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Abstract

Combustion of solid fuels produces solid and gaseous emissions which are harmful to the
environment. Filtration, in combination with additional process such as sorbent injection aim
to reduce the concentration of these emissions before being releasbe iattmosphere. Bag
house filtration composes of multiple bags of filtration media that collects the solids from gas
streams. In power generation, these units collect fly ash and other solids from the flue gas,

depositing them into a hopper for disposal.

Industrially new and used filtration media from various su&se examinedAnalytical
techniques such as air permeability, mass/density, and thickness were used to determine the
variation within a defined sample siA&hilst the British Standards wereedkas the baseline
methodology they required a significantly small surface area for analysis in comparison to
surface area of a flue gas filtration bayhen the sample size was increased, results
suggested a relationship between the data and the diameter of the bag for air pgrmeabilit
mass/density, and thickness. In addition, a preliminary longevity study was explored using
new and industrially used media. This study us€d, SEM, air permeability, mass/density,

and thickness measurements to illustrate how the media changed badeétached a pre
defined end point. Whilst these results are preliminary, the critical evaluation of the data

suggestd how longevity may be calculated.

As the sample size increases, so does the time required to perform analysis. The work
presentedin this thesis demonstrated the potential variationa sampleand illustrated
relationships about the circumference of the Bgese relationships could be investigated
without severely impacting the sample turnaround time. This work is being discussed with
members of the British Standard Working Group 7 to update their standards to better reflect
and understand the potential variation across air permeability, mass/density, and thickness

analysis.
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Chapter 1 Introduction
Chapter 1: Introduction

1.1 Introduction

Analytical techniques are often employed to evaluate the overall health of bag house filtration
media Air permeability[2], [3], mass/density4], [5], thicknesq6], [7], and tensile testing

[8], [9] are some of the most common meathaised to evaluate flue gas filtration media.
Other techniques are available to aid analysis, sudhreasnoisture content determination

[10], [11], or imaging techniques Scanning Electron Microscopy (SEN], [13] and
microcomputed tomography (LCT14], [15] for example. The main challenge faced when
performing large scale evaluation of filtration media stems from the cost/benefit analysis.
Tomographic and microscopic imaging is expensive, particularly when performed over
potentially hundeds of samples. Moisture determination could take over an hour to dry and
the capacity of the drying oven limited the number of samgladuatedat any given time.
Lastly, the required turnaround time needed to isolate, remove, analyse, and intergrétation
data is dependent on the number of samples analpsethe sample number increases, so
does the required analysis time. Consequently, the focal point of most analytical studies, from
an industrial perspective, utilised air permeability, mass, ankiniss to evaluate the health

of the media.

Techniques laid out by the British Standard Institute (BSI) in BS 220312®&A mp | i ng an
test method for cleanable filter media taken from filters of systems in opérdfi6éh

included air permeability, but also mentioned some of the above techniques. Whilst the aim

of this thesis is not to critically evaluate the standard, it provided a benchmark for the
development and optimisation of specific analytical methods used on wenwittration

media from the energy sector.

Therefore, the aim of this thesis is to enhance the understanding of the resultant potential
variation within various analytical techniques. From this, optimisation/development of
analytical methods could accduor the variation and establish the effeaniay have on the
resultant data. Section 1.5 provided a more comprehensive breakdown of this aim, with

specific reference to each chapters aims, outputs, and impact on industrial practices.
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1.2 Background Theory

1.2.1 Energy Sector
According to the United Kingdom (U.K.)O06s gov

the following: Coal, Natural Gas, Bioenergy and Waste, Nuclear, and Wind/Solar/Hydro
[17]. In recent years, the use of coal as a fuel for energy production has de¢i€jsed
largely due to the negative environmental impacts such asSOKANOy, and particulate
matter (PM) emissionfl9], [20]. This reduction transpired due to events such as the 1952
London Smog incident. A reviewf this incidentby Bell and Davig[21] suggested that
increased coal burning in theycled to increased Sfair pollution and therefore an increased
mortality within the population. In recent years, the use of coalbbas reduced, due to
switching to other forms of energy, reducing the reliance on of coal for power generation
[22], [23]. The end of coal power has recently been brought forward to Octobef{24]24
With the reduction of coal from the energy mix, the use of natural gas has increased over
recent years to ensure the enempailability of flexibility in the energy generation is
followed [17]. One limitation of natural gas thatit is still a nonrrenewable source of energy
being a fossil fuel Combustion of natural gas primarily produced >Gfnissions, which
negatively impact the environment. One potential way to limg tmpact is the use of
Carbon Capture Storage (CCS) of the emissions post combustion to reduce thig2Bjpact
Without CCS, the use of natural gas will have to decline in order to limit global warming
[26]. Consequently, a decrease in fossil fuenfrenewable) sources for energy production
will require alternativeenergy sources such as solar, wind, hydro, nuclear, and biomass to

become more prevalent in the energy mix.

Energy sources such as wind, solar, and nuclear are increasing in prevaitimntethe

U. K. 6 s e[h7g 24. ¥nerbenafit of wind and solar is thatftifises an energy stream
which is seemingly limitless. However, they work on the basis that either a strong enough
wind is flowing to spin theurbine blades, or that there is minimal cloud coverage for the
suns solar rays to hit the solar panels. Thisatee a degree of intermittency within the
generated power, particularly for solar which is limited to daytime only. Solar power is
further dependent on multiple factors such as the capacity and efficiency of the chosen solar
panels, square footage neededrteet energy demand, and additional infrastructure such as
battery storagg28]i[30]. Resistance to wind power can be further characterised by the

A ni mb yeffest,mdhere members of the public are resistannstallation within their

community for fear of visual impact and disruption to bird migration pathexample31]i
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[33]. Whilst nuclear power addressed the intermittency of wind and solar, it too faces several
barriers to the deployment within the U [R4]. Factors such as waste dispd8&l], previous
process safety36], andtrust and perceived risk factoj37], [38] are examples of factors
effeding public opinion and perception to the technoloBijomass and energy from waste

(or waste to energy) offered a solution to ithtermittencyissues.

Biomass combustion uses organic matter from various sources such aswaogiypwaste

wood and energgrops to generate powg9]i [42]. The use of a renewable soupgremotes
security in fuel source. The term biomass encompasses variation in the chemical composition
dependent on the fuel source/nj#3]. There is debate over the sustainability of biomass,
given importation of biomass contributes to global Gfnissions[44], which may be
reduced by sourcing the fuel more local to the power et In addition, the combustion
released previously captured £émissions, along with any kjyroducts such asGy, NOx,

acidic compounds, and particulate mafes]i [47]. Energy from waste (EfW) combustion

also suffers from associated emission problems. According to the waste hierarchy, the
combustion of waste is only one stage better than the worst, which is to sendnitifit |
sites[48][49]. EfW encompasses the municipal Solid Waste (MSW) generated by a populous
and just like biomass, can vary in composition as illustratedHddyib et al,[50], Amber et

al,. [51], and Sharma et al[52]. Therefore,whilst both biomass and EfW combustion
processes aid to address the variability associated with wind andpselar generation,
(regardless of fuel variatignthey still can have associated negative impacts on the

environment

Combustion of solid fuel produces both solid and gaseous emissionzo@ycts of the
combustion process, such as Volatrganic Compounds (VOC), Polycyclic aromatic
hydrocarbons (PAH), and Particulate Matter (PM), but alse, GBiQ%, SQ,, and other acidic
compounds negatively impact the environment (such as global warming and ac{d@Hhin)

[45], [53], [54] In addition, exposure to emissions such as PM have imegatpacts on
personal health. Conditions such as card&&]i[57] and pulmonary effect$58]i [60]
contribute to the morbidity and mortalifg1]i [64] across the population due to particulate
matter. Studies such 464]i[67], have examined the exposure duration, proximity, and
impact on health. The economic impact associated with these conditions increased the burden
on health service$8]i [70]. A reduction in the amount of solid particulate matésnitted to

the atmosphere, would contribute towards reducing the frequency of new cases associated

with the exposure to solid particulate matter.

3
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1.2.2 Flue Gas Chemistry
Burning a fuel to produce heat is a chemical reaction, whereby the fuels ¢imabus

fractions undergo oxidation, releasing energy. This is a thermochemical process. Other
processes are pyrolysis, gasification, and liquefication, which produce either charcoal,
liquid/oil, or fuel gag40].Variousprocesses, such as boilers and flue gas treatment systems,
are used as part of the overalimbustion process. In power generation, various types and
sources of biomass, and municipal wastes can be burned to produfelhdatL]i [73]. An
example of the combustion process, showing key parts such as the heat recovery and boiler
system but also the downstream processes such as the flue gas treatment and
sorbent/treatment injectias shown inFigurel [74]. The exact setp is site dependent and

can vary. For exaple, Figurel [74] showsa rotatory kiln to dry the fuel before combustion,

but both plants evaluated MWaeda et al,[75] had the fuel injected directly to the furnace for
combustion. The use of a kiln likely formed part of a fuel treatment process which dried the
fuel before combustion. Thesefulproduct from combustion iseat which can be recovered

for power generation, used for heat at another site, or combined heat and power (CHP) which

is the most common approafdt6].

Chimney / Stack

Heat Recovery
<\ \
Burner : Flue Gas
Fuel Inlet ~A E Treatment
: ]
D Burner Boiler = =7J
t ¢ Rotatory Kiln N : A \
X ==
= 7
4 X =
: B = ! i
Combustion J’ / 3 % AN \ S
- ey
i

F ¥ ¥ OF ¥ W EF T W ¥ ¥ W WV T w W w T w w s ¥ FVF FT T ¥FT ¥ =

Sorbent/treatment Injection

Figurel: Exampk Layout of the Combustion Process, Including Flue Gas Treafignt

Apart from the release of energy, the main products of combustiogaaemusand solids

released as the fuel combusts. For example, bottons aste example of solid particulate

matter that remains at the combustion chamber, often consisting of mineral impurities from
the fuel, heavy metal s, and some of the c¢oml
flue gas streanjd0], [77]. Some ash is entrained in the flue gas stream, where it travels

4
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downstreamn particulate form This is known as fly ash and is carried downstream in the

flue gas which formed the gaseous compounds produced during combustion.

The fue gas composition is dependent on the chemical composition of the fuel but can be
approximated based on the ultimate analysis of the fuel and volume of combustion air used.
Often, excess air is delivered to aid complete combustion, and is often denotedims
literature[78]. Multiple authorshave described the ultimate analysis of multiple fuels (both
biomass and waste), which canusedto calculate the gaseous chemical composition of the
flue gas[79]i[83]. One study evaluated the variation in wasteod over nine yearf84],

which suggested the potential variation within the fuel soudceing combustion The
resultant chemical composition of the flue gas composes of X0, NO,, SQ,, and Q, but

can also contain acidic compounds such as HCL and HF gmrasthe fue[83], [85], [86]

The environmental impact of NO SQ, and acidic compounds has been discussed
extensively in literatur¢40], [47], [53] To reduce the concentration of certain compounds
such as HCL and SQOsorbents can be injected into the flue gas which facilitate reactions
allowing them to be collected.

Calcium hydroxide (Ca(OH), sodium bicarbonate (NaHGJ) and powder activated carbon

(PAC) are some examples of flue gas treatment. PAC injections aim to adsorb heavy metals
such as mercury and various organic compounds present from the fl{&8hd87], [88]

Sodium bicarbonate undergoes thermal degradation to produce sodium carbop@@s)(Na

[89]. Sodium carbonate then reacts with gaseous compounds such, &#CEQand to some

extent HF so that they can be separated from the flue gas physically and solid particulates as
opposed to gaseo(B3], [89], [90]. Calciun hydroxide can also act as the sorbent to reduce
gaseous compounds such as HCL and HF, but can also mitigaten8€3ions[83]. The
selected sorbent or combinations of sorbent:

resultant gaseous chemicals produced from the combysticess.

Example chemical pathways for sodium bicarbonate and calcium hydroxide are illustrated in
Equationl [89], [90] and Equation2 [85] respectively. Another addition could be gaseous
ammonia (NH) [91], which reacts with the NOCcomponents to produce nitrogen and water

as shown inEquation3 [83]. These exampled reaction pathways illustrate some of the
potential reactions possible. Injection of sodium bicarbonate and/or calcium hydroxide

facilitated sorption of the pollutant into the solid phase. Additional productsater or
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carbon dioxide are also produced but remain gaseous. The resultan{sailias) w 60 |,

0 ©WOia, 0 w i )remain in the flue gas.
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Equationl: Sodium Bicarbonate Reaction Pathway Examf@e} [90]
0O i (O6aQO°0w® i ¢O0 Q
6600 | ¢OOQOHWiI Ol
Equation2:Calcium Hydroxide Reaction Pathway Exam{is]
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Equation3: Ammonia Reaction Pathway Examp[88]

A solid emission from the combustion process is fly ash. Fly ash is the term given to ash
which is below a certain size/densityich allowedit to remain entrained within the flue gas
[92]. The physical transformaticinom fuel to ash has beestudied by researchers such as
Williams et al.,[81], Fuller et al.,[93], and Bryers[94]. Chemical variation in the fuel
resulted in the chemical composition of the ash vary@tgdies such as Vassilev et §.3],

Masia et al.,[95], and Vassilev et al.[96] have demonstrated the variability in ash
composition when different fuels are used in the combustion proddss chemical
composition of the fly ash is solid oxides, such as;SK»Os, FEOs, etc. In addition, the
introduction of solid sorbents tbe flue gas will mix and impact the chemical composition.
Consequently, any fly ash collected from the combustion process, through separation
processes after sorbent injection, will contain a mixture of fly ash and sorbents, with their

respective solid pucts.

1.2.3Separation Processes
Flue gas filtration is the removal process of solid particulate matter from the flue gas stream.

Technologies such as cyclones, electrostatic precipitators, and bag filters are common
processes to capture the sahidrticulate matter. For gaseous emissions that have not been
effectively treated, such as remaining xS@cidic compounds, mercury, dioxins, or NOXx
abatement (for example), wet or dry scrubbers may be deployed to bring the emitted
concentrations dowj88], [97], [98]. As discussed in section 1.2.2, the addition of sorbents to
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the flue gas post combustion aided to redspecific emissions. Some examples of dry
sorbents that can be injected into the stream are powdered actadied and lime, which
react with specific chemical components of the flue gas to reduce their conceritdfion
[85], [99], [100] Solid additions to treat the flue gas will therefore affect the particle size

distribution, chental compound complexity, concentration, and bulk density.

Cyclone

Cyclones use centrifugal forces to remove dense particles from the gas[SBgaDyclones

are typically tapered cylinder shapes, where the gas inlet is tangential to vertical top. The
centrifugal forces increase as the gas spirals down the length of the cyclone. The exerted
force on the particle causes it to fall out of suspensioticadly downwards in the direction

of gravity where it is collected. The gas then travels out of the cyclone at the vertical top.
Cyclones have no moving parts, or consumables, which reduces the operational cost and are
inherently easy to manage. One lation of cyclone usage is their inability to handle micro

and nano sized particles effectively, which is currently being addressed in studies such as
[101]i [104]. Studies such aXiong et al.,[101] tend to agree thahe cyclone collection
efficiency can reach 99% with particles bigger than 10um in digntiteught his number is
dependent of the properties of the fluid and solids such as density, solidity, and humidity
[101]i [104]. Due to the lower collection efficiencies noted at demgparticle sizes, other
separation techniques which are capable of collecting fheasiele sizes are more efficient,

such as electrostatic precipitators and/or bag filters, at removing these smaller particle sizes
[105].

Electrostatic precipitation (ESP)

ESP is a method to collect filtrate that uses an electrostatic cfeafigd106], [107] The

ESP only provides a charge to the filtrate. The charged particles are then drawn towards
collection plates of the opposite charge, without affecting the fluid flow path. The collected
filtrate is then removed when the charge of phee is neutralised, which caused the filtrate

to drop due to gravimetric affects into a collection system. On issue noted with ownership is
the collection of larger particle size. As the size increases, the collection efficiency decreased
as shown bysakar et al[108]. However, as suggested ®gorge et al,[109], it is possible

to combine a cyclone and ESP separator to ingroollection efficiency, given these
techniques compl ement each other in terms
be foundin [110], [111]

of
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Fabric filtration

Fabric filtration is used to collect solid particulates from gas streams from various industries
such as power generati¢®4], [88]. The selected fabric acted as a physical barrier for the
filtrate laden flue gas stream, where once the gas had passed through the barrier it had
effectively been cleaned. Separation of the solids occurred due to the fabric. The fabric used
can be woven rononwoven, and is characterised by its manufacturing process, surface
treatment, porosity, area density, and thickness for exaipp]e[112]i [114]. Operation of

fabric filtration is limited to temperatures below the maximum operational temperature of the
fabric in useandabove the acidic dew point temperat{t&5]. The solid particulate can be
captured through various mechanisms, such as impaction, diffusion, interception, gravity, and
sieving [116], [117. The efficiency of these collection mechanisms is dependent on the flow
characteristics and properties of the filtrate. Overall, the collection efficiency of fabric
filtration can achieve high collection efficiencies for a wide range of particle, sizes

particularly for smaller micrometre sizg8], [97], [118]

Nonwoven bag filters are one of the most common fabric filters, with various designs as
illustrated inFigure 2 [54]. They are highly efficient at collecting solid particulate material,
typical values range between pfn particle size at flow rates >fiw?! [112]. The fabricis
commonlystitched together using a thraeedle chain, which then be laminated or sealed

[54]. Some other designs exist, such as cassette, ce@mdi pleated filterg 18].

Bag with Bag with Envelope/cassette
circular square/rectangular
cross-section cross-section

Figure2: lllustration of Various Bag Filterf54] (left) and Example Circular Bag (right) showing the Top and Bottom Cuff
The design of the fabric filter idependent on the cleaning mechanism. There are three key
designd119], [120}
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M1 Shaker:

The fabric filter is shaken, by a motor which drives supporting frame back and forth to cause
the filtrate to dislodge from the inside of the filter Bdd.5]. The time for completion is
dependent on how many oscillations are required, but typically last between 30 seconds to a
few minutes[53]. This method is more efficient when the gas stream is isolated, but can be
done as part of a continuous procgsk?]. The fabrc needs to be resilient to the movement

and is usually heavier to mitigate against accelerated wear due to cleffiby This
additional weight increased stress on the supporting mechafiid®]. Compared to the
cleaning methods reverse air and pulse jet, there is also an associated increased risk of

breakdown given the level of moving parts.

i Reverse air:

Like the shakercleaning methodthe top of the filter media is suspend&dhe vertical top

and closed. The filtrate is collected inside the filter bag. Ambient air is then passed through
the outside of the bag towards the inside where the collected filtrate is to facilitate its removal
[54]. This cleaning must be conducted offline, which may require the system to be
compartmentalised if continuous operation is neelddd. The filter bags can be longer
leading to a smaller footprint requirement than the pulse jet or shaking cleaning method, and
have an increased longevity3]. This cleaning method is more gentle than shaking, which
allows nore delicate/fragile media to be u4&d5]. Due to this, needle felted filtration media

cannotbe used as the resultant clean is ineffective at removing the fiirgte

1 Pulse jet:

Unlike the cleaning methods reverse air and shaker, collection of filtrate occurs on the
outside of the filter bag for pulse jet cleanifig 2]. Each bag is suspended on a tube sheet
and is kept open through the use of a support EatjeCleaning is achieved by delivering a
pressurised pulse of compressed air on the inside of the bag, which usually lasts for a fraction
of a second53], [112]. As the pulse of compressed air travels vertically down towards the
sealed bottom of the filter bag, it causes the bag to expand, which releases the filtrate from
the bag[118]. This cleaning method can happen online and offB®. Whilst online
cleaning meant llwed for a continuous process to be achieved, it also facilitated
redeposition through rentrained filtratg53], [54], [113] The cleaning sequence depends on

site preference, but can occur individually, in srgadiups, or all at the same tirfel 2].
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Wang et al.[115] provided a direct comparison between the cleaning methods mentioned
above.An exampleschematic of pulse jet fabric filtration which was the selected cleaning
mechanism owing to its prevalence in indussyllustrated inFigure 3 [88]. An illustration

of the pulse jet cleaning mechanism in act®itlustrated inFigure4 [112].

- e

compressed dust-free
air ———) = gas
bag cleaning
by air jet
supporting

metal wire cage

raw gas —

~

filter
ash

Figure3: Pulse Jet Fabric Filtration Schemd88]

The air to cloth ratio is defined as the flow rate of flue gas over the available collection
surface areand is used during the design phase to help decide the number of filtration bags
needed for the filtration proce$S3], [115].For pulse jet filtration, the ratio is reported to
equal 5 for fly ast{115]. This design tool suggested the size and therefore the number of
filtration bags needed. Collectively, a group of filtration bags is often referred dobag

house, which can constitute a single compartment or chamber, or multiple depending on the
design requirementf3], [54], [112] The effects of varying this value are discussed

further detail by Wang et al,[53], Mukhopadyay [54], and Sutherland[112]. For
commissioned and operational bag houses, this parameter is fixed and can only be changed if

major retrofitting/conversion processes happen.
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. Pulse control orifice
Energy saving

gas diffuser
for normal
flow mode

Pressure
fronts

-t

Blown back
solids

)

Filter element /

Figure4: Schematic of Pulse Jet Cleaning In Actjah?2]

Typically, depending on usage and suitability, the filtration bag can have a lifespan greater
than two yearg115], thoughWang et al[53] stated it can remain 4situ for longer time
periods depending on its performance during operation.

In all cases, the flue gas is driven through the filtration media by an induced draft (ID) fan or
forced draft (FD) fan which is located downstream and upstream respectively of the filtration
unit. The demand placed on the fan is a function of the desitechedhroughput of the flue

gas and the system pressure dddb], [121]

11
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1.3 Analytical Technique Methods
Plant data provides the operator with a limited view of the condition of the bag house unit,

which is dependent ohe resolution of the data. If a site only recorded global values between
the inlet and the outlet of the filtration unit, then identification of a region where failure is
more prominent is more unlikely tme noticed. Industriabag houses often contain hundreds

of filter bags, within multiple compartments or cells. Representation of each cell through a
global value, may still be unable to note any particular region within the cell, although
comparative analysis between each pitel may indicate something is incorrect within a
given cell. Reliancetherefore is on the operat(s) to understand the data and act
accordingly. As the number of datapoints increases, so does the complexity of understanding
the data.

Offline analysisof each compartment affords a window into how the filtration media is
performing. Selection of bags to withdraw can occur two ways: strategically or based on
visual observations. The former required division of the tube sheet into equal parts, where
remowl of at least one filtration bag per part transpired. Subsequent analysis yields
information across the entire tube sheet, at the resolution determined by the number of parts
afforded to the tube sheet. BS 22031266 a mpl i ng and t e stfiltermet hod
media taken from filters of systems in operabidh6] provided a clear methodology to

perform this task. However, if upon inspection of the cell there appeared a region where
failure occurred (such as filtrate on the clean side, discalimn to the air exit side of the

filtration media, significant moisture, etc) bags may be withdrawn in the area to determine if
failure has occurred, and how widespread it is in the affected area. On the whole, industrial
sampling of filtration bags apjred not to follow a structured approadiere some samples

are presented for evaluation with little to no further informati@mission of further
information about the sampl e, except (somet
within the cell, inadvertently performed blind analysis, with the resultant report only
discussing the particular region examiriedot the full cell. Sometimes, leading to general

comments about a cell, owing to the sampétsevedhaving no locational information.

This inability to control samplingthrough disconnect between sampling and analysis calls
into question theurrentmethodology used during the analysis of a used filtration media bag.
Chapter 2 discussed these techniques in further detail. This ledcoebi@on:

~

ADo the current anal yti c #ilratondaghoods r epresent
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Economicc onsi derations, from both the site and
the number of filtration baghat areevaluatedFrom A sites perspectivehe cost to replace

each filtration bag, labour, frequency, cost of being offline, and analyst costs factor into the
decision to performanalysis Apart from laboratory consumables the andlysime is the

biggest cost in performing the evaluation. Udsiourrent methods, a full filtration bag
required two hours to completiee analysis. For each workday, this could equate to 3.5 full
filtration bags per analyst. Consequently, as the number of bags sent for analysis increased,
so did the turnaround time tomplete the evaluatipmterpret,and report the results. Sites
therefore may choose to limit the number of samples evaluated, in favour of a quicker
turnaround time (to get the site operational again) and limit expenses. This led to the

expansion offte previous question, into parts:
fiDo the current analytical methods represent the full sampleffiltratioh bag

1. What is the difference between the current method, against a larger sample size from
the filter bag?
2. Is the current method representative ofdkierall filtration bag?
3. Can any more information about the filtration bag, without having to extend the
turnaround time too severely, occur from performing further analysis?
a. If so, can the conduction of further analysis transpire after original testing and
supplied to the site as an appendix, or kept internally to aid future sample

evaluation.

Chapters 2,4,5,6, and 7 discussed this question, and answered it in Chapter 8.

1.4 Durham Filtration
For the Engineering Doctorate (EngD) project, Durham Filtration became the industrial

partners. Durham Filtration provided access to a range of used bag house filtration media
from multiple combustion sites across the United Kingdomodghout this thesishe use of
industrially relevant samples facilitated an easy transfer of the results into industry. At their
site in Jarrow, NewcastldJponTyne, an analytics laboratory provided an opportunity to
gain firsthand experience of the nability of not only filtrate and filtration media used, but

also how sites prepare and select filtration media for analysis. Over the past two years, under
the supervision and direction of the author, the laboratory has expanded and developed to
allow for more analytical techniques; furthering the understanding of variation of a particular

datum such as free lime and moistdetermination AppendixE summarised reports/work
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performed for Durham filtration, including preliminary results towards the agipit of

MCT across a full, used, filter bag.

1.5 Thesis aim, outcome, and structure
The overall aim of this thesis was to enhance the understanding of the resultant potential

variation within various analytical techniques. From this, optimisation/dewveop of
analytical methodssuch as air permeability, mass/density determination, filter media
thickness, and porositgpuld account for the variation and establish the effect it can have on
the resultant datdf the data used to evaluate the media israptesentative, this can impact

the decision to leave the media in or change it. If the media is changed when it could remain
in-situ for longer, there is an increased economic burden to the site. If the media remains in
situ but requires changing, thisudd cause increased emissions or increased operational costs
due to an increased cleaning frequency for example. Therefore, it is important to understand
how the results vary over a given sample, to allow for a more informed decision on the media

condition.

The thesis focused on common analytical techniques such as air permeability, mass, and
thickness, but also considered sample preparation. These techniques were highlighted in BS
22031:20217f Sampl i ng and test met hod f ofitersof eanab
systems in operati@16] alongside a cleaning method, which was also assessed as part of

this thesis This allowed for differential analysis between the as received sample (with
filtrate) and just the filtration media (no filtrate). Preliminary testing was performed using a
newly acquired (2022) filter assessment rig (FAR) to develop a methodology to evh&ate
remaining longevity of filtration media under site specific operational parameters.

Chapterl presented the background theory surrounding ownership and discussed subjects
such as energy, flue gas chemistry, and filtration theory. The aim of thisechvess to
provide the reader with enough knowledge of the energy sector and background theory
towards filtration, without going into specifics, before the discussion on specific topics in
Chapter two.

Chapter2 afforded the reader with a literature review key topics surrounding analytical
techniques, available methods, longevity assessment, and new/emerging technologies. This
provided adequate background information which allowed for the understanding of the
research chapters presented in Chaptériddusive. Chapters 4 to 6 stemmed from the

review conducted for BS 22031:2081Sa mpl i ng and test met hod f c

14
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taken from filters of systems in operatiofi6]. Chapter 7 used the FAR to begin longevity
studies and determineaf method to suggest the remaining longevity of filtration media was
possible Chapter 7 also explored the use efay imaging angiCT as an analytical tool'he
work presented irChapters4-7 was the result of Chapter 2, which identified concepts in

literature which had previously not been examined.

Chapter 3 summarised the methodologies applied in Chaptérsedch chapter supplied
details about its respective method. This increased the readability of each biagkewing

each chapter to be read isolation Chapter 3 Section 3.2 presented the selection and
commission of the FAR. It detailed information about the operation and made provisions for
future upgrades. The review presented in section 3.2 provided future researchers with a clear
understanishg of how the rig operated, potential issues they may face, and a selection of
improvements they may wish to undertake. Chapter 3 laid the foundations for each

subsequent chapter.

Chapter 4 presented the research around the cleaning method mentioned2@3832021
ASampling and test met hod f or cleanabl e fi
operatiom [16]. The aim of this study was to determine the most appropriate method to
sufficiently clean the filtration media to allow for analysi thepostcleaned state.

Chapter 5 aimed to demonstrate the variability of the mass and thickness readings from a
definitive sample size. Likewise, Chapter 6 aimed to demonstrate the variability of air
permeability across the full filtration bagot just & afixed sample size. The expansion from

a small defined surface area to a full filtration bag occurred due to the noted variability
concluded in chapter 5. Both chapters used (different sites) industrially derived material, to
afford a better nderstanding of hownodifications to the current methaslay impact

analysisand interpretation of their results

Lastly, Chapter 7 aimed to critically evaluate the preliminary data obtained from performing
two longevity tests. The initial aim for this wowas to identify if used filtration media could

be evaluated in the FAR to determine the remaining longevity of the filtration media under
near replicableindustrial conditions The chapter evaluated the data critically, making
recommendations on how futuresearchers may take the presented ideas and develop them

further.
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At the heart of the thesis, was the implicationsaaislarge scale industrial evaluation of
nonwoven filtration media. Given the impact that each chapter potentially had on current
practices, each chapter also aimed to minimise the disturbance to standard practices.
Increasing the number of samples evaluated per filtration bag, or number of repeats,
increased the time required to complgte an:
considered this in their results and discussion. Chaptehowcased new and potential

methodologies and technologies to evaluate the filtration media

Appendices to the thesis provided an overview of other work conducted throughtouirthe
year period of this project. Where applicable, anonymization has taken phsabditional,
SEM imaging anduCT work are also presented, along with material data sheets and a brief

overview of the air permeability variation on new, virgin filtration media.
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Chapter 2: Literature Review

2.1 Introduction

This chapter provided an overview of the current literature that surrounded bag house
filtration for flue gas filtration in the energy sector. The aim of this chapter was to provide a
detailed overview of the characteristics associated with the ownerElipese systems.
Topics such as flue gas treatm¢®®], [91], [118], [122] economic factor$l21], [123],

[124], utilisation of fly asi{125]i [127], and associated health impaft§], [55], [68], [128],

[129] are discussed in Chapter 1. Therefore, the subsequent review focused on three distinct

topics:

9 The filtration Process:

This topic focused on the interaction between the flue gas filtration media and the particulate

matter, also referred to as filtrate or fly ash.

1 The Cleaning Process:

Periodical removal of surface filtrate alloweghulated the media which allowed for ther
collection of the filtrate. Section 2.3 characterised the associated equipment and operational
conditions of the pulse jet cleaning process. This cleaning method was the most common

found within industry during the project.

M Analytical Technigues

Onelimitation of global data is the inability to identify areas where filtration medig have
failed, to a specified definition, and needs replacing. Subsequently, periodical inspection and

removal of filtration media occurred to allow for offline evaluatio
2.2 Filtration Process

Filtration is the process of separating solid particulates frdtoié. In flue gas filtration,
filtration media facilitated this separation. Solid particulates in the flue gas comprise of fly
ash[111] and any solid upstream pneatment chemicals such as calcium carbofig6],
sodium carbonatf89], activated carboff1], or a combination. The combination of fly ash
and pretreatment chemicals is referred to as filtrate. The filtrate is drawn through the
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filtration media either by an indudalraft (ID) or forced draft (FD) fan. The filtrate is then

collected by the fabric until it is either replaced or cleaned, depending on the unit design.

Nonwovenfiltration media is a common fabric used as a filter for the removal of the filtrate
from theflue gas.Some of the common fabriassedto construct thdilter bagare presented

in Table1 [53], [115], [131] Various properties such as fibre diamgeteredle penetration
depth, punch densit and stroke frequency will impact the resultant properties nméilia
[132]i [134]. Information on manufacturing and differagpes of media can be found in the
following literature source$53], [120]The selected filtration media will have a set of
parameters specific its design. Air permeability, thickness, areal density, and porosity are
example parameters which will influence the pro¢8k4135], [136]

Tablel: Various Fabric Operating Characteris{ig8], [115], [131]

Max flex

. Max surge . . Fluoride alkali . mineral organic
Fabric continuous abrasion . . abrasion . .
temperature resistance resistance . acids acids
temperature resistance

Cotton 225°C 180°C VG P G VG P G
Polypro 4 g0 190°C E P E VG E E
pylene

Dacron 325°C 275°C VG P/F G VG G G
Nomex 425°C 400°C E G E E F G
Teflon 500°C 450°C FIG P/F E F E E
F'bé‘:g'a 550°C 500°C FIG P FIG G G

Wool 250°C 200°C FIG P P/F FIG VG VG

Where: P = Poor, F = Fair, G = Good, VG = Very Good, and E = excellent.

