of these are showrFigure

3.6. The rationale behind performing this step first was thatetli® novalue infurther
analysing a processing method that does not accurately represent the structure of the grav
and pore space, even if that method happens to produce an abolkkaterosity. Methods
that scored a 3 for any category were rejecténlst the remaining methodwith the
lowest combined scores were selected for further anaftgsidting in the sixmethods
tabulated irrable3.2, Section3.5.2
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Figure 3.6. first stage of the quality analysis with processedimages showing pore

space (white) and gravel (black) overlaid by manually segmented gravel outlines
(red): Examples of (A) poor separation of particles in close contact, (B) noisy image,
(C) low extent of area segmented and (D) good quality for all three measures. Some

areas of poor quality arecircled in green
3.5.1.2Comparison with Measured Bulk Porosity

The bulk porosity of the two colummgsmeasured adetailedin Chapter 2 Section2.7.1

by filling with water from a tank of knowmassand temperature and measuring Ithass
change. As the ROI of the MR image does not cover the entire colunffigsee3.2), the
porosity measured experimentally for the entire column may not be the sathe as
porosity of the ROIl. However, as care was taken to fill each column uniformly, the
porosities should be similar and this can be improved by averaging the results of the two
bulk porosity measurements. The average bulk porosity measurement W, 417this
includes the area close to the wall which would be expected to have a higher porosity thar
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the internal portions of the column duefiwall effect® (i . e. where gra
against the curved column wall rather than against anotherlgrvaxecle, the packing
density is lower hence porosity is higheFhis wa problematic as the MRI R@lid not
include thearea close to the wall and sosuanaffected by wall effects. The bulk porosity
measurement was corrected for these wall effectgyubie findings oDudgeon and Aust
(1968)where, for spherical particles, there is a 25% increase in porosity within a zone % a
particle diameter thick against the wall (€eguationl & Equation2). Once corrected for

wall effects, he bulk porosity of the internal section of the column (within the MRI ROI)

wasdetermined to be 40.76%

v, :L£D|2P+L£(D2- D.2)§P Equationl
4 4 4
1
Ruk= V. i
u v Equation2
L'ZDZ g

WhereL = column length
P = porosity in region unaffected by walls
Pouik = experimentally measured bulk porosity
Vv = volume of voids (pore space)
D = diameter of column
D\ = diameter of internal region of column unaffected by walls

However it should be borne in mind thtte correctioremployed idor spherical particles.
Irregular particles couldootentially, have tighteror looserpacking at the waltdlepending

on the o6fitd of the moMRIMmages gleallyashow suthdopat s .
variability and, giverthe relativelysmall ROI, the corrected porosiwill reflect this such

that values are likely plus or minus a few percent of the theoretical value of 40.76%
Whilst this @mparison between the corrected bulk porosity and the segmented image
porosity is an important meare of the quality of the segmentation methasl the wall
effects cannot be measured directly from the available tiataorrected bulk porosity
must not be the sole measure defining quatitys,the other measures of quality must also

be satisfied.
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3.5.1.3Comparison with Plastic Mesh Opening Diameter

The plastic mesh at the inlet of the ROI consists of spherical openings 4.8mm diameter to
tolerance of +0.8mm. Due to their regular shape and size and because they could be
measured both physically and inettprocessed image, these openings are useful for
assessing the quality of the processed im&ge. six image processing methods thnet

the initial quality requirements were evaluated based on the area and circularity of 10
openings. Only openings that senot obscured by a piece of gravel in a neighbouring
slice were selected and, so as to reduce user bias, these 10 unobscured openings we

selected based on a geometric pattern as shoftigumne3.7.

Figure 3.7. (A) pixelated representation of a perfectly circular 4.8mm opening at
resolution of 300¢ m, ( B) geometri cal ar |
analyss, (C) unprocessed MR imageof an opening with ideal circular opening
superimposed and (D) opening shown in C aftem good quality segmentationmethod

was applied. The area of the opening in D is underestimated by approximately 10%.
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As the MR image is coposed of pixels, the area and circularity of the segmented image
openings are compared to a pixelated representation of a perfectly circular opening with &
diameter of 4.8mmif the processed image mesh openings ([Figure 3.7) are equal to

the known mesh opening characteristics (Acigure3.7) in terms of circularity and area,

then the gravel particles are likely to have been segmented to a similar degree of accuracy.

Such an additional measure of segmentation accuracy complements the visual assessme
and use of bulk porosity for evaluatisggmentation quality; whilst also allowing potential

error in porosity measurement based on image resolution to be measured (S&&ion

3.5.2Selecton of Image Processing Method

After applying each measure of image quality in sequence to the 31 methods (and 16¢
variants) identified in SectioB.5.1, the six méhods that best met all criteria were selected
and summarised iMable3.2. The optimal image processing metheds determined tbe
Method 2. Method 2 satisfiethe quality criteria of segmenting a large area with low
resulting noise and good separation of particles in close proximitglso provided
reasonably good replication of the measured bulk porosity (corrected for wall )effiedts

the area and shape of thgenings in the plastic mesh.

It was clear that contrast limited adaptive histogram equalisation (CLAHE) was the best
contrast enhancement procedure as five of the top six methods use it whifstogessing
resulted in no improvement in quality for masethods. Method 1 best reproduced the
bulk porosity as well as the area of the plastic mesh openings; yet did not perform as well
with respect to area segmented, noise or circularity of the plastic mesh. The discrepanc
between poor circularity and goocka of the plastic mesh demonstrated that the geometry
of the plastic mesh openings was poorly represented; a feature of the processing metho
that will likely apply to the representation of the gravel particles, hence making Method 1
unsuitable. This highghts the need for multiple measures of quality that take into account

geometry rather than relying purely on bulk porosity.
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Table 3.2. Image processingquality evaluation procedure that, for the six selected
methods 1) lists the steps in the processing and segmentation procedure, 2) details
results of the visual assessment of segmentation quality, 3) states difference in
porosity compared with experimentally measured bulk porosity, and 4) compares
circularity and area of the plastic mesh openings with their measured values. Overall,
Method 2 was deemed to be the optimum method.

Method 1 Method 2 | Method 3 | Method 4 | Method 5 | Method 6
Contrast enhancemept CLAHE CLAHE CLAHE CLAHE CLAHE Equalised
Processmg & Noise removal 3D median Bll.ateral Bll.ateral 3D median Outlier Bll.ateral
segmentation filter filter removal filter
procedure . . N ALT- ALT- ALT- s
Segmentation 3D adaptive| ALT-Niblack Bemnson| MidGrey Niblack ALT-Mean
Post-processing None 3D median None None None None
Segmentation quality |Area 2 1 1 1 2 2
(1= good, 2= adequatg Noise 2 1 1 2 2 2
3= unsatisfactory) |Edge segmentation 2 2 2 2 2 1
Reference value Difference between method value and reference value
Bulk porosity (%) 40.76 -1.25 -1.36 -2.99 -3.69 -4.82 -5.02
Plastic Circularity] 1 12.50% -5.10% -4.06% -4.38% -6.88% -1.56%
mesh
openings |Area 208 1.59% -9.66% -9.68% -8.49% -13.56% | -11.47%

Of the remaing methods, Method 2 providdle best segmentation quality with respect
to area and noise, the best bulk porosity quality and plastic mesh openings quality broadly

comparable to the remaining methobliethod 2wasthereforethe bestmethodoverall.

3.5.3Sensitivity to Image Stack Processig Direction

With an optimum image processing method chosee,3D quality of the dataan be
assessedAs the data was collected in 3D, it should be processed in 3D so as to preserve
the intraslice structure of the daf&lliot & Heck, 2007) Yet some of th&D stepsfor
processing the data resulted in poorer quality segmentation than their 2D counterparts, an
for some2D processing steps a 3D equivalent was not available. Tinéelypothesis that

2D processing does not faithfully segment 3D dattd may introduce errgrthe raw MRI

data was resliced into three orthogonal plang®. X-Y, X-Z and Y-Z) and 2D processed
images and 3D processed images were created for each Phenmethods used for each
stage of the processing are summarisetiainle3.3.
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Table 3.3. Processing methods for eachtage of 2D and 3D processing comparison

Stage 2D 3D
Contrast enhancemer CLAHE 3D CLAHE
Noise removal Bilateral filter 3D median filter
Segmentation Auto local threshold Niblack | Adaptive 3D threshold
Postprocessing Despeckle 3D median filter

The bulk porosity of each orthogonal plane was measured leading to a set of three
porosities for the 2D processed images and three for the 3D processed images. Porosit
varied by a maximum 02.20% equivalent to astandard deviatioof 1.21) for the 2D
processed imageslepending in which orthogonal plane was thax# in which the 2D
analysis was carried quivhilst the variation was a maximum d.04% (0.02 standard
deviations)for the 3D processed imageGlearly this shows that 3D processing is far
suwperior to 2D processing, yet the 3D processing was unable to accurately replicate the

measured bulk porosity and manually segmented slice porpsistown imable3.4.

To determine the relative degree to which each procestggcontributed to these errors,
16 image sets consisting of every possible combination of 2D and 3D procstsieg
were created for each of the three orthogonal pJaaseshown ifmmable 3.4. The resulting
range in porosities for each image was calculated andssihatvcontrast enhaneentis
the most significant factor determinipgocessing direain dependenéerror followed by
segmentation method. Noise removal had a much smaller effect angrpoesssing noise

removal an insignificant effect.
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Table 3.4. 16 combinations of 2D and 3D processin@Methods A-P) ranked from low
to high standard deviation of the bulk porosities of images processed in the x, y and z
orthogonal planes. Range refers to the difference between the maximum and
minimum porosities in the three orthogonal planes SeeTable 3.3 for details of each

processing stage.

