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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 released into the atmosphere. 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 sites were examined. Analytical
techniques such as air permeability, mass/density, and thickness were used to determine the
variation within a defined sample size. Whilst the British Standards were used as the baseline
methodology, they required a significantly small surface area for analysis in comparison to
surface area of a flue gas filtration bag. When the sample size was increased, results
suggested a relationship between the data and the diameter of the bag for air permeability,
mass/density, and thickness. In addition, a preliminary longevity study was explored using
new and industrially used media. This study used uCT, SEM, air permeability, mass/density,
and thickness measurements to illustrate how the media changed once it had reached a pre-
defined end point. Whilst these results are preliminary, the critical evaluation of the data

suggested how longevity may be calculated.

As the sample size increases, so does the time required to perform analysis. The work
presented in this thesis demonstrated the potential variation in a sample and illustrated
relationships about the circumference of the bag. These 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

1.1 Introduction

Analytical techniques are often employed to evaluate the overall health of bag house filtration
media. Air permeability [2], [3], mass/density [4], [5], thickness [6], [7], and tensile testing
[8], [9] are some of the most common methods used to evaluate flue gas filtration media.
Other techniques are available to aid analysis, such as free moisture content determination
[10], [11], or imaging techniques Scanning Electron Microscopy (SEM) [12], [13] and
microcomputed tomography (UCT) [14], [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 hundreds of samples. Moisture determination could take over an hour to dry and
the capacity of the drying oven limited the number of samples evaluated at any given time.
Lastly, the required turnaround time needed to isolate, remove, analyse, and interpretation of
data is dependent on the number of samples analysed. As the 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, and thickness to evaluate the health

of the media.

Techniques laid out by the British Standard Institute (BSI) in BS 22031:2021 “Sampling and
test method for cleanable filter media taken from filters of systems in operation” [16]
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 nonwoven filtration

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 account for the variation and establish the effect it may 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.)’s government, our energy is sourced primarily from

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 decreased [18],
largely due to the negative environmental impacts such as CO2,SOx,NOy, and particulate
matter (PM) emissions [19], [20]. This reduction transpired due to events such as the 1952
London Smog incident. A review of this incident by Bell and Davis [21] suggested that
increased coal burning in the city led to increased SOx/air pollution and therefore an increased
mortality within the population. In recent years, the use of coal has been 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 October 2024 [24].
With the reduction of coal from the energy mix, the use of natural gas has increased over
recent years to ensure the energy availability of flexibility in the energy generation is
followed [17]. One limitation of natural gas is that it is still a non-renewable source of energy
being a fossil fuel. Combustion of natural gas primarily produced CO2 emissions, which
negatively impact the environment. One potential way to limit this impact is the use of
Carbon Capture Storage (CCS) of the emissions post combustion to reduce this impact [25].
Without CCS, the use of natural gas will have to decline in order to limit global warming
[26]. Consequently, a decrease in fossil fuel (non-renewable) sources for energy production
will require alternative energy 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 prevalence within the
U.K.’s energy mix [17], [27]. One benefit of wind and solar is that it utilises an energy stream
which is seemingly limitless. However, they work on the basis that either a strong enough
wind is flowing to spin the turbine blades, or that there is minimal cloud coverage for the
suns solar rays to hit the solar panels. This creates 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 needed to meet energy demand, and additional infrastructure such as
battery storage [28]-[30]. Resistance to wind power can be further characterised by the
“nimbyism” effect, where members of the public are resistant to installation within their

community for fear of visual impact and disruption to bird migration paths for example [31]-
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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.K. [34]. Factors such as waste disposal [35], previous
process safety [36], and trust and perceived risk factors [37], [38] are examples of factors
effecting public opinion and perception to the technology. Biomass and energy from waste

(or waste to energy) offered a solution to the intermittency issues.

Biomass combustion uses organic matter from various sources such as virgin wood, waste
wood and energy crops to generate power [39]-[42]. The use of a renewable source promotes
security in fuel source. The term biomass encompasses variation in the chemical composition
dependent on the fuel source/mix [43]. There is debate over the sustainability of biomass,
given importation of biomass contributes to global CO, emissions [44], which may be
reduced by sourcing the fuel more local to the power plant [41]. In addition, the combustion
released previously captured CO2 emissions, along with any by-products such as SOx, NOx,
acidic compounds, and particulate matter [45]-[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 send it to landfill
sites [48][49]. EfW encompasses the municipal Solid Waste (MSW) generated by a populous
and just like biomass, can vary in composition as illustrated by Habib 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 and solar power generation,
(regardless of fuel variation) they still can have associated negative impacts on the

environment.

Combustion of solid fuel produces both solid and gaseous emissions. By-products of the
combustion process, such as Volatile Organic Compounds (VOC), Polycyclic aromatic
hydrocarbons (PAH), and Particulate Matter (PM), but also CO2, NOx, SOx, and other acidic
compounds negatively impact the environment (such as global warming and acid rain) [40],
[45], [53], [54]. In addition, exposure to emissions such as PM have negative impacts on
personal health. Conditions such as cardiac [55]-[57] and pulmonary effects [58]-[60]
contribute to the morbidity and mortality [61]-[64] across the population due to particulate
matter. Studies such as [64]-[67], have examined the exposure duration, proximity, and
impact on health. The economic impact associated with these conditions increased the burden
on health services [68]-[70]. A reduction in the amount of solid particulate matter, emitted to
the atmosphere, would contribute towards reducing the frequency of new cases associated

with the exposure to solid particulate matter.
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1.2.2 Flue Gas Chemistry
Burning a fuel to produce heat is a chemical reaction, whereby the fuels combustible

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 gas [40].Various processes, such as boilers and flue gas treatment systems,
are used as part of the overall combustion process. In power generation, various types and
sources of biomass, and municipal wastes can be burned to produce heat [51], [71]-[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 injection is shown in Figure 1 [74]. The exact set-up is site dependent and
can vary. For example, Figure 1 [74] shows a rotatory Kiln to dry the fuel before combustion,
but both plants evaluated by Maeda 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. The useful product from combustion is heat, which can be recovered
for power generation, used for heat at another site, or combined heat and power (CHP) which

is the most common approach [76].
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Figure 1: Example Layout of the Combustion Process, Including Flue Gas Treatment [74]

Apart from the release of energy, the main products of combustion are gaseous, and solids
released as the fuel combusts. For example, bottom ash is one example of solid particulate
matter that remains at the combustion chamber, often consisting of mineral impurities from
the fuel, heavy metals, and some of the combustion bed material that wasn’t entrained in the

flue gas stream [40], [77]. Some ash is entrained in the flue gas stream, where it travels
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downstream in 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 flue 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 denoted as (1) in
literature [78]. Multiple authors have described the ultimate analysis of multiple fuels (both
biomass and waste), which can be used to calculate the gaseous chemical composition of the
flue gas [79]-[83]. One study evaluated the variation in waste wood over nine years [84],
which suggested the potential variation within the fuel source, during combustion. The
resultant chemical composition of the flue gas composes of CO», H>O, NOy, SOy, and O, but
can also contain acidic compounds such as HCL and HF if present in the fuel [83], [85], [86].
The environmental impact of NOx, SOy, and acidic compounds has been discussed
extensively in literature [40], [47], [53]. To reduce the concentration of certain compounds
such as HCL and SOy, sorbents can be injected into the flue gas which facilitate reactions
allowing them to be collected.

Calcium hydroxide (Ca(OH).), sodium bicarbonate (NaHCO3), 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 flue gas [83], [87], [88].
Sodium bicarbonate undergoes thermal degradation to produce sodium carbonate (Na>CO3)
[89]. Sodium carbonate then reacts with gaseous compounds such as SOz, HCL, and to some
extent HF so that they can be separated from the flue gas physically and solid particulates as
opposed to gaseous [83], [89], [90]. Calcium hydroxide can also act as the sorbent to reduce
gaseous compounds such as HCL and HF, but can also mitigate SOx emissions [83]. The
selected sorbent or combinations of sorbents is dependent on the fuel’s composition and the

resultant gaseous chemicals produced from the combustion process.

Example chemical pathways for sodium bicarbonate and calcium hydroxide are illustrated in
Equation 1 [89], [90] and Equation 2 [85] respectively. Another addition could be gaseous
ammonia (NHz) [91], which reacts with the NOx components to produce nitrogen and water
as shown in Equation 3 [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 products of water or
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carbon dioxide are also produced but remain gaseous. The resultant solids (such as Na,CO0s,
NacCl(s), CaCl, (s)) remain in the flue gas.

thermal decomposition

2NaHCO05(s) Na,CO0s(s) + C0O,(g) + H,0 (g9)
Na,CO0s(s) + 2HCI(g) — 2NaCl(s) + C0,(g) + H,0(g)
Na,C05(s) + S0,(g) = Na,S05(s) + C0,(g)

Equation 1: Sodium Bicarbonate Reaction Pathway Examples [89], [90]

Ca(OH), (s) + 2HCL (g) — CaCl, (s) + 2H,0 (g)
Ca(OH), (s) + 2HF (g) — CaF,(s) + 2H,0 (g)

Equation 2:Calcium Hydroxide Reaction Pathway Examples [85]

2NO, + 4NH, — 3N, + 6H,0

Equation 3: Ammonia Reaction Pathway Examples [83]

A solid emission from the combustion process is fly ash. Fly ash is the term given to ash
which is below a certain size/density which allowed it to remain entrained within the flue gas
[92]. The physical transformation from fuel to ash has been studied 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 varying. Studies such as Vassilev et al., [43],
Masia et al., [95], and Vassilev et al., [96] have demonstrated the variability in ash
composition when different fuels are used in the combustion process. The chemical
composition of the fly ash is solid oxides, such as SiO2, Al2Os, FE20s3, etc. In addition, the
introduction of solid sorbents to the 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 products.

1.2.3 Separation 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 solid particulate matter. For gaseous emissions that have not been
effectively treated, such as remaining SOy, acidic compounds, mercury, dioxins, or NOx
abatement (for example), wet or dry scrubbers may be deployed to bring the emitted
concentrations down [88], [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 reduce specific emissions. Some examples of dry
sorbents that can be injected into the stream are powdered activated carbon and lime, which
react with specific chemical components of the flue gas to reduce their concentration [54],
[85], [99], [100]. Solid additions to treat the flue gas will therefore affect the particle size

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

Cyclone

Cyclones use centrifugal forces to remove dense particles from the gas stream [53]. Cyclones
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 suspension vertically 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 limitation of cyclone usage is their inability to handle micro
and nano sized particles effectively, which is currently being addressed in studies such as
[101]-[104]. Studies such as Xiong et al., [101] tend to agree that the cyclone collection
efficiency can reach 99% with particles bigger than 10um in diamiter, thought his number is
dependent of the properties of the fluid and solids such as density, solidity, and humidity
[101]-[104]. Due to the lower collection efficiencies noted at smaller particle sizes, other
separation techniques which are capable of collecting these particle 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 charge [97], [106], [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 the plate 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 by Sarkar et al,.[108]. However, as suggested by George et al,. [109], it is possible
to combine a cyclone and ESP separator to improve collection efficiency, given these
techniques complement each other in terms of limitations. Further information on ESP’s can
be found in [110], [111].
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Fabric filtration

Fabric filtration is used to collect solid particulates from gas streams from various industries
such as power generation [54], [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 or nonwoven, and is characterised by its manufacturing process, surface
treatment, porosity, area density, and thickness for example [54], [112]-[114]. Operation of
fabric filtration is limited to temperatures below the maximum operational temperature of the
fabric in use, and above the acidic dew point temperature [115]. 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 sizes [88], [97], [118].

Nonwoven bag filters are one of the most common fabric filters, with various designs as
illustrated in Figure 2 [54]. They are highly efficient at collecting solid particulate material,
typical values range between >1 um particle size at flow rates >1m3nhr? [112]. The fabric is
commonly stitched together using a three-needle chain, which then be laminated or sealed

[54]. Some other designs exist, such as cassette, ceramic, and pleated filters [118].

L s
Bag with Bag with Envelope/cassette
circular square/rectangular

cross-section cross-section

Figure 2: lllustration of Various Bag Filters [54] (left) and Example Circular Bag (right) showing the Top and Bottom Cuff

The design of the fabric filter is dependent on the cleaning mechanism. There are three key
designs [119], [120]:
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e 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 bag [115]. 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 process [112]. The fabric needs to be resilient to the movement
and is usually heavier to mitigate against accelerated wear due to cleaning [115]. This
additional weight increased stress on the supporting mechanism [115]. 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.

e Reverse air:

Like the shaker cleaning method, the top of the filter media is suspended at the 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 needed [54]. The filter bags can be longer
leading to a smaller footprint requirement than the pulse jet or shaking cleaning method, and
have an increased longevity [53]. This cleaning method is more gentle than shaking, which
allows more delicate/fragile media to be used [115]. Due to this, needle felted filtration media

cannot be used as the resultant clean is ineffective at removing the filtrate [54].

e Pulse jet:

Unlike the cleaning methods reverse air and shaker, collection of filtrate occurs on the
outside of the filter bag for pulse jet cleaning [112]. Each bag is suspended on a tube sheet
and is kept open through the use of a support cage [54]. Cleaning is achieved by delivering a
pressurised pulse of compressed air on the inside of the bag, which usually lasts for a fraction
of a second [53], [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 offline [53]. Whilst online
cleaning meant allowed for a continuous process to be achieved, it also facilitated
redeposition through re-entrained filtrate [53], [54], [113]. The cleaning sequence depends on

site preference, but can occur individually, in small groups, or all at the same time [112].
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Wang et al., [115] provided a direct comparison between the cleaning methods mentioned
above. An example schematic of pulse jet fabric filtration which was the selected cleaning
mechanism owing to its prevalence in industry is illustrated in Figure 3 [88]. An illustration
of the pulse jet cleaning mechanism in action is illustrated in Figure 4 [112].

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

metal wire cage

raw gas —

~

filter
ash

Figure 3: Pulse Jet Fabric Filtration Schematic [88]

The air to cloth ratio is defined as the flow rate of flue gas over the available collection
surface area and is used during the design phase to help decide the number of filtration bags
needed for the filtration process [53], [115].For pulse jet filtration, the ratio is reported to
equal 5 for fly ash [115]. This design tool suggested the size and therefore the number of
filtration bags needed. Collectively, a group of filtration bags is often referred to as a bag
house, which can constitute a single compartment or chamber, or multiple depending on the
design requirements [53], [54], [112]. The effects of varying this value are discussed in
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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Figure 4: Schematic of Pulse Jet Cleaning In Action [112]

Typically, depending on usage and suitability, the filtration bag can have a lifespan greater
than two years [115], though Wang et al,.[53] stated it can remain in-situ 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 desired volume throughput of the flue

gas and the system pressure drop [115], [121].
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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 on the 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 to be noticed. Industrial bag 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 other cell may indicate something is incorrect within a
given cell. Reliance, therefore, is on the operator(s) to understand the data and act
accordingly. As the number of datapoints increases, so does the complexity of understanding
the data.

Offline analysis of 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
removal 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 22031:2021 “Sampling and test method for cleanable filter
media taken from filters of systems in operation” [16] 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, discolouration 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 appeared not to follow a structured approach where some samples
are presented for evaluation with little to no further information. Omission of further
information about the sample, except (sometimes) of the filtration bag’s original location
within the cell, inadvertently performed blind analysis, with the resultant report only
discussing the particular region examined — not the full cell. Sometimes, leading to general

comments about a cell, owing to the samples retrieved having no locational information.

This inability to control sampling, through disconnect between sampling and analysis calls
into question the current methodology used during the analysis of a used filtration media bag.

Chapter 2 discussed these techniques in further detail. This led to the question:

“Do the current analytical methods represent the full sample/filtration bag?”

12
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Economic considerations, from both the site and analysts’ point of view are a major factor in
the number of filtration bags that are evaluated. From A sites perspective, the cost to replace
each filtration bag, labour, frequency, cost of being offline, and analyst costs factor into the
decision to perform analysis. Apart from laboratory consumables the analyst’s time is the
biggest cost in performing the evaluation. Using current methods, a full filtration bag
required two hours to complete the 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 to complete the evaluation, interpret, 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 of the previous question, into parts:
“Do the current analytical methods represent the full sample/filtration bag?”

1. What is the difference between the current method, against a larger sample size from
the filter bag?
2. s the current method representative of the overall 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 Kingdom. Throughout this thesis, the use of
industrially relevant samples facilitated an easy transfer of the results into industry. At their
site in Jarrow, Newcastle -Upon-Tyne, an analytics laboratory provided an opportunity to
gain first-hand experience of the variability 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 moisture determination. Appendix E summarised reports/work
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performed for Durham filtration, including preliminary results towards the application of

uCT 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/development of
analytical methods such as air permeability, mass/density determination, filter media
thickness, and porosity, could account for the variation and establish the effect it can have on
the resultant data. If the data used to evaluate the media is not representative, 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, this could 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
22031:2021 “Sampling and test method for cleanable filter media taken from filters of
systems in operation” [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 evaluate the

remaining longevity of filtration media under site specific operational parameters.