Depth, Surface, and Cake Filtration

Depth filtration is characterised by the internal deposition of particulate inside the media.
Over time, the saturation of the filter becomes significant enough that deposition tends
towards the surface pores of the media. Collection of the filtrate asuitiaece is often
referred to as surface filtration: suspension of filtrate at the surface of the media. Once the
accumulation of filtrate at the surface becomes significant, a layer of filtrate is formed at the
surface, which increase in thickness ovaretiand is referred to as a cake. Various authors
such as Li et al.[137], Kanaoka[138], Thomas et al,[139], and li et §. [140] have
discussed these filtration stepgheir studieséxperiments.

The relationship between the pore size/porosity and the filtrate particle size played a crucial
part in the transactiobetween filtration phase®ne studyby Li et al,.[137] evaluated this
against three particle sizeshich conformedo previous studies, however they notedt the

particles larger than the pore size largely remained at the sytfack Whereagarticles
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smaller than the pore size more readily travelled internally and promoted depth filtration.
Another study by Li et al[140] characterised these filtration steps in terms of pressure drop.
For depth filtration, the pressure drop rate accelerated. Once déptioh was sufficient,

the pressure drop rate deceleration as surface filtration become the dominant filtration
mechanism until a sufficient surface layer of filtrate had formed. Lastly, the pressure drop
exhibited a near constant increase, which sugdesake filtration had become dominant.
Another studyby Thomas et al[139] examined a singular filtrate, but changhkd filtration
velocity. The study by Thomas et a[139] suggested that as this velocity increased, the
number of smaller particles deposited internally increased. This was characterised by
significant increase in pressure drop across the filter at any given time during the

experimental test.

Filtrate deposited internally is difficult to remove and once deposited generally remains
within the medig141]. Therefore, depth filtration should be avoided in order to promote the
longevity of the filtration media. Cake filtration uses already collected particulatléztc

the filtrate, meaning that it acted as a barrier to the filter media. Depending on the efficiency
of filtrate removal during cleaning, cake filtration caroeeur quickly, so long as enough
surface filtrate remained. Over cleaning would removestivéace filtrate, resulting in depth

and surface filtration, dependent on the severity of the over clean. Therefore, to mitigate the
depth filtration, cleaning should aim to remove the bulk of the cake, without significantly
compromising the surface filties Whilst this would lead to a slightly elevated pressure drop
immediately after cleaning, it would reduce depth filtration and therefore promote the

longevity of the media.

Differential pressure

Differential pressure is the directidneghange in pressarbetween a specific upstream and
downstream measuring point. Various studies have illustrated different locations where the
measurements could be tak#lustratedin Table2 arevarious studiesvhich have measured

the differential pressure. Measuring the differential presbete/een the flange inlet and
outlet provided a global overview of the differential pressexhibited across the unit.
However, the global value cannot identify regions of higher or lower differential pressure
across the filter. This would require multiple sensors between the filtration media, which for
large scale units could require thoudsrof data probes. Realistically, whilst small scale

studies can effectively measure across the filtration media, as the size of the unit increases,
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there is a tendency to use a more global value which assumes that the differential pressure

across the filation media is equal, regardless of any locational variations.

Table2: Various Studies Demonstrating Various Differential Pressure Measuring Points

Measurement Source  Description Literature Sources
Tube sheet From the dirty, to the clean side of [142 146]

the tube sheet
Overall System From the inlet to the outlet, flange [121,147149]

Fabric and filtration cake Across the filtration media and cak [99], [136], [150] [152]

Various studies have applied the Ergun equafi®3] to characterize the differential
pressure across the bag house and is illustrateduation4 [136], [152], [154], [155] The
equation characterised the overall differential pressure as a function of the filtration media
(30 and filtrate/cake deposited0 . Davies law described the flow of fluid through a
porous medium, which characterized the differential pressure further in terms of the velocity
of the fluid 0 , flow resistivities Q hQ , and the deposited mas® [156]. The mass
deposited on the filter is defined by the multiplication ofrtheess feed per unit time and total

filtration time, over the filtration areed 0 @6 [156]

30 30 30 MO QW

Equation4: Total Differential Pressurid36], [152], [154], [155]
An equationreferred to as the Kozer@arman equatiors shown inEquation5 [157]. This
eguation has been modified and adapted to suit experimental studies, examples of which are
illustrated inEquation6 [158] and Equation7 [159]. Deployment of the Kozerg€arman
equation against experimental data relied on the use of various assumptionsedifguss
Tien et al,.[159], which evaluated the use of the equation to determine pordsitylhe
assumptions discussed by Tien et[a59] focused ortranslation between spherical particles
for packed beds to cake filters, constant velocity flow, representative particle size, and
consistent gadensity whichled to some studiesuch asAguiar and Coury146], Hsiao et
al,. [158], and Tien and Ramargdd59] having to implement corrections, or defining the
equatonB ghtly different based on their resear
incorrect or misleading, it mereljlustrated the complexity of using theoretical equations to

model experimental results.
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For Equation5 [157], Equation6 [158], and Equation7 [159], the particle diameter is

denoted asO and @ , fluid velocity as Y and (Y , the Reynolds number of the flow

as 0 , Gravity constant asQ , filter thickness as0 , and gas viscosity as .

30°Q_ 0 p i
) M)
b 8y o 1 PYHG P& v

Equation5: KozenyCarman Equation developed by ErfiBv]

3 . oi p |
5 Yo

Equation6: Representation of the Kozearman Equatiofil58]

3 . p T ‘0
i 0 C)T—C}Q—

Equation7: Representation of the Koze@arman Equatiofi.59]
Deployment of any form of the Kozeryarman equation to describe large scale flue gas
filtration media is difficult. Doing so would rely on knowing the velocity at any given point,
evolution of thickness over time, porosity deviation, to name a few pagestietwould be
assumed constant but may not be at larger scales. Studies agree with the theory, that as the
porosity decreased, the pressure drop increased. However, the evaluation of porosity is
dependent on knowing the thickness at any given timegchwmviould require removal and
offline testing. ThereforeEquation4 sufficiently described the differential pressure at a
given filtration cycle. Whils 30 described the differential pressure of the new filtration
media, it also accounted for any filtrate deposited internally at any given point during
operation. Consequently, the tegd is a function of the new media and any internal or
remainingdeposits post clean. As a resuif) described the baseline differential pressure

immediately after the completion of cleaning.

Consideration should also be given to other factors, such as particle size, velocity,
temperature, humidity, and concentration. These factors would affect the resultant thickness
of the cake as well as internal deposition. These interactions have anoeffét rate of
differential pressure exhibited by the filtration media. The illustrated the complexity of flue
gas filtration, showing the difficultyowards modelling. Extrapolation of this from small
scale to industrial scale could lead to more extendawviations in the model. Understanding

the interactions between the filtrate, flue gas, and media is critical to evaluate the resultant
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pressure drop experienced on the system, and to further explain its evolution as the process

continued.

Operational Paameter Influence

One studyperformed by Wang et al[148] considered the effect of cake structure based on
the concentration presented at the filigneir work suggestethatunder a constant velocity,

an increased filtrate concentration led to a slower rate increase of differential pressure. They
attributed this down to the structural formation of the cake, where at an increased
concentration, there was a reduced probabilityitobecoming organized, denser, and
therefore result in a higher differential pressuree study by Wang et al[148] presented

two cakes evaluated, showing their resuit&igure5 [148]. Another study byHsiao et al.,

[158] statedthatthe increased concentration led to an increased rate of pressure drop, which
contradicted the findings diVang et al.,[148]. Experimental variation between the two
studies could have contributed to the difference in results. Whdsstidy by Hsiao et al.,

[158] simulated a more representative bag filtrationuggiWang et al.[148] used a parallel
delivery system, meaning particle separation could not effectively take place. Furthermore,
the filtration velocity diffeed from 0.30.2ms! for Wang et al.,[148] and 0.035n$ for

Hsiao et al[158]. The patrticle size distribution could have also played a role, given smaller
particles will more readily block the filter, leading to an increaddé@rential pressure as
previously discussed. Consequently, the difference between studies further demonstrated the

complexity of the filtration process.

Another studyby Miguel [160] experimented on the filtration velocity, experimentally
showing that as the velocity increased, so did theafatifferential pressure increagk60].

Other studies by Rogozinski et 4lL43], and Saleem et a[161] both demonstrated that the
increase of velocity on new/virgin filtration media led to higher differential pressure readings
due to compression of the media under forces. Regardless of the type of filtrate or media,
studies indicated that an increased gyoled to increased differential pressures, but also a
reduced porosity{143], [148], [161] If the increase in velocity leads to an increased
differential pressure rate, it could be suggested that the velocity across the unit should be as
low as possibleOne point not considered with a change in velocity is the potential effect on

the particle size and therefore the collection efficiency.
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Figure5: Demonstration of th&iltration CakeStructure at 0.32ugcrh(left) and 7.08ugcen (right) [148]

At operational temperatures above 100°C the water present in the gas stream will be gaseous.
Various studies have examined the effect of moisture on the pressure dr@dp statdy by
Boudhan et al.[162] evaluated the difference between a fully dry gas stream and one with
73gm?® ambient humidity. Their study found that the moisture presence contributed to the
formation of capillary bridges on the filtrate, which resulted in an increased differential
pressure rate on filtration bags. Another studyJoybert et al.[163] presented similar
results over two differing filtratetwedaand va
increased pressure drop rate with increased humidity but correlated this to increased blinding
due to the capillary bridge formed between the particulates which restricted fluid flow. Other
studies have found similar results with various moisturgesds and filtratg164], [165]

Moisture sorption is affected by the composition of the filtrate which will impact the resultant
differential pressureate [81], [166], [167] Performing moisture analysioffline would

afford an insight into the sorption efteaf moisture onto/into the filtrate, thereby suggesting

the interaction during operation.

Collection Efficiency

Overall, the aim of the filtration process is to efficiently collect the filtrate. This is achieved
through various collection mechanisms, such as: gravity, impaction, interception, and
diffusion. These collection mechanisms have been studied extensitigly Nterature, often
summarized by the singlére theory (SFT)[168]i [170]. The SFT, evaluated patrticle size
against a sing fibre, before extrapolating it to the filtration media. The filtration media is
characterized by its thickness, thigre diameter, and either the packing density/solidity

or porosity( . Both the packing density/solidity and poitgsare a deciral between zero

and one and can be changed to the other by their subtraction from unity. Thefikmegle
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efficiency % is calculated based on the addition of the calculated efficiencies for each
mechanismas shown irEquation8.Consequently the collection efficiency can be calculated
using Equation9 [171]. One alternative way is to calculate the penetration efficiefcly

using Equation 10following form of Equation 10 [169]. These equations equated the

collection efficiencies (O @atha thitknesslofethe filterl t er 6

'O or 0 against the porosity or packing density|
- - - E

Equation8: Summation of all collection efficiencies to get the overall efficiency value

Tp T O-
‘ Adp ——
O p Q “ T’O
Equation9: Collection Efficiency{171]
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Equation10: Penetration Efficiencj169]

Each collection mechanism is based on the interaction between the filtratée maze, and

the fibre diameter.The collection mechanisms evaluated as part of this literature réview
illustrated inFigure 6 [115]. Whilst electrostatic collection exists, it is not uncommon for
fabric filtration to not lave an electrical charge applied to the media. Studies suewasek

et al., [111], Visser [172] and Lathrache and Fissafil73] explored this collection
mechanism, defining the interactions between the media and filtrate. The complexity of
modelling the electric charge of each individual particle against its material composition, and
the filter itself lead to most studies inadvertentlyuasisig that the electrostatic efficiency is
negligible in comparison to other mechanism. For large scale combustion, this would require
significant time and experimental expertise to define not only the chemical composition, but
to then classify it in term®f particle size and resultant chargks such electrostatic
collection was not considere®egardless, the both tifiere diameter and particle size will

have an impact on all collection mechanisms.
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Figure6: lllustration of Collection Mechanisnja15]
Fibre diameter is one parameter for discuss@ne studyby Kang et al.[147] presented
four ways to calculate the diameter following the arithmetic mean, geometric mean, the
volumesurface mean, and the effective diamdtet7]. The definition of the diameter
assumedfibre sphericity, coupled with the assumption that the distribution offithre
diameters isarrow which allows for a singuldibre diameter to be used. Various studies
such as Jackiewicz et dl15], Kang et al.[147], and Barros et al[156] have shown that for
nontwoven filtration media, thébre diameter is variable. This assumption appeared to hold
true for some studiessuch as Kang et al[147] and Barros et al[156], but had a large
deviation between the theoretical and experimental rasuisme studies such &seffens et
al.,, [171], and Podgorski et dl,74]. Whilst some variationwas noted between the

experimental and theoretical studies, they illustrated that the method used to define the fibre

diameter impacted on the validation between the two methods.
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Definition of the equivalent particle size could alsdfect validation between the
experimental and theoretical dafastudy conducted by Hind468] discussed the difference
between the aerodynamic diameter and stokes equivalent spheres, which determined the
particle size under the assumption of being perfectly spherical. They further disdussed t
irregularity of a particle, accounting for it which they suggested could be accounted for using

a dynamic shape factor/constant depending on the mafe6@] .Experimental work by
Podgorski et al.[174] applied the theoreticalifferences and showed the variation between

the theoretical and experimental efficienci@sble3 i | | ustrated various
different combustion process, which illustrated that sphelasalumption may under or

overestimate the efficiency of collection.

Table3: Fly Ash Studies

Reference Brief Description Application

[136] Review of research related to filtrate llection, Bag, cartridge, HEPA, ULPA, higl
presenting theoretical models to define 1 performance filters
efficiency of collection based on fly ash paramete

[175] Examination of fly ash and bottom ash frc Concrete production.
biomass.

[176] Considered the properties of 19 unconventional Concrete production.
ashes.

[177] Ash formed from the combustion of pulveriz¢ Combustion systems

grape pomace

Application of the SFT to determine theeoretical efficiency has been widely applied, under
various conditions, particle sizes, and filtration media, in literafarefabric filtration

Equation 11 [156] presented a specimen method to determine the collection efficiency.
Reviews on the constants andccdation steps can be found in numerous papers. Whilst
there appeared to be agreement between the experimental and theoretical, studies such as
Tang et al.,[6], Kang et al.,[147], andBarros et al.[156] represented the experimental
collection based on the ratio between the downstream and upstream i@iwensuch as
Equation12 [6]. Use of this method allowed for the entire collection efficiency of the unit to

be calculated, without assumptions about the filter, filtrate, oatipgrconditions.

In Equationll [156], the efficiences calculated are: diffusior ( , direct interception—
inertia. — , and gravity — . Dimensionlessnumbers such as the stokes numb&tq
Kuwabara factor 0, Peclet numberd ‘Q and ratio between the fibre and particle diameter

'Y aid to calculate these efficiencies. Feguation12 [6], this used the ratio between the
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particulate concentration upstream over the particulate concentration downstream to calculate

the efficiency O .
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Equationll: Application of the SFT to determine collection efficieit$6]
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Equation12: Efficiency Based on Upstream and Downstream Filtrate Concentrg@pns

Lastly, as suggested lquationll [156], the stream flow conditions affected the collection
efficiency. The Peclet numbeaind Sokes number influenced deposition of a given particle
size upon thdibre. For larger experimental apparatus, the can velocity, definEdjuation

13 [179] can be applied to suggest the velocity at any given point on the filtration media
[117], [179] This assumed that the flow stream was distributed equally and by extension the

filtrate.

Each particle of a given size exhibited a unique settling velocity based on its size and density
in relation to the gas stream conditioBgjuation 13 [179] and Equation14 [6] defined the
settling velocitiesIn both cases, the settling velocity or 0 defined the minim velocity
required to keep the particle suspended in the stream. If the can vetocity was lower

than the sttling velocity for a given particle, it would begin to settle out of stream due to
gravimetric forces. This phenomenon leads to a proportion of the larger filtrate being
removed. As discussed previously, this could impact not only increase the difflerenti
pressure rate but lead to more internal deposition/blinding of the miédithermore,
Equation 13 [179] accounted for the total area of the collector , as well as the
number of bagso0 and area of said bag® , as opposed t&quation14 [6] which

di dndt c divenithd differertcds nated betwdequation 13 [179] andEquation14

[6], it demonstrated potential further variation with the theoretical model given the use of
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assumed spherical particles and constants based on idealist experiespatsially for
Equation 13[179] which used experimentally derived constants

0
0 0 D
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Equatio 13 Can and Settling Velocity as Defined [iy9]
aqr
T

Equation14: Definition of Settling Velocity[6]

Although the SFT has been widely applied, it required considerate reading and
experimentation before a model could be deployed to validptzific experimental
conditionsdlata. Furthermore, the model only defined néngin media, given the porosity
value remained constant. In practice, studies have shown that this value changes over time,
with particle migrating through the medib41], which would thereforaffectthe model. In
addition, assumptions made during extrapolation between the single fibre and media assumed
the porosity was equally distributed, which may not be the case unlassnexithrough
imaging The velocity profile across the filter was also assumed constant, along with other
flow conditions such as temperature and viscosity. Studies have shown the potential impact
on some of these conditions varying during use which taffiecollection efficiency{147],
[180]. For larger scale filtration units, the assumption of equal flow distribution may not be
correct. As a resultzquation12 [6] can be used to determine the efficiency of the entire
process, without using the assumptions made for the SFT.

Flue gas distribution

Flow distribution is characterized by the velocity profile within the filtration unit. The
uniformity, as calculated iBquation15[181], is based on the velocity profileo and global
velocity @ . Unity defined the profile as uniform which meant the incoming flue gas and
filtrate was equally distributed. As the uniformit}y value increased, it demonstrated an
unequal distribution of the flue gas. This resulted giaes where velocity is greater or lesser
than the average, impacting the rate of failure and pressure drop ev@l4@jn[181] One
method to improve the distribution of flue gas is the use of flow distribution systems, or

baffles, as suggested Bhen[149] andChen and Chend.81]. Their work evaluated various
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baffle designs to promote a more uniform distribution of the velocities within the bag house.
Their experimental work demonstrated that an increased uniformity of the velocity led to
reduced pressure drop increase. This suggested that the cycle duratiddsaigo be

positively affected, leading to both longer filtration cycles and a reduced cleaning frequency.

. W W
€ p
Equation15: Uniformity of Flow Distribution as Proposed [#81]

Experimental determination of uniformity is reliant on there being enough data ports
measuring the flow at specific points to determine a representative uniformity. Therefore,
Computational Fluid Dynamics (CFD) allows for a higher number of datapointseto b
obtained fora given unit. Application of a CFD model allowed for the evaluation of multiple
designs, without having to perform multiple experimental tests. This reduced the design
phase and associated economic considerafi@ide4 illustrated studies which evaluated the

distribution of gases in(to) the bag house.

For largescale flue gas filtration units, the application of CFD provided a wagvatuate
various designs and alterations, without having to commit to experimental examination. One
potential limitation is the accuracy of the 3D model and specified flow conditions when using
CFD. If the parametergsedare not representative, nor cowariability, the results may be
impacted. Therefore, whilst analysts such as thos&ahble 4 have demonstrated the
application and breadth, their results are limited to their specific studies. Therefore, their
results are suggestive of what could occur when evaluation a different design. However, their
methodologies provide a wide range of patdnareas to improve the flow distribution to
promote media longevity.
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Table4: Flue Gas Distribution Studies

Reference Study Aims and Outcomes Application

[182] Evaluated flow performance of a manifold wi Their work provided a basis to stuc
multiple rectangular exit points (common in lar the outlet design of the manifolc
scale bag houses). Their study evaluated the as which feeds each chamber of the k
ratio between of the rectangular exit and found 1 house. Their CFD model caradily
as the Reynolds number of the gas flow increa: be redeployed using industrially
so did the pressure drop across the manif relevant geometry and designs
Howewer, when this is constant, the pressure d investigate the distribution of th
doesnét significantl vy fluegas.
is above a set value.

[183] Evaluated both the hopper distribution and cen Demonstrated the application
plenum of a 14ompartment bag house using CFl CFD on large scale industrial bz

houses.
[184] Examined a manifold with longitudinal tapering. Illustrated that a tapered manifol

with singular series of outlets
yielded a more uniform distributio

of flow.
[185] Considered different locations of inlets to the Lk Indicated the effect of flon
house unit under CFD conditions distribution onto the filtration medii

and described the resultant filtra
loading. Results indicated that whil
the flow distribution increased, thel
was still some preferential loading.

[186] Evaluated a multompartment bag house wil Industrially relevant simulation of .
flow distribution plates in the hopper. lllustrated t largescale bag house filtration uni
variation of flow in the horizontal and vertical axis Suggested regions of

increased/decreased flow  whic
would impact media.

Deformation

Deformation of the filtration media is divisible into two factors: chem[&l [187] and
mechanical[154], [188] degradation. Chemical degradation is the result of molecular
reactions between the fabrmaterial, flue gas composition, filtrate, and any-tpeatment
chemicals[91], [187] Mechanical degradan occurs due to media movement during
filtration and cleaning and pore blockafell], [189] within the media. Extent to which
deformation occurs is dependent on these factors and their resultant interactions, though the
longevity of the filtréion media is expected to be within yedd®0]. Factors such as
electrical sparks causing ignitiofp4], [112], ill-fitted media, and ripped media during
installation (for example) are ways in which the media @ Failure can therefore be
classified into two distinct occurrences: failure through increased downstream emissions, or

significantly high baseline differential pressure within the filtration unit.

Increased emissions can be the result of holed filtration mid@a], [192] or fully

blinded/saturated medja23], [193] For an increase in gaseous emissions, such as HCL, this
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may be the result of ineffient treatment processes upstream, though models do exist to
determine the minimuni89], [194], [195] In practice, sites often overdose to ensure
treatment but also to allow for any variatiortie fuel which may increase the concentration
within the stream. If the filtration media develops holes, this creates region(s) of low flow
resistivity, promoting flow through the hole and therefore resulted in increased emissions
[196], [197] Holes develop due either improper instillation resulting in ripped media, or due
to the expansion, contraction, and flexjd§8]i [200] against the support cage causing wear
marks which result in the formation of holes and therefore allow filtrate through.

Significartly high baseline pressure drop is the result of both ineffective cleaning and/or
internal depositiof5], [12]. Cleaning efficiency is discussed furthesattion 23 but can be
surmised whereby an ineffective cleaning cycle leavestavutume of filtrate at the surface

of the media which resulted in an artificially high baseline differential pressure. In contrast,
the build-up of filtrate on the surface, that promotes cake filtra{ib®8] required sufficient
blockage of pores near the surface. Whilst there is doadeoff between leaving some
filtrate on the surface to promote better efficacy, over time, particulate migration through the
filter will occur. Over time, te amount of filtrate migrating throughe filter will naturally
increase[141], [189] and contibute to the increase of baseline differential pressure.
Consequently, it is diagnostically important to understand these phenomena to evaluate used
filtration media.The movement of the media during normal operaigoifiustrated inFigure

7 [201].

Filtration phase ® Bag cleaning phase
Q Clean gas outlet = A Primary purge air
J + L 4
) ‘ L Hi \ Secondary purge
Venturi __, | air entrainment
Tube sheet, | Tube sheet
} Dust cake | "
=g Raw gas with dust Dust fallout
‘ Clean gas outlet Purge air
T Filter bag_[ T Filter bag_l
' Cage y , Cage

Figure7: lllustration of Fabric Movement During Filtration and Cleaning Prof23%]
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Prior to the instillation of new or different filtration media, it is important to determine what
effect it may have during operation. Section 2.4 evaluated British Standards (BS) such as
BS11057:20110 Ai r  Q urest methagd for filtration characterization of cleanable filter

me d i[282pand BS16891:2016 Test met hods for evaluati on
of ¢ | eanabl[203]fvhich weserspeaifeallyi dastgned to evaluate the mechanical
and chemical degradation of cleanable filtration media respectively. A detailed discussion on
these and other starrda can be found within said section. Furthermore, a detailed discussion

towards other technical analytical equipment is also presented in Section 2.4.
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2.3 Cleaning Process
Pulse jet cleaning comprised of a short pulse of compressed air tledivered to the inside

of the filtration bag[201]. This pulseof compressed air then travelledrtically down the

bag. The pressure difference between the pulse and theebalted in a directional flow,
which forced the filtration bag to expafit#1]. As the air passed through, the resultantd
between the filtrate and the fibres/filtrate where overcome, which led to dislod@ia8t
Oncefiltrate has beeneposited internally, it is difficult to removén contrast, filtrate at the
surface of the media can leasily removed. Upon removal, gravimettiorces deliver the

bulk of the filtrate towards the hopper for removal. Howeverlagosition of filtrate is
possible, depending on various characterisf@4]. Cleaning allowed for the filtration
bag/media to be regenerated, ready to collect more filtrate from the process without having to

shut down for cleaning.

This section discussed the key aspects of the cleaning précekesar illustration of what a

large scalepulse jetcleaning system looks like in realitg shown inFigure 8 [201].
Compressed air is fed into a tank, also known as the header tank. When the demand for
cleaning is met, the valve opens for a set period of time which delivers a pulse of air into the
purge tubes. These tubes in turn deliver the pulse o e vertical top of the filtration bag.
Operational and design parameters towards the ownership of pulse jet cleaning are

subsequentlgiscussed.

Valves

Compressed air tank
Insulation lid

Top box lid

Purge tubes
Tube sheet

Venturis

Figure8: Example Layout of Large Scale Flue Gas Filtration Compart{2eni
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Cleaning on Time (CoT) vs. Cleaning on demand (CoD)

Cleaning can either occur at specific time interf{@leT / cleaning on time) or when a set
pressure drop is reachedqD /cleaning on demand). For CoT, the pressure drop across the
filter that can take place is variable and cleaning will only happen when the time interval is
reached. CoD is the opposite of CoT, where the maximum pressure drop is defined, and the
time interval is variableThe pressure drop curves for CoT and CoD demonstrate

behaviour across the lifespan of the filkee illustrated irFigure9 [193].

-
-
..
Setsccnnne

Fixed Filtration CycleTime

Pressure
Drop | A/ \/ W/ I/ |/ V. . l..
escesfeces '"'/ unacceptable high
Effective pressure drop
Residual
Pressure
Drop
Initial
Pressure —}§ Seasoning | Stable Operation _| Blinding _
Drop 2 =] =
Operating Time
Clean-on-time mode.
Max. Filtration CycleTime
allowable
Pressure
Drop —
Pressure
DI’OP unacceptable short
Effective fitration cycle time
Residual
Pressure
Drop
Initial —> Stable Operation -t Blinding
Pressure
Drop

Operating Time

Clean-on-demand mode.

Figure9: lllustration of Cd (top) and C® (bottom)[193]
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One study that compared the filtration cycle difference between the two methods, with
respect to fine (@5um), medium (1:B5um), and large (3B85um) particle sizegl37]. Their
experimental study demonstrated that the at the time interval, the pressure drop across the
sample was larger than the set cleaning pressure for medium and fine particuldt3gizes

For CoD, the medium and fine particulate size also had more cycles than the CoT, given that
the pressure drop across the filter reached the desirednggameissur¢l37]. For the larger

particle size, both cleaning methods where comparablepouh the first CoT cycle
exhibited a slightly lower pressure drop than the desired pressure foil@oDFor the finer
particulate matter, the baseline pressure drop for CoD appeared to increase more rapidly than
the larger size, which indicated a higher amount of blinding within the filter. Whilst this also
occurred for the CoT, itsrisewast as fast, given more filtrat
surface. Each modes respectiveeycle appeared to have a near similar baseline pressure
drop. This experimental study illustrated the effect of size variation on the cleaning modes,
but as itwas time restricted, it only suggested the impact of size given it failed to reach an

unacceptably high pressure drop/ blinding point.

Studies have experimentally discussed the point at which filter blinding becomes so
substantial, that it resulted inhegh baseline differential pressure. Studies suchoast al.,

[193] and Schuberth et al.[205] discussed how the cleaning pulse interacted with the
filtration. Lo et al., [193] and Schuberth et al.[205] performed CoT studies until an
exceptionally high pressure drop across the filter media occurred. Under a fixed cleaning
pressure, both authors showed that as the pressure drop increasedcthd #fte cleaning

pulse reducefll93], [205] The cleaning pulse is the driving force to clean the media and has
to first overcome the initial pressure drop before any cleaning can transpire. Once this is
overcome, the cleaning pulse is pressure driven upstream and allowed for cleaning to
transpire. This is known as overpressure. As the pressure drop across the filter increased, the
intensity of the overpressure decreased, which affected the efficiencgmolving the
filtrate/cleaningthe media This effect is due to a larger percentage of the cleaning pulse
being needed to overcome the initial pressure drop across the Hitelution of the

overpressure for a full CoT studs/shown inFigure10 [205].
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filter face velocity: 2.5 m/min

40 4 raw gas concentration: 5.5 g/m?

cycletime: 100 s

tank pressure: 0.5 MPa

valve opening time: 60 ms

test dust: Sasol Pural NF

X103= 1.2 4M; X593 = 4.5 um; Xgp3= 21.0pm
number of cycles: 791

filter media: Pl-needlefelt
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FigurelQ:Cleaning on Time (CoTExample of How the Peak Pressure interacted with the Filter Ni2@ké
For CoD, the overpressure is constant as the maximum pressure before cleaning is defined by
the operator. This resulted the filtration cycle time being a variable as opposed to CoT
where it is constant, regardless of the pressure drop. As the baseline pressure drop increases,
the filtration cycle time is reduced due which required more cleaning within a given
timeframe. Reraval of the surface filtrate still occurred, but as a proportion has been
deposited internally, its removal is more difficult which resulted in the increase in said

increase.

Filtrate Dislodgment

Removal of filtrate from the surface is a result of therpressures interaction with the
surface filtrate. The directional force of the overpressure, applied to the surface filtrate,
caused dislodgment when the adhesion forces are overcome. Various steti@s Tanabe

et al.,[136], Kim et al.,[144], and Kanaoka and Kishinj206] have examined the effects of
thickness, cake porosity, cleaning velocity, and cleaning efficiency. The heterogeneity
exhibited for particulate anfilter media can lead to simplified models being used to estimate
the overall adhesion forcegisser[172] provided a review on the governing adhesion forces
and further discussed the limitations between real world complexities and applied
assumptions. One other consideration is the moisture present within the stredsretiadt

of resultant forcesBoudhan et al.[162] examined this and showed that increased humidity
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yielded pooreremoval of the filtrate through an increased pressure drop post cleaning. Upon
completion of the cleaning pulse and removal of filtrate, the pressure drop across the filter

media to reduce and allowed for a new filtration cycle to commence.

Parameters sticasthe retained mass fraction and cleaning velobaye been previously
studiedby Tanabe et al[136]. The retained mass fractios defined by the mass per unit
areaof filtrate that has remaineplost cleaning, compared to the mass per unit area of filtrate
just prior to cleaning. As the cleaning efficiency increases, the ratio value tends to zero.
Furthermore,Tanabe et al,[136] also indicated that as the pressure daoposs the filter
increased, the required cleaning velocity also increased. Another studarnapola and
Kishima [206] showed that the efficiency of cleaning increased as the porosity of the cake
increased. This was further shown to increase when the overpressure increased, which
allowed for an improved clearAnother study by Scobl¢207] discussed how patchy
cleaning led to a higher residual pressure drop, which required monengleahich was also
mentioned experimentally byanabe et al.[136] through the filtration media being varied

which showed differing degrees of internal deposition.

Filtrate dislodgment from the surface of a cylindrical filtration bag over specific time
intervalsis demonstrated ifrigure 11 [144]. This illustration sggested how the filtrate is
removed from the surface, first in agglomerate like structures, but transitioning into a finer
powder like substance as time increases. Closer inspection of the 40ms snapshwoeitil

[144] suggested that some filtrate appeared to remain close to the surface and only partially
broke away from the filtefThoughit is difficult to verify this, given no further time frames

of animation it demonstrated the movement of filtrate away from théasa of the filter

media

One resultant phenomenon in literature is patchy cleaning which is characterised by retained
filtrate post cleaning208]i [210]. Retention of filtrate leads to an undistiieéd load on the
filtration media. This can be visually observed when areas of the media still present filtrate
after cleaning and others do H@t.0]. This retention negatively impacts the pressure drop,
which leads to the filtration cycle duration decreasing and therefore potentially impacting the
service life of the filtration bad208]. Li et al., [208] emphasised the effects of patchy
cleaning through classification. However, their study focused on the filtrate and filter being
parallel with gravity, which is a less accurate representation of real world use. One issue with

modelling and classifi¢teon of patchy cleaning is the removal, analysis, and classification of
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the properties. If the filter is not evaluated to completion, experimental studies only provide a
snapshot into patchy cleaning. Therefore, although patchy cleaning is a known phramomen
its negative effect on pressure drop post cleaning led to exploratory studies on reducing this

phenomenon to improve cleaning efficiency.

I o e I o r I.