Processing stage standard | R Bulk
Method | Contrast | Noise Segmentation Post- d;?/ri]at?én 2,2?6 porgsity
enhance | removal processing
A 3D 2D 3D 2D 0.006 0.01 -9.86%
B 3D 2D 3D 3D 0.011 0.02 -9.74%
C 3D 3D 3D 2D 0.013 0.03 -9.25%
D 3D 3D 3D 3D 0.020 0.04 -9.13%
E 3D 2D 2D 3D 0.168 0.33 -6.37%
F 3D 2D 2D 2D 0.173 0.33 -6.51%
G 3D 3D 2D 3D 0.189 0.34 -6.94%
H 3D 3D 2D 2D 0.201 0.35 -7.05%
| 2D 2D 3D 3D 0.916 1.82 -8.31%
J 2D 2D 3D 2D 0.933 1.86 -8.43%
K 2D 3D 2D 3D 1.068 1.92 -4.79%
L 2D 3D 2D 2D 1.111 2.00 -4.86%
M 2D 3D 3D 3D 1.120 2.22 -7.49%
N 2D 3D 3D 2D 1.143 2.27 -7.59%
®) 2D 2D 2D 3D 1.144 2.08 -4.32%
P 2D 2D 2D 2D 1.206 2.20 -4.38%

Given the hierarchy of factor significance, it wassising that thecombination of 3D
contrast enhancement and 3D segmentation with 2D noise removal afgrqoestsing
produced the highest bulk porosity erfdiespite havinghe lowestprocessing direction
dependenerron (Method A inTable3.4). The use of 3D contrast enhancement is thought
to reduce th@rocessing direction dependemtor for the following reason: if two adjacent
pixels in neighbouring slices have identical irdi#éies, but one is surrounded by lower
intensity pixelswithin its slicewhilst the other is surrounded by higher intensity pixels,
those two pixels will be treated very differently by a 2D contrast enhancéthahonly
considers surrounding pixels in e@rslicg than by a 3D contrast enhancement that will

considemeighbouringpixels in both slices.
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Figure 3.8: (A) 2D implementation of CLAHE, (B) 3D implementation of CLAHE

and (C) histogram normalisationfollowed by 3D implementation of CLAHE.

Upon further examination of the 3D CLAHE implementation, it was found that the
histogram was not stretched to the same extent as with 2D CLAHEi(pee 3.8) and

that this accounted for the poor segmentasiod large difference in porosity compated

the bulk porosity. By utilising histogram normalisation prior to 3D CLAHE, this deficiency
was overcome anted to a refinemenbf Method 2, selected as the optimum image

processing method in SectiBrb.2

3.5.40ptimum Image Processing Method

Taking into account the processing direction dependent error identified in S8Aign

the selected image processing method (Method 2) can inedddy substituting CLAHE
contrast enhancement with normalisation followed by a 3D implementation of CLAHE.
This brings the advantage of lowering the processing direction dependent error to an
acceptable value (a range of 0.76%) without the poor repetgentof bulk porosity
associated with the all 3D processing meth@®l86%). Inherent in this compromise is a
slight deterioration in segmented image quality; however, this is more than compensatec
for by the improvement in processing direction dependematr, as summarised ifable

3.5. The refined Method 2 procedure, as summarisdedgare 3.9, was then applied to all

MRI scans.
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Table 3.5. Method 2 segmented image quality with refinement.

Difference between method
) Reference| Value and reference value
Measure of Quality | -
value Method 2 Refined
Method 2
Bulk porosity (%) 40.76 -1.36 -1.75
Processing direction dependent )
range in bulk porosity (%) 2.08 0.76
Plastic mesh Circularity 1 -5.10% -5.94%
openings Area (pixel$) 208 -9.66% -10.92%

Cropping to ROI Image Alignment

Pre- Contrast
Processing Enhancement

2D Normalisation

Edge Preserving

Noise Removal 2D Bilateral

Auto Local

Segmentation Threshold

Niblack Algorithm

Noise Removal 3D Median Filter

Post-
Processing

Cropping to Processed Image for
Final ROI Further Analysis

Figure 3.9. Summary of the image processing steps that constitute Refined Method 2,

deemed to be the optimum method.
3.5.5Quantification of Error & Uncertainty

Despite the care taken to develop an image processing methodology that most faithfully
reproduced the structure and porosity of the data in 3D, some uncertainty and errors art
likely to remain. As visible analysis showed no signs of paramagnetic distation
artefacts within the region of interest and the porosity of the segmented image matches th
experimentally determined bulk porosity to within 1.75%hen compared wittthe

averagebulk porosityof the two columns corrected for wall effects asdumingpherical
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particles), the principle sours®f error are due to the resolution of the imagad the
resultingdelineation of the gravel particle edges.

To elucidate, Wen collecting the MR signal, the MRI uses the gradient coils to
manipulate the magnetifield so that, with Fourier analysis of the data, the measurement
volume can be discretisethto voxes (i n t hi s cas ¢te sighaDfeom c u
individual voxels can be measured. The signal is proportional to the volume of water
occupying each voxel and so if a voxel contains 50% water and 50% gravel, the signal
from that voxel will be lower than one containing 100% water and hitfen one
containing 0% water. When segmenting an image, each pixel must be classified as eithe
gravel or water and so a pixel containing 51% water walddlly be classified as water
depending on the segmentation algoriththe edges between graveldawater are very
sensitive to the choice of segmentation method and to the resolution of the image, ac

shown inFigure3.10.

Comparison between the aat gravel size and that calculated from the segmented image
was not possible as each piece of gravel is unique and its shape is not&mpoion.
However, the mesh opening sizesmManown andwvas alsomeasuredor the segmented
image (Section3.5.1.3 allowing an estimate of the edge uncertainty to be nvetiieh
subsequently may kepplied to the gravel slices. For the chosen image processing method,
the area of e@h 4.8mm diameter mesh opening is 10.98%aterthan the physical
measurement. As this error only occurs where there is an abrupt interface between solic
and water, it can be netimensionalised by the perimeter of the solid/water interface
yielding a valie of 03648pixels. In other words, for every pixel of interface between solid
and water, the aremould be out byip to #.3648pixels’.
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] Segmented .
Feature MRI Signal Image Porosity

Coarse
Resolution 42%
Medium o
Resolution 32%
Fine o
Resolution 30%

Figure 3.10. Example of how resolution can affect theesulting porosity of an image
after segmentation A mock MRI signal is created for each pixel depending on the
proportion of gravel (black) or water (white) in each pixel and a simple segmentation
method applied whereby a signal >50% is taken to be water. Porosiieshown are for
the segmented image and are somewhat higher than the actual porosity of 29.84%
although the finer the resolution, the closer the segmented image porosity approaches

the actual porosity.

The interface between gravel and water was measureithdonine manually segmented
slices and, after the error was applied, it was predicted that the porosity of the segmente
slicescould vary up to a maximum af3.81%due to the effect of image resolution the
segmentation of interfaces. This error coakplain why no segmentation method could

perfectly replicate bulk porosity whilst satisfying the other measures of quality.
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3.6Image Analysis Results

Two gravel filters were scanned in the MRI machine: one to investigate kaolin deposition
at low flow rates ad the other at higher flow rates. In total, there were eight MRI scans as
part of this project (detailed ihable3.1, Section3.3.1), however Scaih.2C was of poor
quality and was removed from the analysis (Sec8gh Columns were, firstly, scanned
prior to any flow with kaolin, after one week of kaolin deposition and after two weeks of
kaolin deposition; this was in order to analyse the temporal change in porosity with kaolin
deposition. Secondly, addinal scans were performed after two weeks of kaolin
deposition for the high flow rate column only; these scans were subjected to two short
duration, high velocity flows intended to erode some of the deposited kaolin. The aim of
these secondtage erosiortests was to determine to what degree fine deposits are only
temporarily stored (or vice versa, to what degree they are permanently captured) in gravel
based SuDS and roughing filters.

With the scans segmented and aligmedper the methodology of Sexti3.5.4 it was
possible to determine where the kaolin was deposited or eroded by subtracting the pore
space of the initial clean scan from subsequent s€amse3.11 shows such an operation

for a representative slice through the high flow rate filter for each stage of deposition and
erosion. The full 3D ROI for both filters were subjected to similar treatment and the data
evaluated with respect to 1) bulk parametdrparosity, number of regions and surface
area (Sectio.6.1); 2) sliceby-slice evaluation of porosity in the three orthogonal planes;
and 3) analysis of change porosity in 3D regions regularly spaced throughout the filter.
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5 1 5 1

Figure 3.11. Change in pore space during the high flow experiment. The location of

gravel (black), pore water (blue) and deposited kaolirfwhite) is shown after (A) one
week deposition, (B) two weeks deposition, (C) first stage of erosion and (D) second

stage of erosion.

3.6.1Bulk Porosity, Number of Regions and Surface Areanalysis

Method of AnalysisThe change in porosity over time is the glest way of characterising

the clogging of each filter. There are two methods available for this with results from each
presented iMable3.6: 1) using the porositderived from the MRI scan and 2) using the
experimentally measured bulk porosity for scans L1C and H1C together with estimated
porosities for the remaining scans. The reasalk porosities could not be measured for
scansL.3C, H2C, H3C, H4E andH5E was ths would require draining of the column and
disturbance of the settled kaolin. Instead, a mass balance approach was used to measure |
massof kaolin retained in the filter between each scan asthga bulk density ofl455g/I

for the depositedtaolin (determinedn Chapter 2 Section2.8.9, the decreasa porosity

of the column as a result of kaolin depositwasestimatedAs the MRI derived porosities
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do not include the areas in proximity with the column walls, the measured bulk porosities
in Table 3.6 have been corrected to remove the increased porosity at the walls (as per the
methodology of SectioB.5.]) and allow comarison with the MRI derived porosities. The
value in comparing the MRI derived porosity with the experimentally measured and

estimated porosities is discussed in Sec3an3

Here we define a pore space region as a volume of the pore space that is connected su
that it is possible for a particle of kaolin to travel from one point in the region to all other
points. A pore space region is defined as active if it is connected to both the inlet and outlet
of the ROI. The number of distinct pore space regions was measured for each scan usin
the Find Connected Regiondugin of ImageJ. This provides a measure ofchange in

active pore space available and is distinct from the total porosity measurements becaus

kaolin deposition can cause some pores to become disconnected from the main pore body.