Chapter 1 presented the background theory surrounding ownership and discussed subjects
such as energy, flue gas chemistry, and filtration theory. The aim of this chapter was 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.

Chapter 2 afforded the reader with a literature review on 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 Chapter 4-7 inclusive. Chapters 4 to 6 stemmed from the

review conducted for BS 22031:2021 “Sampling and test method for cleanable filter media
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taken from filters of systems in operation” [16]. Chapter 7 used the FAR to begin longevity
studies and determine if a method to suggest the remaining longevity of filtration media was
possible. Chapter 7 also explored the use of X-ray imaging and uCT as an analytical tool. The
work presented in Chapters 4-7 was the result of Chapter 2, which identified concepts in

literature which had previously not been examined.

Chapter 3 summarised the methodologies applied in Chapters 4-7, each chapter supplied
details about its respective method. This increased the readability of each chapter by allowing
each chapter to be read in 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
understanding 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 mentioned in BS 22031:2021
“Sampling and test method for cleanable filter media taken from filters of systems in
operation” [16]. The aim of this study was to determine the most appropriate method to
sufficiently clean the filtration media to allow for analysis in the post cleaned 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 bag, not just at a fixed 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 understanding of how modifications to the current method may impact

analysis and 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 work was to identify if used filtration media could
be evaluated in the FAR to determine the remaining longevity of the filtration media under
near replicable industrial conditions. The chapter evaluated the data critically, making
recommendations on how future researchers may take the presented ideas and develop them

further.
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At the heart of the thesis, was the implications towards large 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 complete analysis. Chapter’s 4 to 6 inclusive extensively
considered this in their results and discussion. Chapter 7 showcased new and potential

methodologies and technologies to evaluate the filtration media.

Appendices to the thesis provided an overview of other work conducted throughout the four-
year period of this project. Where applicable, anonymization has taken place. Additional,
SEM imaging and uCT 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 ownership of these systems.
Topics such as flue gas treatment [89], [91], [118], [122], economic factors [121], [123],
[124], utilisation of fly ash [125]-[127], and associated health impacts [46], [55], [68], [128],
[129] are discussed in Chapter 1. Therefore, the subsequent review focused on three distinct

topics:

e 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.

e The Cleaning Process:

Periodical removal of surface filtrate allowed regulated the media which allowed for further
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.

e Analytical Technigues:

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

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

Filtration is the process of separating solid particulates from a fluid. In flue gas filtration,
filtration media facilitated this separation. Solid particulates in the flue gas comprise of fly
ash [111] and any solid upstream pre-treatment chemicals such as calcium carbonate [130],
sodium carbonate [89], activated carbon [91], or a combination. The combination of fly ash
and pre-treatment chemicals is referred to as filtrate. The filtrate is drawn through the
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filtration media either by an induced draft (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.

Nonwoven filtration media is a common fabric used as a filter for the removal of the filtrate
from the flue gas. Some of the common fabrics used to construct the filter bag are presented
in Table 1 [53], [115], [131]. Various properties such as fibre diameter, needle penetration
depth, punch density, and stroke frequency will impact the resultant properties media [9],
[132]-[134]. Information on manufacturing and different types of media can be found in the
following literature sources [53], [120].The selected filtration media will have a set of
parameters specific to its design. Air permeability, thickness, areal density, and porosity are

example parameters which will influence the process [3], [135], [136].

Table 1: Various Fabric Operating Characteristics [53], [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. 1 50 190°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'bggg'a 550°C 500°C FIG P FIG F 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 at the surface 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 over time and is referred to as a cake. Various authors
such as Li et al., [137], Kanaoka [138], Thomas et al,. [139], and li et al,. [140] have

discussed these filtration steps in their studies/experiments.

The relationship between the pore size/porosity and the filtrate particle size played a crucial
part in the transaction between filtration phases. One study by Li et al,. [137] evaluated this
against three particle sizes, which conformed to previous studies, however they noted that the

particles larger than the pore size largely remained at the surface [137]. Whereas particles
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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 depth filtration 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 suggested cake filtration had become dominant.
Another study by Thomas et al,. [139] examined a singular filtrate, but changed the filtration
velocity. The study by Thomas et al,. [139] suggested that as this velocity increased, the
number of smaller particles deposited internally increased. This was characterised by a
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 media [141]. Therefore, depth filtration should be avoided in order to promote the
longevity of the filtration media. Cake filtration uses already collected particulate to collect
the filtrate, meaning that it acted as a barrier to the filter media. Depending on the efficiency
of filtrate removal during cleaning, cake filtration can re-occur quickly, so long as enough
surface filtrate remained. Over cleaning would remove the surface 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 filtrate. 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 directional change in pressure between a specific upstream and
downstream measuring point. Various studies have illustrated different locations where the
measurements could be taken. Illustrated in Table 2 are various studies which have measured
the differential pressure. Measuring the differential pressure between the flange inlet and
outlet provided a global overview of the differential pressure exhibited 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 thousands of 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 filtration media is equal, regardless of any locational variations.

Table 2: 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 [121,147-149]

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

Various studies have applied the Ergun equation [153] to characterize the differential
pressure across the bag house and is illustrated in Equation 4 [136], [152], [154], [155]. The
equation characterised the overall differential pressure as a function of the filtration media
(AB,,) and filtrate/cake deposited (AP.). 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 (vy), flow resistivities (k,,, k.), and the deposited mass (W) [156]. The mass
deposited on the filter is defined by the multiplication of the mass feed per unit time and total
filtration time, over the filtration area(W = Qt/A) [156].

AP = AP, + AP, = k,,vs + k v W
Equation 4: Total Differential Pressure [136], [152], [154], [155]

An equation referred to as the Kozeny-Carman equation is shown in Equation 5 [157]. This
equation has been modified and adapted to suit experimental studies, examples of which are
illustrated in Equation 6 [158] and Equation 7 [159]. Deployment of the Kozeny-Carman
equation against experimental data relied on the use of various assumptions discussed by
Tien et al,. [159], which evaluated the use of the equation to determine porosity (¢). The
assumptions discussed by Tien et al,. [159] focused on translation between spherical particles
for packed beds to cake filters, constant velocity flow, representative particle size, and
consistent gas density, which led to some studies such as Aguiar and Coury [146], Hsiao et
al,. [158], and Tien and Ramarao [159] having to implement corrections, or defining the
equation slightly different based on their research. This isn’t to say that their studies are
incorrect or misleading, it merely illustrated the complexity of using theoretical equations to

model experimental results.
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For Equation 5 [157], Equation 6 [158], and Equation 7 [159], the particle diameter is
denoted as (D,) and (d.,), fluid velocity as (U,,) and (U,), the Reynolds number of the flow

as (Nge), Gravity constant as (g.), filter thickness as (L), and gas viscosity as (u).

AP D €3 1—¢€
de. p . = 150"
L GU, 1—¢ Nre

+1.75

Equation 5: Kozeny-Carman Equation developed by Ergun[157]

AP _As,f(l —€)?
L o €3

Equation 6: Representation of the Kozeny-Carman Equation [158]
aP _ , A= pu
AL €3 dz,

Equation 7: Representation of the Kozeny-Carman Equation [159]

Deployment of any form of the Kozeny-Carman 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 parameters that would 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 time, which would require removal and
offline testing. Therefore, Equation 4 sufficiently described the differential pressure at a
given filtration cycle. Whilst AP, 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 term AP, is a function of the new media and any internal or
remaining deposits post clean. As a result, AP, 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 an effect on the rate of
differential pressure exhibited by the filtration media. The illustrated the complexity of flue
gas filtration, showing the difficulty towards modelling. Extrapolation of this from small
scale to industrial scale could lead to more extensive deviations 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 Parameter Influence

One study performed by Wang et al., [148] considered the effect of cake structure based on
the concentration presented at the filter. Their work suggested that under 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 probability of it becoming organized, denser, and
therefore result in a higher differential pressure. The study by Wang et al., [148] presented
two cakes evaluated, showing their results in Figure 5 [148]. Another study by Hsiao et al.,
[158] stated that the increased concentration led to an increased rate of pressure drop, which
contradicted the findings of Wang et al., [148]. Experimental variation between the two
studies could have contributed to the difference in results. Whilst the study by Hsiao et al.,
[158] simulated a more representative bag filtration set-up, Wang et al., [148] used a parallel
delivery system, meaning particle separation could not effectively take place. Furthermore,
the filtration velocity differed from 0.1-0.2ms™ for Wang et al., [148] and 0.035ms™ for
Hsiao et al.,[158]. The particle size distribution could have also played a role, given smaller
particles will more readily block the filter, leading to an increased differential pressure as
previously discussed. Consequently, the difference between studies further demonstrated the

complexity of the filtration process.

Another study by Miguel [160] experimented on the filtration velocity, experimentally
showing that as the velocity increased, so did the rate of differential pressure increase [160].
Other studies by Rogozinski et al., [143], and Saleem et al., [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 velocity led 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 possible. One 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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Figure 5: Demonstration of the Filtration Cake Structure at 0.32ugem (left) and 7.08ugem (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 drop rate. A study 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 study by Joubert et al., [163] presented similar
results over two differing filtrates and various relative humidity’s. Their work suggested an
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 moisture contents and filtrate [164], [165].
Moisture sorption is affected by the composition of the filtrate which will impact the resultant
differential pressure rate [81], [166], [167]. Performing moisture analysis offline would
afford an insight into the sorption effect of 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 extensively within literature, often
summarized by the single fibre theory (SFT) [168]-[170]. The SFT, evaluated particle size
against a single fibre, before extrapolating it to the filtration media. The filtration media is
characterized by its thickness, the fibre diameter, and either the packing density/solidity («)
or porosity (¢). Both the packing density/solidity and porosity are a decimal between zero

and one and can be changed to the other by their subtraction from unity. The single fibre
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efficiency (E) is calculated based on the addition of the calculated efficiencies for each
mechanism as shown in Equation 8.Consequently the collection efficiency can be calculated
using Equation 9 [171]. One alternative way is to calculate the penetration efficiency (P(n))
using Equation 10following form of Equation 10 [169]. These equations equated the

collection efficiencies against the filter’s fibre diameter (D) and the thickness of the filter

(H) or (L) against the porosity (e) or packing density (a).

(TI = Ngravity * Ndif fusion T )

Equation 8: Summation of all collection efficiencies to get the overall efficiency value

4(1 —€)H
E=1-— exp <_ Q)
e Dy
Equation 9: Collection Efficiency [171]
4alnr(n)
P(n) = _—
(n) = exp [ nDr(1 — @)

Equation 10: Penetration Efficiency [169]

Each collection mechanism is based on the interaction between the filtrate particle size, and
the fibre diameter. The collection mechanisms evaluated as part of this literature review is
illustrated in Figure 6 [115]. Whilst electrostatic collection exists, it is not uncommon for
fabric filtration to not have an electrical charge applied to the media. Studies such as Jaworek
et al., [111], Visser [172] and Lathrache and Fissan [173] 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 inadvertently assuming 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 terms of particle size and resultant charge. As such electrostatic
collection was not considered. Regardless, the both the fibre diameter and particle size will

have an impact on all collection mechanisms.
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Figure 6: lllustration of Collection Mechanisms [115]

Fibre diameter is one parameter for discussion. One study by Kang et al., [147] presented
four ways to calculate the diameter following the arithmetic mean, geometric mean, the
volume-surface mean, and the effective diameter [147]. The definition of the diameter
assumes fibre sphericity, coupled with the assumption that the distribution of the fibre
diameters is narrow which allows for a singular fibre diameter to be used. Various studies
such as Jackiewicz et al., [15], Kang et al., [147], and Barros et al., [156] have shown that for
non-woven filtration media, the fibre diameter is variable. This assumption appeared to hold
true for some studies such as Kang et al., [147] and Barros et al., [156], but had a large
deviation between the theoretical and experimental results in some studies such as Steffens et
al., [171], and Podgorski et al.,[174]. Whilst some variation was 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 also affect validation between the
experimental and theoretical data. A study conducted by Hinds [168] 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 discussed the
irregularity of a particle, accounting for it which they suggested could be accounted for using
a dynamic shape factor/constant depending on the material [168] .Experimental work by
Podgorski et al., [174] applied the theoretical differences and showed the variation between
the theoretical and experimental efficiencies. Table 3 illustrated various fly ash’s from
different combustion process, which illustrated that spherical assumption may under or

overestimate the efficiency of collection.

Table 3: Fly Ash Studies

Reference Brief Description Application

[136] Review of research related to filtrate collection, Bag, cartridge, HEPA, ULPA, high
presenting theoretical models to define the performance filters.
efficiency of collection based on fly ash parameters.

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

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

[177] Ash formed from the combustion of pulverized Combustion systems

grape pomace

Application of the SFT to determine the theoretical efficiency has been widely applied, under
various conditions, particle sizes, and filtration media, in literature for fabric filtration.
Equation 11 [156] presented a specimen method to determine the collection efficiency.
Reviews on the constants and calculation 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], and Barros et al., [156] represented the experimental
collection based on the ratio between the downstream and upstream concentrations such as
Equation 12 [6]. Use of this method allowed for the entire collection efficiency of the unit to

be calculated, without assumptions about the filter, filtrate, or operating conditions.

In Equation 11 [156], the efficiencies calculated are: diffusion (n,), direct interception (n;4),
inertia (7;), and gravity (n,). Dimensionless numbers such as the stokes number (St),

Kuwabara factor (Ku), Peclet number (Pe), and ratio between the fibre and particle diameter

(R) aid to calculate these efficiencies. For Equation 12 [6], this used the ratio between the
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particulate concentration upstream over the particulate concentration downstream to calculate
the efficiency (E).

1—a\Y/3
ng = 1.6 (W) Pe~2/3¢,
o0 (1 — a) R? c
Ta =5\ ) T+RT
3 St3
T = S5 ¥ 0.775¢2 + 0.22
1- 5)2/3Vt
Ng = v,
Ne =Ng tNig +1; + 1y
F=1 4Lan,
B eXp (1 — a)dy
Equation 11: Application of the SFT to determine collection efficiency [156]
E(dp) -1— Cdownstream(dp)
Cupstream (dp)

Equation 12: Efficiency Based on Upstream and Downstream Filtrate Concentrations [6]

Lastly, as suggested by Equation 11 [156], the stream flow conditions affected the collection
efficiency. The Peclet number, and Stokes number influenced deposition of a given particle
size upon the fibre. For larger experimental apparatus, the can velocity, defined in Equation
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 conditions. Equation 13 [179] and Equation 14 [6] defined the
settling velocities. In both cases, the settling velocity (V,.) or (v,) defined the minim velocity
required to keep the particle suspended in the stream. If the can velocity (V.,,) was lower
than the settling 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 differential
pressure rate but lead to more internal deposition/blinding of the media. Furthermore,
Equation 13 [179] accounted for the total area of the collector (A ouector), @S Well as the
number of bags (Np,g) and area of said bags (A,q4), as opposed to Equation 14 [6] which
didn’t consider this. Given the differences noted between Equation 13 [179] and Equation 14

[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 experiments, especially for

Equation 13 [179] which used experimentally derived constants.

Qin

Acottector — Nbag 'Abag

4p,p,D3 4p,p,D3g\’
Vgt = < s >exp —3.07 + 0.9935 x In <M2pg> —0.0178 x In (M>
7Dy 3u 3
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1z

Equation 13: Can and Settling Velocity as Defined by [179]
L = %9y —p)
t 18u
Equation 14: 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 validate specific experimental
conditions/data. Furthermore, the model only defined new/virgin media, given the porosity
value remained constant. In practice, studies have shown that this value changes over time,
with particle migrating through the media [141], which would therefore affect the 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 unless examined through
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 affected collection efficiency [147],
[180]. For larger scale filtration units, the assumption of equal flow distribution may not be
correct. As a result, Equation 12 [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 in Equation 15 [181], is based on the velocity profile (V;) and global
velocity (V4y4)- Unity defined the profile as uniform which meant the incoming flue gas and
filtrate was equally distributed. As the uniformity (U) value increased, it demonstrated an
unequal distribution of the flue gas. This resulted in regions where velocity is greater or lesser
than the average, impacting the rate of failure and pressure drop evolution [149], [181]. One
method to improve the distribution of flue gas is the use of flow distribution systems, or
baffles, as suggested by Chen [149] and Chen and Cheng [181]. 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 durations would also be
positively affected, leading to both longer filtration cycles and a reduced cleaning frequency.

Equation 15: Uniformity of Flow Distribution as Proposed by [181]

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 datapoints to be
obtained for a 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 considerations. Table 4 illustrated studies which evaluated the

distribution of gases in(to) the bag house.