Initial Sms 10 ms
20 ms 40 ms Final

Figurell: Dust Cake Dislodgment During Cleanif44]

Another phenomenon which contributed to the effectiveness of cleaningmgraenment of
previously collected filtrate. Rentrainment could explain the observations madd-igure

11 [144], whereby it appeared that some of the filtrate broke away from the surface but
remaining. Various studiesuch as Jackiewicz et aJ15], Kurtz et al.,[191], and Bulejko

[211] have suggested that some filtrate can bentreduced due to flow conditions and
particulate size and density. Consequently, any redeposition will negatively impact the
pressure drop. Rentrainment can occur on both the same filtration bag and/or on a
nea ghbouring filtration bag. | f deposited ont
cleaned at the same time as the original bag, then thatra@ned filtrate will affect the
pressure drop during the filtration cycle. In both instances, tremtrained filtrate will
decrease the available filtration cycle time, which will lead to an increased cleaning
frequency and consequentially a potential reduction in life span of the media, depending on

its severity.
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Cleaning Pulse Characteristics

Tank presure and pulse duration are two parameters which influence the efficiency of the
clean One study exploregulse duration and reported that for their study, the duration of the
pulse had no effect on the baseline pressure drop post cle@iigy Whilst this was
supported by the work conducted ymon et al.[141], other studies such &® et al.,[193]
andBakke[214] suggested that an increased duration can better recover the baseline pressure
drop, but only up to a certain point before reverting back to supfionwark et al.[212]6 s

work. Increased duration would increase the volume of compressed air used. This would
increase the associated costs of usage. Farthe, Litchwark et al.,[212] discussed the
impact of blinding &increased durations, which was a result of over cleaning which allowed
more particulates to deposit internally. Therefore, the duration of the pulse needs to be
sufficient enough to clean the media, but not too long as to over clean and contribute to

blinding.

Kurtz et al.,[213] andKurtz et al.[196] experimented with the overpressure between 2 Bar
and 8 Bar (inclusive). Their avk suggested that the flow resistivity increased with age. At
lower pressures, this rate was higher, which was attributed to cleaning efficiency. This was
further supported by the evolution of cycle time at specific ages of the media, which
exhibited a sbrter duration for lower over pressures. In contrast, they demonstrated that at
higher pressures, the filtrate mass emitted downstream also inci@@6¢d[213] They

stated this was due to the expansion of the pores within the filter, which momentarily allowed
for the increased emission. Over the duration of thg teis emission value plateaued. The
increased mass of emissions will also contribute to the blinding. Therefore, their work
highlighted that for their study, an optimal over pressure existed between effective cleaning

(which affected resistance to floahd emission of filtrate.

Vertical Height Effect (Pulse Jet Uniformity)

Once a pulse is delivered to the top of the filtration bag, it travels vertically downwards to the
bottom of the bag. Various experimental studies have examinedubletion of the
overpressure across the vertical height of various filtration Gadde 5 provided example
studieswhich explored the effect of og@ressure on various styles of media and conditions
These studies examined various filters and pulse conditions. These studies demonstrated that
the overpressure varies along the vertical height of the filter. As the pulse travels vertically

down the bagsome travels through the media towards the filtrate on the surface. This caused
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the bag to expand due to the resultant pressure gradient between the pulse and the media

which facilitated the removal of filtrate from the surface.

Table5: Studies That Examined the Evolution of Overpressure Against the Vertical Height of the Filter

Reference Type of Filter Parameters Observations

[210] Cartridge Typesofconesat i No ci@msswe increased down the heic
various distances an of the cartridge across the three pressure san
diameters points.

fi Nor ma |- pr€ssunednareased down the
height of the cartridge across the three presst
sample points.

ACyYy !l i ndr ilcaadlyedhibitecdadlocal
maximum pressure at the middle pressure

sample point.
[217] Fabric Bag Various Online Parabolic like nature whose focal width
Pressures decreased with an increase of peak pressure.

Cleaning efficiency also appeared to hit a
minimum at about the 1.4m height before
tending back to >@% efficiency

[218] Ceramic Various pulse Two pressure reading:
pressuresagainst at 200mm bel ow verti.

nozzle diameter size pressure reading at 1500mm below vertioal t

AfBottomd pressure re.

peak pressure than i’

[219] Fabric Bag Different Considered the dust areal density at the end «
overpressure values experimentation, showed greater densities
towards the vertical top and bottom, with the
middle showing the lowest density.

In addition, a noted phenomenon in literature is the pulse rebounding of the vertical bottom
and travelling vertically upwards. Studies have shown that this rebound effect increased with
pulse intensity, and acted as a secondary clean, until the presquedsed[210], [215],

[216]. The effect of this rebound is thereforeséd on the peak pressure during the rebound
phase. During the rebound, the peak pressure will reduce until it equalises with the pressure
drop. This reduction will therefore limit the cleaning effectiveness of the rebound. It could
however be sufficient eugh to reopen pores and promote particulate transgression through

which would impact emissions.

Purge Tube Length

As shown inFigure 8 [201], the purge tubes can consist of multiple rows of filtration bags.
Various studiessuch as Andersen et aJ201], Li et al., [216], and Li & al., [220] have
examined the effect on the overpressure on various purge tube lengths, each with a distinct
number of filters. Studies have shown that the peak pressure varies with the number of
nozzles. The peak pressure at the nozzle closest to the header tank appeared to be the lowest,

but after increased incrementally until the end of the purge fliesestudiesexamined
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various number of nozzles on the purge tube, which corroborated this increase in peak
pressure. One negative impact is the potential for both over and under cleaning of the
filtration media. To address this, optimisation across the putge length would attempt to

reduce the variation, profiting a more consistent and effective clean.

Emission Spike Post Clean

Studiessuch as Li et al[137], Li et al.,[140], Li et al.,[210], and Li et al.[220] have shown

that at the point of administering a cleaning pulse, there BVlaemission spike. Both
cleaning on demand and cleaning on time exhibited this phenomenon as shbinat by,

[137]. Their work characterised particulate emissions based on the size of the particulates.
Results showed that for all particle sizesrT®um) an emissionpgke occurred downstream

of the filter[137]. This study only considered a shogerational time of 50 minutes, which
equated to four cycles on CoT. This meant that their study only portrayed an insight into the
emission spike behaviour as a function of number of cycles. Whilst the CoD exhibited more
cycles than the CoT, it again cwdt reach blinding and therefore only illustrated the emission

peakdue to cleaning

The effect of cone design inside the filtration bag #asdesultant effect on emissiongs
considered by210]. Their study evaluated three designs: without a cone, a hormal cone, and
cylindrical cone. Results suggested that a cylindrical cone shaliegia reduced emission

from 0.899mgr? (without a cone) to 0.794mg(cylindrical cone). In comparison, the
normal cone yielded a higher emission average of 0.899hjgt®]. Whilst the cylindrical

cone reduced the emission average by 12%, the results only represented a single dust type
and media. Further studies around this would be needed before deplofretrmty by Li et

al., [140] considered the effect on water on solid emissions fandd it increased the
baseline emissions. Furthermore, additional hardware (the cone) would alter the current set
up of the site, owing to the need to develop a way to install and remove the cone as needed to

access the bag.

Unit Optimisation

Various authors have studied ways in which to improve the cleaning Mageusauthors
have aimed to improve pulse jet cleanisgme studies are shownTable6. These studies
provided insight into how large scale pulse cleaning may be optimised. Through a
combination of small scale and pilot scale studies, under various conditions, provides

evidenceand confidence to suggest initial testing at larger scale, before full deployment.
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Table6: Various Studies Which Looked into the Optimisation of Pulse Jet Cleaning

Reference Study Title Study Outcome (s)

[210] Effect of cone Considered the installation of a cone inside the filtration bay
installation in a pleatec cylindrical cone led to increased filtration cycle duration wh
filter cartridge during translated into reduced cleaning frequency. Pulse jet unifor

pulsejet cleaning also increased with the cylindrical cone. Lower averagil <
emissions were achieved in comparison to the design with
cone.
[218] Optimization of Nozzle Suggested a convergent nozzle displayed a more optimal ¢

Design for Pulse before evaluating the optimum outer diameter bel
Cleaning of Ceramic suggesting @ optimal design.
Filter

[221] On the forming Demonstrated that a rectifier tube (venturi) at the vertical to
mechanism of the a cylindrical bag led to approximately 1.4 times gre:
cleaning airflow  of cleaningintensity. Theoretical results were validated throt
pulsejet fabric filters their experimental work suggesting a model for future resee

[222] Design and performanc Novel study showing colliding pulget cleaning led to ar
evaluation of novel increase in overpressure intensity, but patchy cleaning
colliding pulse jé for occurred despite the increased consumption of compressec
dust filter cleaning

2.3.1 Cleaning Process Conclusions
Removal of surface filtrate is facilitated by a pulse of compressed air. However, the

efficiency offiltrate removalis dependent on the over pressure deliverethe filtration bag.
Furthermore, consideration should be given to the purgelénigéh and relative position of

the bag, given this can vary from the set point. To counteract this, studies have contemplated
the use of nozzles, tubes, and additional structures to promote uniformity across both the
vertical height and purge tube. Thenef, there is a degree of variation across the vertical
height of the filtration bag, which could impact the pressure drop immediately after cleaning,
which in turn would reduce the longevity of the media.

Studies have shown that the peak pressure atem gwertical height will vary, coupled with
the position on the purge tube, this will dictate the effectiveness of the Glearefore, a
study around the vertical height variation woudtbvide evidence towardthe cleaning
efficacy and help in addressirthis gap andalsocontribute to the understanding of how the

variation effects the filtration media.
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2.4 Analytical Techniques

British Standards

Conformity to standards, such as those laid out by the British Standard Institute (BSI),
promotes quality assurance, efficiency, and for testing methods can lead to a reduction in
economic costs without compromising on productivity and efficiency. For years,
implementation of British Standards (BS) has provided reassurance to clients that the
reported/presentedata is accurate by conforming to a strict methodology. Other standard
institutes exist, such as 1SO, VDI, ASTM, and DIN standards. Naturally, there may be slight
discrepancies between standards. However, regardless of the selected standards, conformity
to which increases the perceived quality of the product/service. This work focused solely on
the BSI, commonly accredited by the International Standard Organisation (ISO). This
international accreditation further certified that regardless of where intaralyi the
performance of the test occurred, it followed specific guidelines which resulted in increased
and consistent data for the client.

Nonwoven flue gas filtration media evaluatio

T BS SO 22031:2021 titled ASampling and t e
from filters of[lystems in operationo

T BS 1 SO 11057 : 20 11TestmatHocefar filtfa#on chara@teradtion tofy
cl eanabl e [202].l t er medi ao

And,

T BS SO 16891:2016 titled fAiTest methods fc
of cleanabl[203.f i |l ter medi ao

BSISO 16891:2016 Test met hods for evaluation degrad
filter[200endi BSOSO 11057:2016 Ai r QuTaest imethyod for filtration
characteri zati on ¢203]laid oata mathotomgy toievaluaterfiltraned i a 0O

media under dférent conditions.

BSISO 16891:201di Test met hods for evalwuation degrad
f il t er[202infecdsech dn a systematic method to characterise degradation through
exposure to corrosive gases such as W@ SQ [202], but also HCL, moisture, HF, etc

which may be present in flue gas conditi¢®3], [85], [86] The standard aimed to simulate

flue gas chemistry conditions in an augmented manner to simulate more rapidly prolonged
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exposure. From which, the use of tensile testing characterised the degradation. Previous
literature has applied the methodology to eleterise different media. Rozy et 4B] and

Fukui et al.[223] characterised the degradation of polypheny®riphide(PPS) filter media

using this method at NQOat various temperatures. They demonstrated the effect ef NO
concentration over a specified duration and heat, in turn demonstrating the inghatieth

standard can have on testing samples.

BS ISO 11057:2016 Ai r Q uest methgd for filtration characterization of cleanable
filter[208)aftbidedoan example test rig and evaluation method to evaluate the
mechanical deformation through emission and block2®3]. The aim of this standard was

to evaluate the new teflter media quickly and efficiently, without undertaking a letegm

study which could last months or years. A detailed description and evolution of this
experimental rig can be found FPham et al.[224]. Previous researchers such as Hoppe et
al.,[225] and Schuberth et a[205] have used the ideologies presented within the standard to
evaluate filtration media. Hoppe et al., focused on deptér fihedia and compared the
standards efficacy with the results from their experimental methods. They showed agreement
between the two results and demonstrated a uCT model to show local variation within the
sample as opposed to a global vdR@5]. Schuberth et al[205] argued that the aging phase

had a influence on the subsequdata of the test method. They demonstrated that after a
certain aging time, the differential pressure across the media increased significantly. Their
study, over various filtration velocities and valve opening times through a clean on time
method, demonsited the differential impact that the cycle ageing phase can have on

subsequent results.

The two aforementione®ritish Standardsdemonstrated a method to evaluate filtration
media for its chemical and mechanical degradation respectfully. Use of aazklerat
conditions aimed to reduce the test time, instead of prolonged testing given the media may
actually be in operation for years. They afforded tests to a given specification and analytics
which could evaluate various media and function as a tool to kadtise of said filtration

media. Their inclusiorof standarddn literature (studiessuch as[8], [138], [180], [223],

[225]i [227]) demonstrated the impact and versatility of the presented methods. Whilst they
achieved this aim, limitation of the results tended towards specific degradation and not a

combination which less representative of flue gas filtration systems.
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Evaluation of asingular degradation mechanism limited the translation between academic
and industrial studies. In flue gas filtration, exposure of the media to combustion gases and
filtrate will dictate the overall degradation. However, pilot scale studies sydd2is [150],

[162], [189], [228]provided evidence, showing thalthough a combination of the two can be
made, the speed at which a similar methodology in terms of number of cycles is drastically
increased from minutes/hours to days. This time increase therefore restricted subsequent
analysis in terms of an increaséicheframe and inadvertent economical factor (labour,
supplies, etcetera). Consequently, although the separation of the two degradations limited the
translation, it afforded the ability to evaluate multiple different samples in a quick manner in

comparison.

Adaptation of both standards could yield a method to bridge the aforementioned limitation. A
combination of standardised flue gas chemistry simulation, coupled with standardised test
dust over pralefined intervals would allow for better representatibnndustrial settings,
without the time constraint. Therefore, research in this area would determine if this were a
viable option and allow for a study to directly compare the two standards in isolation, with

the proposed new method, focusing still onrdguced experimental time.

BS ISO 22031:2026 Sampl i ng and test method for cl ean
of systems in operati@a{16] aimed at providing a clear, precise method for sample retrieval
and analysis from flue gas filtiah bag houses. This comprehensive standard illustrated
withdrawal positions of the media from a compartment/cell, their subsequent division into
three distinct sections, and subsequent required and additional evaluation. The standard
aimed to achieve a iform methodology to evaluate filtration media. It achieved this by
providing specific instructions towards the subsequent tests required such as visual
observations (eye and microscopy), tensile strength and elongation ration, air permeability,
and mentia towards mass and thickng4$6]. It also made mention of the state of the media,
requiring cleaning before (in parts) and after analysis. This comprehensive standard was the
first of its kind that attempted to regulate the testing of clearigiibédion media.

Although comprehensive, the standards linguistical structure in parts limited the clarity of the
desired methodology. For example, in Section 5.5.4 the method to clean the filtration media
achieved through nbrngssitidoeg ot damageithe filfe6]. e ner 0 s
in the previous section 5.4 it also [l6hcl udec
as a possible cleaning method. Furthermore, Pagéh® standarlL6] detailed thehickness
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measurements as optional, yet the example test report on Pafé]1&quired these
measurements. Also, the methodology presented for these readings, including mass readings,
where omitted yet still required. Consequently, the presented language presented a degree of
uncertainty within application of the standard whichldotesult in compliance issues and

limited the standards ease of compliance.

Given this limitation, to use of additional standards may provide assurance to the client that

the subsequent analysis fully complied, regardless of the observed limitationst Whil
research is required around the expected difference of cleaning methods, BS 1SO 22031:2021
ASampling and test met hod for cleanabl e fi
operatiom [16] made reference to the BS ISO 9273:192%0] standard for air permeability
determination. Provision allowed for tlwse any other suitable standards. This included the
nonwoven textile standards BS I1SO 29073 and BS9073 which characterised various
parameters on nonwoven textiles. To address the aforementioned limitations, BS 1SO 29073
1:1992fDetermination of mass periut 42803, 89 ISO 29072:1997fiDetermination

of t h i[2818, raredl BS ¢SO 907%35:2008fDeterminat on o f air [232er meab

where consulted.

BS1SO 29073:1992fiDet er mi nat i on of[23Ghass per unit are

A standard for the determination of mass per square centimetre of a nonwdveh,
required a minimum of three samples of surface area greater than 50,000mm. If required and
determined prior to the commencement of the evaluation, the coefficient of variation required
five samples and reported to the nearest percentage of 0.1%sahmyle size, such as
250mm by 200mm, so long as the size was equal to/greater than 50,9@0rsuned
conformity. In addition, the standard referred to its method accounting for the anisotropy of
nonwovens which accounted for this by requiring the samie Ise no smaller than
50,000mm.

BSISO 2907-2:1997iMDet er mi nat i d2381] o f thicknessbo

A standard to determine the thickness of a nonwoven, using a pressure foot of 25000mm
and reference plate larger than 25,000mfie sample surface area size should be greater
than 25, 000mmThe samples sits between these two plates and the pressure foot exerted a
vertical pressure of 0.1kPa until equilibrium, whose definition is at ten seconds after no
movement of the footer. The resultant distance between the two plates indicated thesshickn

of the sample. Repetition of this method occurred through a minimum of ten different
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samples, reporting the subsequent arithmetic mean and the coefficient of variation to 0.1% (if

required).

BSI1SO 90735:2008fiDet er mi nati on dA32]air permeabilityo

A standard for air permedity which provided a numerical value to the volume of air
passing perpendicularly through a given surface area at@efired pressure. Compliance

with the standard required that the evaluated surface area be eithef, 28cBeni, or

50cn?, which coresponded to a minimum sample square size of 50mm, 70mm, or 80mm,
respectively. The standard preferred large sample sizes but could accommodate for a sample
size of 200mm by 100mm. Once place over the test area, and clamped to ensure tautness, the
sample $ ready for evaluation. The sample incurred adafned pressure drop across it at
either 125Pa, 150Pa, or 200Pa. This pressure drop happened due to a blower located
downstream, which forced the air through the sample. Once achieved, the displaydndicate
the air permeability result. Repetition of the sample occurred five times as a minimum, or
through the number of repeats agreed prior to the start of evaluation. To ensure compliance,
calculation of the resultant arithmetic mean and confidence varitidhe nearest 0.1%,

alongside reference to the standardds sectio

Further Consideration Points for BS ISO 22031:2021Sampl i ng and test
cleanable filter media takdgle] from filters of
The standard aimed to provide a comprehensive methodology to assess cleanable filtration
media, such as the nonwoven bag house filtration meskd within the energy sector. It
presented not only a sample withdrawal and periodical testing framework, but also a method
to evaluate each subsequent sample. To do so, division of the sample into three distinct sup
samples as recommended by the stahdar compliance. Subsequent testing yielded
information about each distinct third and once collected, which made allowance for further
analysis. To complement this, information about the original/new/virgin filtration media,
within the report, afforded direct comparison between the new and used data. The methods
required to evaluate the sample where also provided and discussed within the standard.
Overall, the standard further aimed to provide a comprehensive method to evaluate the

media, without comproising of the time taken to perform said analysis.

One assumption was that the sample taken from each vertical third was representative of its
original location, irrespective of the overall vertical height. The vertical height of flue gas

filtration media \aries depending on the exact-gpt Observations made during this project
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saw, on average, four to six meter bags in the vertical height. Isolation of samples in each
representative third at the millimetre scale casted uncertainty as to whether orseot the
samples where representative of their vertical thirds. By only evaluating in thirds, the total
evaluation time reduced. This reduction allowed for better suitability from a practicality
perspective, given a site may not want to have prolonged periattsaoftime to complete
evaluation. A study surrounding this assumption would provide either supportive evidence or

counter evidence towards its suitability as an assumption.

Furthermore, the obscurity surrounding the thickness and measurement methods
inadvetently may lead to variation amongst analysts. Though thérezlanalytical methods

such as air permeabiligre examplediBS | SO 22031: 2021 ASampling
cleanable filter media t ak eAppehdix@hl6]fandiCl er s o1
[16], it only illustrated what is tde examinel and not the number of repeats or variation

noted. Theperson performing the analysisuld rely on the BS 29073 standards for mass and
thickness, respectively. Howevéhe person performing the analysisuld simply choose to

follow another method and still comply to the standard. The standard did however reference

BS 29073:2009232] for air permeability. This codl suggest the former point is more
appropriate for compliance. The requirement to report the coefficient of variation is only for

air permeability. Even if the mass and thickness standards were complied with, it is still an
optional point for analysts. Ceaquently, the aforementioned obscurity may yield variations

in the report produced for each sample.

To address these points, research conducted would determine a suitable method for mass and
thickness for a given sample size, incorporation of a suitable methodology, and show the
variation, all without impacting on the original aim of the standard. Gihenstandard

omitted large sections and assumed representation, a study across the surfatdgharea
filtration mediawould show the potential variation in the resulfsthe aforementioned
studieswere performed, itwould provide a basis to demonstrdake potential variability

across multiple analytical techniques, which would aid analysts when evaluating nhonwoven

filtration media from bag houses.

Air Permeability

Air permeability isan analytical technique which defines the volume of air passingghrau
given area within a defined unit of time, under a set pressure across the fimplesions

for permeability, can be reported iIVQ & & Q¢ or similar variations[233], [234]
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However, other forms of air permeability can be found in literature which have unds of
[148] or @ d [4] . The specific unit is dependent on timethod used to evaluate the

permeability of a sample.

Equation16: Flow Field Through a Porous Sami&5]

Fluid flow, through a porous sample can be describe&dyation16 [235]( Dar cy 6s | aw
The fluid flux 1 is a function of the permeability tensok over the fluid viscosity*

multiplied by the pressure gradiemtd [235]. Consequently, for a given sample, at a known
pressure gradient and fluid flux, calculation of the permeability is possible. \Ejlsttion

16 [235] is capable to define the air permeability at a given point in time, it is difficult to
account for particle deposition and the resu

yielded a calculation to determine the permeability and is sholguationl7 [236].

.0 Q30 , .. . . Q30
n . — € U (0] OYOﬁ
0o V) V)

Equationl7: Example of the Derived Darcy's Law to Determine Permealfi8g]

Section 2.2 discussed the permeability during operation, with i@yartfocus on the debate

on the use of the Kozeryarman equation to determine porosity or cake resistivity
(permeability) [145], [150], [159]. For offline sampling, the use of an air permeability
machineuses&éh pri nci pl e of Darcyodés | aw to deter mi
instead of the units being an inverse length, representation as a volume flow over a given

surface area made the parameter more reladablelearer to understand/interpret tegults

In Equation17 [236], the fluid flux 1 is defined by volumetric flowrate)(, over a given
area and time. Alternativelythe multiplication of the flow permeability’Q and the
differential pressure over the fluid viscosity and thickness of the filter also gives the fluid

flux.

Evaluation of air permeability required the use of a machine such as thesetdy Ince

[233]. Ince[233] performed a study which evaluated the difference between having multiple
layers of nonwoven filtration media. Thougce [233] varied the pressure drop across the
filter, and the surface area under investigation, they demonstrated that as the number of layers

(thickness) increased, the air permeability decreased. Thus, inadvertamtyailhg the
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effect of thickness on air permeability. They later justified the change of test area by
demonstrating no statistical significance between the 2Cumd 38cmi. The change in
pressure drop did however show a statistical difference, which shdhest the air
permeability increases with pressure drope study byince [233] accounted for this due to

the Bernoulli equation, affording the increase due riergy increase drawn through the
sample. This study therefore provided evidence towards why different filters exhibit different
air permeabilities, thouglnce [233] did not consider this due to properties, only by an
increase of thickness.

Zhu et al.[236] expanded the idea of parameter variation in fabrics, evaluating the effects of
thickness, porosity, and density on air permeability Their study corroborated the findings of
Ince [233], showing that as the thickness increased, the air permeability decreased. In
contrast, as the pressure drop across the sample increased, so did the air permeability. Their
study expanded by considering the density of the fibres angdiwesity. Zhu et al.,[236]

method to calculate porosity , which was then used to determine the mean pore vakime
shown inEquation18[236].

[T ”

OMITQ p — Pprm

LN
Equation18: Steps to Determine Effective Pore Diam¢g36]

As the pore size decreasdéd , and the porosity decreased, so did the air permeability.

Humidity in the air is another condition that may impact the air permeability. Mjgael
performed a study which examined the pressure drop evolution of cleanable fabrics with a
humidity variation in the gas stream. This work reported the air permeability at 23%, 53%,
61% an 90% humidity. Repd in units of r7f, the resultant air permeabilitlifferencefor

the evaluated humidgs was @ T 1 which suggested that the humidity did not
necessarily affect the air permeability. Howevke studyby Miguel [160] was to determine

the effect of humidity during filtration, which did have an impact on the rate at which the
pressure drop increased. This suggested that although under clehtorsnt may not
impact the air permeability, it could affect the longevity of the media which will, in turn,

affect the air permeability.

Section 2.2 discussed the impact of humidity and other factors that affect the longevity, such

as the dust conceation, which will determine not only how the air permeability evolves, but

50



Chapter2: Literature Review

how the pressure drop across the filter evolves too. For example, Wang Et48].,
conducted such a study which investigated cake formation at different concentrations.

Another study by Silva et al[145] illustrated the how the porosity , particle size’ Q ,
and particle density” , can affect the cake resistivity to flow (permeability® and is

exampled irEquation19 [145] which also used the fluid viscosity of the gas .

~ pum f _
Q T 5

Equation19: Example Equation Which Described tRew ResistivityCaused By Particulate Density, Size and Cake
Porosity[145]

Consideration shoulthe given towards the fabrication process parameters, such as punch
density, penetration depth, and stroke frequefik88] which affect the areal density,
thickness, and resultant porosityr large scale fabrication of nonwoven filtration media
[132]. Inherent process variation during the production will therefore impact the air
permeability. Studies conductéy Fukasawa et al[4],[237] and Kanaokd138] addressed

this gap by performing a controlled air permeability study. These studies illustrated the air
permeability variation as heat maps across the surface area of new filtration media.
Therefore, they addressed and demonstrated the impact of the fabrication process at a larger
scale than previously done. Although one limitation to their studies is that they only
considered new, unused filtration med\ppendix B examined the air permealyilitariation

across a piece of virgin media.

One limitation across all studies is the static nature, coupled with the locational variation of
the new media. Exhibition of this variation on the filtration bag would impact the variation
during usage. Whilstrpvious studies have shown that the permeability evolves over usage,
they omitted the variation aspect across the full surface area of the filtration bag.
Consequentlya literature gap exists whereby evaluation of the full surface area of a filtration
bagfor air permeability to determine localised variation. This in turn will aid to understand
the variation over a large surface area and aid in developing how researchers evaluate

filtration media which has a significantly larger surface area than theipexstest area.

Consideration must also occur towards the time required to process such a large surface area.
Larger studies that evaluate variation in new media, such as those shbukagawa et al.,
[4], Thomas et al.[138], and Fukasawa et al237], were likely not to be under any

significant time constraints. In contrast to industrially derived samples from large scale

51



Chapter2: Literature Review

combustion sites, a similar study would require discontinuing standard analya®um of

an exploratory study. Currently, standard analysis required the bad to be divided into three
sections, a sample removed from each section, and air permeability performed over three
distinct locationsas showniBS | SO 2203 1: 20 st meth@domgebnableg an d
filter media taken f r of6]fThid metadsnade provisignsfore ms i
the evaluation of multiple samples in a quick and timely manner. Doing so, allowed for a
quicker transition between offline to online. If a large mapping study occurred on the remove
filtration media, not only would the tlafocus only on air permeability only, but the time

required would increase exponentially. Therefore, an exploratory study on a used filtration

bag would address the literature gap, allow for exploration of the variation, and examine if

the standard is &gjuate to represent any said variation.

Gultekin et al.,[3] appraised porosity and air permeability measurement using machine
learning and light microscopy.h€&ir study required the use of image processing techniques
and neural networks to establish a model to evaluate the aforementioned parameters. Whilst
there was a good agreement between the predicted and actual results, they only evaluated one
specific typeof new media. Nazarov et al134] also presented a model to predict air
permeability, again using only new filtration media. However, the complexity to evaluate the
air permeability, in contrast to the manual method, was higher which reduced tinediéte

of pick up into industrial practice. Furthermore, they only validated their respective models
based on new media. Resultantly, whilst the idea of evaluation air permeability visually is
possible, further studies around used media would ascertaualidgy of the technique. In
addition, the automation of the process and comparison between traditional techniques would

further support or denounce the technique in relation to deployment into an industrial setting.

Mass and Thickness

Mass and thicknasdetermination of a sample istandardanalytical technique used to help

evaluate filtration median studies such &hang et al.[238], and Sikorska et &l239].

Evaluation of the mass, in comparison to a baseline value, allowed for the determination of
the mass of deposition within/on the filter. Liu et f], demonstrated this by comparing five
different filters, which predominantly collect either through surface or depth filtration. Three
of their examined fikrs demonstrated that the deposited mass post clean where higher in
comparison to the two surface filters which where comparatively lower. Whilst their

comparison was static and therefore did not consider the deposition variation over time, it did
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highlight the key differences between surface and depth filtration through pressure drop and
collection efficacy. The depth filters showed a comparatively lower baseline pressure drop.
This is due to the increased pore volume which allowed for the depositionctw. oc
Conversely, surface filtration promotes surface and cake formation. Given that the removal of
cake filtrate is possible, this resulted in a significantly lower pressure drop upon cleaning.
Filtrate deposited internally is difficult to remove withouteansive treatment. Therefore,

their study provided an insight into the benefits of this method.

Another study, conducted by Chang et Hl39] demonstrated the mass evolution over a
single filtration cycleTheir study considered experimental and theoretical data and showed
that both corroborated for a single cycle for both collection efficacy and pressure drop.
Whilst Chang et al.[139] demonstrated the evolution of depositional mass against depth,
surface, and cake phases,atsisideration of only one cycle did not illustrate how the depth
filtrate may evolve over time and impact the pressure drop. As shown in various studies
Tanabe et al[136], Li et al.,[140], Boudhan et al[162], andKim et al.[240], Theresultant
increasein baseline differential pressure post clearassociated with particulate retention.
Therefore, whilst their stly confirmed it possible to model the evolution of deposition mass,

it was only valid for the single filtration cycle which limited the application when considering

multiple filtration cycles.

One limitation with the study conducted by Liu et f],is the fixed sample position which
inadvertently described the surrounding media. Studies by Fukasawd4gt E#37] mapped

the fibre mass distribution of new nonwoven media and with a resin and membrangtfinish
Although their study only considered new filtration media, it addressed the localized sample
gap inthe study by Lie et al[5] through the evaluation of a significantly large surface area.
Their study combined the mass, with thickness and air permeability to further demonstrate
the variation. However, their study ceased at this point and dicbnetder any variation due

to filtrate loading. Localized variation during operation will impact the resultant values
obtained from mass (thickness and air permeability) analysis.

Apart from the studies conducted fukasawa et al[4], Rozy et al.[8], Fukasawa et al.,
[237], and Lie et al.,[241], thickness measuremte appeared static and used to aid the
description of studies such as the single fibre theory (SHEBp], [242] or flow
considerations throughéhsampld147], [155] Studiesy Fukasawa et alj4] andFukasawa

et al,[237] considered the thickness deviation over a large surface dreatddy conducted
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by Rozy et al[8], demorstrated that the thickness evolves over time. Their study focused
solely on chemical degradation and did not determine if the mass of the sample also evolved
over time. However, this is the clossesudy found during the project which demonstrates the

evolution of thickness over time.

The study by Lu et al.,[241] used computational fluid dynamics (CFD) to evaluate both the
deposition mass and dust cake thickness. Their study on a ceramic candle filter demonstrated
the possibility of simulating sampeusing pilot scale experimetfacilities The study
simulated 120s of filtration before the computational filter results presented a results map
similar to that of[4], [237]. Limitations within this study centred towards a specific time
period and, coupled with the use of ceramic rather than fibrous filters, reduced the impact in
terms of comparison toomwoven filtration media. Comparison to experimental is also
difficult, requiring evaluation of the ceramic as a function of its cylindrical nature as opposed
to flat as it is within the computational result.

Subsequent studies could therefore utilize tidsature gap, combine mass, and thickness
studies over new and used filtration samples to determine the variation over a large sample
area. If possible, samples from an industrially setting over incremental periods would address
the evolution aspect diie gap, whilst a large scale surface area evaluation would identify the
variation. Thiswould help toaddress the literature gapeld industrially relevant datahich

could helpunderstandperational performance at a site levihe study would therefe aid

to understand the variation across the surface area of a large sample and how it could impact

site decisions to replace or retain the filtration media.

Additional available techniques

A multitude of experimental techniques are available fortaséd in understanding both the
filtration media and filtrate Discussed below, a discussion on the aims, advantages, and
limitations of the selected techniques is availaeh as moisture, particle size distribution,
and tensile testingHowever, it is mportant to note, that this list is not extensive and is based

on those seen within literature during the project and within industry.
Moisture

Normal practice is to have an operatiobaly housdemperature greater than 150p%4]
which is above the acid dew point. Below this, condensation of acidic compounds Previous

studiesby Rozy et al,.[8], and Cai and HJ243] have shown the effect of chemical
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deformation on filtration media when the temperature is reduced. Naturally, the acidic dew
point is dependent on the chemical compounds present in the flue gas and is affected by the
efficacy of any prareatment processes such as calcium carb¢h®4g or sodium carbonate

[89]. At this temperature, the water molecules present in the flue gas and filtrate will be

gaseous, unless a temperature region below 100°C had ocanyreldere within.