In addition, gravel and gravel/kaolin surface area was measuretheldoSurfaceplugin

to ImageJ developed bPoube et al. (2010pnd implementing the marching cubes
algorithm of Lorensen and Cline (1987)n the active surface area measuremé&able

3.6), pore space region®t connected to the main pore region were not included and so
this surface area represents the area that would be available for the attachment of pollutan

such as suspended particlpsllutantmetals and dissolved substances.

93



Chapter 3

Table 3.6. Experimentally measured (subscript m) and estimated (subscript g) bulk
porosities for entire column compared with MRI derived parametersfor the region of
interest (ROI). Active porosity and active surface area refer to measurements for the

single largest connected pore region.

Low flow High flow

L1C L3C H1C H2C H3C HA4E H5E
Bulk porosity
(entiro scolumn) 4043y | 3458 | 4117w | 36.90e | 34.11c | 34.35: | 34.72¢
MRI derived 4029 | 1671 | 411 | 2071 | 2488 | 2539 | 2571
porosity (%)
Number of regions 388 3441 492 585 933 1192 998
Active porosity (%) | 40.27 | 16.18 | 41.07 | 2965 | 2476 | 2511 | 2552
Surfacearea (mm?) | 179,049 | 123,847 | 172,194 | 150,013 | 141,619 | 136,332 | 138,649
f}ﬁﬂqu‘j surfacearea | 176610 | 115284 | 171,534 | 148,865 | 139,303 | 132,021 | 135,095

Results:The results show close agreement between the bulk porosity of the entire column
and the MRI derived porosity of the ROI for the clean gravel scans L1C and H1C. This is

to be expected as agreement between these porosity measurements and MRI scans w
usedas one of the criteria for selecting the optimum image processing method. With

clogging, the bulk porosity and MRI porosity diverdable 3.6 shows the MRI porosity

was consistently lower than the bulk porosity and the difference was more pronounced for
the low flow scan L3C (17.87%) than the high flow scan H3C (9.23%).

In the column experiments @hapter 2 greateraccumulationof kaolin at the inlet was
clearly visible through the column side walls. A similar trend was observed through the
walls of the MRI column and is in line with filtration theory in which particle rerhawva
considered to ba first order procesgdwasaki et al., 1937)it is proposed that, as the MRI

ROl is located closer to the column inlet, the lower MRI porosity than bulk porosity is the
result of geater kaolin deposition at the inlet and within the ROI than the average
deposition within the filter as a whole. This is supported by the greater difference for scan
L3C than H3C: the higher velocity of scan H3C led to somewhat more uniformly

distributedkaolin throughout the filter.
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As pore channels fill with kaolin they become disconnected from the main pore volume,
the number of distinct pore space regions increase and the active porosity decreases. The
disconnected regions are typically small andant to a difference between total porosity
and active porosity of 0.53% for the low flow experiment and 0.13% for the high flow
experiment. A similar trend is observed for the active surface area in which active surface
area is 6.91% lower than the tosairface area after low flow clogging (scan L1C to L3C)
and only 1.64% lower after high flow clogging (scan H1C to H3C). The implications of
this for gravel filters are a reduced potential for the removal of particles and pollutants
such agollutantmetalsdue to the inaccessible pore volumes, discussed further in Section
3.7.31

From visual analysis of the column outflow during the erosion stages prsmattH4E

and H5E, it was ascertained thatosion of settled kaolin onlypccurred immediately
following an increase in flow rate and with no further erosion thereafter. The MRI data
shows a 0.35% and 0.41% increase in porosity after H4E and H5E respectivelgtitigns

to a removal of 2.15% and 2.57% of the deposited kaolin. This is important as it indicates
that the water quality of the outflow from a gravel filter SuDS will decrease during a high

runoff event, potentially affecting the downstre8uwDS componentndwatercourse.

However, during the experiment it was observed that the particle dynamics associated witr
the reentrainment of deposited kaolin was very different from the discrete particle and
small floc process by which it originally settled. Instekdge aggregations dfettled

kaolin became dislodged and cascaded like an avalanche into the neighbouring pore with :
predominant shift in kaolin from top to bottom, rather than from inlet to outlet. Thus it is
important to note that theulk measures gforosity presented heveould show no change

to powsity values in this case, as thdgp not account for the local spatial shifts of
deposited kaolin within the filtef he degree of sediment movement within the filter under

erosion can only be ascertaihiey 3D analysis of the MRI data.

A further caveatis required for the MRI derived change in porosity during erosion; this
method cannot account for material that has been eroded from near the column wall abov:
the ROI and comes to settle within the RQ1,noaterial that erodes within the ROl and

settles below itln the unlikely event that, upon erosion, all the deposited kaolin in the area
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above the ROI becomes deposited within the ROI with no erosion within the ROI itself, or
vice-versa, then this coultkad to a change in porosity of £6.28Whilst this makes
analysis of the erosion scans difficult, the difference between deposition and erosion
processes is in itself an interesting finding with implications further discussed in Section
3.7.3.1 These limitations apply only to the analysis of the erosion scans and do not affect
the clogging scans as, during clogging, kaolin deposition is much more uniform within an
outwith the ROI.

3.6.2Slice-by-slice Porosity Analysis

Analysing the change in average porosity on a lieslice basis allows trends in
clogging to be observed. The processed images weskceel in the three orthogonal
planesas shown inFigure 3.12; this yielded three data sets: (i) longitudif@l plane)
which showed trends from the inlet to the outlet; (ii) vertidalplane) which showed
trends fom top to bottom; and (iii) latergdX plane) which shows any variability across

the column.

Figure 3.12. Scan L1C (left) and scan L3C (right) showing slices in each of the three

orthogonal planes.

Note that wheranalysingthe data, the ROI was reduced so as to omit the firstiGes in
the Z planewhere porosity is influenced by the plastic mesh. When measarthg X and
Y planes the first and last 20 slices were omitted because, as the R@dukar, the first

and last slices are very small and so their porosities are very sensitive to small changes i
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volume and are not truly representative. By th& dite, the area is 50% that of the ROI at

its widest point and measurements weoasideed to be reliable Figure 3.13 illustrates

the reduced ROI foX and Y planeneasurement.

e s
Figure 3.13. Reduced ROlsfor slice-by-slice analysis: A)X plane slices and B)Y
planeslices.

3.6.2.1Trends in Porosity and Porosity Change

For each phase of clogging and for each orthogonal plane, the average porosity of even

slice was measured together with the change in averagsifypas presenteth Figure

3.14. Comparison between each scan can be made by fitting linear trend lines to the slice

average porosities and measuring the gradient, then measuring the change in the gradie

(hereafter refeed to as the slope) between each scable3.7).

Table 3.7. Change in gradient(slope)between each san. A negativevalue denotes a

decreasingslope with increasing slice number. The steeper theslope the larger the

trend.

Scans Z plane Y plane X plane
L1C-L3C -3.7x10° 5.0 x10° 2.7 x10*
H1C-H2C -1.4x10* 4.0 x10° -6.0x10°
H1C-H3C -1.5x10* 9.0x10° 2.0x10°
H2C-H3C -2.0x10° 5.0x10* 8.0x10°
H3C-H4E -1.2x10* -6.0x10° 2.0x10*
H3C-H5E 2.0x10° 1.6 x10* 2.2x10%
H4E-H5E 1.4x10* 2.3x10% 1.0 x10°
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Figure 3.14. Slice average porosities for each of the seven scans in three orthogonal
planes: Z plane from inlet (slice 32)to outlet (slice 211);Y plane from top (21) to
bottom (263); and X plane from right (21)to left (263).

Z PlaneTrends:

Looking atFigure3.14 it is clear that the clean scans L1C and H1C have higher porosities
than the clogged and partially clogged scans in each and every sdigability in clean

scan slice porosity was low with a range of 6.28% and standard deviation of 1.33% for
L1C and 6.42% and 1.53% for H1C.

It is evident that the greatest change in porosity with clogging occurs in the low flow
experiment (shown by greatgroffset of the data between L1C and L3C compared with
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H1C and H3C). In addition, variability increased for scan L3C with a range of 8.42% and
standard deviation of 11.30% whilst the variability remained approximately constant for
scan H3C with a range 6f09% and standard deviation of 1.49%.

It is clear that the erosion (scans H4E and H5E) results in very little chatige Zgplane
trend or porosity value compared to scan H3C. This is because most of the movement i
from top to bottom as showby vertical analysis.

UsingTable3.7, the negativegradientfrom inlet to outlet shows that the porosity change is
greatest at the inlet and hence there is more kaolin depoat the inlet.This increased
clogging at the inlet is more than twice @®nouncedn the low flow experiment where
theslope is-3.7x10* (scan L1GL3C) thanin thehigh flow experimentvhere theslopeis -
1.5x10* (scan H1GH3C). In the first stage of clogging in the high flow experiment (scan
H1C-H2C), there is significantlygreater change iologging at the inlet than in the second
stage of clogging (scahl2C-H3C) as shown by thelopesof -1.4x10* and -2.0x10°
respectively.

In addition to linear trend lines, a logarithmic trend was also fitted to the inlet to outlet
change in porosity data to determine if removal is a-firder process determined by
distance into the filter. The regression coefficient of the trend linescampared to
determine which provides the better fit. Whilst neither produces a particularly strong fit,

the linear trend was superior for all scahab(e 3.8).

Table 38. Regr essi on coefficients i ndicating

logarithmic trend lines fitted to the change in porosity for each clogged scan.