For large-scale flue gas filtration units, the application of CFD provided a way to evaluate
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 parameters used are not representative, nor cover variability, the results may be
impacted. Therefore, whilst analysts such as those in Table 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 potential areas to improve the flow distribution to
promote media longevity.
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Table 4: Flue Gas Distribution Studies

Reference Study Aims and Outcomes Application

[182] Evaluated flow performance of a manifold with Their work provided a basis to study
multiple rectangular exit points (common in large the outlet design of the manifold,
scale bag houses). Their study evaluated the aspect which feeds each chamber of the bag
ratio between of the rectangular exit and found that house. Their CFD model can readily
as the Reynolds number of the gas flow increased, be re-deployed using industrially
so did the pressure drop across the manifold. relevant geometry and designs to
However, when this is constant, the pressure drop investigate the distribution of the
doesn’t significantly increase when the aspect ratio  flue gas.
is above a set value.

[183] Evaluated both the hopper distribution and central Demonstrated the application of
plenum of a 14-compartment bag house using CFD. CFD on large scale industrial bag

houses.

[184] Examined a manifold with longitudinal tapering. llustrated that a tapered manifold,
with singular series of outlets,
yielded a more uniform distribution
of flow.

[185] Considered different locations of inlets to the bag Indicated the effect of flow

house unit under CFD conditions distribution onto the filtration media
and described the resultant filtrate
loading. Results indicated that whilst
the flow distribution increased, there
was still some preferential loading.

[186] Evaluated a multi-compartment bag house with Industrially relevant simulation of a

flow distribution plates in the hopper. lllustrated the
variation of flow in the horizontal and vertical axis.

large-scale bag house filtration unit.
Suggested regions of
increased/decreased  flow  which
would impact media.

Deformation

Deformation of the filtration media is divisible into two factors: chemical [8], [187] and
mechanical [154], [188] degradation. Chemical degradation is the result of molecular
reactions between the fabric material, flue gas composition, filtrate, and any pre-treatment
chemicals [91], [187]. Mechanical degradation occurs due to media movement during
filtration and cleaning and pore blockage [141], [189] within the media. Extent to which
deformation occurs is dependent on these factors and their resultant interactions, though the
longevity of the filtration media is expected to be within years [190]. Factors such as
electrical sparks causing ignition [54], [112], ill-fitted media, and ripped media during
installation (for example) are ways in which the media can fail. 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 media [191], [192] or fully

blinded/saturated media [123], [193]. For an increase in gaseous emissions, such as HCL, this
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may be the result of inefficient treatment processes upstream, though models do exist to
determine the minimum [89], [194], [195]. In practice, sites often overdose to ensure
treatment but also to allow for any variation in the 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 flexing [198]-[200] against the support cage causing wear
marks which result in the formation of holes and therefore allow filtrate through.

Significantly high baseline pressure drop is the result of both ineffective cleaning and/or
internal deposition [5], [12]. Cleaning efficiency is discussed further in section 2.3 but can be
surmised whereby an ineffective cleaning cycle leaves a high volume 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 filtration [138] required sufficient
blockage of pores near the surface. Whilst there is some trade-off between leaving some
filtrate on the surface to promote better efficacy, over time, particulate migration through the
filter will occur. Over time, the amount of filtrate migrating through the filter will naturally
increase [141], [189] and contribute 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 operation is illustrated in Figure
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

Figure 7: lllustration of Fabric Movement During Filtration and Cleaning Process [201]
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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
BS11057:2011 “Air Quality — Test method for filtration characterization of cleanable filter
media” [202] and BS16891:2016 “Test methods for evaluation degradation of characteristics
of cleanable filter media” [203] which were specifically designed to evaluate the mechanical
and chemical degradation of cleanable filtration media respectively. A detailed discussion on
these and other standards 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 that is delivered to the inside

of the filtration bag [201]. This pulse of compressed air then travelled vertically down the
bag. The pressure difference between the pulse and the bag resulted in a directional flow,
which forced the filtration bag to expand [141]. As the air passed through, the resultant force
between the filtrate and the fibres/filtrate where overcome, which led to dislodgment [193].
Once filtrate has been deposited internally, it is difficult to remove. In contrast, filtrate at the
surface of the media can be easily removed. Upon removal, gravimetric forces deliver the
bulk of the filtrate towards the hopper for removal. However, re-deposition of filtrate is
possible, depending on various characteristics [204]. 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 process. A clear illustration of what a
large scale pulse jet cleaning system looks like in reality is shown in Figure 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 of air to the vertical top of the filtration bag.
Operational and design parameters towards the ownership of pulse jet cleaning are

subsequently discussed.

Valves

Compressed air tank
Insulation lid

Top box lid

Purge tubes
Tube sheet

Venturis

Figure 8: Example Layout of Large Scale Flue Gas Filtration Compartment [201]
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Cleaning on Time (CoT) vs. Cleaning on demand (CoD)

Cleaning can either occur at specific time intervals (CoT / cleaning on time) or when a set
pressure drop is reached (CoD / 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 variable. The pressure drop curves for CoT and CoD demonstrate the

behaviour across the lifespan of the filter are illustrated in Figure 9 [193].
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Figure 9: lllustration of CoT (top) and CoD (bottom) [193]
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One study that compared the filtration cycle difference between the two methods, with
respect to fine (0-15um), medium (15-35um), and large (35-75um) particle sizes [137]. 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 particulate sizes [137].
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 desired cleaning pressure [137]. For the larger
particle size, both cleaning methods where comparable, although the first CoT cycle
exhibited a slightly lower pressure drop than the desired pressure for CoD [137]. For 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, its rise wasn’t as fast, given more filtrate was collected at or above the
surface. Each modes respective 4" cycle appeared to have a near similar baseline pressure
drop. This experimental study illustrated the effect of size variation on the cleaning modes,
but as it was 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 in a high baseline differential pressure. Studies such as Lo et 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 increased, the effect of the cleaning
pulse reduced [193], [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 efficiency of removing the
filtrate/cleaning the media. This effect is due to a larger percentage of the cleaning pulse
being needed to overcome the initial pressure drop across the filter. Evolution of the

overpressure for a full CoT study is shown in Figure 10 [205].
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filter face velocity: 2.5 m/min

40 4 raw gas concentration: 5.5 g/m?
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Figure 10:Cleaning on Time (CoT) Example of How the Peak Pressure interacted with the Filter Media [205]

For CoD, the overpressure is constant as the maximum pressure before cleaning is defined by
the operator. This resulted in 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. Removal 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 the overpressures 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 studies such as Tanabe
et al., [136], Kim et al., [144], and Kanaoka and Kishima [206] have examined the effects of
thickness, cake porosity, cleaning velocity, and cleaning efficiency. The heterogeneity
exhibited for particulate and filter media can lead to simplified models being used to estimate
the overall adhesion forces. Visser [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 stream and its effect

of resultant forces. Boudhan et al., [162] examined this and showed that increased humidity
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yielded poorer removal 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 such as the retained mass fraction and cleaning velocity have been previously
studied by Tanabe et al,. [136]. The retained mass fraction is defined by the mass per unit
area of filtrate that has remained post 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 drop across the filter
increased, the required cleaning velocity also increased. Another study by Kanaoka 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 clean. Another study by Scoble [207] discussed how patchy
cleaning led to a higher residual pressure drop, which required more cleaning, which was also
mentioned experimentally by Tanabe 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
intervals is demonstrated in Figure 11 [144]. This illustration suggested 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 snapshot in Figure 11
[144] suggested that some filtrate appeared to remain close to the surface and only partially
broke away from the filter. Though it is difficult to verify this, given no further time frames
of animation, it demonstrated the movement of filtrate away from the surface of the filter

media.

One resultant phenomenon in literature is patchy cleaning which is characterised by retained
filtrate post cleaning [208]-[210]. Retention of filtrate leads to an undistributed load on the
filtration media. This can be visually observed when areas of the media still present filtrate
after cleaning and others do not [210]. 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 bag [208]. 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 classification 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 phenomenon,
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

Figure 11: Dust Cake Dislodgment During Cleaning [144]

Another phenomenon which contributed to the effectiveness of cleaning is re-entrainment of
previously collected filtrate. Re-entrainment could explain the observations made for Figure
11 [144], whereby it appeared that some of the filtrate broke away from the surface but
remaining. Various studies such as Jackiewicz et al., [15], Kurtz et al., [191], and Bulejko
[211] have suggested that some filtrate can be re-introduced due to flow conditions and
particulate size and density. Consequently, any redeposition will negatively impact the
pressure drop. Re-entrainment can occur on both the same filtration bag and/or on a
neighbouring filtration bag. If deposited onto a neighbouring filtration bag which isn’t being
cleaned at the same time as the original bag, then the re-entrained filtrate will affect the
pressure drop during the filtration cycle. In both instances, the re-entrained 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.

38



Chapter 2: Literature Review

Cleaning Pulse Characteristics

Tank pressure and pulse duration are two parameters which influence the efficiency of the
clean. One study explored pulse duration and reported that for their study, the duration of the
pulse had no effect on the baseline pressure drop post cleaning [212]. Whilst this was
supported by the work conducted by Simon et al., [141], other studies such as Lo et al., [193]
and Bakke [214] suggested that an increased duration can better recover the baseline pressure
drop, but only up to a certain point before reverting back to support Litchwark et al., [212]’s
work. Increased duration would increase the volume of compressed air used. This would
increase the associated costs of usage. Furthermore, Litchwark et al., [212] discussed the
impact of blinding at 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] and Kurtz et al.,[196] experimented with the overpressure between 2 Bar
and 8 Bar (inclusive). Their work 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 shorter duration for lower over pressures. In contrast, they demonstrated that at
higher pressures, the filtrate mass emitted downstream also increased [196], [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 the test, this 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 flow) and 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 examined the evolution of the
overpressure across the vertical height of various filtration bags. Table 5 provided example
studies which explored the effect of overpressure 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 bag, some 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.

Table 5: Studies That Examined the Evolution of Overpressure Against the Vertical Height of the Filter

Reference Type of Filter Parameters Observations

[210] Cartridge Types of cones at “No cone” — pressure increased down the height
various distances and  of the cartridge across the three pressure sample
diameters points.

“Normal Cone” - pressure increased down the
height of the cartridge across the three pressure
sample points.

“Cylindrical Cone” — Largely exhibited a local
maximum pressure at the middle pressure

sample point.
[217] Fabric Bag Various On-line 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 >90% efficiency

[218] Ceramic Various pulse Two pressure readings, “Top” pressure reading
pressures against at 200mm below vertical top and “Bottom”
nozzle diameter sizes  pressure reading at 1500mm below vertical top.

“Bottom” pressure reading displayed a greater
peak pressure than “Top”

[219] Fabric Bag Different Considered the dust areal density at the end of
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 pressures equalised [210], [215],
[216]. The effect of this rebound is therefore based 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 enough to re-open pores and promote particulate transgression through

which would impact emissions.

Purge Tube Length

As shown in Figure 8 [201], the purge tubes can consist of multiple rows of filtration bags.
Various studies such as Andersen et al., [201], Li et al., [216], and Li et 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 tube. These studies examined

40



Chapter 2: Literature Review

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 purge tube length would attempt to

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

Emission Spike Post Clean

Studies such 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 is a PM emission spike. Both
cleaning on demand and cleaning on time exhibited this phenomenon as shown by Li et al.,
[137]. Their work characterised particulate emissions based on the size of the particulates.
Results showed that for all particle sizes (0-75 um) an emission spike occurred downstream
of the filter [137]. This study only considered a short operational 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 did not reach blinding and therefore only illustrated the emission
peak due to cleaning.

The effect of cone design inside the filtration bag and its resultant effect on emissions was
considered by [210]. Their study evaluated three designs: without a cone, a normal cone, and
cylindrical cone. Results suggested that a cylindrical cone shape yielded a reduced emission
from 0.899mgm™ (without a cone) to 0.794mgm (cylindrical cone). In comparison, the
normal cone yielded a higher emission average of 0.899mgm [210]. 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 deployment. A study by Li et
al., [140] considered the effect on water on solid emissions and found 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 pulse. Various authors
have aimed to improve pulse jet cleaning, some studies are shown in Table 6. 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

evidence and confidence to suggest initial testing at larger scale, before full deployment.
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Table 6: Various Studies Which Looked into the Optimisation of Pulse Jet Cleaning

Reference

Study Title

Study Outcome (s)

[210]

Effect of cone
installation in a pleated
filter cartridge during
pulse-jet cleaning

Considered the installation of a cone inside the filtration bag. A
cylindrical cone led to increased filtration cycle duration which
translated into reduced cleaning frequency. Pulse jet uniformity
also increased with the cylindrical cone. Lower average solid
emissions were achieved in comparison to the design without a
cone.

[218]

Optimization of Nozzle
Design for Pulse
Cleaning of Ceramic
Filter

Suggested a convergent nozzle displayed a more optimal clean,
before evaluating the optimum outer diameter before
suggesting an optimal design.

[221]

On the forming
mechanism of  the
cleaning  airflow  of
pulse-jet fabric filters

Demonstrated that a rectifier tube (venturi) at the vertical top of
a cylindrical bag led to approximately 1.4 times greater
cleaning intensity. Theoretical results were validated through
their experimental work suggesting a model for future research.

[222]

Design and performance
evaluation  of  novel
colliding pulse jet for

Novel study showing colliding pulse-jet cleaning led to an
increase in overpressure intensity, but patchy cleaning still
occurred despite the increased consumption of compressed air

dust filter cleaning

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

efficiency of filtrate removal is dependent on the over pressure delivered, to the filtration bag.
Furthermore, consideration should be given to the purge tube length 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. Therefore, 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 at a given vertical height will vary, coupled with
the position on the purge tube, this will dictate the effectiveness of the clean. Therefore, a
study around the vertical height variation would provide evidence towards the cleaning
efficacy and help in addressing this gap and also contribute 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/presented data is accurate by conforming to a strict methodology. Other standard
institutes exist, such as ISO, 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 internationally 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 evaluation can be classified into three distinct BS’s:

e BS IS0 22031:2021 titled “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16].

e BSISO 11057:2011 titled “Air Quality — Test method for filtration characterization of
cleanable filter media” [202].

And,

e BSISO 16891:2016 titled “Test methods for evaluation degradation of characteristics
of cleanable filter media” [203].

BS ISO 16891:2016 “Test methods for evaluation degradation of characteristics of cleanable
filter media” [202] and BS ISO 11057:2011 “Air Quality — Test method for filtration
characterization of cleanable filter media” [203] laid out a methodology to evaluate filtration

media under different conditions.

BS ISO 16891:2016 “Test methods for evaluation degradation of characteristics of cleanable
filter media”[202] focused on a systematic method to characterise degradation through
exposure to corrosive gases such as NOx and SOx [202], but also HCL, moisture, HF, etc
which may be present in flue gas conditions [83], [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 characterise different media. Rozy et al,. [8] and
Fukui et al., [223] characterised the degradation of polyphenylene sulphide (PPS) filter media
using this method at NO> at various temperatures. They demonstrated the effect of NO>
concentration over a specified duration and heat, in turn demonstrating the impact that the

standard can have on testing samples.

BS ISO 11057:2011 “Air Quality — Test method for filtration characterization of cleanable
filter media” [203] afforded an example test rig and evaluation method to evaluate the
mechanical deformation through emission and blocking [203]. The aim of this standard was
to evaluate the new test filter media quickly and efficiently, without undertaking a long-term
study which could last months or years. A detailed description and evolution of this
experimental rig can be found in Pham et al., [224]. Previous researchers such as Hoppe et
al., [225] and Schuberth et al., [205] have used the ideologies presented within the standard to
evaluate filtration media. Hoppe et al., focused on depth filter media and compared the
standards efficacy with the results from their experimental methods. They showed agreement
between the two results and demonstrated a pCT model to show local variation within the
sample as opposed to a global value [225]. Schuberth et al., [205] argued that the aging phase
had a influence on the subsequent data 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, demonstrated the differential impact that the cycle ageing phase can have on

subsequent results.

The two aforementioned British Standards demonstrated a method to evaluate filtration
media for its chemical and mechanical degradation respectfully. Use of accelerated
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 aid selection of said filtration
media. Their inclusion of standards in literature (studies such as [8], [138], [180], [223],
[225]-[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 a singular 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 such as [143], [150],
[162], [189], [228] provided evidence, showing that although 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 increased timeframe 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 pre-defined intervals would allow for better representation of industrial 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 on the reduced experimental time.

BS ISO 22031:2021 “Sampling and test method for cleanable filter media taken from filters
of systems in operation” [16] aimed at providing a clear, precise method for sample retrieval
and analysis from flue gas filtration 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 uniform 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 mention towards mass and thickness [16]. 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 cleanable filtration 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 “brushing” or “a cleaner” so long as it does not damage the filter [16]. Yet,

99 ¢¢

in the previous section 5.4 it also included “vacuum cleaner” “air jet” and/or “scraping” [16]

as a possible cleaning method. Furthermore, Page 8 of the standard [16] detailed the thickness
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measurements as optional, yet the example test report on Page 18 [16] required 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 which could result 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 limitations. Whilst
research is required around the expected difference of cleaning methods, BS 1SO 22031:2021
“Sampling and test method for cleanable filter media taken from filters of systems in
operation” [16] made reference to the BS ISO 9273:1995 [229] standard for air permeability
determination. Provision allowed for the use any other suitable standards. This included the
nonwoven textile standards BS 1SO 29073 and BS9073 which characterised various
parameters on nonwoven textiles. To address the aforementioned limitations, BS ISO 29073-
1:1992 “Determination of mass per unit area” [230], BS ISO 29073-2:1997 “Determination
of thickness”[231], and BS ISO 9073-15:2008 “Determination of air permeability” [232]

where consulted.