Removal of filtrate and filtration media from the combustion site, allowed for water to
condensate and absorb on the fly ash. The amount of absorption is governed by the
hydrophilicity of the ash within a given sample, with further apson possible due to any
charge imbalance of the elemg@8B]. Therefore, moisture analysis aimed to identify the
hydrophilic (andinadvertently hydrophobic) nature of the filtrate, which is therefore a
function of the chemical composition of each respective sample. The sample size will
therefore impact the variation in the result. Expectation therefore is that as the sample size

volume evaluated increased, a more representative result would ensue.

Thermogravimetric analysis (TGA) and moisture determination through a drying oven are the
two most common methods presented within literature. Other techniques, such as the use of a
microwave sensoff244], or a portable NIR spectrometdiO] have been used to determine
moisture. One concern with thesas of specialist equipment and techniques is partly the
capital and expertise, but the effect that the filtrate inflicted on said equipment. As a result,
literature tended towards known, easily repeatable methods such as TGA and moisture
determination thragh oven dryingOne studycompared nineteen different fly ash samples

with TGA and oven drying176]. Their results illustrated the difference between a sample

size of 249 for oven and 360mg for TGA had on the resultant moisture content.

One benefit of the TGA method allowed for a clear, more defined determination of the
moisture within the sample h& weight deviation record occurred internally during operation
[126], unlike the oven method which required withdrawal from the oven and weight. This
withdrawal from the oven would potentially-i@roduce moisture into the sample given the
temperature reduction ariderefore affect the accuracy of the method. One limitation of the
TGA method though is the sample size evaluated in comparison to the oven method, coupled
with the inability to evaluate multiple samples simultaneously. The sample mass in literature
for the oven methodentredaround the 5¢.0g region per sample, placed into the oven at a
temperat ur e [@3], [245) [245]ATONL2mbIRity of the oven drying method,
which allowed multiple samples of a greater representation to the bulk cheongabsition
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saw prevalence within literatur&he calculationused to determine the moisture percentile
a based on the original/lwets  and dry & basisis shown inEquation20
[248], [249]

a
Equation20: ExampleCalculation Method to Determine Moisture Contg@#8], [249]

Particle Size Distribution

Particle diameter affects not only the rate of pressure [d®g, but is included in models

such as the SF[IL35] to predict the efficacy of collection. If the test dust/filtrate used is in a
powder form (fed into theexperimental apparatus), then the distribution of size can be
determined through the use of laser diffraction. Equipment such as the Mastersizer 3000,
produced by Malvern Panalytical (U.K.) appeared frequently within literaustidies such

as Fuller etal., [93], Mukhopadhyay[113], Jce et al.,[117], Cirqueira et al.[189], and

Hoppe et al.,[225]. Ot her equi pment , such as the aer
3000HO by P a[204] sperat€aleon ansimilgr principle through the use of light
scattering techniques to identify particle sizes. The difference being thamgtt both used
powder form dusts, the Welas analyser measured downstream of the test filter, as opposed to
the bulk/upstream. Downstream measurements provided an understanding towards the
collection efficacy and allowed for the characterisation of emmsspkes caused through
cleaning[137], [213]

In controlled studiesthe characterisation and evolution of particle size distribution is
possible, owing to ease of access and methodical experimental methods. In contrast,
determination of particle size relied on previously collected filtrate. Either from the surface of
thefiltration media, at the hopper, or particulate on the clean side of the tube sheet. The latter
of which would suggest failure and potentially yield biased res8ksnpling is therefore

only a representation of a given patrticle size based on its obserypaint, which increased

the difficulty in obtaining the true representative PSD in the flue gas withdineisensors.

Porosity

Rawal [250] presented comprehensive work which compared the experimental method of
liquid extrusion porosimitry to evaluate the pore diameter against theoretical ne@ls
Other techniques such as nitrogen adsorption isotf@3irare possible to evaluate the pore
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volume. The use of specialist equipment limited the deployment through literature. More
common is the use of mathematical es@ntations such asSquation 21 [145] which
provided an example of how previous research has determined the porosi@ther
authors, such adsiao et al,[158], Tien and Raarao[159], and Kim et al,[251], have used
similar equations to determine the cake porosity. Filtration media can also be determined this
way, as shown bian et al.,[135] and Tanabe et al[136]. One of the limitations of this
method, unlikehat of the experimental techniques which can account for this, is the inability
to account for internal deposition as a secondary matéoalEquation21 [145], the mass

per unit area O , is calculated usingooth internalfiltrate deposits and fibresinder
approximate conditionsGiven the filtrate density” is higher, the resultant calculation
would yield a lower porosity as a result. Chapter 7 discussed this in further detail and
suggested a way in whido account for this.

0 08 p ¥

Equation21:ExampleCalculation of Porosity for a Single Mater[a45]

Scanning Electron Microscopy (SEM)

Scanning electron microscopy provided imaging of a sample and elemental composition
through energy dispersive -bay/spectroscopy (EDX/EDS). SEM imaging provided
illustrative examples of the morphology of both the filtrate and fibres as exampgReynet
al.,[8], Roy and Ishtiaqu33],Bian et al[135], Tanabe et al[136], Podgorski et al[174],

and Cirqueia et al.[189]. Studies by SuareRefa et al.[12], Barros et al.[156], and
Cirqueira et al.,[189] illustrated the evolution of internal deposition through Imaging
techniques.Some studies that have us8&M-EDX/EDS Fuller et al.,[93], Fukui et al.,

[223], Mahmoud et al.[252], and Esteves et al[253] have examinedhe elemental
composition of various filtrates and fibres. Whilst the technique of &HEM afforded an
indication of the chemical composition, it did not necessarily yield a definitive composition.
In addition, like the TGA metidy the volumetric amount studied is small, which would
increase the variation. Finally, the economical consideration towards the use of the equipment

is significant, which may restrict the volume of samples evaluated.

Tensile Testing

A test whereby an afipd directional load to a filter sample resulted in a load displacement
curve. The maximum force exerted on the sample, prior to breakage occurred at the peak of
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this curve, also noted is the elongation of the sanffj@ation22 [9] provided an example

calculation to determine the tensile strength of a saniple , calculated by th applied

force "O over the multiplication of the sample mass per aré@a and sample
thickness/width o . Performance of tensile testing usually occurred in two directions:
the machine direction and cross direction. Studies suclé asn - i k a[®@dandKko - 6 s

Dej i rmenci [284pekplofed and disbussed the variatiothea machine and cross
direction showing the difference when analysing in both directiédther studies, such as
Fukui et al, [223] and Rozy et al.[8] illustrated the evolutionfahe tensile strength over
different periods of operation. In their studies, both discussed the effect oatN@rious
temperatures and exposure times in the machine and cross direction. One limitation of these
studies has been the exclusivity to gasestieams only. They also made reference to the
standard BS ISO 16891:20f6Test met hods f or evaluation de
cl eanabl e [208],Iwhiah taid oueaclea tnethodology for their work. Addressing

this limitation would see the evaluation of particulate laden samples being evaluated similar
to samples evaluated Byozy et al.[8], and Fukui et al[223] from industrial sites. Whilst

this data would take years to completkee to the requireemt for the sample to be placed
under industrialconditions (and thereforecould be in place for years to achieve a single
datapoint) it would provide a unique, more accurate and representative, insight into the
evolution of tensile strength over gregberiods of time. From this, a more accurate model at

the site level, would be feasible, aiding a model for longevity prediction.

oy 0 G 6 00h, gm0
T " T - T N i w €1 U O 1
0 18) ad O 00w Mo P

Equation22: Calculation of the Tensile Strength of a Sanjple

X-ray Diffraction (XRD) and Xay Fluorescence (XRF)

Utilization of XRD determined the mineralogicphases present in the sample, whilst XRF
evaluated the oxide compositidBoth XRD [255], [256] and XRF[175], [257], [258]have
evaluated the use of fly ash as a product in cement for example. In terms of flue gas filtration,
whilst these techniques provided an insight into the filtrate, the results assume a
representative mean, regardless of the sammigncspatially across both the filtration bag,

and from the hopper (depending on sample origin). It would further assume that the fuel

variation upstream is insignificant enough to cause significant variation in the results.
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Consequentially, these techo&s have limited in routine testing, but are useful as a fault

diagnosis technique when something has gone awry during operation for example.

2.5 Literature Gap
Subsequent analysis of the literature revealed areas whereby research hadbget to

performed.Of particular note, were those identified during the review of the analytical
techniques in section 2.4uch as air permeability, mass/density determination, material
thickness The close nature with industrial partners within this project afforded a gre

platform to address the following knowledge gaps through a combination of industrially

derived samples and academic research methods.

1. BS22031:2021i Sampl i ng and test met hod f or cl e

filters of systems in operation16] recommended analysts to clean the filtration

media to evaluate how it had faired since instillation. It provided multiple methods to
perform this clean, including an allowance to use any method under the proviso that it

did not damage the fibres. Howevérassumed that regardless of the method, the
resultant clean would not be dissimilar in terms of the obtained analysis results.
Inclusion of multiple methods ensured that analysts could perform this step, but still
comply with their own risk assessmenihe standard did not comment on the

potential variation across different methods.

Research in this area would focus on the use of industrial samples and performing
various cleaning stedsuch as brushing, scraping, shaking, compressed air blowing,
vacuuning, and washing)Xo ascertain the expected variation which could arise

through use of different cleaning methods.

2. Mass and thickness evaluation is a common analytical method throughout literature
and required by BS22031:2081Sa mp | i ng a n dcleanadetfiltemmeedieh o d f
taken from filters of systems in operatiofil6]. Literature achieved this result
through either standards such @S EN 290731:1992 Nonwovensd Part 1:
Determination of mass per unit a@f230], and "BS EN 29072:1997 Nonwovens
0 Part 2: Determination of thickné's231] which laid out the specified equipment
and methodologies, or through the use of specific instruments, without stating the
variation. Some work, such d@ukasawa et al.[4], and Fukusawa et al[237],
illustrated the variability of filtration media, achieving a better understanding of how

this varied across the machine andssrdirection of the filtration media. Although
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literature is emerging to demonstrate the variation, the literature review found no
research that combined both the British standards and resultant variation across used

flue gas filtration bags.

Research irthis area would illustrate the variation across industrially relevant used
filtration media, incorporating the results of the previous gap to identify how the
reported results in BS22031:20ZlSa mpl i ng and t est met hod

media taken fronfilters of systems in operatiofl6] would be affected.

. Air permeability is another analytical method commonly used to evaluate filtration
media. Again, previous works suchfaskasawa et al[4], and Fukusawa et a[237]

have illustrated variation on new media, which provided a basis for future research,
but consideration to used media in the as received and post cleaned giatx re

research to ascertain the variation and resultant effect on the analysis.

Research towards identifying the variation across a used, industrially relevant,
nonwoven filtration bag would aid to address this literature gap and subsequently help

to guide the analytical methods and subsequent data analysis.

. Lastly, the lifespan/longevity of the filtration media is a critical consideration factor
when improving systems or selecting the media. Whilst studies have shown the effect
of parameters such as Wocharacteristic$142], [259] and media propertigd.3] on
longevity, they have not considered the impact of longevity inpamational setting.
Reduction of this identified literature gap would combine industrially used filtration
media, site specific settings, and running samples until they reach a specified failure

point.

Research aimed at this literature gap would allowtHerdevelopment of a novel way

to predict the longevity of industrial bag house filtration media, through testing
relevant samples (along with new samples to function as a baseline) at near site
conditions until the occurrence of failur€his is neededot better understand the
changes that occur to the media during operation. Removal of filtrate media for
analysis requires the bag house to be offline which affects the overall performance of
the site and has a negative impact on economic factors. Con8ggfi¢dangevity can

be accurately predicted then it may be possible to reduce the required site downtime

and any negative impacts associated with the downtime.
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Consequently, to address the aforementioned knowledge gaps, conductiorfadibtiiag

studies aimed to address these gaps (in ascending order):

T
T
T
)l

Chapter 4: Determination of an Appropriate Cleaning Method

Chapter 5: Understanding Mass and Thickness Variation

Chapter 6: Understanding Air Permeability Variation on a Full Filtration Bag
Chapter 7: Critical SelEvaluation of Longevity Study
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Chapter 3: Methodology

3.1 Introduction

This chapter explored two aspeof this thesis: the acquisition and commissioning phase of

a Filtration Assessment Rig (FAR) in Section .3%ection 3.3 looked at each chapter
specifically, Chapter 4 used various cleaning methods such as washing, vacuuming, brushing,
shaking, and scraping to change the state of the filter from the as received (AR) state to the
post cleaned (PC) state. Chapbeexplored the mass/density and thickness variation using
sampl es of size 5cm by 5cmbébs across a | arg
permeability at 200Pa to explore the air permeability variation cross the surface of a full
filtration bag. Lady, Chapter 7used a combination obffline measurements for air
permeability, mass/density, thickness, porosity (calculated an through @il )online

measurements to evaluate the samples.

3.2 MMTC200 Filtration Assessment Rig(FAR)

3.2.1 Acquisition

Various studies such aSchuberth et al[205], Pham et al,[224], and Fukui et al,[225]
havereferenced BS11057:20fLA 1 r  Q Uest method for filtration characterization of

cl eanabl e [R02] as ¢heir experichéntaloset uphese studiesuggestedwo
companies thatanufacturediltration assessment rigs: Palas Gmf225], [227]and Topas
GmbH[148], [226] An additional potentiamanufacturey FilTEq, was identifiedoutside of
literature through an internet search. To aid in the selection process of an appropriate design
a decision matrix allowed for each desitgnbe evaluate@dgainsta setof criteria shown in
Table7Each criterionbés weight percentile depen:
activities that may surround thendil selected design. From thispaint-basedaward system,

which was from zero to one hundred, alloweddwealuation of the options available.

Consequently, the awarded points where theiitiplied with the weighting percentage to
yield an overall scorerhich could then be added together to suggest a preferred design when
comparing all options. Subsequently, each option was ra¢@ardingly, which aided in the

selection of a suitablgilter Assessment Rig-AR).
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Weighting Selection

The weight associated with each criteria point is showhainle 7. Sixty-five percent of the

overall weight assessed the functionality of the desi@perational Parameter Ranges for
filtration and cleaning summarised the ranges in which a user can define parameters such as
filtration velocity and pulse pressuvss the rig required flexibility in operationphrameters

the filtration cycle and cleaning cycle operational rangese scoredit twentyfive percent

each, with the dust dispersion rate awarded fifteen percent. This allowed for the consideration
towards the performance of the FAR outside the initial requinésnef the standard. If the
design is restrictive, the rangeability of programmable operational parameters will be low,
which would yield a low score. Conversely, as the range increased, the resultant score would
increase. Compliance to British standard1B@57:20110 Ai r Q uTadt methpd for
filtration charact er i 4283 is desiredddr praimirag stadles, e f
which saw this criterion awarded fifteen percent. However, future studies may deviate from
this methodology, which meant a higher weighting was needed for filtration and cleaning
cycle Operational Parameter Rangessty, 10% and 5% where attributed to the ease of

moveability and overall size of the rig, respectively.

Table7: Decision Matrix of Suppliers Following Critical Assessment

Decision Matrix Comparing All Quotations aRdoducts Sourced
Created By: Daniel CurryDate: 18/03/2021

Companies / Products / Options
Topas AFC Topas AFC FIL/Palas

Criterion Weight FilTEq

133 131 MMTC 2000

Filtration Cycle
Operational Parameter 25% 15 85 90 85
Ranges
Cleaning Cycle
Operational Parameter 25% 0 75 50 75
Ranges
Dust Dispersion Rate 15% 0 10 50 75
Conformity to Testing 15% 100 100 100 100
standard
Moveability 10% 0 0 80 80
Size 5% 50 40 75 75
Cost  (weighted  fron
cheapest to the me 5% 80 40 90 60
expensive)

Total: 100% 25.25% 60.5% 73.75% 83%
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Operational Parameter Rangésiltration and Cleaning)

The operational parameter rangafsthe user specified values needed tatlequatdo allow

for representative industrial tests, but also wider academic studies. To determine this, the
baseline values selected where defibgdhe parametersn BS11057:2015 Ai r Qual i ty
Test methodfof i | t rati on character i R62tsuch as: Fitfatior | e an a
velocity, dustconcentration, cleaning pulse duration, pulse pressure where considered.
Greaterrangesoffered a more favourablgeighting to the designThis was due to thability

to perform widerstudies,leading to the potential falesearchto be performedutside bag

house filtration. At this stage, any modifications paslivery where not considered.

Both the Topas AFC 133 and Palas MMTC2000 performed similarly, offering only a slight
difference between the filtration and cleaning paramsetThe Topas AFC131 afforded a
slightly wider range for filtration face velocitjiowever the cleaning cycle rangeability was
less, due to the maximum differential pressure across the filter and pulse duration time being
lower in comparison. Consequentljyopas AFC131 yielded a lower number of points for
cleaning cycle rangeability.

Dust Dispersion Rate

Definition of the dust dispersion rate is the quantity of test dust/powder/aerosol delivered to
the test chamber The FIITEq design resulted in a zero due to the omittance of any
information pertaining to this characteristic. Although AFC 131 providedngeraf 1
260gm?, questions over the potential accuracies arose, particularly for the test which require
a small incremental change in a value. Furthermore, withotliest achievablealue of 1

gm3, any potential tests which required a low dispersioa aaé unobtainable. Topas AFC

133 exhibited the same, which had an operable range84fdin®, whilst having potentially

better accuracy control, it suffered from the same problem. The main difference was that the
AFC 131 generated its own test dust tlgiowaerosolization. This restricted the number of
dust available for analysis to a singular particle type and size, which significantly reduced
variability. Resultantly, given the MMTC2000 afforded a lower minimum of 0.25,gm

resultedn alarger score agpposed to others which had a higher minimum.

Section 3.2.2 discussed the method in which dust dispersion occurred in further detail.
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Conformity to Standard

The designshould be capable of complying initially to the assessment method within
BS11057:2011 Ai r  Q urest method for filtration characterization of cleanable filter
me d i [208] irrespective of future studies All designs stated compliance to the
methodology which saw the maximum awalste number of points afforded to the criterion.

Moveability and Size

Whilst size and ease of moving the rig are not operationally critical, they determined the
minimum space needed for the rig in terms of heigh, width, and depth. Depending on the
design,if the rig is supported on rollers, this would make moving it around easier. Images of
the options therefore suggested how easy it may be to move the equipment. Consideration of

the required foot space and height allowed for the evaluation of the mreeatif the rig.

Both FIITEq and Topas AFC 133 had a design fully compliant to BS11057f2@ll r Qual i t
TTest met hod for filtration c [2@)whichtsawthez at i or
height of the entire unit extend over 2 meters Hiiis restricted a number of spaces, given

the need for overhead clearance to access the top of gheeducing the weighting.
Furthermore, if relocated, the relocation area would need a minimum similar size to
accommodate the righis restricted the ease or relocation and potentially moving the rig,

given the potential need for additional clearanidee height of the AFC133 was higher than

the FIITEqQ due to extra clearance needed for the dust dispersion. As such, it scored a slightly

lower percentile than the FiIlTEQ.

Both the AFC 131 and MMTC2000 had a shorter height due to their designs. Unlike the
design shown in BS11057:20fLAi r @ Uestl method for filtration characterization of

cl eanabl e [20R]]they compnisedi of theé horizontal section only, opting for an

inline dust dispersion as opposed to a paseglaration of a larger gas stream. These designs
conformed to VDI2936225] and the methodology presented in BS11057: 201 r Qual it
T Tes't met hod for filtration char[@t®isi zat i c
significantly reluced the height requirement making both more viable in terms of size and
moveability. In addition, both designs were set on wheels/ rollers located on the underside of

the entire rig, which further increased their percentile score.
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Cost

Overall, the gener al average <cost to acquir
Current testing requires multiple analytical techniques (such as air permeability,
mass/density, thickness, tensile testing etc.) to be used over many samplesuand gq

large investment in terms of labour costs and laboratory upkeep.

At the point of assessment, no academic discouet® vonsidered Because of the cost
similarity between the units, the units were ranked based on cheapest, to most expensive. An
oveall weighting of 5% was given due to the cost similarity, but also due to the available

budgetallowing for the acquisition of the required equipment

Testing filtration media is a critical tool to ensure that the filtration media is performing well.

If the media is not performing well, this could lead to increased emissions at the stack, which
could lead to breaches in emissions regulations, leading to fines or other punishments. In
addition, itcould lead to the site performing increased cleaning ifrtedia is blinded, which
increases the operational cost. Whilst the upfront codtAfl 0 O(plu® Galfour to test) may

seem high, if the site must unexpectedly shut down and perform an unexpected bag change it
could cost them significantly more. Therefoperiodical testing to understand the media is

vital.

Decision Matrix Results

Conclusion of the operability criterion surrounding eagption led to a total weight of 65%
of the decision matrix. Overall, the MMTC200 obtained 79% of the total availatierige.
Followed closely by both the Topas units AFC1&8hd AFCB3 at 73.7%6 and 60.506
respectively. Lastly, the FIITEQ option receivd.2%6. This apparent low score was the
result of a lack of information provided duritige consideratiorphase Given it conformed
to the standard, the likelihood was that it Ismneoperationalparameterange though it
was unknown to what extentHowever,give the omissiorof key informationaround the
operational parameter rangéswas difficult to quantify this valuel'he lowest score during
operationalparameter ranges was for tRETEQ design given the omitted informatioim
contrast, the overall range affordable to the MMTC2@D(@, ability to uselifferent test dusts
ledto it achieving the highest awarded score at 79% of the total available percentile-of sixty

five (cumulatively).
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Both FiITEq and Topas AFC131 failed to score well for moveability and size due to the
significant height, andpparent fixed positiond heir sze reduced their moveability and ease

of redeployment into a different/smaller laboratory. Consequently, this led to the AFC131
and MMTC2000 scoring higher. This was down to a combination of their minimalistic
height, and their equipment frame which inmmated wheels which allowed it to move about
more freely. Thus, the transportation of the experimental rig and its redeployment into
another laboratory was advantageous and saw it awarded a substantial proportion of the
points for these categories.

Costweighting for the options were based on least to most expensive given the similarity in
cost valuesWhilst the Topas AFC131 and FilTEq options where the cheaper two options,
their total overall score walower than the NMTC2000 and Topas AFC133tions Upon
evaluation of the decision matrix able7, the best option appeared to be the MMTC2000
option.

To supply the MMTC 2000 witkompressed aig silenced, oil free and dry compress@s

sourced This compressor had a maximum working pressure of 8Bar(g) and a reservoir of
aAa250L of compressed air. The pressure withir
gauge but was seb ta pressure of 6.5Bar(g) as a minimum. As part of the commissioning

phase and subsequent hand over, an internally published standard operating procedure
allowed other users of the equipment and readily benefit from the findings of this work.
Discussed fuher in Section 3.2.2ZThe filtration assessment r{§AR) in operationis shown

in Figure12, a simplified schematic is also showrFigure13[225].

Dust
| Di er Jae, o =2
; *SE Clear Tube |

\ _ (Observe Test :

Figure12 The Filtration Assessment Rig (FAR)-$itu
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Figure1l3 Schematic Showing Instrumentation and Key Aspects of the MMTCRZ2H)

3.2.2 Commissioning Phase
Commissioning required speciftests to ascertain that the rig was fully functional before

conducting any experimental tests.

The first test ran compressed air only through the aerosol generator (dust dispersion unit) and
into the header tank. The total airflow through the test chamvaén, the air for dust
dispersion was set at 180 rttor 45Imint. Assessment of the rigébs
consistent flow rate saw this test ran uninterrupted for ten minutes. This determined flow
variation across the filter, which wdsemed to occur at 45.10+0.18 LnhifRepetition of the

test transpired for a duration of 35 minutes and yielded comparable results of 45.10+£0.19
Lmin. In both circumstances, every second exhibited a singular datapoint. This test

established the followmn
1 Any incorrect fittings, couplings, or other seals:

Incorrect fittings or seals could lead to filtrate and air leakage which would affect the quality
of the test. At the setpoint of 45Iminthe flowrate only deviated slightly at 0.1+0.18 Inhin

which siggested that the sep was complete.
1 The expected deviation in flowrate when running a test:

The tests conducted, where no filtrate was present, demonstrated the variability for both the
flowrate and the differential pressure across the test filtesr Rrithe commencement of any

test, this test is run to determine the original baseline differential pressure across the filter, but
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also the variation in the flowrate. The latter acted as a check to ensure seals and fixtures

where complete.

Next, a test dst was introduced to examine the aerosol generator fully/dust dispersion unit.
Introduction of test dust into the system allowed for the evaluation of the cleaning system and
the dust dispersion unit. To do so, the header tanks was manually set to théddiggn a
manual gauge. Apressure indicatormlso displayed the reading on the computer which
allowed for any minor adjustments to the pressure, such that the pressure was at the desired
setpoint. Upstream, the minimum pressure in the compressor was &&Mbar, which
allowed for the header tank to efficiently repressurize following use by the pressure gradient.
A solenoid and diaphragm valve, downstream of the header tank controlled the pulse duration
and deliverance. This was set electronically befotest. This test used a 200ms opening
time. A set differential pressure of 1.80mbar. A total of ten cycles were conducted on a clean
on demand basis.

The selected test dust for commissioning was talcum powder (talc). Cost effective, the
powder is cheap anreadily available. Furthermore, the powder had a Mohs hardness rating

of one, meaning it would not damage the metalwork or glass. Upon filling the piston with the
powder, a weight measurement was taken and used to determine the compact density of the
powder. This is then programmed into the software in famhich used the value to
determine the piston federate. The rate at which this piston velocity, determined the mass
concentration out of the aerosol generator. For the study, the feed wdsbthet e st f i | t er
interface. Dispersion of the dust occurred through a rotatory wire brush, which brushes
against the interface of the piston. The test dust is then blown off from the brush by the
compressed air which passed over it. It is then deliveredhiatBAR/test chamber.

Once the software observed a differential pressure across the test filter >1.8mBar, a signal
allowed for the cleaning cycle to begin. Conversely, if the differential pressure value
recorded showed <1.8mBar, the cleaning cycle wooldoperate. Upon completion of the
cleaning pulse, the differential pressure across the test filter reduced back towards the original
baseline differential pressure. Due to the data resolution, it was impossible to record the
duration of the cleaning pulséHowever, upon pulse completion, the header tank did

automatically refill to the correct pressure due to the pressure gradient from the compressor.

All other sensors, including the differential pressure sensor at the absolute filter and

temperature probappeared to work normally and record data at the same resabfitcyre
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datapoint every secondhe following sections are related to the commissioning as they

discussed any identified potential complications that may arise through usage
Filling of the Dust Piston

The images presented kigure 14 illustrated the piston at full extension (A) demonstrated it
filled with PuralNF (B) and illustrated the slot mechanism used to guide the piston into place
(C). Once inserted into the aerosol generator, a plateinserted between rim of the piston
and sh# to allow a metaimetal seal to form anénsured the piston housing remained

secured and sealed during testing

|
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Figurel4: Dust PistorA) at full extension, B) Filled with Test Dust, and C) the collar and Slot for Seatingstios ih the
Dust Dispersion Unit

The process of filling the piston is done iteratively to achieve as uniform packing density as
possible. The packing density inside the clearance volume is defined by the amount of
material placed within a defined volumeé . This can be calculatagsing Equation23,

which calculated the difference between the empty and filled pigtan over the piston

area 0 multiplied by the filled length 0 .The maximum length available for filling is
154.2mm This is the maximum movable distance of the piston, measure from the shallowest
point of the curve shown iRigure14 (C). The calculation of the compact density can then be
calculated based on the new final position of the piston, with respect to its filling height and

mass.
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Iterative partial filling (folloved by light compression) in combination with a weighted rod
helped achieve a uniform packing density and kept any variation as low as possible. The only
variable in Equation23, is the mass increase3d , caused by the addition of the test
dust/powder to the clearance volume. If a higher/lower compaction occurred in a defined
volume, then the packing density in that region will alsohizgher/lower, affecting the
concentration delivered to the outlet. The weighted compression rod applied an equal and
repetitive compression load which reduced any potential variation. Once a finite volume of

powder/dust is loaded, the rod is placed in alfmived to compress under gravity.

Equation23: Packing Density of the Clearance Volume Determination

Whilst it would be possible to perim larger, quicker, fills to result in less iterations of
filling/compressing, the resultant packing density would be significantly lower and
potentially less uniform. Thisvould result in a concentration variation at the nozzle during
dispersion, which would consequently impact the accuracy of a test. In contrast, whilst the
time taken to perform the recommended iterative filling would be noticeably higheuld

lead to anore accurate and uniform dispersion.
Dust Piston Speed and Concentration

The maximunpiston height/length that is achievablelB4.2mm. Upon completion, the test

is halted/stoppedrhis allowedthe pistonto beremoved andefilled. The pistordiameteris

33mm The concave nature shown kigure 14 (C) allowed for the piston housing and
bottom of the rotatory brush tot dlush together. As the piston is pushed into the aerosol
generator, the test dust encounters the nylon brush and is dispersed through and towards the
test filter by the compressed air. The mass concentration of the dust out of dust dispersion
unit is catulated byEquation24, usingEquation23 which determined the compact density

of the test dust.

The resultant mass concentraticemn be calculated b¢quation24. The dust concentration

delivered to the nozzle is a function of the pistowelocity O and assumed

constant packing density previously defined ifcquation23.
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Equation24: Mass Concentration of Test Dust/Powder as a Function of Packing Density and Piston Speed

As the packing density decreased, the piston velocity needed to achieve a constant mass
concentration was higheshown inFigurel15. In addition as the packing density increased, a
similar concentration can be achieved through a reduced piston velocity. Bevdmite
clearance volume and stroke length availableyas initially suggested thahe packing

density should be as high as possilbles would allow for longer studies to be performed

with fewer stoppages to change the piston

However,as the packig density increases, the resultant friction between the material and
walls of thepiston housingincrease, which exert an increased pressure on the motor to
deliver the required feed. Furthermore, manual tamping exhibits a degree of variation due to
userstrength andatigue By using gravimetric forces from the compressionand iterative

filling, each fill of the piston will be more accurate. Whilst this would require refilling the
piston more frequently, it would aid in prolonging the lifespan ofetipgipment. In addition,

a lighter packed material will be more readily dispersed from the nylon brush and less likely
to get entrained in the bristles or damage them. As a result, the piston should only be filled
using the compression rod and gravity

100 Effect of Compact Density and Piston Speedon Mass Cocnentration
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Figurel5: Concentration Calibration Graph
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This massconcentrationn Equation24 denoted the concentration leaving the dust dispersion

unit and not the concentration at the face of the filter

Given the expansion between the generator and test filter, couplethevitliration velocity,
the mass concentration at the test filter would be lower. Therefore, a material balance
accounted for the difference and allowed for the calculation of the concentration needed to be

emitted by the dust generator to equal the desiredcdusentration at the test filter.
Effect of Particle Size on Operation

Previous studiesuch as Li et al.[137],Steffens et al.[171], and Kumar et al.[260] have

shown the correlation between particle size and effect on differential pressure. These studies
illustrated the impact that small filtrate had on pressure drop evolution across the filter and
downstreamemissions. As the picle size decreased, particle adhesion to the filter increased
[260], which resulted in the baseline differential pressure across the filter to also increase
[137]. Furthermore, small particle sizes more readily made it through the filter which
increased emissionj$37]. In contrast, as the size increased, the rate pressure drop decreased.
Larger particles tend to allow for lower packing density due to their reduced volume coverage
per area. If the particles are incompressible, this leaves channels which more readiigrallo

air to pass through, in comparison to smaller particulates where the opposite occurred.

Whilst both thetalc and PuralNF test dust exhibited a normal distributiofigure 16, the

observed volume density was more noticeable for PuraiiFalNF exhibited arelatively

larger particle size volume density about 0.29pm in comparison to th&alc powder. In

contrast, thdalc powder presented anawe r di st r i but i o 85una Bleut It
larger volume of particles in the <10um range suggested that the PuralNF test dust may
exhibit a higher rate ofdifferential pressure increasat the testfilter. The notably
concentrated volume of thialc powd e r 23um, c@upled with the narrowness of the
distribution, may suggest lower rate of differential pressure increase than the PuralNF test
dust.