R? value
Scan Linear trend Logarithmic trend
L1C-L3C 0.73 0.73
H1C-H2C 0.68 0.58
H1C-H3C 0.55 0.35
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X and Y Plandrends:

Trends are visiblen Figure 3.14 from top to bottom with more deposition at the bottom
during low flows. At high flows there is no discernible top to bottom trend during
deposition but during erosion there is clear remofaeposited kaolin from the top of the

colurm and deposition at the bottom.

There are no discerniblX plane trends in deposition for both low and high flow
experiments; however, during erosion, there is more change in the right side of the column
This isthought be due to the formation of preferential flow paths, evidence for which can

be found in the analysis of the data in SecB@&3

3.6.2.2Correlation of Initial Porosity with Change in Porosity

To test the hypothesis thtte slice initial porosity will influence the degree of clogging,
the correlation between initial porosity and percentage change in porosity was determined
Percentage change in porosity was usetiead of absolute change in porosity because
slices with a high initial porosity would be expected to have a higher change in absolute

porosity simply because there is a larger volume available for kaolin deposition

The correlationsare summarised imable 3.9 andFigure 3.15. The gradient describghe
trend whilst the P value gives an indication of the significance of the correlai®rhe
null hypothesis was for no correlation, a low P value indicates correlation between initial

porosity and change in porosity.

Table 3.9. Correlation between initial porosity and percentage change in porosity for each
scan. A steep gradient(either positive or negative) equals atrong trend whilst the smaller

the P value, themore significantthe correlation.

Z Plane Y Plane X Plane
Scans | Gradient | P Value | Gradient P Value | Gradient P Value
L1C-L3C -0.726 2.36x107? -0.734 | 9.0X%10% 0.533 3.8&10*
H1C-H2C | -0.615 1.27%107 -0.542 | 5.7X%10% -0.446 1.37%10°®
H1C-H3C | -0.343 3.44x10° -0.507 | 3.4810%* -0.332 1.46x10°
H2C-H3C 0.091 1.3810? -0.120 4.44x107? 0.207 9.65¢10°3
H3C-H5E | -0.787 | 2.4x10° 1.027 | 1.3%10° 3.791 | 3.3%10"
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The predominantly negative gradients of theolaneandY plane correlations denota
negative correlation between initial slice porosity and percentage change in slice porosity
with clogging: slices with a high initial porosity had a low change in porosity and vice
versa. However, as can be seen from the P valu€abie 3.9 and the spread of the data

points around the trend lineskingure3.15, theZ planecorrelation is weak.

The X planecorrelation shows no clear trend during deposition. During erosion there is
considerable scattering of data points which skew the trend lin€sgure 3.15. This
suggests that change in porosity due to erosion is not determined by slice initial porosity,

but by another factor such as pore gewyner connectivity.

As a result, the data dfable3.9 andFigure3.15 show that there is a correlation between
initial porosity and change in porosity, but this correlation is weak. The spatial trends in
clogged filter porosity therefore cannot be predicted based on slice averaged initial
porositiesand a more sdpsticated method for analysing the change in porosity is
required
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Figure 3.15. Relationship between initial porosity (xaxis) and percentage change in porosity {§xis),
both normalised by average initial porosity and average percentage change respectively. Positive
gradient denotes correlation between large initial porosities andalge percentage changes in porosity,
as well as between small initial porosities with small percentage changes in porosity. For a negative
gradient, the inverse is true whilst zero gradient or a large P number denotes rsbatistically significant

correlation. Associated gradients and P values shown Trable 3.9.
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3.6.33D Region Analysis

3.6.3.1Spatial Variation in Volume Change

Some spatial trends are masked by the dieslice approach because it is the average of
an entire slice. To overcome thisn ImageJ script was writtgimaking use ofthe 3D
spherical crogunctioni n t he A3D Tool so pl ugthadwdedi t t e
the ROIlinto an array ofLl170 sphericalegions as shown irFigure 3.16. The volume
change of each region before and after clogging was measured as well as the percentag
change with respect to the initlblume For the measurement method used in ImageJ, it
wasnecessary for each spherical region to contain a minimum of one voxel of pore space.
It was found that the minimum region diameter that satisfied this criterion was 20 voxels.
As such, each region was 20 voxels in diameter with a 20 voxel ¢extemtrespacing so

as to ensure the maximum number of valid regions for data analysis.
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Figure 3.16. Left: location of 3D circular regions (white spheres) within the ROI (red
cylinder). Right: region volume represnts initial pore volume within each region
whilst colour represents percentage change in region volume between scan L1C and
L3C.
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Linear regression of the volume charajeeach region (usinthe X, Y and Z coordinate of
the centre of each regidor plotting purposesyhows if volume change is linked s
spatial location withinthe filter. Results of this correlation are presentedlable 3.10

showng trends in volume chander each orthogonal plane

Table 3.10. Correlation between initial porosity and percentage change in porosity for
each scanA steep gradient(either positive or negative) equals a strong trenavhilst

the smaller the P value, thenore statistically significant the correlation.

Z Plane Y Plane X Plane
Scans Gradient | P Value | Gradient | P Value | Gradient P Value
L1C-L3C -10.42 | 4.81x102%° 0.17 8.1%10* 2.54 4.46¢10%
H1C-H2C -3.52 1.24x10712 -0.51 1.54x10% -1.75 1.010°
H1C-H3C -3.47 9.7710° -1.34 1.81x10? 0.08 8.8%10*
H2C-H3C 0.04 9.2510* -0.83 1.18¢10? 1.83 1.97108
H3C-H5E 1.51 7.86x107 -5.40 5.5%10%° 4.47 2.27%1013

In the low flow experiment (scans LUGC) there is a strong planetrend with negative
gradient indicating that as depth into the filter increases, change in porosity decreases i.€
there is more clogging at the inlet. A similar trend is visible in itis¢ $tage of clogging in

high flow experiment (scans H1d2C); however both the gradient and the strength of the
correlation are weaker than in the low flow experiment and are not apparent in the seconc
stage of clogging (scans H23C). This suggests meuniform deposition of kaoliwith
distancehrough the filter in the high flow experiment than in the low flow experiment and
that uniformity of deposition increases with time. A possible mechanism for this is an
increase in flow velocities at the inldtie to deposition of kaolin and a reduction in pore

volume, resulting is lessubsequerdeposition at the inlet.

Y plane trends in the data are virtually nexistent. X plane trends show greater
deposition at the bottom of the low flow filteFgble3.10, scans L1€L.3C vertical). In the

high flow experiment, there is initially greater deposition at the top of the filter (scans
H1C-H2C) followed by greater eposition at the bottom (scans HH3C) with a net
effect of no vertical trend over the clogging period (scans -HBC). This can be
explained by preferential flow paths that change in response to the deposition of kaolin
within the filter and the resultghnmodification to the morphology.
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Linear regression of the percentage change in volume with respect to the initial volume for
all regions shows if the degree of clogging r&kéd to the initial pore volume. Results of

this correlation are presentedliable3.11 andFigure3.17.

Table 3.11. Correlation between initial volume of each region and percentage change
in volume for each scanA steep gradient(either positive or negative) equals a strong
trend whilst the smaller the P value, thenore significantthe correlation.

All regions
Scans Gradient | P Value
L1C-L3C | -1.7x10° | 3.98E18
H1C-H2C | -1.6x10° | 6.94E64
H1C-H3C | -1.5x105 | 1.81E27
H2C-H3C | -7.0x10° | 5.45E10
H3C-H4E | -1.2x10° | 5.07E05
H4E-H5E | 1.2x10° | 2.24E22

Note that P values are not directly comparable withstiee-by-slice approach because
there were 1170 regions compared with 179 slesel with this type of statistical test, a
greater number of data poirdbvaysresuls in lower P valueThe 3D region method was
considered more successful than the dbigeslice approach as measurements were not

averaged over an entire slice, but were instead averaged over a far smaller volume.

Table 3.11 and Figure 3.17 show negative correlation between initial pore volume and
percentage change in pore volume for each region indicating greater relative clogging of
small pores. The correlation is sicstatistically significant in the first stage of clogging at
high flows (HLGH2C). This may be evidence that preferential flow paths exist in the
larger pores and are more pronounced at higher flows. During the second stage of clogging
the trend is weakeand less statistically significant suggesting that, as kaolin is deposited

within the filter, the preferential flow paths are altered.

During erosion, the negative correlation between initial pore volume and change in pore
volume weakens (H3EI4E) and fhally reverses (H4HEISE). This is further evidence that

the erosion process is not simply the reverse of deposition.
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Figure 3.17. Relationship between initial region volume (xaxis) and percentage
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change in region volume (yaxis) for all 1170 regions, both normalised by average

initial volume and average percentage change respectively. Positive gradient denotes
correlation between hrge initial volumes and large percentage changes in volume, as
well as between small initial volumes with small percentage changes in volume. For a

negative gradient, the inverse is true whilst zero gradient or a large P number denotes

no statistically significant correlation. Associated gradients and P values shown in

Table 3.11.
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3.6.4Summary of Experimental Data

In summary, the above data set can be distilled intodl@ning findings which warrant
detailed discussion in Secti@?7 (or Chapter 4and Chapter 5wherehighlighted); these

include:

MRI data is appropriate to porosity analysis. Clean gravel filters irediciability
in porosity of ~2.0% due to irregular packing arrangements of the sediment.
Pixilation of grain boundaries was calculated to contribute up to a maximum of

+3.81% error in porosity.

Porosity reduced by 58.5% and 39.5% within the ROI of tkeflow and high
flow experiments respectively. Active surface area reduced by 35.45% and 18.79%
for low flow and high flow whilst number of pore regions increased by 786% and

90% respectively.

Longitudinal (Z plane) deposition patterns during clogging iodte: (i) greater
deposition in neainlet locations under low flow conditions; and, (ii) more evenly

distributed deposition along the filter length under high flow conditions.

Vertical (Y plane)deposition patterns relate to flow conditions, in that higher flow
rates distribute kaolin at all depths within the filter, whilst lower flow rates result in

greater deposition at the base.