BS I1SO 29073-1:1992 “Determination of mass per unit area” [230]

A standard for the determination of mass per square centimetre of a nonwoven, which
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%. Any sample size, such as
250mm by 200mm, so long as the size was equal to/greater than 50,000mm? ensured
conformity. In addition, the standard referred to its method accounting for the anisotropy of
nonwovens which accounted for this by requiring the sample size be no smaller than
50,000mm?.

BS I1SO 29073-2:1997 “Determination of thickness ’[231]

A standard to determine the thickness of a nonwoven, using a pressure foot of 25,000mm?
and reference plate larger than 25,000mm?. The sample surface area size should be greater
than 25, 000mm?.The 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 the thickness
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).

BS 1SO 9073-15:2008 “Determination of air permeability”’ [232]

A standard for air permeability which provided a numerical value to the volume of air
passing perpendicularly through a given surface area at a pre-defined pressure. Compliance
with the standard required that the evaluated surface area be either: 20cm?, 38.3cm?, or
50cm?, which corresponded 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 is ready for evaluation. The sample incurred a pre-defined 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 display indicated
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 variation to the nearest 0.1%,

alongside reference to the standard’s section eight, defined the resultant report.

Further Consideration Points for BS ISO 22031:2021 “Sampling and test method for
cleanable filter media taken from filters of systems in operation” [16]

The standard aimed to provide a comprehensive methodology to assess cleanable filtration
media, such as the nonwoven bag house filtration media used 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 standard for 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 a 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 compromising 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 varies depending on the exact set-up. 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 or not these
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 periods of downtime 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
inadvertently may lead to variation amongst analysts. Though the required analytical methods
such as air permeability are exampled in BS ISO 22031:2021 “Sampling and test method for
cleanable filter media taken from filters of systems in operation” Appendix B1 [16] and C1
[16], it only illustrated what is to be examined and not the number of repeats or variation
noted. The person performing the analysis could rely on the BS 29073 standards for mass and
thickness, respectively. However, the person performing the analysis could simply choose to
follow another method and still comply to the standard. The standard did however reference
BS 29073:2008 [232] for air permeability. This could 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. Consequently, 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. Given the standard
omitted large sections and assumed representation, a study across the surface area of the
filtration media would show the potential variation in the results. If the aforementioned
studies were performed, it would provide a basis to demonstrate the potential variability
across multiple analytical techniques, which would aid analysts when evaluating nonwoven

filtration media from bag houses.

Air Permeability

Air permeability is an analytical technique which defines the volume of air passing through a
given area within a defined unit of time, under a set pressure across the sample. Dimensions

for permeability, can be reported in (Ldm™2min~1) or similar variations [233], [234].
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However, other forms of air permeability can be found in literature which have units of (m?)
[148] or (cms™1) [4] . The specific unit is dependent on the method used to evaluate the

permeability of a sample.

- _Xop
L

Equation 16: Flow Field Through a Porous Sample [235]
Fluid flow, through a porous sample can be described by Equation 16 [235] (Darcy’s law).
The fluid flux (q) is a function of the permeability tensor (K) over the fluid viscosity (u),
multiplied by the pressure gradient (VP) [235]. Consequently, for a given sample, at a known
pressure gradient and fluid flux, calculation of the permeability is possible. Whilst Equation
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 resultant porosity deviation. Derivation of Darcy’s law
yielded a calculation to determine the permeability and is shown in Equation 17 [236].
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Equation 17: Example of the Derived Darcy's Law to Determine Permeability [236]

Section 2.2 discussed the permeability during operation, with a particular focus on the debate
on the use of the Kozeny-Carman equation to determine porosity or cake resistivity
(permeability) [145], [150], [159]. For offline sampling, the use of an air permeability
machine uses the principle of Darcy’s law to determine the permeability of a sample. Though
instead of the units being an inverse length, representation as a volume flow over a given

surface area made the parameter more relatable and clearer to understand/interpret the results.

In Equation 17 [236], the fluid flux (q) is defined by volumetric flowrate (Q), over a given
area and time. Alternatively, the multiplication of the flow permeability (k,) 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 the one used by Ince
[233]. Ince [233] performed a study which evaluated the difference between having multiple
layers of nonwoven filtration media. Though Ince [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, inadvertently illustrating 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 20cm? and 38cm?. The change in
pressure drop did however show a statistical difference, which showed that the air
permeability increases with pressure drop. The study by Ince [233] accounted for this due to
the Bernoulli equation, affording the increase due to energy increase drawn through the
sample. This study therefore provided evidence towards why different filters exhibit different
air permeabilities, though Ince [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 and the porosity. Zhu et al., [236]
method to calculate porosity (e), which was then used to determine the mean pore volume is
shown in Equation 18 [236].

nf
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where € = <1 — p—”) - 100
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Equation 18: Steps to Determine Effective Pore Diameter [236]

As the pore size decreased (D), and the porosity decreased, so did the air permeability.

Humidity in the air is another condition that may impact the air permeability. Miguel [160]
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. Reported in units of m, the resultant air permeability difference for
the evaluated humidities was 0.14- 10711 which suggested that the humidity did not
necessarily affect the air permeability. However, the study by 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 clean conditions it 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 concentration, which will determine not only how the air permeability evolves, but
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how the pressure drop across the filter evolves too. For example, Wang et al., [148]
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 (d,),
and particle density (pp), can affect the cake resistivity to flow (permeability) (k.) and is

exampled in Equation 19 [145] which also used the fluid viscosity of the gas (u,).

150(1 — €
o - 1500 -€) Ky

C

€3 ppd3

Equation 19: Example Equation Which Described the Flow Resistivity Caused By Particulate Density, Size and Cake
Porosity [145]

Consideration should be given towards the fabrication process parameters, such as punch
density, penetration depth, and stroke frequency [133] which affect the areal density,
thickness, and resultant porosity for large scale fabrication of nonwoven filtration media
[132]. Inherent process variation during the production will therefore impact the air
permeability. Studies conducted by Fukasawa et al., [4],[237] and Kanaoka [138] 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 media. Appendix B examined the air permeability variation

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. Whilst previous studies have shown that the permeability evolves over usage,
they omitted the variation aspect across the full surface area of the filtration bag.
Consequently, a literature gap exists whereby evaluation of the full surface area of a filtration
bag for 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 the prescribed test 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 shown in Fukasawa et al.,
[4], Thomas et al., [138], and Fukasawa et al., [237], were likely not to be under any

significant time constraints. In contrast to industrially derived samples from large scale
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combustion sites, a similar study would require discontinuing standard analysis in favour 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 locations as shown in BS ISO 22031:2021 “Sampling and test method for cleanable
filter media taken from filters of systems in operation” [16]. This method made provisions for
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 data focus 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 adequate to represent any said variation.

Gultekin et al., [3] appraised porosity and air permeability measurement using machine
learning and light microscopy. Their 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 type of new media. Nazarov et al., [134] 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 the likelihood
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 ascertain the validity 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 thickness determination of a sample is a standard analytical technique used to help

evaluate filtration media in studies such as Chang et al., [238], and Sikorska et al.,[239].

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 al., [5] demonstrated this by comparing five
different filters, which predominantly collect either through surface or depth filtration. Three
of their examined filters 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 deposition to occur.
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 without intensive treatment. Therefore,

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

Another study, conducted by Chang et al., [139] demonstrated the mass evolution over a
single filtration cycle. Their 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, its consideration 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], and Kim et al.,[240], The resultant
increase in baseline differential pressure post clean is associated with particulate retention.
Therefore, whilst their study 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 al., [5] is the fixed sample position which
inadvertently described the surrounding media. Studies by Fukasawa et al., [4], [237] mapped
the fibre mass distribution of new nonwoven media and with a resin and membrane finish [4].
Although their study only considered new filtration media, it addressed the localized sample
gap in the 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 did not consider 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 in Fukasawa et al., [4], Rozy et al., [8], Fukasawa et al.,
[237], and Lie et al., [241], thickness measurement appeared static and used to aid the
description of studies such as the single fibre theory (SFT) [135], [242] or flow
considerations through the sample [147], [155]. Studies by Fukasawa et al,. [4] and Fukasawa
et al, [237] considered the thickness deviation over a large surface area. The study conducted
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by Rozy et al. [8], demonstrated 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 closest study found during the project which demonstrates the

evolution of thickness over time.

The study by Liu 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 samples using pilot scale experimental facilities. 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 to nonwoven 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 this literature 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 of the gap, whilst a large scale surface area evaluation would identify the
variation. This would help to address the literature gap, yield industrially relevant data which
could help understand operational performance at a site level. The study would therefore 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 for use to aid in understanding both the
filtration media and filtrate. Discussed below, a discussion on the aims, advantages, and
limitations of the selected techniques is available such as moisture, particle size distribution,
and tensile testing. However, it is important 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 operational bag house temperature greater than 150°C [54]
which is above the acid dew point. Below this, condensation of acidic compounds Previous

studies by Rozy et al,. [8], and Cai and Hu [243] 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 pre-treatment processes such as calcium carbonate [194] 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 occurred anywhere 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 absorption possible due to any
charge imbalance of the element [93]. Therefore, moisture analysis aimed to identify the
hydrophilic (and inadvertently 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 sensor [244], or a portable NIR spectrometer [10] have been used to determine
moisture. One concern with the use 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 through oven drying. One study compared nineteen different fly ash samples
with TGA and oven drying [176]. Their results illustrated the difference between a sample

size of 2-4g for oven and 30-50mg 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. The 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 re-introduce moisture into the sample given the
temperature reduction and therefore 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 method centred around the 5g-10g region per sample, placed into the oven at a
temperature of ~105°C+2°C [43], [245]-[247]. The simplicity of the oven drying method,
which allowed multiple samples of a greater representation to the bulk chemical composition
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saw prevalence within literature. The calculation used to determine the moisture percentile
(Myoisture) based on the original/wet (m,,) and dry (m,) basis is shown in Equation 20
[248], [249].

my, — md)

Mynoisture = (
my,

Equation 20: Example Calculation Method to Determine Moisture Content [248], [249]

Particle Size Distribution

Particle diameter affects not only the rate of pressure drop [137], but is included in models
such as the SFT [135] to predict the efficacy of collection. If the test dust/filtrate used is in a
powder form (fed into the experimental 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 literature in studies such
as Fuller et al., [93], Mukhopadhyay [113], Joe et al., [117], Cirqueira et al., [189], and
Hoppe et al., [225]. Other equipment, such as the aerosol spectrometer “Welas digital
3000H” by Palas, Germany [204] operated on a similar principle through the use of light
scattering techniques to identify particle sizes. The difference being that although 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 emission spikes caused through
cleaning [137], [213].

In controlled studies, the 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
the filtration 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 results. Sampling is therefore
only a representation of a given particle size based on its observation point, which increased

the difficulty in obtaining the true representative PSD in the flue gas without in-line sensors.

Porosity

Rawal [250] presented comprehensive work which compared the experimental method of
liquid extrusion porosimitry to evaluate the pore diameter against theoretical models [250].
Other techniques such as nitrogen adsorption isotherm [93] are 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 representations such as Equation 21 [145] which
provided an example of how previous research has determined the porosity (e€). Other
authors, such as Hsiao et al,. [158], Tien and Ramarao [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 by Bian et al., [135] and Tanabe et al., [136]. One of the limitations of this
method, unlike that of the experimental techniques which can account for this, is the inability
to account for internal deposition as a secondary material. For Equation 21 [145], the mass
per unit area (M), is calculated using both internal filtrate deposits and fibres under
approximate conditions. Given the filtrate density (p,) 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 which to account for this.

M = LAp,(1—¢)

Equation 21:Example Calculation of Porosity for a Single Material [145]

Scanning Electron Microscopy (SEM)

Scanning electron microscopy provided imaging of a sample and elemental composition
through energy dispersive X-ray/spectroscopy (EDX/EDS). SEM imaging provided
illustrative examples of the morphology of both the filtrate and fibres as exampled in Rozy et
al., [8], Roy and Ishtiaque [133],Bian et al.,[135], Tanabe et al., [136], Podgorski et al., [174],
and Cirqueia et al., [189]. Studies by Suérez-Pefia 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 used SEM-EDX/EDS Fuller et al., [93], Fukui et al.,
[223], Mahmoud et al., [252], and Esteves et al., [253] have examined the elemental
composition of various filtrates and fibres. Whilst the technique of SEM-EDX afforded an
indication of the chemical composition, it did not necessarily yield a definitive composition.
In addition, like the TGA method, 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 applied 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 sample. Equation 22 [9] provided an example
calculation to determine the tensile strength of a sample (T,,si;), Calculated by the applied

force (F) over the multiplication of the sample mass per area (Mmsgmpe) and sample

thickness/width (t,,;4:). Performance of tensile testing usually occurred in two directions:
the machine direction and cross direction. Studies such as Cingik and Kog¢’s [9] and
Degirmenci and Coruh’s [254] explored and discussed the variation in the machine and cross
direction showing the difference when analysing in both directions. Other studies, such as
Fukui et al., [223] and Rozy et al., [8] illustrated the evolution of the tensile strength over
different periods of operation. In their studies, both discussed the effect of NO> at various
temperatures and exposure times in the machine and cross direction. One limitation of these
studies has been the exclusivity to gaseous streams only. They also made reference to the
standard BS 1SO 16891:2016 “Test methods for evaluation degradation of characteristics of
cleanable filter media” [203], which laid out a clear methodology for their work. Addressing
this limitation would see the evaluation of particulate laden samples being evaluated similar
to samples evaluated by Rozy et al., [8], and Fukui et al., [223] from industrial sites. Whilst
this data would take years to completed due to the requirement for the sample to be placed
under industrial conditions (and therefore could 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 greater periods of time. From this, a more accurate model at

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

F _ N _ ( N >
twidth * Msample (mm) - (gm—Z) tex

( GPa

gcm3) or =1Mega Yuri

Tensite =

Equation 22: Calculation of the Tensile Strength of a Sample [9]

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

Utilization of XRD determined the mineralogical phases present in the sample, whilst XRF
evaluated the oxide composition. Both 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 sample origin spatially 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 techniques 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 had yet to be

performed. Of particular note, were those identified during the review of the analytical
techniques in section 2.4, such as air permeability, mass/density determination, material
thickness. The close nature with industrial partners within this project afforded a great
platform to address the following knowledge gaps through a combination of industrially

derived samples and academic research methods.

1. BS22031:2021 “Sampling and test method for cleanable filter media taken from
filters of systems in operation” [16] 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. However, it assumed 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 assessments. The 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 steps (such as brushing, scraping, shaking, compressed air blowing,
vacuuming, and washing) to 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 BS22031:2021 “Sampling and test method for cleanable filter media
taken from filters of systems in operation” [16]. Literature achieved this result
through either standards such as “BS EN 29073-1:1992 Nonwovens — Part 1:
Determination of mass per unit area.” [230], and " BS EN 29073-2:1997 Nonwovens
— Part 2: Determination of thickness" [231] which laid out the specified equipment
and methodologies, or through the use of specific instruments, without stating the
variation. Some work, such as Fukasawa 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 and cross direction 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 in this 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 BS22031:2021 “Sampling and test method for cleanable filter

media taken from filters of systems in operation” [16] would be affected.

. Air permeability is another analytical method commonly used to evaluate filtration
media. Again, previous works such as Fukasawa et al., [4], and Fukusawa et al., [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 state required

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 flow characteristics [142], [259] and media properties [13] on
longevity, they have not considered the impact of longevity in an operational 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 allow for the development 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 failure. This is needed to 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. Consequently, if longevity 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, conduction of the following

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

e Chapter 4: Determination of an Appropriate Cleaning Method

e Chapter 5: Understanding Mass and Thickness Variation

e Chapter 6: Understanding Air Permeability Variation on a Full Filtration Bag
e Chapter 7: Critical Self-Evaluation of Longevity Study
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3.1 Introduction

This chapter explored two aspects of this thesis: the acquisition and commissioning phase of
a Filtration Assessment Rig (FAR) in Section 3.2. Section 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. Chapter 5 explored the mass/density and thickness variation using
samples of size Scm by Scm’s across a large overall surface area. Chapter 6 used air
permeability at 200Pa to explore the air permeability variation cross the surface of a full
filtration bag. Lastly, Chapter 7 used a combination of offline measurements for air
permeability, mass/density, thickness, porosity (calculated an through pCT) and online

measurements to evaluate the samples.