A summaryof the particle size distribution of the two test dusts showRigure 16 and
Table8.
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Table8: Particle Size Distribution Summary of Two Test Dusts

Q pr Q um Q wtm

Test Dust Al A A
PuralNF 0.965 7.130 32.000
Talc 6.100 24.600 66.000

Particle Size Distribution of Two Test Dusts/Powders

PuraINF |
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Figurel6: Particle Size Distribution Difference @&lc Powder and PuralNF Test Dust

Multimodal particle size distributionsere observedor both the energy from waste (EfW)
site and Biomass Site asbownin Figurel7. Both sites utilized lime as a flue gas treatment,
with the biomassite also using powdered activated carbon (PAC). One of the difficulties in
replicating a fly ash sample is information pertaining to the particle size distritadioss

the spatial directions of the bag houStudies that generate their own particleesivom
atomization or use a standard test dust restricted the output in favour of repeafdibsity
reduced their potential outputwardsindustry. At an industrial scale, the bag house may
contain various cellsompartmentswhich each exhibit a set of unigque characteristics
affecting the particle size at any given thodmensional location within the
celllcompartmentConsequentially, witout multiple experimental and computational studies,
a certain limitation existed on the definition of a representative test dust substitute for fly ash.
Locational variation of particle size may show a distinct size distribution, which would affect

the lesults if the study aim were to simulate conditions of the site.
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For a representative fly ash particle size distribution from a given site, acquisition of multiple
samples from various locations would subsequently allow for a suggested, overall size
distribution. From this, it may be possible to blend test dusts in order to replicate the test dust
in terms of particle size. Although accountability for density is omitted in this method, it
would provide academically controlled research to be a step closamd®the replication of

industrial operations and therefore more attractive for future funding and improvements.

Site variation would also need to be accounted for when considering a site not previously
studied for its respective fly ash particle siz&trbution.

Particle Size Distribution of Pural NF vs. EfW/Biomass Fly Ash
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Figurel7: Particle Size Distribution of PuralNF vs. Energy from Waste (EfW) Fly ash and Biomass Fly Ash Samples
Retrieved from the Surface of Used Filtration Media

Filtration Velocity

Filtration velocity isdefinedby the distance at which the gas is travelliagtheair entry

point of the test filter per unit of time. As presentedrigure12, the surice area exposed to

the gas is circular. Due to the clamping mechanism, which fixed the sample securely, the
exposed surface area of the filtér is kept constant at 2.243x1n?, with a diameter

Q of 0.169m. The total volumetric flow of air0 through the filteris characterised by

vacuum pump, which is downstream of the test filter. This pump functioned as an induced
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draft fan, which pulled air through the test filter. At the interfacevben the main body of

the FAR and Dust dispersion unit, a permeable fabric provided airflow through to the test
filter, but omitted any test dust loss outside the FAR. The face velocity at the testiltey
determined, by the volumetric flowrate dlugh the vacuum pumpver the surface area of

the filterwhich calculated the velocity through the filter in units of length per unit time.

Throughout testing, air leakage/ingress into the F#d&&s assumed zero. To allow for this
assumption, a leakage tesn all fittings/sealants occurred to indicate any unwanted air
movement. The standard SOP on leak detection provided from the manufacturer, afforded a
methodology to conduct said test. This test yielded no evidence to support or suggest air
leakage/ingres to the rig. Each fixture and fitting were subsequently checked for correct
seating and tightness. Each jubilee clipbs
checked for tautness prior to test commencement to ensure achievement of a tighiseal. T
validated the assumption, providing the aforementioned checks where conducted and periodic

leak testing occurred as per the operational manual.

A massflow controller at the vaccum pummpntrolledthe user specified flowrate through the
test filter,and kept it relativly constant throughout experime8t&ven tests where conducted

at defined setpoints as shownTable9 to determine what effect the dust dispersion air had
on the mass flow recorde@omparative results between the anticipated and actual flowrates

are detailed imable9.

Tests A, B, and C used only the vacuum pump to define the volumetric flowrate. At the set
volumetric flowrate, the resultant means only marginally deviated from the set value. Test D
used only theompressed air supply from the RGB/dust dispersion unit, without the vacuum
pump in operation. Due to the vacuum pump not being on, the resultant airflow recorded by
the mass flow controller was zero. However, as there was an anticipated flowrate of
compressed air at 60 Lmih the anticipation was that there should have been a flow detected.
The mass flow controller is one directional, meaning the recorded data is the noise within the
sensor. However, expectation during the test was that even thouglctivenvaump was not
operating, the sheer volume introduced would naturally flow through and out downstream of

the pump causing a positive detection of a flowrate regardless of inoperability.
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Example Flowate at Different Setpoints and Sources 0.6
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Figure18 Example Volumetric Flowrate &a (Only) from the FARNote:SeeTable9 for Detailed Explination of the
Letters

Table9: Set and Actual Volumetric Flowrates

Vacuum Pump RGB2000 Total Anticipated Recorded

Letter  Set Flowrate Set Flowrate Flowrate Flowrate
(LminY) (LminY) (Lmin) (LminY)
A 10 - 10 9.99+0.03
B 20 - 20 19.95+0.05
C 50 - 50 49.97+0.04
D - 60 60 0
E 20 60 80 19.98+0.04
F 20 60 80 20.07+0.04
G 50 60 110 50.04+0.03

Differential pressure across the filgample indicated a negative value. In normal operation,
the differential pressure is determined by the subtraction of the downstream pressure probe
from the upstream pressure probe. This would yield a positive value. Occurrence of a
negative value suggesitehat the downstream pressure was higher that the upstream, which
would lead to a negative differential pressure. This negativity is therefore indicative of the
flow direction. In all subsequent tests, the negative differential pressure value affotded to
data occurred when the compressed air flowrate continued operating after the vacuum pump
had ceased operation. This suggested the air was leaving the FAR upstream of the test filter.
This led to the theory that the &dnin? left the FAR at the upstream permeable barrier due

to the pressurgradient This barrier is permeable enough to allow for a large airflow through

in either direction Flow of the air through the barrier, instead of travelling through the

downstream accaited for the omission of any recorded flowrate, due to the restricted flow
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direction of the mass flow controller and the negative differential pressure observed at the test

filter.

Tests E, F, G used both the flowrate of the vacuum pump, and the flofcatepressed air

from the RGB unit, which better simulated actual operational conditions. Whilst the noted
variation was similar to tests A, B, and C, the inclusion of the compressed air stream resulted
in a slightly raised recorded flowrate in comparisoithe set vacuum flowrate. This implied

that a small proportion of the compressed air supplied by the RGB fed to the vacuum pump
which resulted in the slightly higher value record&de mass flow controller worked in
combination with the vacuum pump éasure that the desired volumetric airflow through the
test filter was achieved; any excess would be forced out through the permeable barrier

upstream of the test filter until an equilibrium is reached.

Settling velocityis defined aghe critical velocity at which a particle must be travelling in

order to remain suspended in the fluid/flow paHor the filtration assessment rig, the
filtration velocity, (O), denoted the criteria, whereby(df Q O thenthe particle of size
dp will remain suspended in the stream.@t Q O particles will exhibit separation due
to the gravimetric force which would result @ndifferent particle size distribution at the
surface of the test filterThe settling velocitycan be calculated iy Equation25 [117],
correlated the particle density’ ) and size Q) against the gas characteristics and
gravimetric force Q to calculate the settling velocitym . Application of Equation25
[117] during the experimental design phase provided an insight intlikdilg particle size

distribution at the surface of thest filter.

‘ .17 Q0 o
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o

Equation25: Gravitational Settling Velocitj117].

Application of Equation25 [117] using the propertiefor PuralNF yietled Table 10. Results

reported that a settling velocity of 1.0Imis the minimum filtration velocity required to

keep all particles in suspension. This value of 1.01ats particle size of20umin Table

10 consideredhe particle to be perfectly spherichbr example, BS11057:20fAi r Qual i t
I Test method for filtratior har act eri zati on J202] eduiecd aface| e f i
velocity of 2mmint which equéed to 3.33x18ms?. At this velocity, separation would begin

to occur at 82 p @& L&A Deposition would therefore occur towards the vertical bottom
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of the test chamber depending upon the particles original position and trajectory.
Consequently, given the likelihood of separation, particularly at smaller filtration velocities,
factor mustbe considerediuring the experimental design phase, before the conduction of a
teg occurred.

Tablel0: Settling Velocity of Various Particle Sizes of PuralNF Test Dust Using the Settling Velgqitaijon25)

Particle Size  Settling Velocity  Particle Size  Settling Velocity

[ A inpum] [m inm/s] [ A inum] [m inm/s]
0.1 2.08x10° 10 0.01
0.5 4.76x10° 50 0.27
2.81x10° 100 0.79
5 2.66x10° 120 1.01

Separation of the particulate likely to affect the overall concentration exhibited at the
filtration surface. Therefore, a study on the separation is needed to ascertain the effect on the
resultant test. Alternatively, the initial concentration at which the test dust/powder is
deliveral has to be increased to account for the losses due to separation forces. The decision
is based on the test requirements. Consideration of the particle size distribution and settling
velocity, prior to the commencement of any tests, should be examinetk emstiearer

understanding towards the particle size distribution at the surface of the test filter.
Pulse Jet Cleaning Pressure

Pulse jet cleaning occurrdyy setting three variables in the software: cleaning type (time or

differential pressure), heademnk pressure, and the duration of the cleaning pulses

For the cleaningntime, the user specified the total time duration of the filtration cycle in the
software.The test filtersdifferential pressuréncreased until the allotted time had elapsed.
For cleaningon differential pressure, theet maximum differential pressure across the test
filter controlled the occurrence of a cleaning pul®ace this value occurred, pulse of
compressed air cleaneldetfilter. The software allowed the selection of both cleaning types.

In this instance, whichever value occurred fist would trigger the cleaning cycle.

Secondly, the header tank pressure ha@erationalrange of 68bar(g). Pressurewas
regulatedthrouch a valve and pressure gauge (visual). There is also a sensor within the
header tank, connected to the internal computer and software, which allowed for a more
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accurate wind header tank pressure to be se
interface. During testing, theexternal compressownas set at a higher outlet pressure than

required at the header tank. Doing so allowed for the header tank to remain at the desired
pressure throughout the test.

Lastly, the pulse duratiocan beset in the rage of 56500msec. Duration of the cleaning
pulse happened through the solenoid and diaphragm valve, whereby the opening and closing
time (pulse duration) is set prior testing The signal to the solenoid valve controls the
opening and closing of a dia@tgm valve, which allowed the compressed air to pass into the
cleaning nozzle. This nozzle is currently a pipe which is located at the central midpoint of the
test filter and conforms to BS11057:20HLA i r Qiu Bebt i ntethhod for filtration

characterizabn of <c¢cl eanalBORle filter medi ao

Commission test data revealed the potential implicatiorthef time resolution. During
commission tegtg, the differential pressure reading observedhe commissioning data
occurred below the baseline differential pr
instances. In these five instances, a recordegfative differential pressure across the test
filler was recorded Graphically shown,Figure 19 presented an example of the
aforementioned occurrence using a samgieeved in thedata. Upon activation of the pulse,

the test filter expands upstream due to the pressure differencdlexHacilitated the release

of the test dust from the surface. Upon the completion of the pulse clean, the resultant
pressure caused the filter to return back to the cage support wires. Compression and
expansion against/away from the cage support witksecur throughout any testigurel19
therefore suggested that this compression/expansion could be arbitrary recorded during

testing.

Given the ngative differential pressure recording, this could suggest that the direction of
fluid flow changed from downstream to upstream, resulting in a negative differential pressure
reading. The precision at which data recording is unknown. However, the occernc
negative differential pressure spikesHigure 19 would suggests that there is a chance for
data to be recorded somewhere along the pulse durasoshownby Li et al., [222]
particularly when considering larger pulse duratioRsis will impact the data, particularly
during the isolation of local minimums (the start of a new filtration cycle). Future

development of the data recording may examine the possibility to install a higher resolution
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recorder, to identify the exact poiaf the cleaning pulse and exact starting point of the next

filtration cycle.
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Figurel9: Differential Pressure Variation During Aging Phase of BS11057{202], Particular Attention Should be
Drawn to the Negative Readings of Differential Pressure and Low Flowrate Spikes

Data Recording

Current data probes record: differential pressure across the test and backup filter, downstream
temperature, and mass flowrate, at a resolutioonef datapoint pesecond. The software
internally presented the data graphically but provided the optioxpiartethe data in a .xIsx
format. Upon exportation, a unigue identification tag prescribed to the data allowed for
traceability back to its representative test conditions and information. A separate .xlIsx file
stored this data and tabulated the relevala@s fireference names. From this, previous
prehistoric data is readily available for future researchers if needed.

Future advancements of the FAR would see the resolution of the data redmdomge sub

1s intervals In addition, separation of the differential pressure to two unique pressure points
would allow for quantification of the variation between the upstreathdmwnstream of the

test filter. Lastly, insertion of additional probes would further enhance the data retrieved from
any conducted test. Sections 3.2.3 discussed this in further detail.
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Data Processing

Data processing occurred seautomatically using predetermined MATLAB code, which

stored and sectioned the data into its constituent variables. Upon completion of a test, the
combination of alldatafiles from testingtranspired (if necessary) prior to processing. From

this, the bespoke codeturnedthe data in more manageable formike analyst can then save

these variables for later, and/or progress to look at the data as desired. Currently, two
different codes exist: one for the standard testing a reporting as described in BS11057:2021
AAI r yQlebtt met hod for filtration c[2023amdct er i z
the second pertaining to longevity testing. Independent of this, an analyst can recall the saved
variabks for their own use. This developed interface is continually undergoing development

to increase ease of use, but to also automate the process of report generation.
Other Aspects of Rig Operation
Dust Dispersion Cover Maintenance

Part of the daily operati@ml and maintenance procedure is to remove the dust dispersion lid
for daily cleaning. Depending on the test dust/powder used, adhesion on the metal surface of
the powder/dust can occur. Once adhesion has taken place, the flow characteristics through
the arosol generator become variable, which may lead to potential problems occurring such
as a variable dust delivered to the FAR or backpressure. After two and a half pistons worth of
PuralNF, a significant air leakage at the bolts of the dispersion hedtedebuthe FAR

having to be shutdown. Upon removal, a significant amount of PuralNF had adhered to the
metalwork, as seen figure20. Figure20 (left) showed the rotatory brush, prior to the dust
cover and air inlet being removeligure 20 (middle) showed that large agglomerates had
formed between thbristles of the brush and the flow channel (from the bristles to the bottom
of the image). Furthermore, adhesion extended throughout the flow channel, particularly at
the walls, which indicated that this builgh had occurred untfhilure. Inspection iside the

nozzle also showed evidence of tHgure 20 (right) showed the same occurrence for the
flow channel on the bottom face of the dispersion cover, which further demonstrated the

adhesive builelp over time.

Moisture content may have aided in the facilitation of adhesion. Free moisture determination
slowed t hat the moisture content of Pur al NF

impossible to use completely dried powder, without having to commit to massive economical
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investments to reduce the atmospheric moisture. Upon drying, reabsorption began
instantaneously, which demonstrated that even if dried, by the time its incision into the piston

and compacted, moisture uptake would have occurred. The talc powder also displayed a
similar moisture content. Evaluation of the-aptensued, to evaluate if tatempressor drier

was operational, and that no fixtures or seals where damaged which would allow for air

ingress and therefore additional moisture into the aerosol generator. The dryer was working,

and no apparent air ingress points where noted.

Dust Flow
Direction and
Exit Poi

Figure20: Dust Dispersion Location (left), Aerosol Dispersion Face (middle), and Bottom Face of the Dust Dispersion Plate
(Right). Photos Taken After 3 Pistons of PuralNF Had Passed Through the Interface Between the Left and Right Images

This leak did not occur during any of the tests uétlc. Use of PuralNF during experimental
testing identified this problem. The original operational and maintenance manual specified
this test dust but did warn of its adhesive nature. Adhesion only ieg@a the metal work

and not on the glass. To determine the best method to clean the PuralNF off the metalwork,
Palas was contacted where they suggastew an ultrasonic bath and cleaning detergent to
remove the contaminants. Following cleaning, the FARcle&n andperational again.

To aid in the prevention of adhesion of the PuralNF in future tests, both the piston and
dispersion cover where desiged as daily cleaning items using the ultrasonic bath. After
each full piston use, cleansing and drying of the piston and dispersion cover commenced in
an attempt to prevent the occurrence of both adhesion and accidental leakage. For the surface
of Figure 8 (middle and right after the removal of the nylon brush, a small amount of
cleaning fluid on a cloth over the affected area allowed for the removal of the material from
the surface. Light wiping removed the adhered material without damaging the machined
surfaces.
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3.2.3 Potential Advances for the MMTC2000
Advances in the operation of the FA®uld yield far more data from a particular temshd

would provide a deeper understanding as to what is happening during the test. As such,
during the commissioningnd preliminary testing, any potential improvements that would be
advantageous to future studieere recordedThree key improvements towards the FAR, as

discussed below.
1. Implementation of a dust hopper unit

During longevity testingthere is a notable aamulation of powder upstream of the test filter.
Depending on this volume, it can cause a negative impact on the testing data. Preliminary
tests which used talc powder, showed that accumulation tended to occur at the vertical
bottom at the face of thedt filter. Over time, this led to a significant buig oftalc powder

which resulted in an artificially higher baseline differential pressure within the data. Once
manually removed, the baseline differential pressure recovered considerably. This
accumudtion decreased the accuracy of the resiilis negative impact on testingeeded to

be addressesnminently, particularly when conducting longevity tests which would require

near continuous operation and minimal downtime.

Implementation of a collectionopperreducedhe negative impacts to the data. Taliswed

for the filtered test dust to fall into the hopper and not collect at the bottom of the test filter.
Procurement of a hopper system, from Palas, provided the solution and allowed for quick
implementation to the existing FAR. This hopper fitted inline and directly upstream to the
test filteras shown irFigure 21. Upon completion of a cleaning cycline bulk of thetalc
powder (or other testing powder) woudd collected irthe hopper. This allowed the test filter

to remain unobstructed from the piaysly filtered test dusiThe consolidated powder within

the hopper could either be reintroduced to the piston cylinder or disposed of following
standard laboratory protocol.
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Dust Travels to Test
Filter and Falls into
Hopper Upon Cleaning

Figure21: The Dust Hopper hsitu (Left), Angled Overview Showing Hopper (Middle) and In Situ Photo Showing Filter
Sample and Hopper (Right)

2. Deployment of an iine particle analyser downstream of the test filter

In terms of future development of the FARsiillation of a Palafromo® andWelas®
aerosol sensor system from Palas, Germany would facilitate studies about the downstream
particle sizeand concentratiorexperienced during testing. Studies have previously used
different models of this equipmestich aKurtz et al.,[196], and Kurtz et al.[213] to study

the occurrence of downstream emissions frantest filter. Whilst other types of optical
particle counters (OPC) equipment exist (which use light scattering to detect and determine
particle sizes idine, such ad.i et al.,[137], and Lo et al.[193]), thePromo® andWela®

OPC sensor is designed to be used in conjunction with the MMTC200 and relevant software.
This would allow for quick and effective commissioning of the sensor within the current set
up. Consequently, any data processing would happen outside of the sofpareollection

of the raw data.

In relation to academic output, the OPC would demonstrate the evolution of particle
penetratiorsize and concertatigver service time. Given ultimate failure may be at a given
emission point, the OPC would provide an additiodata streamwhich would further
improvelongevity modelling. The OPC is also capable of identifying when a cleaning pulse
has occurred througthe spike in emissions as showy Li et al.,[137]. Collection of this

data could providenother datapoint towards the determine of ultimate failure.
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3. Additional pistons

During longertestingperiods a piston changeas requirednce the piston was empty to all

the test to continue until either conclusion or required another piston change. As such, this
may require 23 pistons per day over multiple days, especially dulomgertestingstudies

Reduction in the downtime would ttedore allow for quicker completion ddbnger studies

Whilst the test rig is in operation, a secondary piston could be prepared with the same test
dust, which would reduce downtime by a single switch of the used position for a newffilled

one. Thiswouldisgni fi cantly drop the downtime to abs
downtime is due to the requirement to move gigton down toits minimum position This
movementallowed for the removal of the primary piston and insertion of the secondary
piston. Tlerefore, a secondary piston is an economically viable way to improve efficient

operation through a significant reduction of projected downtime.

3.3 Chapters 4,5,6, and 76s Methodol ogy Stat
The following method statements introdddie analytical teeniques whichwere used in

chapters 4, 5, 6, and 7. Each chapter used a specific set of analytical techniques, which
resulted in the method varying between the chapfdissamples used in these chapters
originated from various industrial combustion sigesoss the U.K. Each chapter performed

academic studiesn industrially relevant filtration media.
Section 1.5 summarised the aims and objectives of each of the chapters/studies.

3.3.1 Chapter 4: Methods to Clean the Filter Media
BS22031:2021h Sampl i ng and test met hod for cl eanat

systems in operati@an[16], section 5.4suggested various methotts clean the filtration
media into a post cleaned state. A total of four techniques whagested but no
information ona preferred cleaning methaa methodologywas givenwithin the standard.
To determine the most appropriate technighe, use ofindustrially usedfiltration media
allowed for the results tbe more relevant to industriResilts from the study would aid to

guide and develop the standard.

The filtration media used was a P84/PTFE needle felt, with a PTFE scrim. The origin site was
an Energy from Waste Site within the U.Rhe original material data sheet can be found in
Appendk A for Site B The time in service was unknown and not provided fromsttee

Table 11 demonstratedhe stagesthat occurredo obtain the datawhich helped to aidhe

suggestion of an appropriate cleaning technique.
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Table1ll: Chapter Methodology to Evaluate Different Cleaning Methods

Stage

Description

1) Sample Preparation of
Used Media

Acquisition of a 30cm (vertical height) sample from the remair
media. Incision at the stitch allowed the media to become fla
further 5cm x 5cnsample, removed from the 30cm sample, allov
for mass and thickness evaluation.

A total of five samples allowed for the evaluation of each met
stated in Stage 3.

2) Evaluation in the As
Received (AR) State

Evaluation of the Air Permeability, Mass, amtickness according t
laboratory standards. Air permeability evaluation occurred three t
in random positions at 200Pa and a surface area of220¢ra 5cm x
5cm sample underwent thickness evaluation using a digital thick
gaugeto two decimal place (mm) The mass of the same sample u:
a weighing scalgave the mass tihree decimal placdgrams)

3) Cleaning Method Under
Assessment

Compressed air, scraping, brushing, washing, and dust vacut
where conducted on the surface of the filter sample.

Conduction of air permeability, Mass, and thickness evaluations s
in Stage 2.

4) Dust vacuum of Sample

Each sample then underwent dust vacuuming, based on pre
laboratory experiences. Performance of the evaluation method in
2

5) Data Review

Ead of the five samples had three distinct groups of data, w
allowed for comparison of the methods.

3.3.2 Chapter 5: Mass and Thickness Variation on a Given Sample

Like section 3.3.1, a sample of used, industrially derived, nonwoven filtration rgade

more industrially relevant results, which allowed fbetter methodology development of

technique(s) ThoughBS22031:2021i Samp | i ng

a n d cldamalsla fitemmeadia o d

taken from filters of systems in operatiofil6] mentionedboth mass and thickness,

omitted a cleamethodologyto determine the mass and thickness valdesinitial starting
point was the British standards 29073 paiiDle t er mi nat i on o f230head s
part 2 fiDetermh at i on o f[231}, hwvhiah kprescebedd a methodology for the

determination of mass and thicknegsclean nonwoven medr@spectively. These standards,

in combination with current laboratory practices where combwivbdth led toa high

resolutionstudy on a single sampleing conducted

Chapter 5 discussed the differences between imaits and thicknessethods. Ultimately,

the study aimed to determine an approprasmplingmethodfor mass and thickness of a

given samplesize which could be adopted into BS22031:2G2F5 almg and test method

for cleanable filter media taken from filters of systems in opera{ib®]. Adoption into the

f

per

standard would require a statistical assessment of the number of repeats needed to obtain a

representative result of the globahgae. Furthermore, consideration towards any additional

information obtainable from the sampl@as considered.
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3.3.3 Chapter 6: High Resolution Air Permeability
A used nonwoven flue gas filtration bag, derived from an energy from waste combustion

facility in the U.K., allowed for the air permeabilitp be mapped across isirface area.

Like Section 3.3.1, the site did not provide any further information about the bag. In addition
to the used bag, the site provided a newl/virgin bag for comparison. €hdigihowever
provide a material datasheet for the new bag, which allowed for the conduction of further
analysis(see appendix A Site B)Air permeability was performed in accordance to the
parameters laid out iBS 907315 fiDetermination of airp e r me a f2B2]. iEack o
evaluation point on the media was at a fixed sample differential pressure of 200Pa and

surface area of 20

New/virgin media was evaluated in accordance vidth 907315 fiDetermination of air

per me a [2382] The ytotal surface area available for evaluatadnthis samplewas
>1200cn¥. The only deviation from the standard was that ten random sample locations where
assessed, which was more than the minimum of three required by the standard. Discussed
further within Chapter 6 is the sample preparatemrrepresentation, and catédtion of the

air permeability machine.

The air permeability mapping used a matrix structure to store the locational information and
data of each result from theer permeabilitytest. This transpired through the media being
prepared in such a way thatoaled it to become flatas opposed to its original cylindrical
form. Both the new and used filtration bag underwent the same prepatapsn

The data retriewe allowed for wide scale statistical testing, understand the variation.
Random sampling,ral fixed position sampling provided an insight into the effects on the
resultant mean, in relation to the global mean. Furthermore, fixed positioning demonstrated
what could happen if an analydid not apply arandom position samplinghethod This
provided a wide range of results, which could further support the developed methodology for

air permeability assessment of a used, nonwoven filtration media bag.

3.3.4 Chapter 7: Critical Evaluation: Preliminary Longevity Data
Chapter 7 explored variouanalytical techniques which may be used to complement a

longevity model. This chapter used two samples: industrially used filtration media and
virgin/new medial both from site C. The datasheet of virgin/new media is located within
Appendix A site C.
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Longevity modelling aimed at predicting the remaining life wéed filtration media. A
preliminary test performed using the FAR saw two samples ran to fallbesoperational
parameters of the FAR were selected ¢thased
better represented industrial practice. Test yielded two distinct data categories for each
sample: the prep and posbp characteristics of the media. The data received for these two
categories required the physical sample to be te&iegermeabiliy, mass, thickness, SEM,

MCT, and analysis of the online data from testing were used to evaluate the filtration media

HCT is an emerging analytical technology, potentially capable of evaluating the sample.
Based on the limited literature, Chapter 7 présgran exploratory study of this technique.
This exploration raised further questions and concepts which future researchers may find
useful. Overall, preliminary uCT results showed, in combination with theyXprofile

views, illustrated the porosity vation through the sample, suggesting regions of

higher/lower deposition.

To complement the data obtained from analytical techniques, the data retrieved from the FAR
was evaluated. Evaluation of the data focused on how a longevity model may be developed.
As CoD was used for the tests, the datapoint immediately after pulse cleaning was isolated
and its subsequent data noted. Analysis of these datapoints for both samples suggested similar
patterns within the data. These results where limited due to only twmples being
completed. As such, the results only suggested how the model may be developed as opposed

to suggesting a definitive model.

The critical analysis of all results, in both isolation and comparison, suggested a pathway in

which future research ohé subject may lead.
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Chapter 4: Determination of an Appropriate Cleaning Method

4.1  Introduction
A variety offilter cleaning methods can be employed, as stated in BS22031282da mp | i n g

and test method for cleanable filter media taken from filters of systems in opefatdrto
convert the filter from the as received (AR) state, to a post cleaned (PC) state. The definition
of cleaning isto removefiltrate from the surface of the sample. Filtrate encountersithe

entry surface of the filter, whereby collection can occutlom surface, or depths, of the filter
(depending on design amwndition). Completion of cleaning allowed for the evaluation of

the sample in the PC state. The aim of this analyasto determine how the filter media has
changed from its original condn. Various cleaning methods, such as: shaking, brushing,
scraping,anddust vacuuming, exist to perforthe cleaning of the filter. Methods presented
within BS22031:2026% Sampl i ng and test method for cl| ean
of systemsn operation [16] where assessed|ongside a new method: washinyashing

was evaluated based on laboratory observatimre some filtrate appeared to dissolve into
solution when agitated in wataihilst the standard does not specify a defiritcleaning
method, there would exist an unquantified variability between the different metotbsit

from this work has been shared and considered by the British Standard Institute (BSI)
subcommittee group with a view to reviewing and improving thelighdd standard

methods.

The importance of this study wae better understand the effeittat different cleaning
methods have on the results/dathtained from performing analysis in the PC state
Evaluation of washing as a cleaning method also occugrédy e n t he st andar dos
the use of any additional cleaning method. Theoretically, a 100% effective clean would
remove all the filtrate from the sample. During cleaning, removal of any internal deposits to
the filter may be impractical, withoutibjecting the filter to intense cleaning and treatment
processes. Given this, the cleaning method may fail to perform a fully effective clean, which
would leave aminknown quantityof filtrate remaining within the filter. Avoidance of internal
deposits ismpossible and is a natural phenomenon in filtratitrere filtrate smaller than the
pore size can deposit inside the media which is difficult to remove through cleaning
However, if an effective removal of surface/cake filtrate was possible, assessnfiéiet of

media variation is still a viablebjective
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One alternative cleaning method is to clean the media to its specific operational cleaning
specification(s). For pulse jet filtration, this would require vertical suspension of the filter
against a cagefollowing this, cleaning would occur using a pulse of dry and olil free
compressed air at a given pressure, nozzle design, and pulse duration, which is representative

of the original cleaning parameters. BS11057:201A1 r Q@ Uest method fofiltration
characteri zati on o0 f202]csuggestedaabschematicifdr this diegme di a o
method. One potential benefit is the resdittam the evaluated PC stateould provide a

greater understanding into how the remaining filtrate on the surface of the sample affected
operation. However, one difficulty with this method is the reliancknmwing the exact peak

pressure from the sampleds original |l ocati on

Experimental studies, such Aadersen et al[201], Sievert and Lofflef217], and Li et al.,

[220], have shown that the peak presswiréhe cleaning pulseariedalong both the vertical

height of the full filtration bag and pulse line. Replication of this in the laboratory, would
require a deep understanding of the entire bag house, including the associated pulse variation.
This led tothe assumption that, regardless of the filtration bags position along the pulse line,
and the samples respective vertical height, constant cleaning parameters occur at every spatial
position of the filtration bag. Extension of this assumption, acrosative bag house would

occur, unless specific operational data or cleaning parameter data is available. Consequently,
the assumption would negatively impact the results due to over or under cleaning of the filter.
The assumption therefore implied that thlaé removal of filtrate is equal to the exact
conditions experienced during normal operation, which given the previously mentioned
variation, is questionabl®ueto the potential for significant variation, and omission of-site
specific operational data/uation, lead to the rejection gfulse cleaningas a cleaning

method.

4.1.1 Methodology
This studyutilized a used nonwoven filtration media filter bag, from an energy from waste

(EfW) combustion site within the U.KBy using industrially relevant media, the results
provided more representative dataan industrial levelAnalysis required isolation of five
sanples at 30cm in vertical height/length interviitam the usediltration media. An incision
at the stitch allowed each samplebwlaidflat, as opposed to cylindrical. Next, removal of a
5cmby-5cm sample, from each of the six samples, allowed for theduction (and

determination) of mass and thickness across all test methods assessed. The remaining surface
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area of the sample underwent air permeability determination, which consisted of an

assessment of three random locations at a differential pressass ghe sample of 200Pa.

Once evaluated in the AR state, analysis was again receaddfaitowing cleaning. Each
sample underwent a specific cleaning method as describeabie12. Following this, each

sample was vacuum cleaned and evaluated again. This led to each sample having three
categories of data: AR, Test Method, Vacuum (PC). Performance of vacuumingegpost
method, transpired due to the visual observations prior to this studysa@doous samples

from different combustion sites. This allowed for comparison between all the assessed test

methods and vacuuming.

Table12: Description of Cleaning Methods Assessed

Test Method Description
Dust Vacuum(only)  Across the full surface of the sample
Shaken Vigorous shaken occurred until no visual removal noted
Using a clean, soft brush, brushing the filtrate deposit to the side towart
Brush
edge of the sample.
Scraped Scraping of thdiltrate towards the edge of the sample
Compressed air Exposure of compressed air to the surface
Subjection of the whole filter to a washing cycle at ambient temperature
Washed This cycle consisted of agitation of the sample, rinsing, and spinning.

Drying occurred in a drying over at 105°C, until fully dry before testing.

4.2 Results and Discussion

4.2.1 Visual Assessment

Images of the test method clear (@w) and vacuum clean @ow) are shown ifFigure22.

Compressed
Brushed Scraped Air Washed

Figure22: Visualisation of the Air Entry Sidef the Sample Post Test Method Clean (Row 1) and Vacuum Clean (Row 2)

Visual observations of the air entry surface displayed different leveldratdiretention after
test method cleaning as shownhRigure 22 Both the shaken and compressed air methods
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appeared to have retained a proportion of filtrate on the surface. In contrast, an apparent
larger proportion of filtrate remained on the shakenmant-iltrate removal occurred due to
the applied separation force being greater than the adhesion forces of the filtrate to the sample
[99], [261] Therefore, the effectivenes$ ®moval is proportional to the separation force

applied buis then also dependent on the ability to collect/remove it from the surface

For both the brushing and scraping methods, a residual layer of filtrate remained on the
surface. For these methodke separation of filtrate from the filtration media occurred
through the motion of the instrument against the surface. Removal of the fitio&t@lace

once the brush/scraper reached the edge of the sample. Due to surface heterogeneity, the
movement othe instrument caused accidentedeposition in the pores immediately at the
surface of the filter media. Once this accidental deposition had taken place, the filtrate
remained, even if repetition of the cleaning method occurred. This resulted in deeame
shownin Figure22. This motion effectively redistributed the filtrate into the uppermost pores

of the filter media, which led to a more homogeneous surface in comparison to the original

surface.