Lateral (X plane)trends show slight preference towards prefeaérlow on the

right of the columns; this is thought to be experirrgecific to the gravel packing
used in the present thesis and is discussed in the flow modelling secGbapmter

5. It is important to note that this was not considered to be indicative of upscaling to
roughing filter or SuDS filter processes.

Change in porosity was correlated with initial porosity: greg@ercentage change

in smaller pores.
Flushing flows only reinstate ~2% of porosity in the filter.

Under flushing flows, the erosion process eergraining and redistributing kaolin
deposits is not the inverse of the sedimentation process. Insteadjciates a
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notable change to the vertical distribution of sediment, via the avalanching of
sediment to lower regions of the filter. No longitudir{@ plane) changes are
observed. This process is not a function of initial porosity, rather related torthe po
geometry and connectivity at the onset of flushing and is further investigated in
Chapter 4

3.7 Discussion

Key points that will be covered in this discussion arse wf MRI as a tool for
characterising deposition within a gravel SuDS or water treatment filter; a critical review
of the image processing methodology; and implications of the trends in filter clogging

based on bulk analysis of porosity, stimgslice aralysis and 3D region analysis.

3.7.1Suitability of MRI

One aim of this chapter was to determine if MRI is a suitable technique for analysing the
change in porosity of a gravel filter as it clogs with fine material such as kaolin. This
chapter has clearly showthe technique viable anof meritin 2D and 3D analysis, but

requires the user to be aware of certain limitations when conducting analysis. A brief

description of each limitation and the implications for the experiment design are given:

1. The sample must ctain free protons to generate a signal. As such, only the fluid
in the columns generated a signal and it was not possible to differentiate between
the dolomite gravel, the settled kaolin and any air pockets within the column. Care
was taken when filling # column to ensure air pockets were not introduced and
markers were cut in to the plastic mesh within the scan ROI so that each scan coulc
be aligned in 3D with the previous scan. By subtracting the volume of the filter
from which there was no signal inettclean gravel scan from the volume of no
signal in the clogged scan, it was possible to determine the volume of settled
kaolin. This procedure is only valid provided the gravel does not alter position
during or between scans. Great care was taken togeetyy insert and remove the
column from the MRI machine. The success of this method can be verified from

analysis of the resulting scans: there were no regions that imaged as gravel/kaolin
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in the first scan and water in th& ar 2"9 stage clogging scashowing that there

was no discernible movement of gravel.

. Only samples with low metal content can be imaged at high field strengths.
Samples that contain magnetic or paramagnetic elements disrupt the MR signal
making some natural geological materials utadle (Chen et al., 2006) As a
result, dolomite gravel with a very low metal content was used as the filter media
and the column was constructediegly of plastic with nylon securing bolts. The
resulting MR image was free from magnetic and paramagnetic distortions.

. Duration of the scan acquisition is directly related to scan resolution and scan
volume (Haynes et al., 2009)The RARE scan sequence employed in this study
took 20 hours at a resol uti on obefmad0O0 ¢
between scan resolution and scan volume to suit the length of time the MRI
machine is available. Scans documented herein were initiated on a Friday afternoon
and allowed to run over the weekend when the MRI facility is not normally fully
utilised

. High field strength MRI machines are rare and more typically used for biomedical
research. The RF coil used in this s
designed and tuned for scanning rabbits. With the initial setup, it was found that the
signalarising from the water was greater than the maximum the rabbit coil could be
tuned to. Rather than construct a new, smaller column or send the RF coil to the
manufacturer for modification, we chose to fill the inlet and outlet mixing areas of
the existingcolumn with large round glass beads so as to reduce the volume of
water and allow the existing RF coil to be tuned. Not only must suitable hardware
be available but also the expertise to create custom MRI sequences applicable tc
porous media research isquired. Fortunately this was available at the GEMRIC
facility.

. MR signal intensity and image quality varies across the scan volume, particularly
when working close to the maximum scan volume. This resulted in a maximum
good quality scan volume 282 voxetls diameterand 211 voxels deep out of an
original scan volume of 333 x 433 x 600 voxels. Much of this reduction was due to
gradient nodinearity and the rounded distortion at the extremities of the image in

the alongbore direction. Similar distortion Bdeen corrected for kpvicich et al.
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(2006) for work on human imaging, allowing the good quality scan volume to be
extendedput requires the use of a special MRI phantom to characterise the degree
of distortionwhich is specific to each MRI machinghe reduced scan volume used

in this study was still sufficient to analyse the spatial variation in clogging within
the filter.

Taking into account these limitations imposed by the nature of magnetic resonance
imaging, it was possible to obtain a 3D image of sufficient size and resolution to define the
pore space within a gravel filter and, with successive scans, measure thevagatiah in
particle accumulation within that filter. Furthermore, although it was not implemented in
this study, it is technically feasible to couple this pore volume measurement with tracer

studies that allow the imaging of flow pathgldlow velocities.

Whil st the image resol ut i on -rag micr@oOgeaphy i s
which can resolve f eat ur es a s (witmasynthrotrans radiatiomx-ray
microtomography is limited by the size of sample that caschaenede.g. a coré.35mm

in diameter and 5.67mm long in the caseladsonov et al(20M)). In porous media
research this limits the use ofray microtomography to soils and sands. MedieexCT
scanners do allow larger sample sizes and could be of use to gravelditets not offer

the ability to measure tracer propagatierth et al., 2010)PET (positron emission
tomography) and SPECT (single photonigsion computed tomographgcannerscan
measure both volumes large enough to be relevant to gravel filter research and the
propagation of a radioactive tracdyut current statef-the-art systems are limited to
resolutions in the order of millimetréBoutchko et al., 2012)

As such, we can conclude that MRI is a very valuabi¢ fiar measuring the change in
hydraulics of gravel filters (and indeed many other types of porous media) as they clog

with particles.

3.7.2Image Processing

Whilst the raw data output from the MRI acquisition was suitable for visualising the

change in pore volae with clogging, substantial image processing was then required to
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transform the raw data into a state suitable for quantitative analysis. Much of this
processing was concerned with removing
variation in wagr signal intensity across the ROI so as to allow binary segmentation into
water phase and solid phase. The present thesis developed a robust methodology fc
assessing the output of processed data using four measures of qualitybulksuabrosity
compaison of MRl and experimental data, mesh representatiod, direction dependent
errors. By ensuring good results for each measure of quality, we can be reasonably
confident that the image processing and segmentation produces a pore volume tha
accuratelyrepresered both the structure of the sammad the porosity to within 1.75%

(based on the corrected average bulk porosity measurement).

The mehod developed in this chapter svaonsidered an improvement over the methods
commonly reported in the literatifor analysing porous media MRI data suclBaklwin

et al.(1996, Amitay-Rosen et al(2009, Kleinhans et al(2008, Haynes et al(2009, and
Haynes et al(2012)to name a few, as these studies have several deficiencies:

1. They use global segmentation methods that cannot account for variations in water
signal intensity and which, based on the data collected in this thesis, would have
limited the volume that couldebsegmented as well as introducing errors in the pore
regions (e.g. ovesegmentation in some regions and urskggmentation in others).

2. They generally do not compare the MRI derived porosity to an independently
measured porosity and, where they do, aulk lporosity error of 1.75% is very
similar or better.Kleinhans et al(2008) do make a comparison with estimated
porosity based on geometricabdels of spherical bead packing with errors ranging
from -1.7% to +1%, depending upon bead sizeéfglynes et al(2012)used a laser
scanner to measure the surfaafea gravel bed and found 1.3% difference in
porosity of 2D slices compared to the MRI derived porosity for the same region,
although if the error is due to pixels on the interface between gravel and water, then
this error is likely to be larger when codsred in 3D and fully within the gravel
bed rather than on the surface.

3. They all process the data entirely in 2D and do not consider 3D processing

direction dependent errors which, in this study, were found to be significant: a
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range in porosity of 2.20% was found when processing entirely in 2D which was
reduced to 0.75% with the addition of 3D processing steps.

4. Whilst they all recognise the importance of edge errors, none quantify them with
the exception oHaynes et al(2012) in which the influence of edge errors was
determined by varying the thresholding value by £5 bins (out of 255) resulting in a
porosity change of up to 1.9% this thesis, the uncertainty due to the edge errors
was quantified based on the plastic mesh and estimated to be +0.3648pixels
each pixel of interface between gravel and water. This translates into a maximum
error in the segmented image porosity of £3.8h%he clean gravel scans. Clogged
scans were expected to have a lower uncertainty due to the reduced interface
between gravel and water (measured as a reduced pore surfac@aated.6,
Sectior8.6.] resulting in an uncertainty of £2.64% for the low flow experiment

and +3.13% for the high flonxperiment.

In this regards, the method adopted in this chapter has more in common with those used i
the field of xray and micreCT data acquisition where the importance of 3D and locally
adaptive processing techniques are recogr{iskiot & Heck, 2007; lassonov et.a2009)
although edge effects are reduced in miCiodue to the higher resolution of features and

more homogenous signal intensity.

Scanresolution could have been increased slightly by extending the scan time or by
utilising a smaller RF coil andhé processing method could be adapted to include a step to
offset the edge error (such as 3D morphological erosion). However, using a smaller RF coll
would require a new, smaller column and subsequently, a greatly decseasedlume

whilst increasing té resolution with the current coil may allow the resolution to be
increased from 300em to 200¢m, but this
time from 20 hours to a predicted 70 hours to scan the same volume and would greatly

increase the timetperform each subsequent image processing step.
3.7.3Results Discussion

The change in porosity as the filters clog and erode were measured by MRI on three levels

bulk properties of the entire ROI, a shbg-slice analysis of the ROI in three planes and
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by dividing the ROI into regularly spaced regions and measuring the change in porosity in
each regionEach method has its advantages and limitations.