3.2 MMTC200 Filtration Assessment Rig (FAR)

3.2.1 Acquisition

Various studies such as Schuberth et al,. [205], Pham et al,. [224], and Fukui et al,. [225]
have referenced BS11057:2011 “Air Quality — Test method for filtration characterization of
cleanable filter media” [202] as their experimental set up. These studies suggested two
companies that manufactured filtration assessment rigs: Palas GmbH [225], [227] and Topas
GmbH [148], [226]. An additional potential manufacturer, FilTEq, was identified outside of
literature through an internet search. To aid in the selection process of an appropriate design,
a decision matrix allowed for each design to be evaluated against a set of criteria shown in
Table 7. Each criterion’s weight percentile depended on the importance of future research and
activities that may surround the final selected design. From this, a point-based award system,
which was from zero to one hundred, allowed for evaluation of the options available.

Consequently, the awarded points where then multiplied with the weighting percentage to
yield an overall score which could then be added together to suggest a preferred design when
comparing all options. Subsequently, each option was ranked accordingly, which aided in the

selection of a suitable Filter Assessment Rig (FAR).
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Weighting Selection

The weight associated with each criteria point is shown in Table 7. Sixty-five percent of the
overall weight assessed the functionality of the designs. Operational Parameter Ranges for
filtration and cleaning summarised the ranges in which a user can define parameters such as
filtration velocity and pulse pressure. As the rig required flexibility in operational parameters,
the filtration cycle and cleaning cycle operational ranges were scored at twenty-five percent
each, with the dust dispersion rate awarded fifteen percent. This allowed for the consideration
towards the performance of the FAR outside the initial requirements of 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 standard BS11057:2011 “Air Quality — Test method for
filtration characterization of cleanable filter media” [202] is desired for preliminary studies,
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 Ranges. Lasty, 10% and 5% where attributed to the ease of

moveability and overall size of the rig, respectively.

Table 7: Decision Matrix of Suppliers Following Critical Assessment

Decision Matrix Comparing All Quotations and Products Sourced
Created By: Daniel Curry Date: 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  from
cheapest to the most 5% 80 40 90 60
expensive)

Total: 100% 25.25% 60.5% 73.75% 83%
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Operational Parameter Ranges (Filtration and Cleaning)

The operational parameter ranges of the user specified values needed to be adequate to allow
for representative industrial tests, but also wider academic studies. To determine this, the
baseline values selected where defined by the parameters in BS11057:2011 “Air Quality —
Test method for filtration characterization of cleanable filter media” [202] such as: Filtration
velocity, dust concentration, cleaning pulse duration, pulse pressure where considered.
Greater ranges offered a more favourable weighting to the design. This was due to the ability
to perform wider studies, leading to the potential for research to be performed outside bag
house filtration. At this stage, any modifications post-delivery where not considered.

Both the Topas AFC 133 and Palas MMTC2000 performed similarly, offering only a slight
difference between the filtration and cleaning parameters. The Topas AFC131 afforded a
slightly wider range for filtration face velocity, however the cleaning cycle rangeability was
less, due to the maximum differential pressure across the filter and pulse duration time being
lower in comparison. Consequently, Topas 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 FIlITEq design resulted in a zero due to the omittance of any
information pertaining to this characteristic. Although AFC 131 provided a range of 1-
260gm™3, questions over the potential accuracies arose, particularly for the test which require
a small incremental change in a value. Furthermore, with the lowest achievable value of 1
gm3, any potential tests which required a low dispersion rate are unobtainable. Topas AFC
133 exhibited the same, which had an operable range of 1-34 gm™, 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 through aerosolization. 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 0.2 gm?,

resulted in a larger score as opposed 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 design should be capable of complying initially to the assessment method within
BS11057:2011 “Air Quality — Test method for filtration characterization of cleanable filter
media” [202] irrespective of future studies . All designs stated compliance to the
methodology which saw the maximum awardable 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 overall size of the rig.

Both FilTEq and Topas AFC 133 had a design fully compliant to BS11057:2011 “Air Quality
— Test method for filtration characterization of cleanable filter media” [202] which saw the
height of the entire unit extend over 2 meters tall. This restricted a number of spaces, given
the need for overhead clearance to access the top of the rig, reducing the weighting.
Furthermore, if relocated, the relocation area would need a minimum similar size to
accommodate the rig. This restricted the ease or relocation and potentially moving the rig,
given the potential need for additional clearance. The height of the AFC133 was higher than
the FIITEQ due to extra clearance needed for the dust dispersion. As such, it scored a slightly

lower percentile than the FilTEQ.

Both the AFC 131 and MMTC2000 had a shorter height due to their designs. Unlike the
design shown in BS11057:2011 “Air Quality — Test method for filtration characterization of
cleanable filter media” [202], they comprised of the horizontal section only, opting for an
inline dust dispersion as opposed to a partial separation of a larger gas stream. These designs
conformed to VVDI2936 [225] and the methodology presented in BS11057:2011 “Air Quality
— Test method for filtration characterization of cleanable filter media” [202] This
significantly reduced 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 general average cost to acquire the filtration assessment rig was ~£100,000.
Current testing requires multiple analytical techniques (such as air permeability,
mass/density, thickness, tensile testing etc.) to be used over many samples and requires a
large investment in terms of labour costs and laboratory upkeep.

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

budget allowing 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, it could lead to the site performing increased cleaning if the media is blinded, which
increases the operational cost. Whilst the upfront cost of ~£100,000 (plus labour to test) may
seem high, if the site must unexpectedly shut down and perform an unexpected bag change it
could cost them significantly more. Therefore, periodical testing to understand the media is

vital.

Decision Matrix Results

Conclusion of the operability criterion surrounding each option led to a total weight of 65%
of the decision matrix. Overall, the MMTC200 obtained 79% of the total available percentile.
Followed closely by both the Topas units AFC131 and AFC133 at 73.75% and 60.50%
respectively. Lastly, the FIITEqQ option received 25.25%. This apparent low score was the
result of a lack of information provided during the consideration phase. Given it conformed
to the standard, the likelihood was that it had some operational parameter range, though it
was unknown to what extent. However, give the omission of key information around the
operational parameter ranges, it was difficult to quantify this value. The lowest score during
operational parameter ranges was for the FIITEQ design given the omitted information. In
contrast, the overall range affordable to the MMTC2000, and ability to use different test dusts
led to it achieving the highest awarded score at 79% of the total available percentile of sixty-

five (cumulatively).
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Both FilTEq and Topas AFC131 failed to score well for moveability and size due to the
significant height, and apparent fixed positions. Their size 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 incorporated 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.

Cost weighting for the options were based on least to most expensive given the similarity in
cost values. Whilst the Topas AFC131 and FilTEq options where the cheaper two options,
their total overall score was lower than the MMTC2000 and Topas AFC133 options. Upon
evaluation of the decision matrix in Table 7, the best option appeared to be the MMTC2000

option.

To supply the MMTC 2000 with compressed air, a silenced, oil free and dry compressor was
sourced. This compressor had a maximum working pressure of 8Bar(g) and a reservoir of
~250L of compressed air. The pressure within the reservoir was determined by an adjustable
gauge but was set to a 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 further in Section 3.2.2. The filtration assessment rig (FAR) in operation is shown

in Figure 12, a simplified schematic is also shown in Figure 13 [225].
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Figure 12: The Filtration Assessment Rig (FAR) In-situ
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Figure 13: Schematic Showing Instrumentation and Key Aspects of the MMTC2000 [225]

3.2.2 Commissioning Phase
Commissioning required specific tests 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 chamber, with the air for dust
dispersion was set at 180 mhr or 45 Imin™. Assessment of the rig’s capability to maintain a
consistent flow rate saw this test ran uninterrupted for ten minutes. This determined flow
variation across the filter, which was deemed to occur at 45.10+0.18 Lmin. Repetition 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 following:
e 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 45Imin the flowrate only deviated slightly at 0.1+0.18 Imin™,

which suggested that the set-up was complete.
e 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 filter. Prior to the 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 dust 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 0.6Mpa through a
manual gauge. A pressure indicator also 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 set to 6.5Mbar, 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 before a test. 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 and readily 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 gcm= which 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 was 5gm at the test filter’s
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 delivered into the FAR/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 would not operate. 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 pulse. However, 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 probe appeared to work normally and record data at the same resolution of one
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datapoint every second. The 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 in Figure 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 plate was inserted between rim of the piston
and shelf to allow a metal-metal seal to form and ensured the piston housing remained

secured and sealed during testing.
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Figure 14: Dust Piston A) at full extension, B) Filled with Test Dust, and C) the collar and Slot for Seating the Piston in the
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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 volume (pcomp). This can be calculated using Equation 23,
which calculated the difference between the empty and filled piston (Am) over the piston
area (A) multiplied by the filled length (Lfl-”ed).The maximum length available for filling is
154.2 mm This is the maximum movable distance of the piston, measure from the shallowest
point of the curve shown in Figure 14 (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 (followed 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 Equation 23, is the mass increase, (Am), 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 also be higher/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 and allowed to compress under gravity.

_ Mpiston,full - Mpiston,empty
Pcomp = A T
piston piston

Equation 23: Packing Density of the Clearance VVolume Determination

Whilst it would be possible to perform larger, quicker, fills to result in less iterations of
filling/compressing, the resultant packing density (pcomp) Would be significantly lower and
potentially less uniform. This would 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 higher it would

lead to a more accurate and uniform dispersion.
Dust Piston Speed and Concentration

The maximum piston height/length that is achievable is 154.2mm. Upon completion, the test
is halted/stopped. This allowed the piston to be removed and refilled. The piston diameter is
33mm. The concave nature shown in Figure 14 (C) allowed for the piston housing and
bottom of the rotatory brush to sit flush 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 calculated by Equation 24, using Equation 23 which determined the compact density
of the test dust.

The resultant mass concentration can be calculated by Equation 24. The dust concentration

delivered to the nozzle (Cp, rirtrate) 1S @ function of the piston velocity (v,;s¢0n) and assumed

constant packing density(pomp) previously defined in Equation 23.
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Cm,filtrate = Vpiston Apiston " Pcomp

Cm, filtrate

S Vo =
piston .
Apiston pcomp

Equation 24: 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 higher, shown in Figure 15. In addition, as the packing density increased, a
similar concentration can be achieved through a reduced piston velocity. Given the finite
clearance volume and stroke length available, it was initially suggested that the packing
density should be as high as possible; this would allow for longer studies to be performed

with fewer stoppages to change the piston.

However, as the packing density increases, the resultant friction between the material and
walls of the piston housing increase, which exert an increased pressure on the motor to
deliver the required feed. Furthermore, manual tamping exhibits a degree of variation due to
user strength and fatigue. By using gravimetric forces from the compression rod and 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 of the equipment. 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.

Effect of Compact Density and Piston Speedon Mass Cocnentration
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Figure 15: Concentration Calibration Graph
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This mass concentration in Equation 24 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, coupled with the filtration 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 desired dust concentration at the test filter.
Effect of Particle Size on Operation

Previous studies such 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
downstream emissions. As the particle 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 emissions [137]. 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 readily allow for

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

Whilst both the talc and PuralNF test dust exhibited a normal distribution in Figure 16, the
observed volume density was more noticeable for PuralNF. PuralNF exhibited a relatively
larger particle size volume density about 0.1um-9um in comparison to the talc powder. In
contrast, the talc powder presented a narrower distribution about its mean of ~25um. The
larger volume of particles in the <10um range suggested that the PuralNF test dust may
exhibit a higher rate of differential pressure increase at the test filter. The notably
concentrated volume of the talc powder at ~25um, coupled with the narrowness of the
distribution, may suggest a lower rate of differential pressure increase than the PuralNF test
dust.

A summary of the particle size distribution of the two test dusts shown in Figure 16 and
Table 8.
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Table 8: Particle Size Distribution Summary of Two Test Dusts

Test Dust d,(10) d,(50) d,(90)
[um] [um] [um]

PuralNF 0.965 7.130 32.000

Talc 6.100 24.600 66.000

Particle Size Distribution of Two Test Dusts/Powders

PuralNF |
Tale |

Volume Denisty (%)

0 =
0.1 1 10 100 1000

Particle size (pzm)

Figure 16: Particle Size Distribution Difference of Talc Powder and PuralNF Test Dust

Multimodal particle size distributions were observed for both the energy from waste (EfW)
site and Biomass Site are shown in Figure 17. Both sites utilized lime as a flue gas treatment,
with the biomass site also using powdered activated carbon (PAC). One of the difficulties in
replicating a fly ash sample is information pertaining to the particle size distribution across
the spatial directions of the bag house. Studies that generate their own particle size from
atomization or use a standard test dust restricted the output in favour of repeatability. This
reduced their potential output towards industry. At an industrial scale, the bag house may
contain various cells/compartments which each exhibit a set of unique characteristics
affecting the particle size at any given three-dimensional location within the
cell/compartment. Consequentially, without 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 results 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 closer towards 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 size distribution.

Particle Size Distribution of Pural NF vs. EfW/Biomass Fly Ash
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Figure 17: 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 is defined by the distance at which the gas is travelling at the air entry
point of the test filter per unit of time. As presented in Figure 12, the surface area exposed to
the gas is circular. Due to the clamping mechanism, which fixed the sample securely, the
exposed surface area of the filter (As;.,) is kept constant at 2.243x10*m?, with a diameter
(d)of 0.169m. The total volumetric flow of air (Q;-) through the filter is 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 interface between 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 test filter (v¢) is
determined, by the volumetric flowrate through the vacuum pump, over the surface area of
the filter which calculated the velocity through the filter in units of length per unit time.

Throughout testing, air leakage/ingress into the FAR was assumed zero. To allow for this
assumption, a leakage test on 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/ingress to the rig. Each fixture and fitting were subsequently checked for correct
seating and tightness. Each jubilee clip’s tension was adjustable using a screwdriver and
checked for tautness prior to test commencement to ensure achievement of a tight seal. This
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 pump controlled the user specified flowrate through the
test filter, and kept it relativly constant throughout experiments. Seven tests where conducted
at defined setpoints as shown in Table 9 to determine what effect the dust dispersion air had
on the mass flow recorded. Comparative results between the anticipated and actual flowrates

are detailed in Table 9.

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 the compressed 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 Lmin™, 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 though the vacuum pump 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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Figure 18: Example Volumetric Flowrate Data (Only) from the FAR. Note: See Table 9 for Detailed Explination of the
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Table 9: Set and Actual Volumetric Flowrates

800

900

Vacuum Pump  RGB2000 Total Anticipated Recorded
Letter Set Flowrate  Set Flowrate Flowrate Flowrate
(Lmin) (Lmint) (Lmint) (Lmint)
A 10 - 10 9.99+0.03
B 20 - 20 19.95+0.05
Cc 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

-0.1
1000

Differential Pressure Across Sample (mBar)

Differential pressure across the filter sample 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 suggested that 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 afforded to the
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 60 Lmin™ left the FAR at the upstream permeable barrier due
to the pressure gradient. 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 accounted 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 flowrate of compressed 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 comparison to the 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 recorded. The mass flow controller worked in
combination with the vacuum pump to ensure 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 velocity is defined as the critical velocity at which a particle must be travelling in

order to remain suspended in the fluid/flow path. For the filtration assessment rig, the
filtration velocity, (vf), denoted the criteria, whereby if VSt(dp) < vy then the particle of size
dp will remain suspended in the stream. At VSt(dp) > vy particles will exhibit separation due
to the gravimetric force which would result in a different particle size distribution at the
surface of the test filter. The settling velocity can be calculated using Equation 25 [117],
correlated the particle density (p,) and size (d,) against the gas characteristics and
gravimetric force (g) to calculate the settling velocity (). Application of Equation 25
[117] during the experimental design phase provided an insight into the likely particle size

distribution at the surface of the test filter.

4 d3 4 d3g\’
Qe = <—“9 )exp —3.07 + 0.9935 - In (—pppgz ,,g) —0.0178-In <—pppgz pg)
Pgdp 3ty Mg

Equation 25: Gravitational Settling Velocity [117].

Application of Equation 25 [117] using the properties for PuralNF yielded Table 10. Results
reported that a settling velocity of 1.01ms™ is the minimum filtration velocity required to
keep all particles in suspension. This value of 1.01ms™ at a particle size of 120um in Table
10 considered the particle to be perfectly spherical. For example, BS11057:2011 “Air Quality
— Test method for filtration characterization of cleanable filter media” [202] required a face
velocity of 2mmin which equated to 3.33x102ms™. At this velocity, separation would begin

to occur at a d,, > 15.85pm. Deposition would therefore occur towards the vertical bottom

78



Chapter 3: Methodology

of the test chamber, depending upon the particles original position and trajectory.
Consequently, given the likelihood of separation, particularly at smaller filtration velocities,
factor must be considered during the experimental design phase, before the conduction of a
test occurred.