Both dust vacuumingand washingyieldedvisually comparable results. As shko in Figure

22, visually little/no filtrate remained on the surface of the media. For dust vacuuming,
suction of air, away from the filter, removecetfiltrate from the surface. In contrast, the
washing process removed the filtrate through a mixture of agitation and dissolution within a
solution. Given the visual similarity between ttest methodsvashing and vacuumingt

could be preliminary concledl that they are similar in removal efficienciessed on the

ability to see little to no filtrate left on the surface of the media

However, unlike the other test methods, washing may yield a higher filtrate removal
efficiency. Increased removal efficiey would occur if a proportion of the filtrate dissolved

into the waterused to clean the sampdering washingObservations made during cleaning

saw the colour of the water change from colourless to a grey translucent colour. An
unquantified volume ofhe filtrate therefore could havelissolved into solution, which
suggested the possibility for filtrate in the depths of the filter to also precipitate into solution.
This may facilitate removal of a proportion of the depth filtered filtrate, during thatiagi

and drying phases. This observation may suggest that washing may be more effective at
removing deposits below the surface of the filter. This ideology needed fimtfestigation
andstudies to determine if this theory is valid and if so, to wktere.
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4.2.2 Sample Mass
Theresults determined from analysis of sample mass for each AR, test method, and vacuum

in gramswere presented iRigure23.

In comparison to the other test methods, washing suggested the best recovery when compared
with the subsequent vacuum clean of the santpi¢h the washing and subsequent vacuum
cleanyielded similar massvaluespost analysiswhich resulted in a 100% recovery, as shown

in Table 13. Shaking test method performed the worst out of the dataset, which yielded a
34.27% recovery. All other test methods performed better, with recoveries betw&2f60

but still failed to reale a recovery similar to 100%. Definition of the recovery percentile is the
percentage of recovery between the testing metlatal (air permeability, mass, or thickness)

over therecovery data (of the sananalytical method) whenthe dust vacuuntlean was

applied after the test methddiscussed further in section 4.2.5).

Discountingthe test methoevashing, all test methods left a visible amount of filtrate on the
surface of the sample. This retention of filtrate affectedntiagsresults. Given the aim of
cleaning is to determine how the filtration media had changed during service life, filtrate
retention on the surface increased the mass, which artificially suggested that a greater
proportion of depth filtration had occurred. Given the further recowpop vacuuming each

test methodit showed that the test method still retained a varying degree of filtrate on the
sample.

Sample Mass Difference Between States

T

[ AR
[ Test Method
[___1PC (Vaccum) |

Mass (g)

Shaken Brushed Scraped C.Air Washed
Test Method Conducted

Figure23: Sample Mass Data
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4.2.3 Sample Thickness
The results determined from sample thicknesslysis for each AR, test method, and

Vacuum in millimetresire presented iRigure24.

31 Sample Thickness Difference Between States

[ AR
[ Test Method

3rF [_—_1PC (Vaccum) |
29} I |
28 §
27t ]
26 i
25} H ]
24 H L1 @ I—I Al l H

Shaken Brushed Scraped C.Air Washed
Test Method Conducted

Thickness (mm)

Figure24: Sample Thickness Data

Likewise for sample mass results, test method washing yielded the best thickness recovery.
Similarity between the washing and sefypgsent pst clean (vacuum) results of the same
sample led to a 96.30% recovery as showTable 13. Again, the shaking test method
yielded a poor recovery at 27.78%. In contrast to the low recovery of the shaking test method,
brushing yielded a higher recovery at 95.24%, followed by suyagti 73.33%. This recovery

is due to the motion of an instrument across the surface, which removed a considerable
proportion of the filtrate. However, this method changed the heterogeneous surface of the
sample into a more homogeneous surface throughsdepoof filtrate within the surface
pores. This deposition accounted for lower recovery of the sample mass, but showed that
once the instrument had passed, it yielded a near comparable thickness to that of the vacuum
clean that subsequently followed.

42.4 Sample Air Permeability

The results determined from sample air permeability analysis for each AR, test method, and
Vacuum(in Ldm?min?) are presented iRigure 25. For comparative analysis, inclusion of
eachsamples mean air permeability in the vacuumed st@teFigure 25) allowed for direct
comparison between the test method and vacuumed reBhiksisrepresented ifrigure 25
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by a crossplot for each representative test methdal. addition, the upper and lower

confidence interval at 95% feachrespective test method is also included

500 Sample Air Permeability Readings For Each Test
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Figure25: Sample Test Method Air Permeability Mean Data vs. Savateium Mean

Both the brushed and scraped test methods presented with a significantly lower air
permeability than their respective AR states. This observation was likely due to the blockage
of the surface pores, which restricted airflow through the megiaiéualised ifFigure 22).

This observation led to a significant difference between the vacuum state and the test
methods stated air permeabilitys A& result, both these methods presented significant issues

to evaluate the sample for air permeability.
Recovery variancéor the shaken test method was 62.88%. Discounting the brushed and

scraped method, this test methods low recovery suggested tisatttieg of the sample was
ineffective at separating the filtrate from the filter. Whilst some filtrate was removed, a large
proportion still remained which contributed to the low recoveryompliance with BS9073
15:2008fDetermination of air permealiiliy[#32] and BS22031:202f Sa mp|l i ng and
method for cleanable filter media taken from filters of systems in opeddfi6hthe mean of
three andom sample points @ssumedepresentative of the overall sample surface area
examined. Whilst this may be a suitable assumption for new/unused media, given the
variation of filtrate retention (as shown kilgure 22) this could lead to a degree of variation
in the obtained results from analysighich cast doubt upon this assumptigmarticularly
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where varying degrees of filtrate retention existedtlus air entry surface of the sample
Chapter 6 discussed this observation of potential variation within a given sample surface area

further.

Test method @mpressed air exhibited the low&&% confidence interval atl.6 Ldm?min’

of any test method. Téicould have originated from the assumption that three random
sampling positions are representative, given a degree of filtrate attention as sHeguren
22. If the random locations chosen where simifaterms of surface filtrate retentipthen
this would result in a similar mean and leanfidence intervalConversely, if thesurface of
the ample changed between sampling positiahe resultant confidence intervatould
increase due to the varying anisotropy of the selected sampling podiorise shaken test
method, random sampling may have interfered with the perceived mearsatidl in a
noticeably higher confidence intervalnlike the shaken method, the remaining filtrate on the
surface of the compressed air sample appeared to be present\asumalig uniform surface,

which couldhave accountefbr the lowerconfidence intervaralue.

A certain randomness existed within the resultant confidence interval, based on the location
of sampling and number of repeats (3). Consequently, this randomness attributed towards the
noted variation. However, it must also be noted that variatidhe base media itself will

also likely contribute to this variatiorFor example, thecompressed air and subsequent
vacuum meartifferencewas 7.8 Ldrifmin, showing some retention stificcurred which

was seen visually between the two states.

Comparisn between the sample test method mean and vacuumgaeaan indication of

the efficiency of air permeability recovegfficiency. Preliminary visual testing (conducted

prior to the study) suggested that the vacuum method yielded the greatest recawery of
filtrate from the surface of the media. This facilitated the assumption that the vacuum method
was the most effective. For test methods shaken, brushed, scraped, and compressed air, the
air permeabilityresults suggested that the assumpheld true given the removal of the
remaining filtrate on the surface pdsst method, but also given the increased air
permeability post vacuum. Given the difference between the test and vacuum means for these
samples, the vacuum method provided a meifective filtrate removal and thus air

permeability recoveryor these methods
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Intriguingly, for the washed test method and vacuum mean, an apparent asymptote existed.
Given the closeness of the resultant means, further removal of filtrate was rioimal
observableduring the vacuuming stage of the sample. This suggested that both the washing
and vacuuming methods are equally efficient at filtrate remdwaithermore, given the
overlap of the confidence intervals, it suggested that both the testdmatitb vacuum
datasets where similar in terms of resultant valAe®ther alternative from this data could

be the suggestion that the washing method could be more efficient at recovering the air
permeability, owing to an unknown amount of dissolution witthie depths of the filter
during washing, which the dust vacuum would have failed to remove. This would require

further testing with various filters/filtrates to either prove or disprove accordingly.

An additional sample was removed from the bulk AR rmedhnich underwent vacuuming as

the test method, followed by a wash to better understand the impact of vacuuming on the
sample Identical analysis to this study allowed for comparison of both groups of results. The
calculated means for the vacuum and wasttates returned a similar difference as to the
washed and vacuum state sampfefiltrate dissolution had taken place within the pore
structure of the sample, it was negligible and therefore would not impact the resultant data.
For different media/filtree, repetition of this study will allow for the determination of the

most effective cleaning method for the given media and filtrate.

4.2.5 Percentile Recovery

The recovery percentile gefined aghe percentage difference between the testing method
meanover thePC (vacuum) mearrThis fraction yielded a percentile of how close the test
method came to the vacuum clean, under the assumption that the vacuum clean was the most

effective to facilitate filtrate removalhese resultare pesented imable13.

Table13: Percentile Recoveries of Various Test Methods

Test Method Percentile Recoveries

Shaken Brush Scraped Compressed air Washed

Mass 34.27% 72.87% 64.25% 60.78% 100.66%
Thickness 27.78%  95.24% 73.33% 33.33% 96.30%
Air Permeability  62.88% -76.95%  -51.78% 72.23% 100.53%

Most notable inTable 13 is the recovery percentiles of the washing test method. This test

method performed the best overall, presenting the highest recovery percentage for each
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analytical test conducted. For sampiass and air permeability, a percentile over 100%
occurred. For sample mass, the recovery percentage above 100% occurred due to the
accidental deposition from vacuuming the sample. A small amount of residual filtrate
accidently remained on the vacuum nezahd was subsequentlyentrained on the surface
which increased its mass by a0.01g. This ac
comparison of the mass and thickness results was achievable due to the repetitive nature of

the analysis about treame sample.

For air permeability, the occurrence of a +0.66% above the vacuum air permeability in the
washed test method data likely originated due to random sampling location. As discussed,
random sampling resulted in a degree of anisotropy due toasepacations on the surface
area of the sample exhibiting different structures. Given that both the Vacuum and Washed
surfaces where visually identical, coupled with the resultant air permeability difference of
|0.34 LdnPmin?|, this difference was likgl due to the media structural difference from

random sample positioning and not the filtrate.

Recovery of air permeability for the test methods brushed and scraped saw a negative
recovery percentage. As shown visuallyFigure22, a near smooth layer of filtrate remained

on the surface. Retainment of filtrate at the surface blocked otherwise open pores which
restricted the air flow through and therefdead to a lower air permeability. This led to a
lower air permeability than the as received state of the sample, which gave rise to the
negative recovery. Given this negative recovery, their suitability in cleaning the filter for
analysis in the PC staie questionable. Another factor in the resultant percentile recovery is
the random sampling position during air permeability testing. Consideration of the anisotropy
of the fibres per surface area, coupled with the random sample positions when conducting
testing, could increase the likelihood of yielding a less representative percentile recovery.
Further work, presented in chapterés 5 and 6

thickness, and air permeability.

Collectively, for mass and thioess, the recovery was minimal for the shaking test method
due to a significantly higher retention of filtrate than the other methods within the same
category. In comparison, whilst the compressed air method removed twice the filtrate mass as
the shaken ethod, the thickness recovery was comparable to the shaken method. This is due

to a higher retention of filtrate on the surface, caused by insufficient separation forces,
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redeposition, and general failure to remove the filtrate from the air entry susaicé, lead

to the thickness being similar.

Further analysis between the compressed air and shaken test methods for air permeability
only showed a al1l5% recovery difference in f
100% difference in recover of tleample mass. This suggested that whilst a greater amount

of filtrate removal occurred, the remaining filtrate on the surfstdé restricted the air

permeability recovery.

Regardless of the test method used, the laboratory employs an extraction system wit
additional HEPA filters to collect the filtrate to prevent it going to the atmosphere. Bulk ash
is collected and stored in multiple layers of containment to mitigate against accidental release
to the atmosphere. The collected ash is then disposed@#iiod local requirements for safe
disposal. The vacuuming test method mitigates against aerosolization given the suction force
drives the filtrate and air into the bagged unit. Any ash that is not entrapped by the vacuum
either falls into a hopper on thateaction system or is deposited on the HEPA filters. Other
methods, such as shaking, increase the risk of deposition outside the confinement of the
extraction system and could lead to breaches in the workplace exposure limit in the
laboratory, as well asash deposition on other surfaces which increase the risk of cross
contamination. Consequently, vacuuming appeared to be the safest way to perform the
cleaning step, with the collected ash easily contained for disposal.

4.2.6 Statistical Testing

As the sample testing for mass and thickness followed standard operating practices for the
laboratory, no repeats where conducted. This practice limited the statistical analysis of this
study to the air permeability datBhe differencebetween the test metti@nd subsequent PC

(vacuum) was calculated and shownTiablel4 Chapt er 6s 5 and 6 di scu
variation across a given surface area,n@ass, thickness, and for air permeability, including

any noteworthy statistical significanc€his limited analysis to the air permeability results,

where three random sample positiovereassessed per sample, per state.

Initial comparison of thair pe@meability results suggested that the washmngthod waghe

most effective at removing the filtrate from the sample. Whilst the compressed air method
was close to the vacuumed air permeability, all other test methods had a distinguishable
difference in tems of air permeability recovenpBoth the washed and compressed air test

methods yielded a comparatively low differenicecomparison to the other test methodll.
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differences noted iffable14 are visualised ifrigure25, whichaid in showing the difference

between the test method and PC (vacuum) states.

Table14: Statistical Summery

Test Method

Air Permeability Shaken Brush Scraped Compressed air Washed

Mean Difference Between Vacuum and Té

Method (dm2min) 13.85 69.24 61.50 7.73 -0.34
t-score -5.6337  -9.9453  -12.9937 -1.7968 0.0385
p-value 0.0150 0.0049 0.0029 0.1071 0.5136

For the brushed and scraped test methods, their reduction in air permeability led to a
significantly larger difference and percentile recovery. Whist minimal recovery took place for
the shaken method, a 13.85 Ldmin™ difference suggested, in combination with other data

and visual observations, that the recovery was neither uniform remti@dy comparable to

the samples vacuumed state. Compressed air (test method) performed better, which yielded a
lower difference. A negative difference for the washed sample occurred due to the mean air
permeability of the washed state being greater tharvacuumed state. This occurred due to

the randomness of the air permeability sampling positions which evaluated different surface
areas of the media and thus a degree of anisotropy existed within the results as shown by the

confidence interval.

Utilisation of a ttest on the air permeability data determined if the proposed test method was
statistically significant in relation to the vacuum method. Criteria selection to establish
evidence for the alternative hypothesis was determined prior tgsaéb protect against

data bias. Criteria for the test was set at 5% significance level and two degrees of freedom,
resulting in a two tailed-distribution score of |4.303|. A two tailed test assessed the potential
resultant mean of the test method ifall either side of the vacuumed medrable 14
summarisedhe results from testing, showing the respectigedre and value from the

analysis.

Resuting evidence supported the alternative hypothé8isf for all
test methods excepor the test methodsompressed air and washe¥part from the two
aforementioned test methods, these methslusved a statisticallignificant difference

between the means. This also translated in the resulaatue which corroborated this
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finding given P<0.05which supported the evidence to support the alternative hypothesis. In
contrast, the compressed air and washed test nwetbhodported the null hypotheses,
0dg ‘ . Compressed air was less supportive of the hypothesis, given an
absolute larger-$core/smaller qwalue in comparison to the washed method. Whilst the
compressed air method revealed evidence for the null hypothesis, the visual observations
between itself ad the washed were different due to thsual retention of filtrate on the
compressed air sample. Consequently, consideratitimeofisual filtrate retention is just as
important in the determination of an applicable cleaning method as the statisticaitiev.

As a result,Table14 largely corroboratethoth the visual results dfigure22, as well as the
findings fromFigure 25, but only the washed sample showesitherstatistical significance

or any visual retention of filtrate on the air entry surface

4.3  Practicality Implication of Test Methods

During large sale testing, the time required to prepare the filtration bag for analysis is
therefore dependent on the cleaning methodology employed. Subdivision of the filtration bag
saw it divided into three distinct samples as described in BS22031i2@24 mp | itestg a n d
method for cleanable filter media taken from filters of systems in opeodfi6h Following

analysis in the AR state, performance of the cleaning method converted the sample into the
PC state. As a result, the selected cleaning method needed to be both effective at removing
the filtrate and minimise preparation time. Under current labograstandard operating
practices, the cleaning method employed is dust vacuuming. This decision is largely due to
the visual assessment, which gives a good visual indication to effective cleaning. As a result,
any alterations to the cleaning method neecbtusider the time impact to prepare the sample

for post cleaned analysis.

Whilst the washing test method provided a similar clean to the vacuum cleaning method, due
to its submersion in a liquid, it required additional preparation time to dry the saniple be

the commencement of analytics. Drying saw the sample placed in a drying oven for a
minimum of two hours to remove the residual moisture from washing. This caused the time
required to complete analystd the sample to increase significantip turn, affected the
sample turnaround time. Furthermore, given the limitation of space within the drying oven, a
backlog of samples could occur when multiple filtration bags required analysis, which could
lead to sample misplacement. This would further delayotlezall sample turnaround time.
Therefore,the washing test method may not be practical for a large number of sample

required for analysis givahe significant increase in preparation time.
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Apart from washingsampleanalysis occurred immediately aftemnsplecleaning Evaluating

one filtration bag at a time allowed for easier sample management given the reduced
preparation needed, such as drying, before assessment and saw sample turnaround time
remain withinlargely similar turnaround timeglowever, ifwashing occurred, utilisation of

the drying time would see more samples prepared, which increases the chances of sample
misplacement due to the backlog caused by the maximum allowable number of samples
within the oven at any given time. Consequertthg, ncreased preparation time for washing

as a cleaning method led to it being less favourable given the potential for lower sample

throughput and increased preparation times.

For brushing, scraped, shaking, and compressed air, varying degrees of aerasofizhto

filtrate can occur. All sample preparation occurred on an extraction bench to mitigate the
associated effect of aerosolization. Compressed air cleaning used a pressurised air supply to
blow the filtrate off the surface. This caused a significaspatrsant of the filtrate into the
surrounding air, despite operation of the extraction bench. This also occurred for the shaking
test method. Discouragement of these methods, to clean the filter, will reduce the potential to
exceed the workplace exposlirait, as per the associated COSHH forms for safe laboratory
practice. In comparison to compressed air and shaking, a noticeably reduced amount
aerosolization occurred due to the brushing, scraping, and shaking test method preparation,
however the same remmendation applied to both the compressed air and shaking cleaning
methods, which would help to ensure that the workplace exposure limit is as low as
reasonably practicable.

As a result, the vacuum test method appears most suitable from a practicality view given: the
reducedpreparation time, ease of use, reduced workplace exposure, and the ability to safely
collect the filtrate for further analysi¥acuuming collected thelfiate into a storage bin,
which allowed for further testing of the filtrate as required. In addition, it led to a
comparatively reduced amount of aerosolization, whereby the filtrate removed was safely

collected into the vacuum system.

4.4  Conclusion, Further Work, and Novelty

4.4.1 Conclusion
BS22031:202 Sampl i ng and test met hod for <cl eanat
systems in operati@n16] requred the assessment of used filtration media in two states: as

received (AR) and post cleaned (PC). Whilst the standard gave analysts a choice of cleaning
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method to employ, it also allowed for an entirely new cleaning method to be employed. The
underlyingassumption is that, regardless of the selected cleaning method, the resultant clean
would produce a similar result. Consequently, analysis across various cleaning methods
(including the addition of a new method: washing) ascertained the variation exlhibited

each different method through mass, thickness, and air permeability assessment. The use of
industrially relevant samples allowed for a better understanding of the implications of the

results/recommendations if they were adapted into the standard.

Overall, this study used five samples from a used filtration bag from an EfW combustion
facility in the U.K. Assessment occurred in three defined states: as received, test method, and
vacuum cleaned. Following the test method, vacuum cleaning allowed fasgbssment of

the remaining filtrate podest method.

Overall, the test methods brushed and scraped performed poorly at recovering the air
permeability due to the method of spreading the filtrate over the surface of the media. This
led to a lower air peneability than thie as received stade which is not possible under

normal operation. Filtrate retention also increased the sample mass, which affected the
interpretation of the results which suggested a greater internal deposition occurred.
Subsequentacuum cleaning removed the residual filtrate from the surface and resulted in a

higher air permeability.

Both shaking and compressed air test methods had less retention of filtrate on the surface of
the sample, in comparison to the brushed and scrapdtbdsetHowever, compressed air
provided statistical evidence to support the null hypothesis that the air permeability results for
the test method and vacuum cleaning were similar. In contrast, the shaking, scraped, and
brushed test methods yielded evidefmethe alternative hypothesis. Once vacuumed, the
mass and thickness of the samples reduced further which suggested that there was still a
degree of variation in the data, regardless of the statistical analysis observed for air

permeability.

Washing thesample yielded the best result in comparisortsaespectivevacuum cleaed

state Once all samples were analysed in their respective test method states, they were cleaned
using the dust vacuum. This resulted in all the surfaces of the sabeglesing similar in
appearanceNo noticeable/distinguishable differenegistedbetween this test method and

the vacuum clean within the data, both statistically, and visually. One of the difficulties with

washing is the need for clear sample managementetuce the chance of sample
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misplacement, but also the drying time required to prepare each sample. In addition, given
the increase in time required to complete analysis, this method would significantly increase

turnaround time to complete analysis.

Reention of filtrate on theair entry surface negatively impaad the data and thus the
interpretation of the results. As shown, various test methods exhibited degrees of filtrate
retention, which affected the mass, thickness, and air permeability resuéis.tat the aim

of the cleaning method is to assess how the filtration medial@nged over its service time,

any retention of filtrate therefore artificially impaas this assessment. As shown, both the
vacuum and washing clegag methodsreturns afabric with no visible filtrate left on the
surface. Furthermore, given the data and statistical analysis presented, both the washing and

dust vacuuming appeared to be the most effective cleaning method evaluated.

In conclusionupon consideration dhe cata and practicality/implementation considerations,
dust vacuumingappearedo be the most appropriate method for cleaning the sample. The
recovery of all visible surface filtrate using a dust vacuum was comparable to the washing
method, without the submgon of the sample in solution. Therefore, although washing
reported applicability as a cleaning method, the increased sample preparation time and

resultant increased turnaround time led to this method being less suitable than vacuuming.

4.4.2 Further Work

Given that the interaction between the filtrate and media can vary, the dust vacuuming may
not be the most appropriate for every sampl
two or more samples for analysis from the bulk/unused media, would #dlothis to be
determined. This would allow for the completion of a similar study in order to determine the
most optimal cleaning method for a given filtrate/media sample. Acquisition from
bulk/unused media would not impact the final test results ortrémothe sample. Initially,
assessment of both washing and dust vacuuming, in alternative steps, would provide a timely
determination of an appropriate cleaning method. Analysis of the results would determine the
variation between the two methods andgrsj the optimal method. However, dependent on

the number of filtration bags for analysis and analysis turnaround time required, dust

vacuuming may still be the most optimal cleaning method regardless.

Other cleaning methods, such as ultrasonic bathingrilous solutions, may provide a more
efficient clean. However, consideration to the effect on sample preparation and resultant

turnaround time would have to form part of the analysis. Future analysis of other viable
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cleaning methods may show that dustwaming is less efficient. The use of imaging, from
MCT or SEM would further support the findings of the study and provide an insight into the
effect of washing on the internal deposition. However, at this stage and given the results of
this study, dust v@aiuming appeared to be the most effective in terms of cleaning and sample

turnaround time.

4.4.3 Novelty and Output

In literature, no previous studiggere found that considerdke effectiveness of the cleaning

methods stated in the standard BS22031:20&8la mp|l i ng and test met hod
media taken from filters of systems in operadidi6]. The standard provided multiple

cleaning methods and allowed the analyst to use any other method to clean the filter media,

on the understanding that it did not damage the media. Any damage caused by the cleaning
process would impact the final resultsoifr the literature review and subsequent searches,

no information found suggested an opti mal (
recommendations. This study provided the basis for a methodology to determine a suitable

cleaning method for used nonvevfiltration media within the energy sector.

The results of this study are useful for the British Standard Institute (BSI) subcommittee
group that look after the aforementioned standard. Discussions are ongoing, but a review of
the standarsl wording abouhow to clean the filtets advantageous in order to allow either
dust vacuuming or washing to become the recommended post cleaning method. This would
standardise the assessment of used filtration media across the industry and allow for

relatively comparale data, regardless of the company of origin of said data.
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Chapter 5: Understanding Mass and Thickness Variation

51 Introduction

5.1.1 Background
Compliance withBritish standard 22031:20diSa mpl i ng and test met hod

media taken from filters of systems in operadi¢t6] required a reported value of mass and
thickness for the vertical top, middle and bottom sections of a used fldiérgéisn bag.To

report the mass/density, the required units are in either grams or kilograms per meter squared
(gm? or kgm?). To report the thickness of the media, the required units are in millimetres
(mm). Conduction of comparative analysis, between the as received (ARX|Eased (PC),

and virgin/new media state (VN), yielded an insight into how the media had changed over
service time. As a result, the aim of performing this analysis was to provide an insight into
how the filtration media had changeder its service/operational lifthrough mass and

thickness readings

Due to the media used in this study being sectiontd 5om by 5cm squares, it was not
possible to perform additional analytical techniques (such as air permeability) on the media.
As such, for air permeability an independent study on this assessment technique, in isolation

of other techniques, is discusdadher in Chapter 6.

Whilst this was a requirement by the standard, omission of a clearly defined methodology
introduced a level of uncertainty in its determination. One argument from the wording of the
standard is that analysis of the entire/wholerfii@mple should take place. Whilst this would
give an overall value, it would fail to determine (if any) local variation along the vertical
height of the filter. Another alternative could be the utilization of the samples taken along the
vertical height fo both machine and cross directional analysis for mass determinatien.
methodwould provide a greater insight into variation along the vertical height of the bag.
However,the standard alsshowed an example repont the appendixthe former argument
appeared more probable given the reporting of both the AR and PC state for the whole
filtration bag. However, determination of mass across each representative/ahidi have
enabledsome accountability for an unquantifiable degree of variation acrossvéhecal

height of the filtration bag.

Additionally, one optional extra characteristic within the standard is the potential to take
thickness readings of the sample. Similar for mass, there was no provision for a methodology
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to determine the thickness rpaneter. Upon inspection of the standard, appendix[1&]L
reported five samples assessed for thickness, ydtl6]®nly used three samples before the
evaluation of the mean. Furthermore, the standard omitted a clear definitica refgjthred

state (AR or PC) within the report, AR, or PC for the thickness value. Moreover, the
inclusion of the thickness results in the report templates suggested that this measurement may

not be optional.

Consequently, a degree of confusion could akisen using the standard, which could cause

the results of a test to unintentionallyot comply fully to the standard. As a result, the
standard therefore provided a degree of freedom towards both the ways in which
representation of the final mass ancckimess values. There is also a question surrounding
whether the optional extra of the thickness measurement is indeed optional given the
standards appendix. Most notably is the requirement to state the number of tests conducted
for sample thickness. Formale mass, the implied assumption is that the reported value is

representative of the whole sample regardless of sample size taken for the analysis.

This uncertainty led to the need for a controlled study to 1) determine the variation of mass
and thicknes across a used sample, 2) highlight any potential differences between the states
AR and PC, and 33uggesta clear methodology to perform mass and thickness analysis,
which provided a representative result with a reduced analytical time. To help atldsee t
goals, conduction of analysis across a Midia sampl@rovided a baseline for the method

development.

5.1.2 Methodology
Acquisition of a new and used nonwoven filtration bag from a 60 MWe EfW combustion

facility, located within the United Kingdom, allowed for the conduction of this study. Prior to
utilisation of the used filtration media within this study, the sample dinsierwent analysis
according to current laboratory practices. This saw subdivision of the filtration bag into three
distinct vertical height regions. Subsequent analysis on each of the sections included: air
permeability, microscopy analysis, but also masd thickness determination. Following this,
using anunexaminediece ofindustrially usediltration media, conduction of the study was

possible.

Further subdivision occurred which saw a 30cm length, in the vertical height removed from
both the new andsed filtration media. The assumption applied for the virgin/new media was

that the sample obtained from the new media was representative to that of the overall bag and
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media in genal. Table 15 providesa summary of these results for the used sample,

including a summary of the new media according to the datasheet.

Tablel5: Summary of New Media Parameters

Parameter Value Parameter Value

Air Permeability 80 Mass (gn?) 380
(@200Pa Ldmimin®) Mass (g per25ca) 2.075
Thickness (mm) 1.3 Density (gcn) 0.64

Following isolation of the sample, a vertical incision along the vertical height allowed the
sample to open and become flat against a surface. Following thisartige was further
prepared into multiple squares, each of which were 2%ersurface area. To achieve this, a
manufactured template of the same surface area allowed for each subdivide teab®le
removedfrom the overall sample. Manufacture of a secopdactangular template of 5cm

by 40cm further easkethe subdivision process through the allowance of subdivision of strips
as seen irFigure 26 (left). This reduced the risk of accidental incisions to neighbouring
squares which may affect results. After which, each resultant strip division into six equal
squares ensued. Examples of which can be visualisdéigure 26 (middle and right).
Overall, this yielded a total of fiftfjour squares from both the virgin/new media, and the

used media sample.

New/Virgin Media As Received Sample Post Cleaned Sample

Figure26: lllustration of Sampléreparatiorand Example Visual Differences Between the States

Subsequently, conduction of analysis for mass and thickness occurred on each of-the fifty
four samples. Use of a weighing balance, which measured toiBdymams (g)determined

the mass of each of the given 25sample. A digital thickness gauge which read to 2d.p.
millimetres (mm)determined the thickness of each of the Z5samples.
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Uponcompletion of the assessment in the AR state had transpired, the square samples where
then cleaned using a dust vacuuriofeing the results reported in Chapter 4. Transition of
the sample into the PC state allowed for not only an understanding as to how the media had
deviated from thevirgin/new media stat€VN), but also provided an indication as to the

interaction of thdiltrate at (and above) the surface of the media.

Assessment of the samples in the PC state assessed how the media had deviated from the
new/virgin media. Due to the division of the overall sample into identical units, each sample

had a unique spatial laton which provided a further datapoint for analysis. To aid in the
orientation and management of the spatial locations of each sample, positioning of the stitch
point at the vertical left provided a checkpoint to further aid in sample management. This
resulted in the cross direction being on the
assessment was independent of any other sample and replaced back to its original position
bef ore another sampl eds assess matatve.localiomi s e n:
was consistent throughout the stuiach sample was measured for mass and thickness over
the AR and PC state, with the data stored in matrix form to corroborate the locational

information with the result. This yielded 54 datapoints petiegper analytical method.

5.1.3 Research Aims and Outcomes
Overall, the aim of this study was to determine how the mass and thickness may vary across a

sample with a vertical length of 30cm and impact the reported results. Conduction of a
methodical andontrolled study allowed for assessment of the data, particularly to reveal any
relationships within the machine and/or cross direction of the sample which may affect the

result.

In addition, given the nature and wording of BS 22031:208.a mp | i stgnetlzod for t e
cleanable filter media taken from filters of systems in operatj6], omission of a clear
methodology allowed for any particular method to be chose to assess mass and thickness.
Standard laboratory analysis required ti88@em samples for analysis one from each of the
vertical heights (the vertical top, middle, and bottom) of the filtration bag. This is a similar
methodology to BS 22031:20d4lSa mpl i ng and test method for
from filters of systemsn operatio® [16] but deviated slightly through the acquisition of a
larger singular sample as opposed to two samples from the same region. Frequent practice in

the laboratory is to requisition a singular 25surface area sample for mass dnidkness
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testing. As a result, this method provided the basis for the development of an appropriate

method for the determination of mass and thickness of a sample.

Consideration as to the practicality of any method, during method selection, is adseble.

of the major constrainten large scale testing is the turnover time for samples. If the bag
house is offline, with no alternative for flue gas treatment, the entire process may have to
become offline. This would cause an overall economic loss tattheysven no generation of
electrical power during the offline period. Therefore, the developed/selected methodology
should consider the potential impact it may have on the time required to conduct analysis on
multiple flue gas filtration bags/samples.

Whilst the methodology in BS22031:20ZlSa mpl i ng and t est met hod
media taken from filters of systems in operad[d6] does not explicitly reference additional
standards, its mention of the BS 9073 series provided an inisa fmx mass and thickness

in parts ong230] and two[231] respectively. In addition, the BS 9073 serikisstrated

various other test methods for nonwovens, such as tensile testing and air permeability testing.
Given the omitted methodology in BS22031:265a mpl i ng and test meth
filter media taken from filters of systems in operafidor mass and thickness, these
standards where originally used as the premise for the development of a suitable mass and

thickness methodology for used nonwoven filtration media.

In summary, the aim of this work is to address the following:

1. lllustrate the potential variation of a given sample, within a clearly defined sample
size.
2. Determine the number of samples required to get a clear representative result of the

defined sample size, considered against the implications ofdagde testing.