3.7.3.1Bulk Properties

Bulk properties are quick and straightforward to measure and allow comparison with the
experinentally measured bulk porosity. This can be useful for measuring the overall
change in the filter and essential for validating the image processing, but it does not

provide any information on the spatial variation of the change in porosity

The image proessing method was chosen to ensure that the MRI derived bulk porosity for
Scan L1C (low flow clean) closely matched the experimentally derived pordsityte(

3.6), yet the Scan H1C (high flow, clean) porositesre also extremely close, showing
that this method is generically applicable éimilar clean gravels. MRI derived porosities

for clogged sans were substantially different from the estimated bulk porosity (based on a
mass balance approach). This was attributed to greater clogging within the MRI ROI

(which is closer to the inlet) than at the outlet.

Other bulk parameters that were measuredewtes number of regions anthe surface

area. Whilstpores in disconnected regioae still filled with water, they are not available

for further kaolin deposition or the attachment and removal of other pollutants. It should be
noted that some regions thappear disconnected may in fact be connected by paths
small er than the image resolution of 30
incorrectly segmented such as those between grains in close prohewmsrtheless, the
number of regions allows agstimate of the active porosity which is important for filter

hydraulics and particle removal efficiency.

In the low flow experiment, the total amount of kaolin removed was 1.5 times greater than
in the high flow experiment whereas the change in poraeimvel associated with
disconnected regions was 5.4 times greater. This suggests that, at lower flows, there is
disproportionate increase in disconnected regions and a decrease in active porosity. A
such, clogging at higher flow velocities may make mofiieht use of the pore volume

available for kaolin storage. However, as the disconnected pore volumeslyafe53%
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and 0.13% of the total pore volume in the low and high flow experiments respectively, this
increased storage volume likely offset by oher factors such as a reduced removal

efficiency resulting in the net decrease in removal efficiency observed in experiments.

In low flow clogging experiments, surface area decreases by 30.8% and active surface are
(the surface area of the active porgshily 35.5%. After two weeks clogging at high flow,

the decrease in surface area and active surface area is only 17.8% and 18.8% respectivel
For the removal of pollutants such pallutantmetals, there must be an available surface
site for adsorption.tlhas been shown that sand filters often go through a period of filter
ripening in which the removal of particles either increases the surface area of the filter or
creates conditions under which the removal of subsequent pollutants becomes more
favourablei n a pr ocess knoJBradferd et d.f 2003)if a ripening p e n
period occurred in this study, it had passed by the time of lttgged scans. The
implication of this reduction in surface area is a reduction in the removal efficiency of
dissolved pollutants. This is due to a reduction in the surface area available for adsorptior
and would be expected to be more pronounced in thefltawexperiment. Removal of
dissolved pollutants is also linked to removal of particulates, especially clays, as these
provide a surface for adsorption. Coupling a decrease in surface area, a decrease in partic
removal efficiency and a decrease in filtesidence time leads to a further reduction in the

removal efficiency of dissolved pollutants with clogging of the filter.

3.7.3.2Slice-by-slice Analysis

Slice-by-slice analysis is also straightforward but allows some spatial variation in
deposition to be obsexd as well as correlation between initial porosity and change in
porosity. MRI was able to confirm there was greater deposition at the column inlet and at
the base of the column. This shows direct evidence for what could only be inferred from
the differerre in bulk porosity between the estimated porosity and the MRI derived
porosity (SectiorB.6.1). Theright sides of the columns showeithicreased clogging which

was unexpected. Possibly this is due to the formation of high velocity preferential flow

paths in the left side of the columns.
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Iwasaki et al. (1937and many slisequent studies considered particle removal within slow
sand filters as a firgtrder process with depth into the filter. It therefore follows that the
reduction in porosity of a filter due to kaolin accumulation should also be affitst
process withdepth. To test if this was apparent in the MRI dataset, both linear and
logarithmic trends were fitted to thédirection slice averaged porosityhe regression
coefficients appear to show that a linear trend better fits the data. The kaolin mass balanc
(summarised imMable 3.12) shows that in the entire 200mm filter, 1.53 times more kaolin
was deposited between scans HHEC than between H2B13C, yet the porosity change
within the MRI ROlwas 2.36 times as great and the slope (change in gradient between
scans)was 70 times as steep. Between scans HHPC, more of the kaolin deposition
occured at the inlet resulting in the steeper gradient. Between scansH32C a
substantial amount of kaoliwas retained within the filter, but the low porosity change
signifies itwas not retained within the ROI and the low slope signifies that what kaolin
was retained within the RQOWas retained closer to the outlet.

Table 3.12. Summary of clogging in high flow experiment. Accumulated kaolin was
calculated by mass balance and is for entire 200mm column (s€able 3.1). Change

in porosity was derived from the MRI scan for the 63.3mm deep ROI (seEable 3.6).
Slope is the change in gradient of average porosity of each slice from inlet to outlet
(seeFigure 3.14). Ratio is the ratio of the HLGH2C valueto the H2C-H3C value.

Accumulated Change in
Scans Kaolin () Porosity (%) Slope
H1C-H2C 5424 11.39 -1.4x10%
H2C-H3C 35.46 4.83 -2.0x106
Ratio 1.53 2.36 70

These MRI scans would appear to suggest that kaolin removal within these filters was nof
a firstorder process, as was proposedvgsaki et al. (1937adted by later researchers
such asrao et al(1971)and observed bglose et al(2006)when monitoringhe removal
efficiency ofcolloidal microspherat low concentratins in a clean gravel medi@riticism

of the firstorder removal of particles with depth have been made béforgrtharajah,

1988; Wegelin et al., 1984nd it has long been recognised that removal efficiency must

also bea function of the specific deposit (the volume of sediment accumulated per unit of
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pore volume): increasing initially in a process known as filter ripening, presumably due to
the increase in surface area for attachment or reduction in pore throats pgostiatining
(Herzig et al., 1970Q)then decreasing, presumably as flow velocities increase or suitable

attachment sites are saturated until particlekiheaugh and the end of the filter run.

As the firstorder process view does not take into account changes in removal efficiency
over time associated with filter ripening and increased velocities due to clogging, perhaps
it can best be thought of as a fimder process zone that diminishes as the degree of
clogging exceeds a threshold resulting in a clogging front that moves from inlet to outlet.
Ahsan(1995)inferred a similar clogging front from headloss measurements along a filters
length.As shown inTable3.12, if a clogging front exists, theby the time of scan H3E&

has progressed beyond the extent of the ROI.

By correlating the initial porosity with the pertage change (i.e. normalized to the initial
porosity) it was shown that slices with a low initial porosity clogged more (in percentage
terms) than slices with a high initial porosity. In other words, the low porosity slices were
filling quicker. This sugests that areas in slices with a high initial porosity were becoming
preferential pathways for kaolin transport, in which less deposition takes place due to the
higher velocities. A limitation of the slidey-slice approach is that it is not possible to
identify the preferential pathways and their existence is muted, or indeed entirely masked,
by the averaging effect of considering an entire slice that must contain a number of pores

of differing initial diameter.

3.7.3.33D Region Analysis

The strength of the 3Degion analysis is that regions of any size and spacing can be
specified so as to capture the spatial variability in porosity and change in porosity. As with
the sliceby-slice approach, it is possible to measure trends in the change in porosity both
spatidly and with respect to the initial porosity with similar results. However, the 3D
regions approach is superior as measurements are averaged over a much smaller volun

than with the slicéy-slice approach.
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With the 3D region approach, spatial variatiomkaolin deposition trends were identified
for both the low flow and high flow experiment. Correlating region initial porosity with
change in region porosity identified that preferential flow paths must play a role in
kaolindeposition within the filter. Sin preferential flow paths require further analysis with
respect to pore network connectivityhapter 4 and pore network flow velocitie€hapter

5) in order to characterise their relative importance to particle removal within gravel filters.

3.7.3.4Comparison of Analysis Methods

Of the three analysis methods investigated in¢hapter, the slicby-slice approach is by
far the most commomethod of analysing MRI data his appears to be for several

reasons:

1. Conventionally MRI is used in a medical setting where 2D slices in each
orthogonal plane are sufficient for medical diagisp hence MRI software is
designed to provide these slices.

2. The acquisition of multiple 2D slices at discrete locations along a sample are
sufficient to describe, for instance, the agergorosity of a column packed with
polystyrene beads as shown Awitay-Rosen et al(2005) or a sandstone core
(Sham et al., 2013)

3. 2D slices are much quicker to acquire thiath 3D volume. This often means that
image resolution does not have to be sacrificed to complete a scan within the
available time and thhamultiple scans can be taken in quick succession. This
allowed Baumann & Werth(2005) to image the concentrationof super
paramagnetic colloidén a single longitudinal slice through 10mm diameter,
75mm long column filled with silica gel medat three minute intervals, and for
Phoenix et al(2008)to track copper diffusion through a biofilm.

4. Finally, although 8D image of the entire volume is collected, many authors, such
asSederman et a(1998, Kleinhans et al(2008 andJelinkova et al(2011)only
use the 3D data to visualise the sample. For quantitative analysis they instead
reduce the sample to a series of 2D slices, as was done in théystioee

approach of Sectiod.6.2
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Bulk porosityand pore volumeneasurements are rafer MRI databecause, as detailed
above, 2D slice data is often collected in place on the full volume 3DIsleanhans et al.
(2008)used a 100% water reference sample and the strength of the MR signal to measur:
the bulk porosity of coarse sediments. In cersitimations this method would be preferable

to the method of determining bulk porosity used in this thesis as it does not rely on
segmenting the data (which is a potential source of error). However, the authors noted that
each time a scan wagitialised, the MRI software selectdifferent initialisation settings
depending upon the properties of the sample being measured (e.g. liquid volume). In orde
to get a consistent MR signal from a gi v
into using thesame initialisation settings by initialising a scan on the 100% water reference
sample, then scanning all samples in succession withenitiedising. Such an approach

was not feasible for this thesis as a week between scans was required to clogehe grav

media and other researchers would need to use the MRI machine in the meantime.