Table 10: Settling Velocity of Various Particle Sizes of PuralNF Test Dust Using the Settling Velocity (Equation 25)

Particle Size Settling Velocity Particle Size Settling Velocity

[(dp) in pm] [(Qsp) inm/s] [(dp) in pm] [(Qsp) inm/s]
0.1 2.08x10® 10 0.01
0.5 4.76x10° 50 0.27
1 2.81x10° 100 0.79
5 2.66x10°° 120 1.01

Separation of the particulate is 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
delivered 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 examined ensure a clearer

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

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

differential pressure), header tank pressure, and the duration of the cleaning pulse in ms.

For the cleaning on time, the user specified the total time duration of the filtration cycle in the
software. The test filters differential pressure increased until the allotted time had elapsed.
For cleaning on differential pressure, the set maximum differential pressure across the test
filter controlled the occurrence of a cleaning pulse. Once this value occurred, a pulse of
compressed air cleaned the filter. 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 has an operational range of 0-8bar(g). Pressure was
regulated through 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 set. The latter value is visible on the computer’s
interface. During testing, the external compressor was 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 duration can be set in the range of 50-500msec. Duration of the cleaning
pulse happened through the solenoid and diaphragm valve, whereby the opening and closing
time (pulse duration) is set prior to testing. The signal to the solenoid valve controls the
opening and closing of a diaphragm 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 BS11057:2011 “Air Quality — Test method for filtration

characterization of cleanable filter media” [202].

Commission test data revealed the potential implication of the time resolution. During
commission testing, the differential pressure reading observed in the commissioning data
occurred below the baseline differential pressure of the media at ~0.81+0.02 mBar in five
instances. In these five instances, a record of negative differential pressure across the test
filter was recorded. Graphically shown, Figure 19 presented an example of the
aforementioned occurrence using a sample retrieved in the data. Upon activation of the pulse,
the test filter expands upstream due to the pressure difference. This flex facilitated 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 wires will occur throughout any test. Figure 19
therefore suggested that this compression/expansion could be arbitrary recorded during

testing.

Given the negative 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 occurrence of
negative differential pressure spikes in Figure 19 would suggests that there is a chance for
data to be recorded somewhere along the pulse duration as shown by Li et al., [222]
particularly when considering larger pulse durations. This 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 point of the cleaning pulse and exact starting point of the next

filtration cycle.
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Figure 19: Differential Pressure Variation During Aging Phase of BS11057:2021[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 resolution of one datapoint per second. The software
internally presented the data graphically but provided the option to export the data in a .xlsx
format. Upon exportation, a unique identification tag prescribed to the data allowed for
traceability back to its representative test conditions and information. A separate .xlsx file
stored this data and tabulated the relevant files reference 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 recording become sub
1s intervals. In addition, separation of the differential pressure to two unique pressure points
would allow for quantification of the variation between the upstream and downstream 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 semi-automatically using a pre-determined MATLAB code, which
stored and sectioned the data into its constituent variables. Upon completion of a test, the
combination of all data files from testing transpired (if necessary) prior to processing. From
this, the bespoke code returned the data in more manageable forms. The 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
“Air Quality — Test method for filtration characterization of cleanable filter media” [202], and
the second pertaining to longevity testing. Independent of this, an analyst can recall the saved
variables 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 operational 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 aerosol 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 head resulted in the FAR
having to be shutdown. Upon removal, a significant amount of PuralNF had adhered to the
metalwork, as seen in Figure 20. Figure 20 (left) showed the rotatory brush, prior to the dust
cover and air inlet being removed. Figure 20 (middle) showed that large agglomerates had
formed between the bristles 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 build-up had occurred until failure. Inspection inside the
nozzle also showed evidence of this. Figure 20 (right) showed the same occurrence for the
flow channel on the bottom face of the dispersion cover, which further demonstrated the

adhesive build-up over time.

Moisture content may have aided in the facilitation of adhesion. Free moisture determination
showed that the moisture content of PuralNF was ~3%. At low moisture content, it is

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 set-up ensued, to evaluate if the compressor 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 Point

Figure 20: 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 with talc. 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 happened on 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 suggested using an ultrasonic bath and cleaning detergent to
remove the contaminants. Following cleaning, the FAR was clean and operational again.

To aid in the prevention of adhesion of the PuralNF in future tests, both the piston and
dispersion cover where designated 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 FAR would yield far more data from a particular test and

would provide a deeper understanding as to what is happening during the test. As such,
during the commissioning and preliminary testing, any potential improvements that would be
advantageous to future studies were recorded. Three key improvements towards the FAR, as

discussed below.
1. Implementation of a dust hopper unit

During longevity testing, there is a notable accumulation 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 a talc powder, showed that accumulation tended to occur at the vertical
bottom at the face of the test filter. Over time, this led to a significant build-up of talc powder
which resulted in an artificially higher baseline differential pressure within the data. Once
manually removed, the baseline differential pressure recovered considerably. This
accumulation decreased the accuracy of the results. This negative impact on testing needed to
be addressed imminently, particularly when conducting longevity tests which would require

near continuous operation and minimal downtime.

Implementation of a collection hopper reduced the negative impacts to the data. This allowed
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 filter as shown in Figure 21. Upon completion of a cleaning cycle, the bulk of the talc
powder (or other testing powder) would be collected in the hopper. This allowed the test filter
to remain unobstructed from the previously filtered test dust. The consolidated powder within
the hopper could either be reintroduced to the piston cylinder or disposed of following

standard laboratory protocol.
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Figure 21: The Dust Hopper In-situ (Left), Angled Overview Showing Hopper (Middle) and In Situ Photo Showing Filter
Sample and Hopper (Right)

2. Deployment of an in-line particle analyser downstream of the test filter

In terms of future development of the FAR, instillation of a Palas Promo® and Welas®
aerosol sensor system from Palas, Germany would facilitate studies about the downstream
particle size and concentration experienced during testing. Studies have previously used
different models of this equipment such as Kurtz et al., [196], and Kurtz et al., [213] to study
the occurrence of downstream emissions from a test filter. Whilst other types of optical
particle counters (OPC) equipment exist (which use light scattering to detect and determine
particle sizes in-line, such as Li et al., [137], and Lo et al., [193]), the Promo® and Welas®
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 software upon collection

of the raw data.

In relation to academic output, the OPC would demonstrate the evolution of particle
penetration size and concertation, over service time. Given ultimate failure may be at a given
emission point, the OPC would provide an additional data stream which would further
improve longevity modelling. The OPC is also capable of identifying when a cleaning pulse
has occurred through the spike in emissions as shown by Li et al., [137]. Collection of this
data could provide another datapoint towards the determine of ultimate failure.
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3. Additional pistons

During longer testing periods, a piston change was required once the piston was empty to all
the test to continue until either conclusion or required another piston change. As such, this
may require 2-3 pistons per day over multiple days, especially during longer testing/studies.
Reduction in the downtime would therefore allow for quicker completion of longer 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 new/filled
one. This would significantly drop the downtime to =5 minutes. The remaining =5 minutes
downtime is due to the requirement to move the piston down to its minimum position. This
movement allowed for the removal of the primary piston and insertion of the secondary
piston. Therefore, 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 7°s Methodology Statements
The following method statements introduced the analytical techniques which were 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 chapters. All samples used in these chapters
originated from various industrial combustion sites across the U.K. Each chapter performed

academic studies on 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
BS22031:2021 “Sampling and test method for cleanable filter media taken from filters of

systems in operation” [16], section 5.4 suggested various methods to clean the filtration
media into a post cleaned state. A total of four techniques where suggested, but no
information on a preferred cleaning method or methodology was given within the standard.
To determine the most appropriate technique, the use of industrially used filtration media
allowed for the results to be more relevant to industry. Results 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.K. The original material data sheet can be found in
Appendix A for Site B The time in service was unknown and not provided from the site.
Table 11 demonstrated the stages that occurred to obtain the data, which helped to aid the

suggestion of an appropriate cleaning technique.
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Table 11: Chapter 4 Methodology to Evaluate Different Cleaning Methods

Stage Description

Acquisition of a 30cm (vertical height) sample from the remaining
media. Incision at the stitch allowed the media to become flat. A
1) Sample Preparation of further 5cm x 5cm sample, removed from the 30cm sample, allowed
Used Media for mass and thickness evaluation.
A total of five samples allowed for the evaluation of each method
stated in Stage 3.

Evaluation of the Air Permeability, Mass, and Thickness according to
laboratory standards. Air permeability evaluation occurred three times
2) Evaluation in the As in random positions at 200Pa and a surface area of 20cm2. The 5cm x
Received (AR) State 5¢cm sample underwent thickness evaluation using a digital thickness
gauge to two decimal places (mm). The mass of the same sample used

a weighing scale gave the mass to three decimal places (grams).

Compressed air, scraping, brushing, washing, and dust vacuuming
3) Cleaning Method Under ~ where conducted on the surface of the filter sample.
Assessment Conduction of air permeability, Mass, and thickness evaluations stated
in Stage 2.

Each sample then underwent dust vacuuming, based on previous
4) Dust vacuum of Sample  laboratory experiences. Performance of the evaluation method in Stage
2

Each of the five samples had three distinct groups of data, which

5) DataReview 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 media gave

more industrially relevant results, which allowed for better methodology development of
technique(s). Though BS22031:2021 “Sampling and test method for cleanable filter media
taken from filters of systems in operation” [16] mentioned both mass and thickness, it
omitted a clear methodology to determine the mass and thickness values. An initial starting
point was the British standards 29073 part 1 “Determination of mass per unit area” [230] and
part 2 “Determination of thickness”[231], which prescribed a methodology for the
determination of mass and thickness of clean nonwoven media respectively. These standards,
in combination with current laboratory practices where combined which led to a high-

resolution study on a single sample being conducted.

Chapter 5 discussed the differences between both mass and thickness methods. Ultimately,
the study aimed to determine an appropriate sampling method for mass and thickness of a
given sample size, which could be adopted into BS22031:2021 “Sampling and test method
for cleanable filter media taken from filters of systems in operation” [16]. Adoption into the
standard would require a statistical assessment of the number of repeats needed to obtain a
representative result of the global sample. Furthermore, consideration towards any additional

information obtainable from the sample was 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 permeability to be mapped across its surface 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 new/virgin bag for comparison. The site did however
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 in BS 9073-15 “Determination of air permeability” [232]. Each
evaluation point on the media was at a fixed sample differential pressure of 200Pa and

surface area of 20cm?.

New/virgin media was evaluated in accordance with BS 9073-15 “Determination of air
permeability” [232]. The total surface area available for evaluation of this sample was
>1200cm?. 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 preparation, error representation, and calibration of the

air permeability machine.

The air permeability mapping used a matrix structure to store the locational information and
data of each result from the air permeability test. This transpired through the media being
prepared in such a way that allowed it to become flat, as opposed to its original cylindrical
form. Both the new and used filtration bag underwent the same preparation steps.

The data retrieved allowed for wide scale statistical testing, to understand the variation.
Random sampling, and 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 analyst did not apply a random position sampling method. 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 various analytical techniques which may be used to complement a

longevity model. This chapter used two samples: industrially used filtration media and
virgin/new media — 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 of used filtration media. A
preliminary test performed using the FAR saw two samples ran to failure. The operational
parameters of the FAR were selected based on the Site C’s operational parameters, which
better represented industrial practice. Test yielded two distinct data categories for each
sample: the pre-op and post-op characteristics of the media. The data received for these two
categories required the physical sample to be tested. Air permeability, mass, thickness, SEM,

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

MCT is an emerging analytical technology, potentially capable of evaluating the sample.
Based on the limited literature, Chapter 7 presented an exploratory study of this technique.
This exploration raised further questions and concepts which future researchers may find
useful. Overall, preliminary pCT results showed, in combination with the X-ray profile
views, illustrated the porosity variation 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 two samples 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 on the subject may lead.
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Chapter 4: Determination of an Appropriate Cleaning Method

4.1 Introduction
A variety of filter cleaning methods can be employed, as stated in BS22031:2021 “Sampling

and test method for cleanable filter media taken from filters of systems in operation” [16], to
convert the filter from the as received (AR) state, to a post cleaned (PC) state. The definition
of cleaning is to remove filtrate from the surface of the sample. Filtrate encounters the air
entry surface of the filter, whereby collection can occur on the surface, or depths, of the filter
(depending on design and condition). Completion of cleaning allowed for the evaluation of
the sample in the PC state. The aim of this analysis was to determine how the filter media has
changed from its original condition. Various cleaning methods, such as: shaking, brushing,
scraping, and dust vacuuming, exist to perform the cleaning of the filter. Methods presented
within BS22031:2021 “Sampling and test method for cleanable filter media taken from filters
of systems in operation” [16] where assessed, alongside a new method: washing. Washing
was evaluated based on laboratory observations were some filtrate appeared to dissolve into
solution when agitated in water. Whilst the standard does not specify a definitive cleaning
method, there would exist an unquantified variability between the different methods. Output
from this work has been shared and considered by the British Standard Institute (BSI)
subcommittee group with a view to reviewing and improving the published standard

methods.

The importance of this study was to better understand the effect that different cleaning
methods have on the results/data obtained from performing analysis in the PC state.
Evaluation of washing as a cleaning method also occurred, given the standard’s allowance for
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, without subjecting the filter to intense cleaning and treatment
processes. Given this, the cleaning method may fail to perform a fully effective clean, which
would leave an unknown quantity of filtrate remaining within the filter. Avoidance of internal
deposits is impossible and is a natural phenomenon in filtration where 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, assessment of filter

media variation is still a viable objective.
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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 cage. Following this, cleaning would occur using a pulse of dry and oil free
compressed air at a given pressure, nozzle design, and pulse duration, which is representative
of the original cleaning parameters. BS11057:2011 “Air Quality — Test method for filtration
characterization of cleanable filter media” [202] suggested a schematic for this cleaning
method. One potential benefit is the results from the evaluated PC state would 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 reliance on knowing the exact peak

pressure from the sample’s original location spatially.

Experimental studies, such as Andersen et al., [201], Sievert and Loffler [217], and Li et al.,
[220], have shown that the peak pressure of the cleaning pulse varied along 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 to the 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, across the entire 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 that the removal of filtrate is equal to the exact
conditions experienced during normal operation, which given the previously mentioned
variation, is questionable. Due to the potential for significant variation, and omission of site-
specific operational data/variation, lead to the rejection of pulse cleaning as a cleaning

method.

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

(EfW) combustion site within the U.K. By using industrially relevant media, the results
provided more representative data at an industrial level. Analysis required isolation of five
samples at 30cm in vertical height/length intervals from the used filtration media. An incision
at the stitch allowed each sample to be laid flat, as opposed to cylindrical. Next, removal of a
5cm-by-5cm sample, from each of the six samples, allowed for the conduction (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 pressure across the sample of 200Pa.

Once evaluated in the AR state, analysis was again reconducted following cleaning. Each
sample underwent a specific cleaning method as described in Table 12. 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 vacuuming, post-test
method, transpired due to the visual observations prior to this study across various samples
from different combustion sites. This allowed for comparison between all the assessed test

methods and vacuuming.

Table 12: 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 towards the
Brush
edge of the sample.
Scraped Scraping of the filtrate 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 clean (1% row) and vacuum clean (2" row) are shown in Figure 22.

Compressed
Brushed Scraped Air Washed

Figure 22: Visualisation of the Air Entry Side of the Sample Post Test Method Clean (Row 1) and Vacuum Clean (Row 2)

Visual observations of the air entry surface displayed different levels of filtrate retention after
test method cleaning as shown in Figure 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 shaken sample. Filtrate removal occurred due to
the applied separation force being greater than the adhesion forces of the filtrate to the sample
[99], [261]. Therefore, the effectiveness of removal is proportional to the separation force

applied but is 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 methods, the separation of filtrate from the filtration media occurred
through the motion of the instrument against the surface. Removal of the filtrate took place
once the brush/scraper reached the edge of the sample. Due to surface heterogeneity, the
movement of the instrument caused accidental redeposition 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 the appearance
shown in Figure 22. 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 vacuuming, and washing, yielded visually comparable results. As shown in Figure
22, visually little/no filtrate remained on the surface of the media. For dust vacuuming,
suction of air, away from the filter, removed the filtrate 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 the test methods washing and vacuuming, it
could be preliminary concluded that they are similar in removal efficiencies based on the

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

However, unlike the other test methods, washing may vyield a higher filtrate removal
efficiency. Increased removal efficiency would occur if a proportion of the filtrate dissolved
into the water, used to clean the sample during washing. Observations made during cleaning
saw the colour of the water change from colourless to a grey translucent colour. An
unquantified volume of the filtrate therefore could have dissolved 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 the agitation
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 further investigation
and studies to determine if this theory is valid and if so, to what extent.
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4.2.2 Sample Mass
The results determined from analysis of sample mass for each AR, test method, and vacuum

in grams were presented in Figure 23.