3. Compare and contrast the results with other potential test methods such as BS 9073
fiDet ermi nati on o f[230)ams 8S 30 fiDaterminationaofTheckness
[231].

Consequently, the study concluded with a suggestion for a suitable methodology for mass and
thickness for used nonwoven filtration media. This methodology contemplated the potential
for variation in such a way that the reported valuenae likely to representhe larger

sample.
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The overarching assumption, not assessed, is that the vertical height sample of 30cm in length
is representative of its original vertical third; as stateB$22031:2026% Samp |l i ng and
method for cleanable filter media taken from filters of systems in opeddfi6hthrough the

division of a filtration bag into three vertical regions. Consideration of this assumption as true
was due to the inability to perform a higdsolution map of mass and thickness, across the

full surface area of a used nonwoven filtration BHus was due to other parts of the original
filtration bag being used for routine analysis prior to this stMukilst this study did not

utilize a full filtration bag, it does provide an insight into how the thickness and mass may

vary along the verticaind axial length.

5.2  New Media Variation
For newnonwovenmedia, the BS9073 seriéd extiles. Test methods for nonwoven®r

equivalent), are frequently used to determine the mass/density and thickness of the media.
For sample mass, a minimum of thre&@O0mn? sampleswere requiredo determine the

massby area weight. However, following consultation with the end user, adjustment of these
values can be set at any value to suit the analyst and consumer, so long as both parties agree.
This allowed for areconomical reduction of loss, particularly if the manufacture cost of the
fabric is high. For thicknesthe standard BS9073requireda total of ten samples, each with

a surface area no less than 25,008nTo determine the mass/density ahitkness of the

VN media multiple samples were taken from new media for analysis.

BS 9073 partl iDet er mi nati on of [280&and 2 fPeaterminationi of ar ea
Thickness [231] required two different sample sizes, however due toddfened sample

size, definition of the size was through the resultant available surface area of the sample as
opposed tdhe standard. As the largest size required in the standards pertained to the mass
determination, the use of a smaller sample allowed for a greater understanding of variation
within the sample. Direct comparison between the mass and thickness was aehieeatol

the fixed sample position for each of the@®nm? samples.

Given thefixed sample size, this resulted in over and under sampling in accordance with the
standards BS 907/BfiDet er mi nat i on of amdaZsfiBetermieation ofn i t a
Thicknes§[230],[231]. For sample mass, compliance with the standard required three
sampes, with a cumulative total surface area of 150,008mm contrast, the study used
forty-eight samples of flat media which had 201000nn? surface area: lower than the

required area for standard compliance. On the other hand, a total -dbdiftgample within
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this study outweighed the required number of ten sangfl&®mm by 50mnfor thickness
determination, each with a surface area 60@mnf. If selection of the largest mentioned
areal/repeat in each of the standards, this was the resultant difference; however as previously
stated the number of repeats and/or largest area of analysis could differ, depending on

agreement between the analyst aodsumer.

Embedded within each standard is the potential for a customised sample size and number of
samples, if agreed upon prior to testing. This statement allowed for deviation in both the
sample size and number of samples to be variable, yet stilplgomth the standard. As

such, this allowed conduction of a higher resolution study, which allowed for the

development of a suitable methodology for each of the vertical thirds.

5.2.1 Discussion on the Data
Differences between flat and stitched mediagasare visually shown ifrigure27.

Lamination tape over stitch

points Stitches to combine the
pieces together Overlay of 2 pieces of flat
\ media
'y Flat media as it comes off
the production line
-t /
tm
S
to

\ ) \ J

| |
Stitch Pointn = 6 Flat Media n = 48

Figure27: Visualisation of Key Differences Between Flat and Stitched Sanfplesre n = the number of samples)

Variation is an inherent occurrence within any manufacturing process. Properties such as
punch density, needle penetration depth, and stroke freqy&s8} coupled with the
variation in the fibre matgl32]. This culminates in an unspecified degree of variation within
the final product, particularly noticeable when considethg machine and cross direction
[254]. This affects the number of fibres present within a given sample size (fibre density),
which affects not only # overall mass and thickness, but other properties such as air
permeability]132] and material strengfl254].
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Therefore, there will be an inherent variation between samples. Whilst the datasheet for this
media provided a nominal value and complied to standards, it failedlude the confidence
interval. This omission, which is valid under the standards, obstructed identification of any
significant variance within the flat media. It was noted that in an operational and maintenance
manual for a different site/media, ttiaterances for the mass and thickness of the VN media

as a percentile of the absolute mean value. This suggested that there was at least a
preliminary agreement between the manufacturer and buyer for an acceptable tolerance
within the media. Omission ofoafidence limits from the manufacture data sheet raised the
guestion as to why it was absent in the first place. Naturally, there will be an inherent
tolerance from the manufacturing process. Therefore, multiple samples/repeats allow for a
mean and confidee interval to be determined to better describe a given parameter.
Compliance with the standards did not require, only recommended, the reporting of the
confidence interval. As such, it may be difficult to ascertain if the results for the VN state

validat the method and are representative of the originally state values.

Given the observable difference noted=igure 27 for the stitch point, the tolance is more
complex. To fabricate the media into a cylindrical shape, one side of the flat media must be
overlayed to the other. The overlaycluding the stitch must besubstantialenough to
securely attach the top piece to the underlying piece. Asudt réhe overall thickness of the
stitch point ¢ ) will exhibit its own representative confidence interval, which waildely be
equivalent to two 0 6 slue to the overlayed nature. Encompassed in this confidence
interval, is the variation in the lamination tajpeesent in this mediayhich will also have its

own respective mean.

If the assumption of perfect alignment is applicable, the increased mkhsslsey be a
function of 0 . This would further increase due to the lamination tape, placed over the point
where the stitches where made (if applied). Moreover, there will be a slight increase due to
the stitches added to the sample to secure both tsigether. Expectations from the results
were, due to this phenomenon, that the stitch point would be notably higher in mass than the
flat media sample.

Presented ifrigure28 are the results for both mass and thickness spatially in a heatmap. As
expectedFigure 28 showed notably higher values for mass and thickness at the stitch point
(50-2100mm in the cross direction). In contrast, the remaining samples, all flat media,

presented with an apparent similar value in both cases.
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Figure28 Heat Map Depiction of Magsop) and Thickenss (bottom) Data
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One limitation of the heat maps is the classification of data within ihgh led to the
allocation of a particular colour to each bdwing to the stitch point dataibg larger than

the flat media, this caused a split the data into two distinctive classifications: one for the flat
media and other for the stitch point. This classification of the data caused the representative
colours to be similar in each case. Owingthés classification thadentification of data

variation became difficult, particularly in the flat media data.

As a result, removal of the stitch point data would yield a greater understanding vigually

the variation in the flat media. Analysis of tlstributions of both mass and thickness
results, shown ifrigure 29, show a clear distinction between the flat media and stitch point.
This corroborated the classification assumed Figure 28. Furthermore, due to the
classification of data, given th&milarity between the results for the flat media and the
datasheet, the conclusion was that the datasheet evaluated flat media only. Comparing the
mass (areal density of 830gn?& equat es t o 2sample)7ad thickpessr(1.32 5 ¢c m
mm) values of the datasheet to the distributioriSignire29 suggested that the datasheet only
considered the flat media. Though nexplicitly stated, the assumption was that the
evaluation considered only the fl at media d.u
methods and therefore not representative of the overall media as shown in the results through
the data separatioiven these discussed factors, removal of the stitch point data occurred

from future analysis.

Whilst further analysis on the stitch poirasedTable16 illustrated the statistical overview

of the data, which presented both the mass and thickness fesultth flat media and the

stitch point. The presentation of this data may provide ugefufuture research into the
expected deviation between the two structural differences. This was achieved by knowing the
positions of each of the fiftfour samples, coupled with the distinct segregation of the data
shown inFigure 29. Whilst the stitch point only contributed to a marginal percentile of the
surface area, in comparison to the overall filtration bag, further work should focus on its

effect during operation, given its omission within literature.

116



New Flat Media and Stitiched Media Distribution
T T T T T T T T T

Chapter5: Understanding Mass and Thickness Variation

[
<

[
n
T

Frequency (-)
=
T

L
T

Flat Media Data
Stitched Media Data

1
1
|
|
|
1
1
1
1
1
I
|
|
!
|
|
|
1
|
1
1

I | 1I_IH_IL_]_I

32 34 3.6

S
~
b2
N
b
oo
%)

Mas:.s (2)

72
| &
B
=k
o

3]
<

,_.
L
T

Frequency (-)
>

Ln
T

Flat Media Data

Stitched Media Data

| 1 1 | ’_|

1.4

1.6 1.8 2 2.2 2.4
Sample Thickness (mm)

Figure29: Data Distributiorof Flat Media and Stitch Point Data for Mass (top) and Thickenss (bottom)

Table16: Data Summery of the Flat Media and Stitch Point Data for Mass (top) and Thickness (bottom)

Mass (gper 25cm)

Confidence o
. . , Standard ) Coefficient
€ Minimum  Mean Maximum Range o interval o
deviation of variation
(95%)
flat media 48 1.79 2.04 2.21 0.42 0.09 0.14 0.86%
Stitch Point 6 3.27 3.43 3.58 0.32 0.11 0.03 1.32%
Thickness (mm)
Confidence o
. . , Standard ) Coefficient
€ Minimum  Mean Maximum Range o interval o
deviation of variation
(95%)
flat media 48 112 1.22 1.36 0.24 0.06 0.09 0.38%
Stitch Point 6 2.05 2.17 2.24 0.19 0.07 0.02 0.52%
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Expectations where that the resultant analysis of mass and thickness of new nonwoven
filtration media, would produce comparable results to that of the manufacturer specification,
given the compliance to the standarftise datashedor the new media stagesingular value

of 2.075 genf and 1.300mm for mass antlidkness, respectively. Whilst the standards
recommend the reporting of the confidence interval, its omission does not affect compliance.
When considering the mean mass dmdkiness, presented able 15, for flat media, both

values differed by 0.035 gcfmand 0.08mm, respectively. However, when considering the
reported @lues of 2.04+0.14 gcfand 1.22+0.09mm, the data sheet values fell within the
confidence interval. Sampling position could have differed between this study and the
manufacture, which lead to the slight difference in values. Whilst this study focused on a
specific machine direction, the manufacture may have taken a more representative sample
along the machine direction. Given the localised nature of the sample for this study, acquired
from part of a new/unused nonwoven filter bag, coupled with the lowrdiite in values

from Table15andTable 16, arecomparatively similar. The similarity, in turn, validated both

the method and standard for assessing the mass and thickness of new/unused nonwoven
filtration media.

One conclusion, ishat the recommendation of confidence interval reporting, should be a
requirement. Although for this study, the resultant difference in mass and thickness was
marginal, it could easily not have been. Providing this interval would allow for a direct
comparien, determination, and understand any deviations between the manufactured value
and the analysis value. Consideration between the localised vs. representative sample
difference between the laboratory and manufacturing respectively gave the potentiad proces
variation across the machine direction. If evaluation of a localised sample occurred to
confirm/ validate the datasheet, then reporting the confidence interval would help distinguish
between natural variation and any potential abnormality within theltsedultimately,
reporting the confidence interval would allow analysts to understand if their determined mean

were within an acceptable range.

A normal distributionwas suggested iRigure 29 within the flat media for both mass and
thickness. As a resulEigure 29 also included the cumulative and normal distributions for
further consideration. The cumulative distribution, plotted with a 95% confidence interval,
displayed there each datapoint laid oa tlrve. In addition, the presentation of the mean and

respective *2 in the cumulative frequency distribution graphs achieved a greater
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understanding of the distribution about the mean. This further aided the discussion of whether

the reported data confoed to a standard distribution.

New Flat Media Distribution New Flat Media Cumulative Distribution
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Figure30: Distributions of Flat Media Mass (top row) and Thickness (bottom row)

Isolation of the flat media, as shown in the first column of figureSigare 30, suggested a
Gaussian distribution existed within the data for bdik tnass and thickness data. The
second column of figures showed the cumulative frequency of the data and highlight&d only
datapoint fell outside the standard deviation in each instance. Conduction of further
mathematical tests on the data, to supportaeumption of normatistribution. Table 17
summarised the results from this test. Apart from the Andesoling test for thickness, all
tests returned supporting data that a normal distribution exists in both datasets. The
AndersonDarling test for thickness returned no evidence to support this, which lead to a h
value of 1. Interestingly though, thevplue was only 0.0004 points away from yielding
evidence of support. Additionally, assessment of the probabilities within each rdtanda
deviation showed evidence to support normal distribu#d@ana result, due to the exhibited

evidence, a normdbaussian distribution existed within the data.

Table17: Normal Distribution Test's Conducted and Results

Massdata Thickness Data

h-value  p-value h-value p-value

AndersonDarling 0 0.3253 1 0.0497

. Lilliefors 0 0.4237 0 0.1390
é JarqueBera 0 0.2433 0 0.1197
Average 0 0.3308 0.33 0.1028
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Given the normal distribution, removal of the stitch point data, asadremgement of the data
resulted inFigure 31 which showed the flat media datapoints only. Due to the reduction in
the data range and resultant lower colour classification range, the resultant bin width reduced
which allowed for better visualisation of the data.

An apparent relationship for a fixedaghine, variable crog&MVC) direction for the sample
masswas suggested iRigure31. This suggested a near similar value for each row of data. In
contrast, the fixed cross, variable mach{R€VM) direction appearetb notably vary in no
discernible pattern. In contradiction, the thickness data suggested the opposite. A fixed cross,
variable machine direction suggested a similar value as opposdt thxéd machine,

variable cross which yielded no distinguishable pattern in comparison.

In contrast to the heat maps showrkigure31, a previous study performed by Fukasawa et

al,. [237] did not have a similar finding. This could be due to their study utilizing a larger
sample size of 49cfras opposed to this studies samples size of 25Earthermore, it is

unclear in their study if their nonwoven products were similar in constryatithich could

affect the observation of this pattern. Moreover, the sample utilized in this study does not
represent the full length of the machine direction, which could reach six meters. As a result,
postulation about this apparent pattern could bditmxhand therefore not representative of

the entire manufactured nonwoven. As a result, assessment of a larger sample in the machine

direction could provide evidence for or against this pattern.
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Figure31: Heat Map of Flat Media Data for Mass(top) and Thickness (bottom)
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To ascertain if this could lead to a statistically significant difference in either mass or
thickness, application of a statisticatest in fixed and variable directionsould yield
evidence to prove/disprove the significance. This used the mean mass at 2.04+0.14g and
mean thickness of 1.22+0.09mm of all the flat media data. Application of a two tadsd t
with seven degrees of freedom which resulted wvalue of 3.9 at a 1% confidence for a
fixed machine, variable cross direction. Similarly, a resultaratiue of 4.032 to define the
pass/fail criteta at the sample confidence for 5 degrees of freedom for the fixed cross,
variable machine direction. Application aftwotailed test in conjunction with the resultant
mean in any given fixed/variable direction beingaialp of being either higher or lower than
the overall mean of the datBresentedn Table 18 arethe results of this test for both the
fixed cross, variable machine direction (FCVM) and fixed machine, variable cross direction
(FMVC) for both mass and thickness.

Table18: Statistical Significance Testirigesults for Mass (top) and Thickness (bottom)

t-score (flat media sample mass)

Direction o . Error Significance
Minimum Average Maximum
(#) (%)

Fixed cross variable machine -1.535 0.721 3.539 0.534 0.00
Fixed machine variable cross -13.869 -6.871 -2.002 2.007 66.67

t-score (flat media sample thickness)

direction o ] Error Significance
Minimum Average  Maximum
&) (%)

fixed cross variable machine -0.170 8.377 20.172 2.485 75.00
fixed machinevariable cross 2.662 3.750 4.969 0.372 33.33

Statistical testing showed that the resultant means, in a proportion of the fixed/variable
directions, yielded a statistically different mean in comparison to the overall flat media mean.
For sample mass, significance skewed towards the fixed machindleaci@ss, which
yielded an overall significance of 66.67%. Visualygure 31 suggested this may occur due

to the row data being similar in companst the column. Only two rows yielded a similar
mean to the overall. No noticeable significance occurred within the FCVM direction. This is
due to the apparent parabolic nature within the data which brings the mean towards an

apparent local minimum, whidk approximate to the global mean.
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In contrast, a proportion of the fixed machine variable cross direction for the sample
thickness showed significance. Two rows of data reported a significance, due to significantly
higher data point values in contrastthe other data within the row. However, noted in the
FCVM direction, significance was 75%, a near 42% increase from the FMVC direction.
Whilst the global thickness mean was 1.22+0.09mm, the resultant column mean was
significantly higher across six of theght columns as visually shown kigure 31. Though

the inclusion of significance in the FMVC direction resulted due to the occurrence of two
distina higher values in the fixed cross directions of-180mm and 35@00mm.

In both cases, the resultant mean was highan the global which resulted in edore

greater than the pigescribed limit. As shown iffable 18, this resultedn t-score in the

double digits suggesting that the localised mean was particularly more significant in
comparison. Significance occurred due to the standard aevibeing significantly low

enough to yield a higherscore. This occurred due to the standard deviation being low for a
given fixed/variable direction. For each row/column of data, evaluation of a finite number of
data points occurred. This occurrence tiaerefore be mathematically summarised through
An=co@asst ain0oc,orte YD, assuming the difference
differed slightly, but nosignificantly.

One of the limitations of this test is the assumption that the performancelydisiis on a
specified fixed and variable direction. This yielded conditions in which resulted in a notable
statistically significant result. Due to this observation, it may nadwsableto take a mean

at a fixed/variable direction as it may yield aificially higher value which could negatively
impact further/future analysis. Instead, undertaking random sampling as opposed to a
Fixed/Variable directional approach could protect against directional bias and yield a better
mean from testing that ispeesentative of the actual, global mean of the larger sample.

5.2.2 Impact on Standard Testing
Given the bias towards testing in each fixed direction on the sample, random sampling arose

to determine if a more agreeable mean could be determined. Given that the number of
potential combinations for th8 datapoints tended towards the millions, a $mealection of

the potential random combinations transpired. This would appear counterintuitive, however it
provided a sufficiently large confidence interval about the resultant meansmodet (see
Figure32) which would better represent a singuiandomtest conducted. In addition, as the

number of samples and repeats analysed increased, the range of the confidence interval
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decreased. Therefore, igdtion of ten random nerepeated sequences of the feetght
datapoints where utilised to aid in determining the recommended number of samples to

determine a representative sample mass and thickness of the sample.

The random sample taken from all 48agadints point and increasing sample size determine
(represented by d.f), is shown kigure 32 (left), with the resultant-$core values ifrigure
32(right). For the tscore (right hand side dfigure 32), the upper and lower dasheddi
represents the criteria for evidence of significance to be deternmimedldition, the zeroth

line represented the global mean of all datapoift® illustration in Figure 32 provided a
graphical representation of the potential outcome of random sampling testing utilizing an

incremental increase in step of sample num{gefs.

Results shown ifrigure 32 suggested a hill like function exists when determining the mean.
For both sample mass and thickness, at one random sample location, resulted in an exhibited
differencérangeo f 4 0 . 0 30§mmafrond thedo®erall meato only taking a random

single datapointFrom this, as the number of samples increased, the trend tended towards the
global mean. This suggested that the minimum number of samples required to yield a

representive mass and thickness was low.

In contrast, the resultantstore yielded a contradictory resltior both mass and thickness,
datapoints outside the upper/lower limit were observed, which suggested the possibility of
obtaining a statistically differemhean when compared to the global. However, evaluation of
the mean-scores for both mass and thickness, only one datapoint fell (just) outside the limit.
However, given that the mean presented-igure 32 (left) for both mass and thickness
tended towards the global, with the variation noted throughout the increasing sample size, the
t-test results are questionable given the clearly defined tendem@rd® the global in
contrast to the-test results shown iRigure32 (right).
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Applied T-test results (Right)
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As shown inFigure32 the likelihood to yield a representative mean from minimal, randomly
located, samples are high. Whilst the number of repeats conducted is low, this allowed for a
more significant confidencenterval which would aid in the determination of a minimum

number of samples to yield a representative value of the sample.

Consideration to -Ifdetsestmnhdatdoéns 8H23EGH&ES per
BS 90732 fiDeterminationThicknes® [231], stipulated that the actual size of the sample
analysed can be lower, if agreed by the end user/custivindst the total surface area was

lower than originally stipulated for sample maBSgure 32 (right) showed that the use of a
significantly lower surface area to determine mass and/or thickiséfis obtained a
representative meaaf the overall sample size taken for analysite same conclusion

showed for sample thickness, which differed from the stahdue to a significantly larger

surface area analysed than required.

One of the key drawbacks is the omission of the confidence interval thermaterial
datasheet shown in Appendix B8omparisorbetween the datasheet and this study yielded an
ultimate disparity of 0.035g and 0.08mm. Given that the datasheet provided for the media
omitted both the number of samples, and the confidence interval, it is difficult to ascertain the
possibility that the data from this study is similar in comparison. It fughewed that there

is the potential to yield significantly different values from the datasheet. Particularly if
performed in a fixed position, instead of random sampling. For both a mass and thickness of
2.04+0.14g and 1.22+0.09mm respectivélys would place the stated mass and thickness of
2.075g and 1.30mm within the confidence interval and therefore validated both the test

method and datasheet.

To illustrate the results iRigure 32 further, Table 19 tabulated the obtained resuitsterms

of number of samples evaluated randaon@glculation of the magnitude percentile difference
was based on the mean value of all eigbty samplesTable 19 illustrated that a low
sample number, yielded a similar value to the mean, basedrafbm samples, repeated a
total of ten timesAs expectedywhen the number of samples increased, the resultant mean
approached the global mean, which facilitated the percentile difference to tend towards zero.

One of the results from the dathosvn in Table 19 is that a single sample would yield a
representative sample, within a couple percentile difference. However, considering the
maximum, minimum and potential range that could occur (as showable 16), this

percentile difference could be as high as 12.3% for mass and 11.5% for thickndhks.
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number of samples increased, this percentile will reduce exponentially, given both the normal
distribution and evidence withihable19. The number of repeats done would have to be pre
defined prior to analysis but could be betweehO2to yield a near representative sample.
Therefore, utilisation of a single value should not take place to ensure a better representative

mean of the overall samglsurface area.

Table19: Effect on the Resultant Medssing Random Sampling

Number of Samples
1 2 3 5 10

Mean Mass (g) 2.073+0.052 2.051+0.051 2.045+0.039 2.044+0.039 2.044+0.017

Mean
1.193+0.032 1.198+0.020 1.202+0.016 1.205+0.014 1.212+0.012
Thickness
Mass
] 1.62 0.51 0.25 0.22 0.19
Difference (]%])
Thickness
2.21 1.84 1.48 1.21 0.7

Difference (]%])

This, coupled with the applicability athe minimum number oBamples to achieve a
representative mean, showed that the methodology can give a representative result, if use of
two or more individual samples from the surface area of the sample. Avoidance of sampling
from the same direction (i.e., fixed machindiged cross direction) decreased the likelihood

of returning a more statistically significant value. Recommendations from this analysis would
see the datasheet and the standard updated to include the confidence interval, which would
allow for easier determinian of a significant variation in the result. This would allow for not

only better product management but allow for the end user to better verify that the product is
within the applicable tolerance.

5.2.3 Section Review
5.2.3.1Conclusions
1 Demonstrated the difference in the stitch point and flat miedia structurally and

numerically in terms of mass and thickneghilst the stitch was discounted, it is a
point of interest for further studies.

1 Exhibition of a pattern in the colour ploterfthe mass and thickness data. It was
assumed that this occurred due to the manufacturing process, yet as the sample was

not representative of the full size, a repeat is needed to confirm/deny this theory.
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1 Assessment of mass and thickness in fixed doestyielded a statistically significant
mean.

1 Random sample locations for mass and thickness determination yieldsatea
representativenean.

1 Whilst the methodology used for this study deviated slightly from the recommended
method within the standardg, was still capable of determining a representative

sample mass and thickness for new nonwoven filtration media.

5.2.3.2Recommendations
1 Random sampling should take place, instead of multiple samples from the same

direction. This yields a better repressnte mean.

1 The datasheet should insist on showing the confidence interval and number of
samples testing for reproducibility purposes.

1 The reporting of the confidence interval should be mandatory instead of

recommended in the standard.

5.2.3.3Further work
91 Further work and analysis on the stitch point in recommended, based on the limited

information presented in literature.

1 A full machine direction sample from the manufacturing process should be acquired
to confirm/deny the pattern exhibited agidcussed ifrigure31.

1 Discussions and conversations with both the standards committees and manufacturers
to promote the reporting of the numbermrepeats, and confidence intervals as part of

their standard compliance to allow for better quality checks by the end user

5.3 Used Media Variation
Sample preparation of the used filtration media was identical in terms of methodology to that

of the VN state. Similarly, evaluation of the stitch point occurred, omission from any analysis
occurred again similarly to that of the VN state. The stitch maEnples still underwent the

transition from AR to PC state, with their respective datapoints recorded.

In addition, the difference between the PC and AR states can yield an indication as to how the
filtrate or filtration cake impacted thmass and thiclessresults. Lastly, as the new media is

the same as the used filtration media, the difference between the PC and new states provides
an indication as to how the felt has changed over usage time. This resulted in foudataque

categories from the samplAR, PC, cakeffiltrate, and the difference between new and PC.

129



Chapters: Understanding Mass and Thickness Variation

For the latter, the resultant mean value from the VN test represented the absolute value. This

caused a negative uniform shift in the PC data.

5.3.1 Discussion on the Data and Methodology Cadsration

Thedata was presented eslour mapsn Figure33 from the massdata Similarly, Figure 34
displayed the colour maps from thickness wsial Both figures presented the four data
categories: AR (top left), PC (top right), Filtrate/Cake (bottom left), aneh® (bottom

right). Table20 summarisedhe data.

Visualisation of the mass results, showrrigure 33, indicatedthe apparent variance in mass
between each sample. Whitsitmean of 3.50+0.09gvas foundfor the AR state, however the

AR colour plot inFigure 33 (top left) demonstrates a considerable number of higher/lower
values which questions the reliability of this measurement. Indeed, for all data categories, this
observation continuedrurthernore, the data appears more sporadic in nature which resulted
in the inability toobservea pattern visuallflike noticed in the VN heat mapAdditional
analysis of the data woulde required in order to ascertaime extent of this perceived
variation given the visual results dfigure33.

Similarly, Figure 34 suggested the same findings as discusseé&ifure 33. Whilst the PC

stated mean wak.44+0.03mm, consideration to the PC colour maBigure 34 displayed a

clear bias of the mean towards the lower range. This bias is in all data categories, for both the
mass and thickness data, and suggested that the mean is not central to the data. It therefore
suggested that there are significantly less highkres withinFigure34. This would suggest

that the distribution for the thickness data is towards the lower end of the mean. As a result,
consultatimm of the histograms transpired to aid analysis and understanding of this potential

bias.

For both the mass and thickness data, the resultant difference between the PC state and the
new/virgin media values caused a negative shift in the PC. This assurndtethaw media
measurement for mass and thickness was representative. A positive value indicated that,
overall, a degree of internal deposition had occurred within the sample for mass. For
thickness this indicated that the felt had become thicker, altheeto deposition, pore/fibre
deformation, or a combination of both. A negative value would have indicated felt loss: either
by mechanical deformation, chemical deformation, or a combination of both. As such, the

difference yielded an indication as to hake felt had changed over its service perio
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Figure33: Colour Maps of Each Data Category for Mass: AR (top left), PC (top right), Filtrate/Cake (bottom left),-apd/ Rtadbttom right)
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As Recieved 25¢m” Sample Thickness in mm Post Cleaned 25¢m” Sample Thickness in mm

0-50

>3.20mm 0-50 = 1.80mm
’g‘ 50-100 %00 ’g“ 50-100 | oM
E’ 2.80mm g
-= 100-150 -= 100-150
5 2.60mm 3 |.60mm
o
a g
o 150200 2.40mm g 150-200 1 50mmm
g’ 2.20mm '§
200-25 )
= 200-250 = 200-250 1.40mm
2.00mm
250-300 < 1.80mm 250-300 <1.30mm
Q BN o 0 o 2N o Q W Q o AN ® BN ® AN
AQ A2 a0 22 ) ) N A2 B AS B2 20 & LT M A3
GRS - A L AR N A A S
Cross Direction (mm) Cross Direction (mm)
Filtrate/Cake 25¢m’ Sample Thickness in mm Post Cleaned vs. New Media 25¢cm” Sample Thickness in mm
= |.60mm
0-50 0-50 = (.60mm
1.40mm
E 50-100 ’g 50-100 4 0.50mm
‘E’ 1.20mm “-:'
-2 100-150 -2 100-150 0.40mm
5 3
g 1.00mm g 430
~ La0mm
5 150-200 5 150-200
;5; 0.80mm g 0.20mm
ks <
= 200-250 = 200-250
0.60mm 0.10mm
250-300 250-300
<= (0. 40mm 0.00mm
A0 N AN A a0 0 AN o e AN AR PO A0 O\ [N
5\’\ \‘\\W\ W 19“” 1‘:\3:5 1_,0\‘-:5 o 0 A\ ‘;Q‘\ \0\\'\ \‘:Q:L B\ - 'f,\w' 3’\3“’3 1_\‘}\\)( A
Cross Direction (mm) Cross Direction (mm)

Figure34: Colour Maps of Each Data Category for Thickness: AR (top left), PC (top right), Filtrate/Cake (bottom left); memt B©ttom right)
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The data presented Figure33 andFigure34 was numericdy summarised ifTable20.

For both mass and thickness, a high dispersion transpired about the mean. In both cases, the
coefficient of variation was approximately 1.5 times higher for theeesived data than the

post cleanediata Given that the PC variation, in both instances was low in comparison, this
suggested that the filtrate deposited on the sudan#ibuted tadhe results which lead to this

higher variation. The data for the fdte/cake, supported this which showed that when
considering the filtrate only, the variation was high. This preliminary analysis suggested that
the distribution of the data for the AR state may diftethe PC state

Most notably is the variation for trgifference between the PC and new state, which had a
variation of 33% and 56% for mass and thickness, respectively. The perceived variation
originated from the lower population mean of the data, which resulted in a higher coefficient.
However, as shown iffable 20 for both the mass and thickness, the range, deviation, and
confidence interval remained equal to the PC state. Consequently, this lednitatien of

the values for the variation.

Table20: Data Summary of Mass (top) and Thickness (bottom) Results

Flat Media Mass (g)

Confidence Coefficient

. - ) Standard

€ Minimum Mean Maximum Range o Interval of

deviation o
(95%). variation
AR 48 2.87 3.50 4.29 1.42 0.34 0.09 13.99%
PC 48 2.27 2.61 3.15 0.88 0.19 0.05 7.22%
Filtrate/Cake 48 0.42 0.89 1.71 1.29 0.32 0.08 35.52%
PGNew 48 0.23 0.57 1.11 0.88 0.19 0.05 33.09%

Flat Media Thickness (mm)

Confidence Coefficient

Standard

3 Minimum Mean Maximum Range o Interval of

deviation o
(95%). variation
AR 48 1.68 2.25 3.38 1.70 0.32 0.09 13.99%
PC 48 1.27 1.44 1.85 0.58 0.12 0.03 8.41%
Filtrate/Cake 48 0.37 0.92 1.62 1.25 0.28 0.08 29.92%
PC-New 48 0.05 0.22 0.63 0.58 0.12 0.03 56.00%

133



Chapters: Understanding Mass and Thickness Variation

Performance of further assessments determined any skewness within each data category,
which would cause a neequal distributionFigure35illustratedthese distributions if normal

distributions occurred.

For both the sample mass and thickness, dis&ibution for thePC vs. New datavas
identical to the PC state withuaiform shift in the data caused by the subtraction of the mean
mass/thickness from the PC data. Due to the classification of the data in bins of 0.2 width for
mass and 0.1 width for thickness, respectively, a slight deviation in the distribution arose.
Whilst this occurred, théata distribution stilremained visually similar, even when the bin
width was reduced

In contrast, both the as received and cake data yielded a less precise/ wider distiiabten.

20 showed that thenass and thickneskata range for AR was noticeably higher than the PC
data. This, coupled with the lower variation coefficient, showed that the cakeffiltrate had an
impact onthe results. Furthermore, it suggesthdt the cakeffiltrate on the surface varied
across the samplsuggesting that it caused the sample to be comparatively heterogeneous
between different sample$his resulted in the distribution becoming shallowst aider in

comparison to the PC data.

Flat Media Sample Mass Distributions
I

Frequency (-)

Flat Media Sample Thickness Distributions
. , T

Frequency (-)

Thickness (mm)

Figure35: Data Distributiorof Sample Mass (top) and Thickness (bottom)
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Distributions shown irFigure 35 assumed normality, to validate this assumption, each data

category as shawin Table21, underwent additional assessment.