Bulk porosity and pore volume measurements were made froay ®iicrotomography

data ofsoils and porous asphalt Byunkholm et al.(2012) and Gruber et al.(2012)
respectivelyMunkholm et al.(2012)also measured surface area but did not distinguish it
from active surface area, possibly beca
possible to identify small pores that would connect regions of theGroiber et al(2012)

did make the distiction betweerporosityand activeporosityand found the latter to be
30% smaller. This is far greater than the 0.53% and 0.15% difference bgtwesityand
activeporosityof low flow and high flow experiments of this thesis, ths discrepancy is

likely dueto thegraded gravel and bitumen disconnecting pore regions in the asphalt and
highlights the importance of measuring active porosity as opposed to simply measuring

porosity.

Pore networks are sometime derived and used to describe 3D trends datth (see
Chapter 4, but no method as simple and straightforward to implement as the 3D regions
method was identified in the literatufEhefi b e st 0 dsanethod wilhdeperydom the
purpose of the study and the equipment available. For many studies, 2D slice data is
sufficient and is often the easiest to acquire. However, for this study a combination of bulk
properties of the entire 3D volume and 3D regaoialysis yielded the most beneficial data

as it allowed the change in active porosity and surface area to be determined as well as th
11¢€
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3D spatial variation in clogging (without averaging across an entirevghiadh masks the
importance of preferential fl@ pathg and the correlation between degree of clogging of a

region with that regions location and initial porosity.

3.8 Conclusions

In this chapter we have shown that MRI is a suitable tool for monitoring porosity change
within a gravel filter. With the imagprocessing methodology developed, it was possible
to reproduce experimentally measured porosities to within 1.75% over a region of interest

84.9mm diameter and 63.3mm length.

Analysis of the bulk change in pore volume showed flow rate affected clogging
progression: more kaolin was removed at a lower flow rate but the reduction in active
porosity per unit of kaolin was greater due to the formation of disconnected regions of pore
volume. Surface area decreased with clogging from which we can infer redsselVetil

pollutant removal efficiency.

Slice-by-slice analysis of the 3D volume showed that whilst there was increased kaolin
deposition closer to the inlet of both high and low flow rate filters, a linear trend better
fitted the data than the firsirder tend proposed blvasaki et al. (1937)Between the first

and second stages of clogging at high flows there was no trend in the change in depositiol
within the MRI region of interest. From this it was concluded that if removal is a first
order process, this can orbe during clean bed filtration supportitige definition of a
mobile firstorder process zon@oposed byAhsan, 1995)By the first stage of clogging

at high flows thdront of thefirstorder process zone had passed outwith the MRI region of

interest.

The correlation between initial pore volume and percentage change in pore volume showec
that small pores are more likely to clog with kaolin whilst large pores are more likely to
form preferential flow paths with reduced clogging. This important finding of the role of

preferential flow paths is investigated furtheGhapter 4andChapter 5
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Chapter4i Por e Net wor k Anal ysi s

4.1 Abstract

In this chapter pore networks are derived from 3D topo&dglata using the ImageJ plugin
BoneJ to perform medial axis thinnings appropriate to quantitative analysithe
topological data was collected by MRI scannofga gravel media filter at progressive
stages of clogging with kaolin clays detailed irChapter 3 Network statistics such as
connectivity density were calculated at each stage of kaolin deposition. A method by which
the change in pore diameter betwesans could be mapped onto the pore network was
devisedby defining common reference points between clean and clogged filter networks
This allowed spatial variation in pore diameter change along the pore network to be
assessed. This methodologigoallowed other data sources such as the change in velocity

derived from numerical mode{€hapter Hto be mapped onto the pore network.
4.2 Introduction

Slice-by-slice and 3D region analysis of the kaolin deposition patterns within the gravel
filter highlights spatial trends and variations in the d@faapter 3, but informationon the

pore connectivity is lost with these methods. Pore connectivity is critical for determining
the hydrodynamics of the filtétindquist & Venkatarangan, 2000; Peth, 20403 hence

for the spatial variation in kaolin deposition. To obtain data in a form conducive to analysis
retaining connectivity, it is common to reduce the pore ndétviora skeleton; this has
precedent from studies in so{dogel & Roth, 2001; Peth et al., 2008; Luo et al., 20i0)
permeable rockgLindquist & Venkatarangan2000; Blunt et al., 2013and even for
medical applications such as quantikyithe effects of osteoporosisbhonegCooper et al.,
2003)

The aims of this chapter were to identify and apply an appropriate petwork
skeletisation algorithm, compare pore network connectivity for each MRI scan of the
clogging filters and develop a method by which the change in pore diaimater hence

cloggingi at each point in the network could be measured.
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4.3 Pore Network Analysis

A pore network skeleton consists of the two elements: a series of connected points whict
form the backboneof the pore between nodes; and tlegleswhere three or more pores
meet. Two main methods for determining the pore network skeleton are ragdial
trimming and maximal balls; the merit of each is discussed below with the intention of

appropriate selection for analysis in the present thesis.
4.3.1Medial Axis Trimming

Medial axis trimming consists of iteratively eroding the pore space in three dangnsi
until a single voxel remains. This voxel is the medial axis of the pore space and, if the
number of erosive steps is recorded, also contains information on pore diameter.
Performing this erosion for all regions in the pore space results in the decmsnected
medial axes that constitutes the pore backbone, as shokigure4.1. After generating
the pore network, Opr uni ngrd pareapathsbaed slaog p |
sections of pore network that are often the result of irregularities in the pore geometry
(Lindquist & Venkatarangan, 2000)

4.3.2Maximal Balls

In the maximal balls approach, a sphere centred on each pore space voxel of the image
expanded until it comes into contact with a solid (gravel) region or the image edge. The
radius of each sphere is reded and spheres that are entirely contained within larger
spheres are removed. The largest balls represent pore nodes, whilst the smallest bal
represent pore throats. This method has been shown to produce a more realisti
representation of pore morphghp (Silin et al., 2003) Al-Kharusi and Blunt (2007)
extended the work o8ilin et al. (2003)by including clusters to account for adjacent
maximal balls of identical size and extracted pore networks from which &bsolu

permeability could be calculated.
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@ Intermediary Pore

2D

trimming

(ieft) and maximal

(Ia émple of skeletisation by medlai XISI
balls (without removal of clusters of identical size, right) for a representative sanig

of pore geometry derived from the MRI data. Nodal points where three or more
pores meet are highlighted in both methods; pore throats are identified in the
maximal balls method. N.B. skeletisation is considerably more complicated in 3D

than in this 2D representation.

4.3.3Selection and Implementation of Skeletisation Method

The maximal balls approach is more suited to identifying pore morphology such as pore

throat diameters and pore aspect ratio than medial axis trimming, yet the volume that car

be processed limited by the large amount of processing power and computer memory

required. For example, the 300 by 300 by 300 voxelsl éfharusi & Blunt (2007 )could

not be analysed as a single section and had to be reduced to a volume 200 by 200 by 2(

voxels, despite powerful computing availability. Thus, as the present MRI data set is larger

than this(283 by 283 by 211 voxel ROI), the maximal balls methodologyld be

unsuitable forthis thesis. In comparison to maximal balls, the alternative medial axis

trimming method when applied tahe MRI data took a trivial amount of time (25

seconds) to pesfm on a modern desktop computer. Whilst it may not offer as much

information on pore throat sizes as the maximal balls approach, medial axis trimming was

used in this study as it has been shown to perform adeqqidtdlgr et al., 2011; Peth et
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al., 2008)and, due to ease of implementation, it has become the standard skeletisation

procedure in image processing software such as ImageJ.

Medial axis trimming has been implemented in ImageJ in 2D and 3D in the BoneJ plugin
(Doube et al.2010) Originally designed for the analysis of trabecular and cortical changes
in bone due to osteoporosis, this implementation of 3D medial axis trimming has since
been used bWunkholm et al. (2012}o analyse soil pore networks and, in theory, is
applicable to any porous media. The medial axis trimming algorithm used in BoneJ is
based on the work ofee et al. (1994)and a plugin to pogtrocess and analyse the
skeleton is also included, developed BygandaCarreras et al. (2010)Yet, this
skeletisation method does not record the pore diameter along with the medial axis. To
overcome this, a Euclidean distancensfarm with the Local Thickness ImageJ plugin
(Dougherty & Kunzelmann, 200%yas used to calculate the thickness of the pore space

whichwas then mapped on to the pore skeleton.

Many studies use the pore skeleton, and morphological characteristics derived from the
pore skeletorfsuch as number of skeleton sections, total skeleton length, number of nodes
and connectivity), to compare different samples: for instance different types of rock
(Lindquist & Venkatarangan, 2000; Blunt et al., 2013;KMarusi & Blunt, 2007)or
different soil samplegLuo et al., 2010; Munkholm et al., 201Z)ften the morphological
characteristics are then related to physical measurements such as strength or permeabili
or to inform numerical models of permeability, hydrodynanacsl even the spread of
microorganismgOtten et al., 2010)Some papers then go on to use the numerical models
to predict how pore network morphological characteristics may change oveBiraeer

et al., 2012) However, no papers have been identified in which the change in
morphological characteristics of a pore skeleton have been radasver time. This is
thought to be because analysis of dynamic processes within porous media remain rare du
to material properties and associated limitations of equipment/techniques appropriate tc
taking multiple internal scans of a single sample owee.tin this study, multiple scans of

two samples at various stages of clogging were obtaayeMRI making it possible to
measure the change in pore skeletons with clogging, but also necessitating the

development of a methodology for analysing this expenital data.
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4.4 Methodology

4.4.1Quality of Pore Network Medial Axis

First, the quality of the medial axis thinning algorithm was assessed for this specific
application: determining the skeleton of a 3D MRI scan of 10mm gravel before and after
kaolin deposition. fie 3D pore space data wasstieed and the skeleton calculated for
each orthogonal plane so as to assess if image stack processing direction affected th
resulting skeleton, skeleton properties were analysed and a visual comparison was mad
with the mediaaxis thinning algorithm employed in the proprietary software Avizo Fire
7.0 (Visualization Sciences Group, France).