In comparison to the other test methods, washing suggested the best recovery when compared
with the subsequent vacuum clean of the sample. Both the washing and subsequent vacuum
clean yielded similar mass values post analysis, which 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 between 60-72%,
but still failed to reach a recovery similar to 100%. Definition of the recovery percentile is the
percentage of recovery between the testing method data (air permeability, mass, or thickness)
over the recovery data (of the same analytical method) when the dust vacuum clean was

applied after the test method (discussed further in section 4.2.5).

Discounting the test method washing, all test methods left a visible amount of filtrate on the
surface of the sample. This retention of filtrate affected the mass results. 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 recovery upon vacuuming each
test method, it showed that the test method still retained a varying degree of filtrate on the
sample.

Sample Mass Difference Between States

[ AR
[ Test Method
[___1PC (Vaccum)

T

Mass (g)

Shaken Brushed Scraped C.Air Washed
Test Method Conducted

Figure 23: Sample Mass Data
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4.2.3 Sample Thickness
The results determined from sample thickness analysis for each AR, test method, and

Vacuum in millimetres are presented in Figure 24.

31 Sample Thickness Difference Between States

[ AR
[ Test Method
3F [_—1PC (Vaccum) |
29 1
€28} 1
9
S 27} :
B
26 4
j HH |
P : H ! : I—l Al ||
Shaken Brushed Scraped C.Air Washed

Test Method Conducted

Figure 24: Sample Thickness Data

Likewise for sample mass results, test method washing yielded the best thickness recovery.
Similarity between the washing and subsequent post clean (vacuum) results of the same
sample led to a 96.30% recovery as shown in Table 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 scraping at 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 through deposition of 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.

4.2.4 Sample Air Permeability

The results determined from sample air permeability analysis for each AR, test method, and
Vacuum (in Ldm2min™) are presented in Figure 25. For comparative analysis, inclusion of
each samples mean air permeability in the vacuumed state (in Figure 25) allowed for direct

comparison between the test method and vacuumed results. This is represented in Figure 25
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by a cross plot for each representative test method. In addition, the upper and lower

confidence interval at 95% for each respective test method is also included.
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Figure 25: Sample Test Method Air Permeability Mean Data vs. Sample Vacuum 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 media (as visualised in Figure 22).
This observation led to a significant difference between the vacuum state and the test
methods stated air permeability. As a result, both these methods presented significant issues

to evaluate the sample for air permeability.
Recovery variance for the shaken test method was 62.88%. Discounting the brushed and
scraped method, this test methods low recovery suggested that the shaking 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 recovery. In compliance with BS9073-
15:2008 “Determination of air permeability” [232] and BS22031:2021 “Sampling and test
method for cleanable filter media taken from filters of systems in operation” [16] the mean of
three random sample points is assumed representative 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 in Figure 22) this could lead to a degree of variation
in the obtained results from analysis, which cast doubt upon this assumption; particularly
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where varying degrees of filtrate retention existed on the air entry surface of the sample.
Chapter 6 discussed this observation of potential variation within a given sample surface area

further.

Test method compressed air exhibited the lowest 95% confidence interval at +1.6 Ldm2?min!
of any test method. This could have originated from the assumption that three random
sampling positions are representative, given a degree of filtrate attention as shown in Figure
22. If the random locations chosen where similar in terms of surface filtrate retention, then
this would result in a similar mean and low confidence interval. Conversely, if the surface of
the sample changed between sampling positions, the resultant confidence interval would
increase due to the varying anisotropy of the selected sampling positions. For the shaken test
method, random sampling may have interfered with the perceived mean and resulted in a
noticeably higher confidence interval. Unlike the shaken method, the remaining filtrate on the
surface of the compressed air sample appeared to be present a more visually uniform surface,

which could have accounted for the lower confidence interval value.

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 variation in the base media itself will
also likely contribute to this variation. For example, the compressed air and subsequent
vacuum mean difference was 7.8 Ldmmin, showing some retention still occurred which

was seen visually between the two states.

Comparison between the sample test method mean and vacuum mean gave an indication of
the efficiency of air permeability recovery efficiency. Preliminary visual testing (conducted
prior to the study) suggested that the vacuum method yielded the greatest recovery of the
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 permeability results suggested that the assumption held true, given the removal of the
remaining filtrate on the surface post-test 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 more effective filtrate removal and thus air

permeability recovery for these methods.

97



Chapter 4: Determination of an Appropriate Cleaning Method

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 minimal/not
observable during the vacuuming stage of the sample. This suggested that both the washing
and vacuuming methods are equally efficient at filtrate removal. Furthermore, given the
overlap of the confidence intervals, it suggested that both the test method and vacuum
datasets where similar in terms of resultant values. Another 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 within the 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 media which 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 washed states returned a similar difference as to the
washed and vacuum state sample. If filtrate 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/filtrate, 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 is defined as the percentage difference between the testing method
mean over the PC (vacuum) mean. This 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 removal. These results are presented in Table 13.

Table 13: 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 in Table 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 sample mass 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 nozzle and was subsequently re-entrained on the surface
which increased its mass by =~0.01g. This accidental deposition occurred only once. Direct
comparison of the mass and thickness results was achievable due to the repetitive nature of

the analysis about the same 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 to separate locations 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 Ldm™2min|, this difference was likely 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 visually in Figure 22, 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 therefore lead 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 state is 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 chapter’s 5 and 6 looked at this variation in greater detail for mass,

thickness, and air permeability.

Collectively, for mass and thickness, 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 method, 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 surface, which lead

to the thickness being similar.

Further analysis between the compressed air and shaken test methods for air permeability
only showed a =15% recovery difference in favour of the compressed air, despite the near
100% difference in recover of the sample mass. This suggested that whilst a greater amount
of filtrate removal occurred, the remaining filtrate on the surface still restricted the air

permeability recovery.

Regardless of the test method used, the laboratory employs an extraction system with
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 of following 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 the extraction 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 as ash 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 data. The difference between the test method and subsequent PC
(vacuum) was calculated and shown in Table 14. Chapter’s 5 and 6 discussed the potential
variation across a given surface area, for mass, thickness, and for air permeability, including
any noteworthy statistical significance. This limited analysis to the air permeability results,

where three random sample positions were assessed per sample, per state.

Initial comparison of the air permeability results suggested that the washing method was the
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 terms of air permeability recovery. Both the washed and compressed air test

methods yielded a comparatively low difference, in comparison to the other test methods. All
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differences noted in Table 14 are visualised in Figure 25, which aid in showing the difference

between the test method and PC (vacuum) states.

Table 14: Statistical Summery

Test Method
Air Permeability Shaken Brush Scraped Compressed air Washed
Mean Difference Between Vacuum and Test
Method (Ldm?min") 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 Ldm=?min’* difference suggested, in combination with other data
and visual observations, that the recovery was neither uniform nor potentially 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 than the vacuumed 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 t-test 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 to analysis to protect against
data bias. Criteria for the test was set at 5% significance level and two degrees of freedom,
resulting in a two tailed t-distribution score of |4.303|. A two tailed test assessed the potential
resultant mean of the test method falling either side of the vacuumed mean. Table 14
summarised the results from testing, showing the respective t-score and p-value from the

analysis.

Resulting evidence supported the alternative hypothesis, Hi: Uyaccum # Htest methoa TOr all
test methods except for the test methods compressed air and washed. Apart from the two
aforementioned test methods, these methods showed a statistically significant difference

between the means. This also translated in the resultant p-value which corroborated this
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finding given P<0.05, which supported the evidence to support the alternative hypothesis. In
contrast, the compressed air and washed test methods supported the null hypotheses,
Hy: Upaccum = Mtest method- COMpressed air was less supportive of the hypothesis, given an
absolute larger t-score/smaller p-value in comparison to the washed method. Whilst the
compressed air method revealed evidence for the null hypothesis, the visual observations
between itself and the washed were different due to the visual retention of filtrate on the
compressed air sample. Consequently, consideration of the visual filtrate retention is just as
important in the determination of an applicable cleaning method as the statistical evaluation.
As a result, Table 14 largely corroborated both the visual results of Figure 22, as well as the
findings from Figure 25, but only the washed sample showed neither statistical significance

or any visual retention of filtrate on the air entry surface.

4.3  Practicality Implication of Test Methods

During large scale 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 BS22031:2021 “Sampling and test
method for cleanable filter media taken from filters of systems in operation” [16]. 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 laboratory standard 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 need to consider 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 sample before
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 analysis of the sample to increase significantly, in 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 delay the overall sample turnaround time.
Therefore, the washing test method may not be practical for a large number of sample

required for analysis given the significant increase in preparation time.
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Apart from washing, sample analysis occurred immediately after sample cleaning. 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 within largely similar turnaround times. However, if washing 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. Consequently, the increased 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 aerosolization of the
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 significant dispersant 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 exposure limit, 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 recommendation 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
reduced preparation time, ease of use, reduced workplace exposure, and the ability to safely
collect the filtrate for further analysis. Vacuuming collected the filtrate 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

BS22031:2021 “Sampling and test method for cleanable filter media taken from filters of
systems in operation” [16] required 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
underlying assumption 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 exhibited from
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 for the assessment of

the remaining filtrate post-test 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 permeability than their as received states, 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.
Subsequent vacuum 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 scraped methods. However, 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 evidence for the 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 the sample yielded the best result in comparison to its respective vacuum cleaned
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 samples becoming similar in
appearance. No noticeable/distinguishable difference existed between 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 management to reduce 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.

Retention of filtrate on the air entry surface negatively impacted 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 results. Given that the aim
of the cleaning method is to assess how the filtration media had changed over its service time,
any retention of filtrate therefore artificially impacts on this assessment. As shown, both the
vacuum and washing cleaning methods returns a fabric 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 conclusion, upon consideration of the data and practicality/implementation considerations,
dust vacuuming appeared to 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 submersion 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 sample. Based on this study’s findings, requisition of
two or more samples for analysis from the bulk/unused media, would allow for this 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 or report for the 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 and suggest 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 bathing in various 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 dust vacuuming 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 vacuuming appeared to be the most effective in terms of cleaning and sample

turnaround time.

4.4.3 Novelty and Output

In literature, no previous studies were found that considered the effectiveness of the cleaning
methods stated in the standard BS22031:2021 “Sampling and test method for cleanable filter
media taken from filters of systems in operation” [16]. 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 results. From the literature review and subsequent searches,
no information found suggested an optimal cleaning method, nor support the standard’s
recommendations. This study provided the basis for a methodology to determine a suitable

cleaning method for used nonwoven filtration 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 standards wording about how to clean the filter is 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 comparable data, regardless of the company of origin of said data.
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51 Introduction

5.1.1 Background
Compliance with British standard 22031:2021 “Sampling and test method for cleanable filter

media taken from filters of systems in operation” [16] required a reported value of mass and
thickness for the vertical top, middle and bottom sections of a used flue gas filtration 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 (AR), Post-cleaned (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 changed over its service/operational life through mass and

thickness readings.

Due to the media used in this study being sectioned into 5cm by 5¢cm 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 discussed further 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/whole filter sample 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 for both machine and cross directional analysis for mass determination. This
method would provide a greater insight into variation along the vertical height of the bag.
However, the standard also showed an example report in the appendix, the 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 third would have
enabled some accountability for an unquantifiable degree of variation across the vertical

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 parameter. Upon inspection of the standard, appendix C.1 [16]
reported five samples assessed for thickness, yet C.2 [16] only used three samples before the
evaluation of the mean. Furthermore, the standard omitted a clear definition of the required
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 arise when using the standard, which could cause
the results of a test to unintentionally, not 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 and thickness 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. For sample 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 thickness across a used sample, 2) highlight any potential differences between the states
AR and PC, and 3) suggest a clear methodology to perform mass and thickness analysis,
which provided a representative result with a reduced analytical time. To help achieve these
goals, conduction of analysis across a VN media sample provided 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 first underwent 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 mass and thickness determination. Following this,
using an unexamined piece of industrially used filtration media, conduction of the study was

possible.

Further subdivision occurred which saw a 30cm length, in the vertical height removed from
both the new and used 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 general. Table 15 provides a summary of these results for the used sample,

including a summary of the new media according to the datasheet.

Table 15: Summary of New Media Parameters

Parameter Value Parameter Value

Air Permeability 80 Mass (gm-?) 380
(@200Pa Ldm2min™) Mass (g per25cm?) 2.075
Thickness (mm) 1.3 Density (gcm®) 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 this, the sample was further
prepared into multiple squares, each of which were 25cm? in surface area. To achieve this, a
manufactured template of the same surface area allowed for each subdivide sample to be
removed from the overall sample. Manufacture of a secondary rectangular template of 5cm
by 40cm further eased the subdivision process through the allowance of subdivision of strips
as seen in Figure 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 visualised in Figure 26 (middle and right).
Overall, this yielded a total of fifty-four squares from both the virgin/new media, and the

used media sample.

New/Virgin Media As Received Sample Post Cleaned Sample

Figure 26: lllustration of Sample Preparation and 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 to 3d.p. in grams (g) determined
the mass of each of the given 25cm? sample. A digital thickness gauge which read to 2d.p. in
millimetres (mm) determined the thickness of each of the 25cm? samples.
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Upon completion of the assessment in the AR state had transpired, the square samples where
then cleaned using a dust vacuum following 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 the virgin/new media state (VN), but also provided an indication as to the

interaction of the filtrate 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 location 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 horizontal plane. During analysis, each sample’s
assessment was independent of any other sample and replaced back to its original position
before another sample’s assessment. This ensured that each samples representative location
was consistent throughout the study. Each 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 per state per 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 and controlled 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 22031:2021 “Sampling and test method for
cleanable filter media taken from filters of systems in operation” [16], omission of a clear
methodology allowed for any particular method to be chose to assess mass and thickness.
Standard laboratory analysis required three 30cm 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 22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [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 25cm? surface area sample for mass and thickness
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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 advisable. One
of the major constraints in 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 to the site, given 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 BS22031:2021 “Sampling and test method for cleanable filter
media taken from filters of systems in operation”[16] does not explicitly reference additional
standards, its mention of the BS 9073 series provided an initial basis for mass and thickness
in parts one [230] and two [231] respectively. In addition, the BS 9073 series illustrated
various other test methods for nonwovens, such as tensile testing and air permeability testing.
Given the omitted methodology in BS22031:2021 “Sampling and test method for cleanable
filter media taken from filters of systems in operation” for 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. [llustrate 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 of large-scale testing.

3. Compare and contrast the results with other potential test methods such as BS 9073-1
“Determination of mass per unit area” [230] and BS 9073-2 “Determination of Thickness”
[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 value is more likely to represent the 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 stated in BS 22031:2021 “Sampling and test
method for cleanable filter media taken from filters of systems in operation” [16] through the
division of a filtration bag into three vertical regions. Consideration of this assumption as true
was due to the inability to perform a high-resolution map of mass and thickness, across the
full surface area of a used nonwoven filtration bag. This was due to other parts of the original
filtration bag being used for routine analysis prior to this study. Whilst this study did not
utilize a full filtration bag, it does provide an insight into how the thickness and mass may

vary along the vertical and axial length.

52  New Media Variation
For new nonwoven media, the BS9073 series “Textiles. Test methods for nonwovens” (or

equivalent), are frequently used to determine the mass/density and thickness of the media.
For sample mass, a minimum of three 50,000mm? samples were required to determine the
mass by 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 an economical reduction of loss, particularly if the manufacture cost of the
fabric is high. For thickness, the standard BS9073-2 required a total of ten samples, each with
a surface area no less than 25,000mm?. To determine the mass/density and thickness of the

VN media, multiple samples were taken from new media for analysis.

BS 9073 part 1 “Determination of mass per unit area” [230] and 2 “Determination of
Thickness” [231] required two different sample sizes, however due to the defined sample
size, definition of the size was through the resultant available surface area of the sample as
opposed to the 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 achievable due to

the fixed sample position for each of the 25,000mm? samples.

Given the fixed sample size, this resulted in over and under sampling in accordance with the
standards BS 9073-1 “Determination of mass per unit area” and 2 “Determination of
Thickness”’[230],[231]. For sample mass, compliance with the standard required three
samples, with a cumulative total surface area of 150,000mm?. In contrast, the study used
forty-eight samples of flat media which had a 120,000mm? surface area: lower than the

required area for standard compliance. On the other hand, a total of fifty-four samples within
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this study outweighed the required number of ten samples of 50mm by 50mm for thickness
determination, each with a surface area of 2,500mm?. If selection of the largest mentioned
area/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 and consumer.

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 still comply with 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 media samples are visually shown in Figure 27.

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

Figure 27: Visualisation of Key Differences Between Flat and Stitched Samples (where n = the number of samples)

Variation is an inherent occurrence within any manufacturing process. Properties such as
punch density, needle penetration depth, and stroke frequency [133] coupled with the
variation in the fibre mats [132]. This culminates in an unspecified degree of variation within
the final product, particularly noticeable when considering the machine and cross direction
[254]. This affects the number of fibres present within a given sample size (fibre density),
which affects not only the overall mass and thickness, but other properties such as air
permeability [132] and material strength [254].
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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 failed to include 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, that tolerances for the mass and thickness of the VN media
as a tpercentile 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 of confidence limits from the manufacture data sheet raised the
question 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 confidence 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

validate the method and are representative of the originally state values.