The empirical test for normal distributiavmas applied across all data categories, with results
shown inTable21. Thismet hod provided an alternative
distribution. The mass data passed empiritesting yetfailed a larger percent in the
thickness data across the categories. This showed that there was some, unquantified skew in
the data, particularly about the >95.4% region. At the 99.6% pass criteria for thickness, all
samples needed tme within the thirdstandard deviation. However, for AR, PC and PC vs.
New, one less than this was outside this. This could suggest that this datapoint was an outlier,
which would then suggest that the empirical testild returna normal distributiorupon its

removal As sud, further analysis of the skewness and Kurtosis parametnes needed

before forming a definitive response for the thickness data.

Table21: Empirical Testing for Normality Distribution of Mass (top) and Thickness (bottom)

Empirical Test for Mass Data

Pass Criteria AR PC Filtrate/Cake PC vs. New
68.2% 68.8% 97.7% 62.5% 64.6%
Pass/Fail 95.4% 97.9% 97.7% 95.8% 97.9%
99.6% 100.0% 100.0% 100.0% 100.0%

Empirical Test for Thickness Data

Pass Criteria AR PC Filtrate/Cake PC vs. New
68.2% 93.8% 95.8% 66.7% 72.9%
Pass/Fail 95.4% 93.8% 95.8% 95.8% 95.8%
99.6% 97.9% 97.9% 100.0% 97.9%

Analysis of the skewness arklrtosis parameters for the thickness data and presented in
Table 22 aided in the decision to define the distribution. Given the convincing evidence to
support normal distribution in the mass data, across all categhwes)jalysis focused only

on the thickness dativen the near failure noted irable21. The criteria to pass this test to
support a normal distribution varies in literature as discuss€tdgn[262] which discussed
numerous studies with differentiterion ranges. For this test, evidence for #iernative
hypothesis rfon-normal distribution) transpired if the values obtained where outside £2 for
skewness and 7 féturtosis, as suggested Byrran et al[263]. Whilst the selection almost
became astimationdue to the varying criteai assuggestedn Simon [264], the selected
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values from Curran et al.[263] presented a near average of those values previously seen in
literature and resultantly fmed the basis for this analysis. Although there are some
discrepancies with the use of these values, with some authors suggesting that kurtosis
provided little indication of the exhibited pef®65], though these arguments, itetature,

did not occur often. Consultation of all tests conducted, prior to the declaration for/against a
Gaussian distribution presented within the data, aided in the decision to confirm, or disprove,
Gaussian distribution of the data. Resultantly, adersition of the criteria againshe
thickness data iffable 22 across all data categories returned evidence to support the null

hypothesis/ a normal distribution.

From the analysis, it was determined that a normal distribution existed across the thickness
data in all categories of the dathis is based around tleenpirical testingor the mass and
thickness datahown inTable21 coupled with the supporting evidence presentetiinle22

for the thickness data

Table22: Skewness and Kurtosis Parameters for All Data Categories of the Thickness Data

Thickness Data

Parameter AR PC Filtrate/Cake PC vs. New
Skewness 1.2560 1.3404 0.7550 1.3404
Kurtosis 5.5985 5.0225 3.4198 5.0225

As previously shown for new media, two to three 25eamples provided a representative
mean of the overall sample. Therefore, the method presented for new, virgin media provided
an initial starting pointo develop a suitable method for industrially used nonwoven filtration

media

The 48 datapointdor mass and thicknesghere randomly rearranged a total of ten tirfues
the flat media Whilst the potential uniqgue combinations of this rearrangement were in the
thousands, ten samples intentionally provided a larger interval. Doing soe@lfoma better
representation of random sampling, without having to perform analysis on aHefghty

unigue samples for thigefined sample size

The results determined thdte 30cm length samplead a mass d3.503+0.10gper 25cm
and a thickness 0f2.25+0.09mm respectively in the as received category. Exclusion of
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analysis in all other categories arose due to each specific datapoint being representative of a

unique location from the original sample.

The mean variation as the number of samples iserHar the AR states shown inFigure

36. During random sampling, each AR state datapoint corresponded to a particular PC state.
For both the massnd thickness, the lower and maximum dashed line of the figure
represente@ 10% difference in theespectiveglobal mean This aids to visually inspect the
number of samples, such that a selection of a suitable sample number which is both minimal

andrepresentative of the overall mean.

Flat Media Thickness
T

Global Mean

i R L
- - - -----—=- 10% Global Mean

Mean Thick
i >

23
Number of Samples (-)

Flat Media Mass
I

(g)

Mean Mass

0 5 10 15 20 25 30 35 40 45 50
Number of Samples (-)

Figure36: Number of Samples Mean Variation for Sample Mass (top) and Thickness (bottom)

As shown inFigure 36 (irrespective of mass or thickngsas the number of samples
increased, the mean tended towards the overall global mean of the sample. Furthermore, the
range between each number of samp@pgseared to decrease as the number of samples
increased. This decrease is caused by the inclusion of more focused data about the resultant
mean. Aftera sample size of 18nd3 for mass andhickness respectivelyhe sample mean,

is confined to withint10% of the global sample mean. Whilst there is still a slight deviation
between the global mean and sample mean, given that the sample mean and respective
confidence falls within the global, the number of samples required to obtain a representative

mean can bdefined at a minimum df0 samplesat an area of 25¢tn
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However, consideration should be given to the practicality aspect of this analysis. For large
scale sample testing, isolation of eleven samples equated to a 22.92% reduction in the sample
sizeusedin this study If random sample testing occurred, this would potentially negatively
impact other testing methods such as air permeability testing, which required a minimum of
three random 20cfnsample areas as described in BS9033fiDetermination of air

pe r me a H232].iAs$ g result, further analysis is required to either reduce the number of
samples required or increase the sample size such that the interferesee log random

sampling for mass and thickness assessment is mitigated.

A selection of a reduced sample number, including the absolute difference between the

sample mean and global mean respectively for mass and thigkisessmarised iffable23.

Table23: Number of Samples Summary for Mass and Thickness, Including the Difference between the Mean and Overall
Mean

Number of Samples

1 2 3 5 10
Mean Mass (g) 3.39+0.20 3.38+0.13 3.42+0.10 3.44+0.07 3.46+0.05
Mean
2.33+0.18 2.26+0.13 2.23+0.11 2.24+0.10 2.20+0.06
Thickness
Mass
) 3.23 3.51 2.37 1.80 1.23
Difference (|%])
Thickness
3.55 0.44 0.88 0.44 2.22

Difference (|%])

Due to the random nature, coupled with the small repeat nuofb&d repeats, some
fluctuation was expected in the resultant difference between the sample and global mean.
This fluctuationis due to the variance in the data being more spomdiature, as opposed

to the new media which was focused and narrow about the resultant Tineaigh both

Table 19 and Table 23 showed that as the sample size increased, the mass/mean difference
generdly decreased als@s a result, the identification of a definitive sample numééased

on the user defined tolerances for analysis.

In reference back téigure 36 which showed how the sample size affected the potential
mean whilst ten samples appeared best suited, five samples could be suggested, given the
apparentbsolute difference between the two sample $ieasy similarly low.Consideration

should be givemowards the accepted tolerance for analysis. If a poten8ab2 difference is

acceptableo all parties (the analyst and recipient of the ddten the sample size could be

138



Chapters: Understanding Mass and Thickness Variation

reduced. These results are limited to the sample used in this study and results may differ due

to sample location and operational time difece.

Regardless, consideration should be given to the total number of flue gas filtration bags
needed to be assessed. Following BS22031:Z208la mp | i ng and t est met h
filter media taken from filters of systems in operadi¢t6] each filtration bag would require

three sections analysed, which would equate to a total of nine unique samples for mass and
thickness, assuming that the mean of three is taken for each vertical se¢hiethad. The

total number of unique samples is #fere a multiple of three. As such, this has the potential

to have anmpacton the turnaround time of each bag. Isolation of a single sample in each of
the vertical region yielded a highly variable result. However, through an inciredke

sample sizethe potential for variandeetween its respective mean and the global mean of the
entire samplelecreasedahis showed that theample sizehat should be assessed is between

five and ten. Although, as low as three samples may suffice in yielding a representative mean,
so long as the absolute difference is acceptable as a tolerance to the test. Lastly, consideration
should be given between thember of bags, required turnaround time as this will dictate the
maximum possible number of unique samples per vertical section. Agreeance between parties
should be sought as to the number of samples per verticals section, before analysis is

conducted.

Whilst BS22031:202i Sampl i ng and test method for <clear
of systems in operation[16] does not stipulate a definitive methodology, the adapted
methodology presented in BS90Z3fiDetermination of mass per unitr & aand 2
fiDetermination ofThicknes® [230],[231] used within this study can still conforro both
standards, without compromising on compliance. Current phrasing in the B$9073
iDet er mi nati on o fandnpar® 8Detgrmimation afThicknese{2804[231]
standards required agreement between the customer and anafyst aeviation from the
required surface area. Additionally, the optional reporting of the confidence interval would be
overturned and made mandatory for compliance. This would further aid in analysis of future
samples. As a result of this study, coupled with the recommendations to the standards and
impact on sample turn around, a minimum of three to five random sampldd bleaiaken

for mass and thickness testing. From this, the mean and confidence interval should be

reported across both the as received and post cleaned state.
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Given BS22031:202fi Sampl i ng and test method for <c¢cl ean
of systems in operatian[16] does not require the assessment of the cake and PC vs. New
state, this data category/analysis requires further investigation before incorporation into the
standard. However, it does provide a useful insight into not only how the filtrate/cake has

interaced during operation, but also how the felt has changed over time.

5.3.2 Axial Variation
Dueto the machine direction length not being representative of a full bag, further analysis is

restricted to the cross direction. The crdsection length is repsentative of the
circumference of the filtration bag. Division of the sample into Z5ofnknown location

upon the sectioned sample therefore allowed for inspection of any potential variation in the
cross direction. Each sample is represented by the geoitne along their respective 5cm

intervals.

Fixed cross direction results for mass and thicknegh the inclusion of the stitch poiare
shown inFigure37. The mean of each fixed cross direction was calculated and presented as a

circular datapoint also to aid visual assessment.

In the as received state for both mass and thickness, the daesteulygn approximate
similarity between the stitch point and 75cm sample. In comparison to the new stitch point,
only a slight difference was observed. The lamination tape would have reduced the open
pores within the stitch point, thus limiting the amowtftfiltrate/cake deposition on the
sample. Given the structural variation, coupled with the previous discrepancies discussed in
the stitch point data, the stitch data was omitted from further analysis.

Further studies are required about the stitch tooegpthe effect on mass and thickness
results. Whilst this study sectioned the media and evaluated the stitch point, its structural
difference would have had an unknown effect on the deformation processes during operation.
Additional test methods such as Ti@nd SEM imaging would begin to provide a qualitative

and quantitative assessment of the filtrate and felt interaction at the stitch point of the media.
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Figure37: Sample Data Visualisation in A Fix&ttoss Direction for Mass (top) and Thickness (bottom)
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An apparent wave like function exhibited throughout the data categories, including the new
media. For the new medi&jigure 31 shows an apparent data pattern for a given fixed
direction. Most notably was the variation about the fixed cross, variable machine direction for
sample mass. As shown lgure 37 this observation was also noticed slightly for the new
media. For the new thickness data, this is less discernilitegime 37, due to the apparent
pattern inFigure31 being largely focused on a fixed machine variable cross direction. Which
resulted in a more prominent wave like function for sample mass as opposed to sample

thickness in the new media data.

Unlike new media, used media (across all data categories) did not visually present a similar
pattern as shown ifrigure 31. However, an apparent wavi&e function was exhibited,
regardless, as showin Figure 37. Appearance of a wave like function through all data
categories suggested the potential for a relationship between the datapoint and location.
Given this, a regression analysi®s conductecbout the mean of each data category to

determine the best mathematical relationship to describe the suggested curve/function.

Table 24 depicts varias mathematicalelationships which were evaluated to determine the
best suited function to describe the ddtiae data is reported in terms of the range across all

data categories, showing the minimum and maximdémwaRie respectively

Table24: Regression Fitting Against Mass and Thickness Data

Sample Quadratic Cubic Fourier
(Minimum and Maximum) Y Y Y
Thickness 0.12890.5576 0.19560.6529 0.63920.8768
Mass 0.054220.6809 0.23530.8769 0.62100.9237

Assessment of various mathematicahdtions revealed that a Fourier regression best
represented the data. As shown Tiable 24, for quadraticand cubic functions, the
representative coefficient of determinatior, Ras comparatively lower than Fourier. One of

the negative impacts of quadratic and cubic relationskipkat the regression identifies a
singular local minimum/maximum, before tending to infinity. Given that the cross direction is
representative of the full circumference, it was theorised that the pattern should repeat
continuously about the circumferenmdefinitely, dependent only on the degree at which the
results are examined. This theory further supported the Fourier regression, given that the

determined pattern was representative of the full circumference of the sample.
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Therefore, a Fourier regen was selected, defined using the mathematical expression
denoted inEquation26. In this study the termw denoted the mass or thicknessd used

constants & ftd fro) and O in conjunction with the cross sectional lengéh.
W W Wi QAo WAT &0
Equation26: Fourier Expression

The Fourierregression for each individual data category for both the sample mass and
thicknesss demonstrated iRigure38. The addition of the confidence intat demonstrated

that there is a good agreement between the data and the regression, which is supported by the
large coefficient of determinations denoteieviously inTable 24. One of the limitations

with this analysis is that at thé" @r 9" reference point, the stitch would theoretically occur.

This omission led to the regression plot not combining at theneatpmints. As a result, this

affected the determination of the local minimum and maximum points in the cross direction.

It can be visually seen frofeigure 38, that the apparent local minimums and maximums for

all data categorietend toagree regardless of the data category. This further supports the
positive relationship between mass and thickness, but also the visual observations made in
Figure 37. Isolation of these local maximum and minimum points, and conversion to a
representative degree, caas tabulated and presented for both srersd thickness Table

25.

From the analysief the regression, two distinctive local minimums and two local maximums
were found as shown ifiable 25. Given thateach apparent minimum/maximum wée

similar values across the data categories, the table showed the difference between each point
as an average percentage. The conversion from reference point to degrees assumed that the
stitch was the start/finish point at th® position. In addition,te eighth point extended fully

to the ninth position, which was also defined similarly as thep@sition to allow for a
complete circle. From this, each local minimum and maximum could be represented by a

specific degree.
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Figure38: Fourier Regression Plots Against All Categories for Mass and Thickness

Table25: Regression Analysis of Local Minimum and Maximum Points for Mass and Thickness

Stitch Regression Point
Measurement ) . _ _ _
(Assumption) 0 j 0 i 0 i 0
Thickness J 72 144 252 324
0/360
Mass J 36 119 234 313
33Y 0sJ 0 36 25 18 11
(=3 = 0 100 21 8 4
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Given the data is representative aydindrical filtration bag,Table25 showedthat the as the
difference between the mass and thickness for each local minimum/maximum decreased as
the angle increased. This phenomenon is due to the definition of ghes@tion,which was

done to reintroduce the omitted stitch point from the data. Further analysis is needed to

examine this and determine the exact cause of the phenomenon.

Division of the cylindrical bag into four quadrants was done in a bid to further undetiséand
data. These quadrants were defined utilizing the stitch point as the start/finish, like previous
descriptions for analysis. As such, each local minimum and maximum corresponded to a
particular quadrant. More interestingly was that each the pattermcaf minimum to

maximum was followed.

Occurrence of a minimum to maximum to minimum pattern suggested preferential deposition
patterns. Given the positive relationship between mass and thickness, coupled with the
Fourier regression, it is likely that fohis sample, an increased amount of deposition

occurred at the local maximum points.

Given the results demonstratedRigure 39 and Table 25, a preferential deposition can be
suggested the local maximum points. This increased rate of deposition led to a higher degree
of deposition internally to the felt (referred to as blinding). This is supported by the increased
mass in the PC state at thgs®nts, compared to the local minimum points. Comparison of
the filtrate/cake category showed that the filtrate on the surface was prominent at these local
maximum points, which further supported this. Post cleaned showed only a slight variation,
however he increase in thickness corresponded to both the AR and filtrate/clean peaks,
which again suggested a greater interaction of the filtrate with the felt causing an increased

thickness.
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Figure39: Visual Depiction of the Local Mimum and Maximum Found from the Regression Analysis

Once insitu, filtration bags are not rotated or moved until they are withdrawn from service.
This, coupled with the findings of the used media, suggested that some degree of preferential
flow occurred hout the cross direction of the bag. Given the assumption of the stitch, it is
difficult to quantify the exact position of the bag during operation which lead to this
assumption. However, if preferential flow did occur, it would be expected that each bag
would differ by some undefined value across the tube sheet. Therefore, a clear understanding
of the flow through the cell or bag house is preferential, before definitively stating that this is

the root cause.

5.4  Conclusions and Recommendations
This study provided the first initial steps in fully understanding mass and thickness variation

on new and used filtration media.

For new filtration media, a pattern for mass and thickness values emerged during the
consideration of flat media only. Thistpan suggested that taking multiple samples in a
fixed direction would yield a biased result, which would not be representative of the global
mean. As such, sampling in a different, random, location was advisable. Analysis of this
showed that taking three five samples of new media was sufficient to yield a statistically
similar mean in comparison to the global mean. However, it should be noted that deviation

between the results and datasheet occurred. Given the confidence interval was not stated, it is
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difficult to ascertain if these studies determined mass and thickness where within the range
determined for the data sheet. Consequently, the British Standards should require that the

confidence interval of the mean be stated for compliance.

Analysis of used nonwoven filtration media, of the sana¢erial and makas the new media

evaluated, was conducted to determine a methodology for mass and thickness assessment.
Currently BS22031:2026i Sampl i ng and test met hikedfrolmor c | e
filters of systems in operatiofl6]d oes ndét sti pul ate a method f o
Therefore, the methodology used for the new media was used, which used the exact size
required by the standard: a 30cm section from the machrection.

Results showed that the data varied, showing no discernible pattern when consulting a heat
map of the data. Further analysis showed that this variation was normally distributed. From
this, randomisation of the data occurred multiple tini@sing so allowed for a better
representation of an actual test, which would not be repeated continuously. From this, results
showed that a three to five samples pool of the overall sample was sufficient to obtain a
representative mean. This test was npeated for the post cleaned state, given that each
sample taken would be cleaned, which allowed for an understanding of the cakeffiltrate on
the surface. Therefore, it is assumed that the three to five samples taken for assessment would

also provide a repsentative mean in the post cleaned state.

Oneimpact of increasing the number of samples taken for analysis is the impact it has on the
time to remove, analyse, and report/interpret the. ddtarefore, during the determination of

the required number cfamples to determine mass/thickness, consideration was given to the
time impact. If multiple filtration bags are presented for analysis, the number of samples
taken increases dramatically. This regard led to the optimised number of samples to achieve a

representative mean, without a detrimental impact on sample turnover time.

It was mathematically shown that two local maximum and two local minimums existed
within the data. Utilisation of a Fourier plot, in combination with the respective mean and
confidenceintervals, demonstrated good agreement. The location of these local points
complemented each other for both the mass and thickness data. These locations where
surmised and plotted visual, using the stitch point as't#860" degree, due to the bag bgin
cylindrical. A repeating pattern between a local minimum and maximum was noted in each

respective quadrant of the bag. Consequently, it could be surmised that a preferential flow
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was exhibited to the filtration bag, which caused this observation, hofetlesr studies are

needed to confirm/deny this root cause.

5.4.1 Further Work
The following points summarise the recommended steps to be taken, following this study.

T

T

Analysis of the full machine direction should be performed on new media, in the same
manner as this study. Doing so would highlight if the patterns observed | this study
are localised, or if they are representative of the process.

A more detailed, controlled study of the mass and thickness variation across the cross
direction is needed. Ifgssible, a representative sample of the cell should be taken,
noting the position at which the bag originated. Furthermore, the position of the stitch,
to a predefined arbitrary point (for exampilee bag orientated towards thentreof

the inlet), should also be recorded. Following the proposed methodology, samples in
the vertical middle, top, and bottom shoaldobe assessed for mass and thickness.
Following this analysis, the basis of this study camu$ed to potentiallgorrobaate

and support the findings.

Additional analysis should be conducted along different vertical heights of the used
media to ensure that the number of samples is still representative. If not, then a
detailed understanding and mapping may be needed tdaasaghy and optimize the
methodology.

An aademically controlled study to assess the effect of rotating bag filters during
operation. This study would use a pilot scale combustion chamber attached to a
baghouse. After a certain period of operationaktithe bags would be removed and
evaluated. From this, new filtration bags would be inserted, and periodically rotated
approximately 90 degrees. Following this, the comparison betweeregshks from

the nonrotated and rotated filtration bagwould indiate any differences.
Furthermore, if a noticeable difference fevour of rotation is noted, then a new
baghouse design can be suggested, in which the bags rotate either continuously or

periodically automatically. This design would, in effect, be a rais$®g house.
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Chapter 6: Understanding Air Permeability Variation on A Full
Filtration Bag

6.1 Introduction

Air permeability is one of the most common techniques used to characterise post operational
nonwoven filtration media. This tecigue determines th&olume of air that passed through

the sample, at a given surface area and differential pressure per unit time. Evaluation required
a flat piece oimediato perform this test. In accordance with BS 22031:208 a mp |l i ng an
test method for cleanable filtenedia taken from filters of systems in operadidi6],
assessment is performed in three different locations on the filtration bag: the vertical top,
middle and bottom. Therefore, the analysis aimed to suggest the variation in each given test
regon of the filtration bag, irrespective of the available surface area of the bag. Performance
of additional test methods, such as mass and thickness determination are often used in
conjunction with air permeability to yield further information about thdtréition bag.
Characterization of the post operational sample therefore yielded a degree of understanding
of how operational conditions had affected the filter bag since installation.

This study aimed at identifying any variation across a full, usedgtidh bag from an EfW
combustion facility.The EfW combustion sitsupplieda new/virgin/unused filtration bag
and a used filtration bag for this study. Apart from the manufacturer data sheet of the

filtration bagshown in Appendix Athe site provided nfurther information.

Resultant air permeability values are depend
porosity [266]. For used nonwoven filtration media, pore blockage (a decrease in porosity)
restricted the volume of airflow tbugh a given surface area, which at a fixed differential
pressure across the same surface area, would result in a lower air permeability. In contrast,
pore deformation causes the average pore size to increase due to mechanical and chemical
deformation[8], [187]. This deformation process led to an increased air permeability at a
fixed differential pressure. Filtrate deposition on the surface caused the thickness of the
sample to increase, whidould negatively impact the air permeability by requiring a higher
differential pressure to achieve the same air permeability. Though the effect of filtrate
deposition is governed also by its intrinsic particle size, if sufficiently large the effect can be
negligible.This is because larger particles for a less dense wteushich allowed for greater

volumes of airflow through at a given pressuBeiring operation, the filtration bag will
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exhibit a plethora of these conditions, which will ultimately affect the end air permeability.
The aim therefore of performing the agrmeability test is to determiri®w the operational
conditionshaveimpacted the suitability of the filtration media, making it less suitable for

further use.

As previously shown in Chapter 5, local variation at a resolution surface area of 25cm
occurred within both new and used nonwoven filtration media. This study further supported
and suggested that there is a degree of air permeability variation both locally and globally. If
the overall mass of the PC state increased from the VN state,utgessed a degree of
internal filtrate deposition. This internal deposition (referred to as blinding) would reduce the
air permeability, owing to filtrate blocking. Conversely, if this valaaninimal, but the
change in thickness increased, the air pehiligaat that region was likely to have been
higher. Consequently, understanding how the air permeabliiéyges gives an indication
towards how it is performing during operation.

Common practice is to employ the methodology stated in BS-282008 fiDetermination

of air p ¢2B2neraimilad siaridgndio determine the air permeability within each
third of the filter bagoy using asubsequent sub samples surface area. The air permeability is
a measurement of the volume of air passing perpendicularly throsgmple, at a defined
differential pressure across the sample and timeframe. Compliance required that the
assessment area be 26¢®88.3cn3, or 50cn? within a tolerance of 0.5%. Furthermore, the
differential pressure across the sample can be either 10@BRa,lor 200Pa within an
accuracy of 2%. Whilst the standard required a minimum of five tests, BS 22031:2021
ASampling and test met hod for cleanabl e fi
operatiom [16] required three. From these testalcalation of the average is possible and
reported. Discrepancy between the standaidsreased the chance for misunderstanding

which standard to comply with.

Similarly, for mass and thickness determination, the omission of the resultant confidence
intervd occurred. Whilst technically this does not affect compliance, it reduces the
information obtained about the variation, particularly as the number of samples reduces.
Whilst, BS 907315:2008fiDet er mi nat i on 0[232]did stipulpte thahetha b i | i t
coefficient of variationshouldbe reported, BS 22031:20ZLlSa mp|l i ng and t est

cleanable filter media taken from filters of systems in operatid6]d o esndt whi ch
itds 1inclusion wa s nobrequised. Resutanty mreporte@ dnalysicald
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results may omit this information and yet still comply with a standard. The inclusion of the

confidence interval may provide useful, especially when comparing historical test results.

This study utilized th@perational parameters required for BS 9Q3B3008rDetermination

of air p é¢B2hmmapiande.i Givgndhat the minimum number of repstdted in

BS 907315:2008iDet er mi nat i on (2432]ia five form@ivemsample size, t y 0
the stug exceeded this minimum due to the whole sample bag being examined. For
subsequensub samplesof each vertical thirda total oftwenty-five datapoints were used.

The sample sizedifference between five and three sample points was also evaluated to
determne the difference between them.

6.1.1 Methodology

Parameters stated in BS 90¥3:2008fiDet er mi nat i on (J432] wererusepp er me a
to determine the air permealyli A brief overview of the apparatus requiremefoistesting

is shownin Table26. To ensure consistency throughout the study, thassmeters were not

changed. A slight deviation was conducted in regard to the methodology prescribed for
compliance with B2031:20211 Sampl i ng and test method for
from filters of systems in operationfl6]. As thisstudy focused on the analysis of the full

bag, omission of the requirement to isolate subsamples arose which allowed for air
permeability maps$o be drawnUpon completion, the data can be prepared in such a way by
defining where the original sections wdinave been, without the need to physically remove

them from the filtration bag

Table26: Operational Parameters to Determine Air Permeability

Description Parameter (tolerance) Additional Comments
Test head 20cn? +0.5% Fixed throughout test.

Vacuum pump to generate
the differential pressure 100/125/200Pa +2% Fixed at 200Pa+2% throughout test.

across the sample

Numbered 1 to 9 which incrementally
» ) increase wittsize. Used to enable a stable
Flowmeter / Orifice number Experiment Dependent 29 ) ) )
flow at a given differential pressure.

Fixed throughout test.

_ Due to the nature of the study, the sample ¢
Sample Size 100mm by 100mm )
was greater than this value.
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Following laboratory protocol, calibration happened at the start of every walkiygrwo
different calibration mtes with nominal diameters of 7.8mm and 21.6mm, respectivery

used forcalibration, along with a test head of 2GdAollowing the manufacturers guidelines,

the differential pressure across the calibration plate was set at 125Pa. The calibration
sequence required the completion of four tests and is summariSeabl@27. Following
analysis, the reported air permeability difference between the reference value and obtained
value must be ¢ b This is determined througiquation27, which utilised the reference
values { ) in Table27 against the observed air permeability . If the percentile error

(3- ) value remained +2%, calibration was complete

1
1

nm

Equation27: Air Permeability Calibration Test

If 3 ¢ b(failed), there could be an unidentified error in the experimentalgetuch as
the air connections not sealed, or the calibration plate not seated correctly. Additionally,
given the orifice platavas screwed into position, the tightness of this cdedifthe error.
However, during testing, the absolute error generated fell within the specified limits. The

resultant percentile erras, was .73%1.28% across thedata

Table27: Air Permeability Calibration Data

Orifice Number Calibration Plate Pressure Test Head 1

) (@ mm) (Pa) (cr) (mms?)

3 7.8 114.5

4 7.8 114.5

125 20

5 21.6 855

6 21.6 855
Day 1 Day 2 Day 3 Day 4

S 1.28 0.97 1.25 0.73

Analysis of air permeability required flat samples, with no discernible folds or creases. The
occurrence of these within a sample would negatively impact the obtained results from
testing. To ensure that the sample is taut, a compressionwasgised whit allowed the

sample to remain taut and flat throughout the test. From this, movement of the test head into
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position and was pressurised. Completion of this saw the sample ready for analysis, provided

no visible creases, folds, or defects were observable.

Compliance with BS 22031:20FiLSa mpl i ng and test method for
from filters of systems in operatiorf16] required two samples be removed from each
section. These samples where to measure 25mm x 200mm and 200mm x 25mm in the
machine and cross direction, respectively. This methodology allowed for analysis in the
latitudinal and longitudinal direction to illustte the potential variation in the machine and
cross direction, respectively. For comparison between this study to the séasdard
methodology a single sample which measured 30cm in vertical length simplified this
requirement, given both the sub sampleaidd have occurred within this larger sample size.

This would still allow for completion of a latitudinal and longitudinal assessment but

simplified the determination of the position of each respective sample.

Flue gas filtration media assessed in thislgtwas a PTFE/P84 needlefelt, which also had a
PTFE scrim.

Sample preparation required the filtration bagbéoconverted from its original cylindrical

shape to being flat. Removal of the top and bottom fcaff the filtration baguseda sharp

knife. Oncer e mov e d , an incision at as5cmbés paralle
transpired, which allowed for the evaluation of the stitch. This incision made allowance for

the removal of the cylindrical nature and allowed for the bag to become flatehyhtire

filtrate was facing vertically upwards. Minimalization of any agitation, towards the filtration

bag happened throughout the study to avoid any loss of filtrate, which would affect the

analysis.

A matrix structure stored the evaluated air permaghilata, whereby each element of the
matrix represented a unique location. Subsequent locational information also followed this
ideology based on the firgtatapointposition. The vertical height/length of the sample
equated to the machine direction. lontrast, the widtltircumferenceequated to the cross
direction. These descriptions originated from the manufacture process of flat media, which
commonly referred to the length of the machine as the machine direction. Cross direction is
dependent on the dth of flat media required. This resulted in the machine and cross
direction becoming the axial positions of x and y respectively unless otherwise specified.
Overall, the study produced a matrix @fby 83 equivalent to498 unique datapointper

state
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Demonstrated irFigure 40 [2] is the matrixstructure including a brief outline of the three
states assessed in tisidy: AR, PC, and Filtration cake permeability. The latter state is the
difference between the PC state and AR state. This is possible due to the fixed locational
position of each sample point. Characterisation of how the felt changed since instillation
required a shift in the data negatively on

air permeability.

Machine Direction (vertical Top to Vertical Bottom)

Cross Direction 9.7cm \}4 O S -
s J -
(40 cm total) 16.4cm e --\l o5
23.1 cm \ Saod SO e Se? N
NP [ Y
29.8cm ,_\\.7:_1.—' — e — '__1.71_1. -
36.5cm \ P T (.\-—’ PR AR Post Clean Permeability
/ .
\ ,,.{::i-,:—’ 35 _-;;1-; ' — (media only)
See? Sea g S’ S
As Received Permeability
— (filtrate and media)
1 2 82 83

Total Cross Direction Length of Flat Media
(625 cm total)

Figure40: Pictorial Representation of the Various States Analjed
Evaluation of aipermeability was possible on the sample in two states: the as received state
(AR) and post cleaned state (PC). Definition of the AR state is the original state of the
sample, as presented for analysis. PC state used the results of Chapter 4 to detemust th
appropriate cleaning method. Givérat his study used the same post operational media as
Chapter 4, the method selected was dust vacuuming. Testing in the PC state yielded an
insight into how the felt hagshangedduring operation. Once cleanedy aiermeability
evaluation occurred again in the same unique sampling positions as the AR state, allowing for
direct comparison between the data sets. Subsequent calculation of the filtrate/cake layer and

felt change required completion of the AR and P@sta

A pictorial representation of the difference between the AR and PCisttiewn inFigure
41
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Figure4l: Visual Difference Between the As Received (AR) State and the Post Cleaned (PC) State
Prior to the examination of the used sampie,permeabilityevaluation of a different used

sample, from the same site and operational tiowgurred a total of fifty times. This
provided the baseline air permeability variation of the AR and PC states. One of the
downsides to the study is the considerable amount of time taken to perform the analysis. This
perceived variation described the esjeel variation in the data, given repetition of the
sample multiple times was not possibled determined to be0.48 Ldn?min? for AR and

+0.73 Ldnmin™for AR and PC states, respectively.

Thefilter mediamanufacture datasheet defined the new air permeability at 175fdin™ at

200Pa. To confirm, isolation of a swath from the new/virgin bag allowed for independent
laboratory analysis. Assessment of ten random sample locations yielded an air permeability
result of 25606+16.66 Ldrfminl. The resultant difference between the stated and
determined air permeabilities was 81.06 Lamin?. Ratification of this datasheet was in
2015. Over the past seven years, withdrawal from operation of multiple filtration bags has
requred the instillation of new/virgin bags. If the assumption that the site has not changed
suppliers or bag types is true or the manufacturer has not changed their manufacturing
process somehow, then the datasheet value(s) should also be true. Whilstaamusidgree

of variation could have influenced the air permeability, the datasheet could be outdated given
its age. This uncertainty led to the utilization of the laborabased air permeability for
comparative analysis given the site provided a new bdgecsame material as the used one.
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