4.4.2Bulk Properties of Pore Network

Measurements such as connectivity density, number of three connected and four connecte
nodes (points wherthree and four branches of the pore network meet), average branch
length, average tortuosity and total pore length were made for the entire network. The same
measurements were then made for the next scan and it is relatively straightforward to draw
compaisons between each scan. Whilst the majority of these measurement terms are self
explanatory, it is worth highlighting that connectivity density is a measure of the number
of pore network branch connections per unit volume and is based on the Euler
charateristic of the network. As noted bgooper et al(2003) connectivity density is
preferable to purely topological descriptions of the network, such as number ofdzanch
number of junctions, as it accounts for the number of connections in a given volume. Thus,

analysis in the following sections places emphasis on this descriptor.

I n this thesis, each fAskeleton se@tregianno
(see Chapter 3 Section3.6.1 for a definition of pore regions). All the pore network
branches of a single skeleton section are connected with each other, but are not connecte

with any other skeleton sections.
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4.4.3Change inPore Network Properties with Clogging

Measuring the change in pore diameter of the pore network and correlating this with the
initial diameter and with the local topography was more complicated than measuring bulk
properties of the entire network a sirgle point in time. This wabecause, by necessity,

the medial axis of a clogged pore network will occupy a different spatial location to the
clean pore network. As shown kgure4.2, in some areas (A) the only change is in the
diameter of the pore network, in others (B & C) the clean and clogged pore networks run in
tandem whilst in others (D) the pore space clogs completely hence there is no ctagged s
medial axis at this point.

-

O
0

_ Gravel Media
Pore Volume
9 Kaolin Deposit

Figure 4.2. Four possible configurations of the medial axes during clogging: A) kaolin

@® Clean Medial Axis
® (logged Medial Axis

deposition is equally distributed around the pore gravel surface resulting in a
decreased pore diameter but the medial axis location does not change with clogging;
B) kaolin depostion predominantly occurs at the channel base and the medial axis
shifts with clogging; C) further deposition at the base means the clean pore medial
axis is no longer within the pore region of the clogged MRI scan; and D) the pore is
completely clogged wth kaolin and so there is no pore space and no clogged medial

axis.
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To allow comparison between clean and clogged pore networks, the following
methodology was developed, tested and validated on a simple representation of the fou

medial axis configuratisyseeFigure4.2), and finally applied to the MRI pore space data:

1 A Euclidean distance transform svased to determine the local pore thickness of
the clean scan (hereafter referred toCsan Scan Thicknesand clogged scan
(Clogged Scan Thickngss

1 Clogged Scan Thicknessibtracted fronClean Scan Thickness give Change in
Thickness N.B Sometimesnegative values arise from this subtraction at the
extreme edges of the pores. As they are at the pore edges, they do not affect th
pore skeleton and can be removed in ImageJ with the macro code: if(v <0) v=0.

1 The skeleton of the clogged scan is caladatising the BoneJ plugin and the
skeleton value set to 1. Multiplying the skeleton ®lgange inThickness the
change in pore thickness svanapped on to each voxel of the skeleton. This
correctly identifiel the change in thickness of regions A, B and @, tot D &
there wa no region D in the clogged scan (&&gure4.2 for description of regions
A, B, C and D).

1 Subtracting the clogged scan pore gp&om the clean scan pore spaethe
volume of kaolin deposition. Calculating the thickngasethe Kaolin Deposition
Thickness

1 The skeleton of the clean scams calculated with the skeleton value set to 1, then
multiplied by theKaolin DepositionThickness This resultedn no value for any
voxel in regions A and B, and a value of the kaolin thickness for regions C and D.

1 Region C wa not required as it already exddton the clogged scan skeleton and
should not be duplicated. Dividing the skeletoy the Clean Scan Thickness
resuledin values less than 1 for region C (as Ka®lin Deposition Thicknesaust
be less than th€lean Scan Thicknessr region C) and values of 1 for region D (as
in region D the pore has become completely clogged andastin Deposition
Thicknesss equal to th€lean Scan Thicknes$jegion C can be removed with the

macro script: if (v <1) v=0.
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1 The change in thickness of region D on the clean scan skeleton can now be
reinstated by multiplying b hange inThicknessKaolin Deposition Thicknessr
Clean Scan Thickness all will give the same result for region D.

1 Region D on the clean scan skeleton is added to regions A, B and C from the
clogged scan skeleton resulting in the change in thickness for all regions ofeéhe p
network.

1 Change in thickness was expressed as a percentage change by dividing by the
Clean Scan Thicknesghe change in thickness for region D equals 100% whilst it

is between zero and 100% for regions A, B and C.

4 5Results

4.5.1Quality of Pore Network Medial Axis

To assess the quality of the medial axis thinning algorithm, visual inspection of the pore
space and medial axis was made for a representative subsection (50x50x50 pixels) of MR
scan L1C Figure 4.3 & Figure 4.4) and a quantitative assessment of the pore network

properties of the entire ROl was madealfle4.1).

As discovered in the MRI image processingGifapter 3 Section3.5.3 processing a 3D
dataset as a sequence of 2D images can introduce processing direction dependent errol
To determine if the medial axis trimming algorithrh BoneJ is affected by processing

direction, the pore space wassleeed and processed in each of the three orthogonal plains.

The skeletisation algorithm of proprietary software Avizo Fire (VSG, www.vsg3d.com) is
also shown for comparison (created dgranfree trial of the softwarejhe reason for this
comparison wa that Avizo Fire has been used in numerous sty@esber et al., 2012;

Luo et al., 2010; Boever et al., 2012; Keller et al., 20driJ appears to be an industry
standard for creating a medial axis skeleton of a pore network. Shortcomings of Avizo Fire
are that it is not open source and it is designed for visualisation of a pore network rather
than for assessing the change in charesties of a pore network with clogging. As such,

the network statistics that Avizo Fire produces are limited to total network length, average

skeleton section length and average skeleton section thickness. BoneJ provides mor
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network statistics, outputle data in a format more conducive for further analysis and, if it
could be shown to be as robust as Avizo Fire, would therefore be the preferred option.

Figure 4.3. Medial axis thinning algorithm applied to a subsection of MRI scan L1C.

Grey solid regions represent gravel, pore space is transparent. 1A is the medial axis
from the Avizo algorithm whilst 1B is the same medial axis, this time showing pore
diameters. 2A is the medial axis from the BoneJ algotitm whilst 2B is the pore

diameters with all processing carried out in the Z plane.
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Pore Diameter (Pixels)
4 8 12
Ve

Figure 4.4. Medial axis thinning algorithm applied to a subsection of MRI scan L1C.
Grey solid regions represent gravel; pee space is transparent3A is the medial axis
from the BoneJ algorithm and 3B is the pore diameters processed in the X plan®A

is the medial axis from the BoneJ algorithm and 4B is the pore diameters processed in
the Y plane.

Processing the data in all three orthogonal planes with BoneJ and in the Z plane with Avizo

Fire shows that the exact position of the medial axis within the pore is somewhat
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influenced by processing direction but the general streabfirthe network is canstent
(Figure4.3 & Figure4.4).

Table 4.1 shows that the standard deviation of each pore network parameter between the
three orthogonal planes is lowhd& number of skeleton sectionssa@igher in the Z plane

than X and Y planes (14% relative standard deviation) because of the cylindrical shape of
the ROI leading to short (mostly two pixel) sections of pore network around the circular
edge. Thenaximum tortuosity also exhibitealhigh réative standard deviation (6.3%) but,

as shown by the much lower relative standard deviation ofvitbeage tortuosity (1.2%),

this weas likely to be due to a small number of outliers.

Table 4.1. Network properties for pore network derived from the entire MRI scan
L1C processed in X, Y and Z planes. Medial axis and network properties calculated

by BoneJ skeletonize3D and Analyse Skeleton plugins respectively.

ZPlane | X Plane | Y Plane Relative
st. dev.
Number ofskeletonsections 201 151 149 14%

Number ofbranches 9,733 9,412 9,488 1.44%

Skelet_on Number ofjunctions 5,229 5,136 5,196 0.74%
properties

Number of triple points 3,979 3,910 4,040 1.34%

Number of quadruple points 882 913 826 4.12%

Average branch length (pixels) 12.24 12.36 12.31 0.38%

Maximum branch length (pixels| 79.08 72.29 77.26 3.76%

Branch Total branch length (pixels) | 119,140 | 116,288 | 116,799 | 1.06%
properties

Average tortuosity 1.23 1.26 1.23 1.19%

Maximum tortuosity 7.86 8.45 7.23 6.34%

Connectivity Connectivitydensity 1.46x10% | 1.4%10% | 1.4&10% | 0.75%

The BoneJ medial axis trimming algorithm prodiieestructurally similar pore network to

the industry standard Avizbire, output more useful network parameters and pratlace
network with a low processing direction dependent variation in network parameters. The
BoneJ implementation of medial axis trimmimggs therefore suitable for the task of
defining the change ipore network diameter and connectivity as the gravel media clogs
with kaolin.
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4.5.2Bulk Properties of Pore Network

Visualising the network (as iRigure4.5 andFigure4.6) and describing the bulk network
properties (as inrable 4.3, Table 4.4, Table 4.5 and Table 4.5) as they change with
clogging is useful for assessing the overall change in the pore network conneg€itite.

4.5 andFigure4.6 show the change in pore geometry with clogging. Despite a substantial
reduction in porosity from 40.29% to 16.71%, the medial axis remains recognisable
although there is a general reductionthe length of the pore network and number of

connections with an increase in skeleton sections due to fragmentation of the network.

Figure 4.5. Medial axis overlaid on pore space for representative subsection of MRI
scan L1C and L3C. Pore networks are shown (green) together with gravel (white),

pore space (blue) and kaolin deposition (red).
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