Given the observable difference noted in Figure 27 for the stitch point, the tolerance is more
complex. To fabricate the media into a cylindrical shape, one side of the flat media must be
overlayed to the other. The overlay including the stitch, must be substantial enough to
securely attach the top piece to the underlying piece. As a result, the overall thickness of the
stitch point (t5) will exhibit its own representative confidence interval, which would likely be
equivalent to two (t,,)’s due to the overlayed nature. Encompassed in this confidence
interval, is the variation in the lamination tape (present in this media) which will also have its

own respective mean.

If the assumption of perfect alignment is applicable, the increased mass will also be a
function of t,. 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 sides together. 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 in Figure 28 are the results for both mass and thickness spatially in a heatmap. As
expected, Figure 28 showed notably higher values for mass and thickness at the stitch point
(50-100mm 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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New Media 25cm? Sample Mass in grams
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Figure 28: Heat Map Depiction of Mass (top) and Thickenss (bottom) Data
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One limitation of the heat maps is the classification of data within bins, which led to the
allocation of a particular colour to each bin. Owing to the stitch point data being 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. Owing to this classification the identification 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 visually of
the variation in the flat media. Analysis of the distributions of both mass and thickness
results, shown in Figure 29, show a clear distinction between the flat media and stitch point.
This corroborated the classification assumed in Figure 28. Furthermore, due to the
classification of data, given the similarity 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  830gm™ = equates to 2.075g per 25cm? sample) and thickness (1.3
mm) values of the datasheet to the distributions in Figure 29 suggested that the datasheet only
considered the flat media. Though not explicitly stated, the assumption was that the
evaluation considered only the flat media due to the stitch’s origination from postproduction
methods and therefore not representative of the overall media as shown in the results through
the data separation. Given these discussed factors, removal of the stitch point data occurred

from future analysis.

Whilst further analysis on the stitch point ceased, Table 16 illustrated the statistical overview
of the data, which presented both the mass and thickness results for both flat media and the
stitch point. The presentation of this data may provide useful for future research into the
expected deviation between the two structural differences. This was achieved by knowing the
positions of each of the fifty-four samples, coupled with the distinct segregation of the data
shown in Figure 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.
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Figure 29: Data Distribution of Flat Media and Stitch Point Data for Mass (top) and Thickenss (bottom)

Table 16: Data Summery of the Flat Media and Stitch Point Data for Mass (top) and Thickness (bottom)

Mass (g per 25cm?)

Confidence o
. . Standard ] Coefficient
n Minimum  Mean Maximum  Range L. interval L.
deviation of variation
(95%)
flat media 48 1.79 2.04 221 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
n Minimum  Mean Maximum  Range L interval .
deviation of variation
(95%)
flat media 48 1.12 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 standards. The datasheet for the new media state a singular value
of 2.075 gcm™ and 1.300mm for mass and thickness, respectively. Whilst the standards
recommend the reporting of the confidence interval, its omission does not affect compliance.
When considering the mean mass and thickness, presented in Table 15, for flat media, both
values differed by 0.035 gcm™ and 0.08mm, respectively. However, when considering the
reported values of 2.04+0.14 gcm™ and 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 low difference in values
from Table 15 and Table 16, are comparatively 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, is that 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
comparison, 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 potential process
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 the results. Ultimately,
reporting the confidence interval would allow analysts to understand if their determined mean

were within an acceptable range.

A normal distribution was suggested in Figure 29 within the flat media for both mass and
thickness. As a result, Figure 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 on the curve. In addition, the presentation of the mean and

respective 2o 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 conformed to a standard distribution.
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Figure 30: Distributions of Flat Media Mass (top row) and Thickness (bottom row)

Isolation of the flat media, as shown in the first column of figures in Figure 30, suggested a
Gaussian distribution existed within the data for both the mass and thickness data. The
second column of figures showed the cumulative frequency of the data and highlighted only 1
datapoint fell outside the standard deviation in each instance. Conduction of further
mathematical tests on the data, to support the assumption of normal distribution. Table 17
summarised the results from this test. Apart from the Anderson-Darling test for thickness, all
tests returned supporting data that a normal distribution exists in both datasets. The
Anderson-Darling test for thickness returned no evidence to support this, which lead to a h-
value of 1. Interestingly though, the p-value was only 0.0004 points away from yielding
evidence of support. Additionally, assessment of the probabilities within each standard
deviation showed evidence to support normal distribution. As a result, due to the exhibited

evidence, a normal Gaussian distribution existed within the data.

Table 17: Normal Distribution Test's Conducted and Results

Mass data Thickness Data

h-value p-value h-value p-value

Anderson-Darling 0 0.3253 1 0.0497

_ Lilliefors 0 0.4237 0 0.1390
é Jarque-Bera 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, and re-arrangement of the data
resulted in Figure 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 fixed machine, variable cross (FMVC) direction for the sample
mass was suggested in Figure 31. This suggested a near similar value for each row of data. In
contrast, the fixed cross, variable machine (FCVM) direction appeared to 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 opposed to the fixed machine,

variable cross which yielded no distinguishable pattern in comparison.

In contrast to the heat maps shown in Figure 31, 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 49cm? as opposed to this studies samples size of 25cm?. Furthermore, it is
unclear in their study if their nonwoven products were similar in construction, which 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 be localised and 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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To ascertain if this could lead to a statistically significant difference in either mass or
thickness, application of a statistical t-test in fixed and variable directions would 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 tailed t-test
with seven degrees of freedom which resulted in a t-value of 3.499 at a 1% confidence for a
fixed machine, variable cross direction. Similarly, a resultant t-value of 4.032 to define the
pass/fail criteria at the sample confidence for 5 degrees of freedom for the fixed cross,
variable machine direction. Application of a two-tailed test in conjunction with the resultant
mean in any given fixed/variable direction being capable of being either higher or lower than
the overall mean of the data. Presented in Table 18 are the 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.

Table 18: Statistical Significance Testing Results 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 machine variable 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 machine variable cross, which
yielded an overall significance of 66.67%. Visually, Figure 31 suggested this may occur due
to the row data being similar in comparison to 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, which is 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 contrast to the 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 the eight columns as visually shown in Figure 31. Though
the inclusion of significance in the FMVC direction resulted due to the occurrence of two
distinct higher values in the fixed cross directions of 100-150mm and 350-400mm.

In both cases, the resultant mean was higher than the global which resulted in a t-score
greater than the pre-described limit. As shown in Table 18, this resulted in t-score in the
double digits suggesting that the localised mean was particularly more significant in
comparison. Significance occurred due to the standard deviation being significantly low
enough to yield a higher t-score. 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 can therefore be mathematically summarised through
Vn=constant-.as 6—0, t-score—co, assuming the difference in the original and new mean

differed slightly, but not significantly.

One of the limitations of this test is the assumption that the performance of analysis is 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 not be advisable to take a mean
at a fixed/variable direction as it may yield an artificially 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 is representative 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 the 48 datapoints tended towards the millions, a small selection of
the potential random combinations transpired. This would appear counterintuitive, however it
provided a sufficiently large confidence interval about the resultant mean and t-score (see
Figure 32) which would better represent a singular random test conducted. In addition, as the

number of samples and repeats analysed increased, the range of the confidence interval
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decreased. Therefore, utilization of ten random non-repeated sequences of the forty-eight
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 48 datapoints point and increasing sample size determine
(represented by d.f), is shown in Figure 32 (left), with the resultant t-score values in Figure
32(right). For the t-score (right hand side of Figure 32), the upper and lower dashed line
represents the criteria for evidence of significance to be determined. In addition, the zeroth
line represented the global mean of all datapoints. The illustration in Figure 32 provided a
graphical representation of the potential outcome of random sampling testing utilizing an

incremental increase in step of sample numbers (d.f.).

Results shown in Figure 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
difference/range of ~0.03g and ~0.03mm from the overall mean to only taking a random
single datapoint. From 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

representative mass and thickness was low.

In contrast, the resultant t-score yielded a contradictory result. For both mass and thickness,
datapoints outside the upper/lower limit were observed, which suggested the possibility of
obtaining a statistically different mean when compared to the global. However, evaluation of
the mean t-scores for both mass and thickness, only one datapoint fell (just) outside the limit.
However, given that the mean presented in Figure 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 tendency towards the global in
contrast to the t-test results shown in Figure 32 (right).
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Figure 32 Part 1: Depiction of the Mass Data for Random Sample Position Testing (Top) and the

Applied T-test results (Right)
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Figure 32: Random Sample Position and Number Testing
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As shown in Figure 32 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 confidence interval which would aid in the determination of a minimum

number of samples to yield a representative value of the sample.

Consideration to the standard’s BS 9073-1 “Determination of mass per unit area” [230] and
BS 9073-2 “Determination Thickness” [231], stipulated that the actual size of the sample
analysed can be lower, if agreed by the end user/customer. Whilst the total surface area was
lower than originally stipulated for sample mass, Figure 32 (right) showed that the use of a
significantly lower surface area to determine mass and/or thickness still obtained a
representative mean of the overall sample size taken for analysis. The same conclusion
showed for sample thickness, which differed from the standard due to a significantly larger

surface area analysed than required.

One of the key drawbacks is the omission of the confidence interval from the material
datasheet shown in Appendix A. Comparison between 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 further showed 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 respectively, this 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 in Figure 32 further, Table 19 tabulated the obtained results in terms
of number of samples evaluated randomly. Calculation of the magnitude percentile difference
was based on the mean value of all eighty-four samples. Table 19 illustrated that a low
sample number, yielded a similar value to the mean, based off random samples, repeated a
total of ten times. As expected, when 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 data shown 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 shown in Table 16), this

percentile difference could be as high as 12.3% for mass and 11.5% for thickness. As the
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number of samples increased, this percentile will reduce exponentially, given both the normal
distribution and evidence within Table 19. The number of repeats done would have to be pre-
defined prior to analysis but could be between 2-10 to yield a near representative sample.
Therefore, utilisation of a single value should not take place to ensure a better representative

mean of the overall samples surface area.

Table 19: Effect on the Resultant Mean Using 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 of the minimum number of samples 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 machine or fixed 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 determination 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
5.2.3.1 Conclusions
e Demonstrated the difference in the stitch point and flat media both structurally and

numerically in terms of mass and thickness. Whilst the stitch was discounted, it is a
point of interest for further studies.

e Exhibition of a pattern in the colour plots for the 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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Assessment of mass and thickness in fixed directions yielded a statistically significant
mean.

Random sample locations for mass and thickness determination yielded a more
representative mean.

Whilst the methodology used for this study deviated slightly from the recommended
method within the standards, it was still capable of determining a representative

sample mass and thickness for new nonwoven filtration media.

5.2.3.2 Recommendations

Random sampling should take place, instead of multiple samples from the same
direction. This yields a better representative mean.

The datasheet should insist on showing the confidence interval and number of
samples testing for reproducibility purposes.

The reporting of the confidence interval should be mandatory instead of

recommended in the standard.

5.2.3.3 Further work

5.3

Further work and analysis on the stitch point in recommended, based on the limited
information presented in literature.

A full machine direction sample from the manufacturing process should be acquired
to confirm/deny the pattern exhibited and discussed in Figure 31.

Discussions and conversations with both the standards committees and manufacturers
to promote the reporting of the number of repeats, and confidence intervals as part of
their standard compliance to allow for better quality checks by the end user

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 point samples 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 the mass and thickness results. 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 four unique data

categories from the sample: AR, PC, cake/filtrate, and the difference between new and PC.
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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 Consideration

The data was presented as colour maps in Figure 33 from the mass data. Similarly, Figure 34
displayed the colour maps from thickness analysis. Both figures presented the four data
categories: AR (top left), PC (top right), Filtrate/Cake (bottom left), and PC-new (bottom
right). Table 20 summarised the data.

Visualisation of the mass results, shown in Figure 33, indicated the apparent variance in mass
between each sample. Whilst a mean of 3.50+0.09g was found for the AR state, however the
AR colour plot in Figure 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 continued. Furthermore, the data appears more sporadic in nature which resulted
in the inability to observe a pattern visually like noticed in the VN heat map. Additional
analysis of the data would be required in order to ascertain the extent of this perceived
variation given the visual results of Figure 33.

Similarly, Figure 34 suggested the same findings as discussed for Figure 33. Whilst the PC
stated mean was 1.44+0.03mm, consideration to the PC colour map in Figure 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 higher values within Figure 34. This would suggest
that the distribution for the thickness data is towards the lower end of the mean. As a result,
consultation 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 assumed that the new 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, either due to 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 have the felt had changed over its service period.
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Figure 33: Colour Maps of Each Data Category for Mass: AR (top left), PC (top right), Filtrate/Cake (bottom left), and PC-new (bottom right)
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Figure 34: Colour Maps of Each Data Category for Thickness: AR (top left), PC (top right), Filtrate/Cake (bottom left), and PC-new (bottom right)
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The data presented in Figure 33 and Figure 34 was numerically summarised in Table 20.

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 the as received data than the
post cleaned data. Given that the PC variation, in both instances was low in comparison, this
suggested that the filtrate deposited on the surface contributed to the results which lead to this
higher variation. The data for the filtrate/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 differ to the PC state.

Most notably is the variation for the difference 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 in Table 20 for both the mass and thickness, the range, deviation, and
confidence interval remained equal to the PC state. Consequently, this led to the inflation of

the values for the variation.

Table 20: Data Summary of Mass (top) and Thickness (bottom) Results

Flat Media Mass (g)

Confidence Coefficient

. ) Standard

n 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%
PC-New 48 0.23 0.57 111 0.88 0.19 0.05 33.09%

Flat Media Thickness (mm)

Confidence Coefficient

Standard
n 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%
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Performance of further assessments determined any skewness within each data category,
which would cause a non-equal distribution. Figure 35 illustrated these distributions if normal

distributions occurred.

For both the sample mass and thickness, the distribution for the PC vs. New data was
identical to the PC state with a uniform 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, the data distribution still remained visually similar, even when the bin
width was reduced.

In contrast, both the as received and cake data yielded a less precise/ wider distribution. Table
20 showed that the mass and thickness data range for AR was noticeably higher than the PC
data. This, coupled with the lower variation coefficient, showed that the cake/filtrate had an
impact on the results. Furthermore, it suggested that the cake/filtrate on the surface varied
across the sample, suggesting that it caused the sample to be comparatively heterogeneous
between different samples. This resulted in the distribution becoming shallower and wider in

comparison to the PC data.

Flat Media Sample Mass Distributions
I

AR L
- PC

Frequency (-)

Flat Media Sample Thickness Distributions
. D T

Frequency (-)

Thickness (mm)

Figure 35: Data Distribution of Sample Mass (top) and Thickness (bottom)
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Distributions shown in Figure 35 assumed normality, to validate this assumption, each data

category as shown in Table 21, underwent additional assessment.

The empirical test for normal distribution was applied across all data categories, with results
shown in Table 21. This method provided an alternative insight into the data’s potential
distribution. The mass data passed empirical testing yet failed 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 to be within the third standard 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 test would return a normal distribution upon its
removal. As such, further analysis of the skewness and Kurtosis parameters were needed,

before forming a definitive response for the thickness data.

Table 21: 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 and Kurtosis 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 categories, the analysis focused only
on the thickness data given the near failure noted in Table 21. The criteria to pass this test to
support a normal distribution varies in literature as discussed by Orcan [262] which discussed
numerous studies with different criterion ranges. For this test, evidence for the alternative
hypothesis (non-normal distribution) transpired if the values obtained where outside +2 for
skewness and +7 for Kurtosis, as suggested by Curran et al,.[263]. Whilst the selection almost
became a estimation due to the varying criteria as suggested in 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 formed 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 peak [265], though these arguments, in literature,
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, consideration of the criteria against the
thickness data in Table 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 data. This is based around the empirical testing for the mass and
thickness data shown in Table 21 coupled with the supporting evidence presented in Table 22
for the thickness data.

Table 22: 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 25cm? samples provided a representative
mean of the overall sample. Therefore, the method presented for new, virgin media provided
an initial starting point to develop a suitable method for industrially used nonwoven filtration

media.

The 48 datapoints for mass and thickness where randomly rearranged a total of ten times for
the flat media. Whilst the potential unique combinations of this rearrangement were in the
thousands, ten samples intentionally provided a larger interval. Doing so, allowed for a better
representation of random sampling, without having to perform analysis on all forty-eight

unique samples for this defined sample size.

The results determined that the 30cm length sample had a mass of 3.503+0.10g per 25cm?
and a thickness of 2.25+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 increased for the AR state is shown in Figure
36. During random sampling, each AR state datapoint corresponded to a particular PC state.
For both the mass and thickness, the lower and maximum dashed line of the figure
represented a 10% difference in the respective global mean. This aids to visually inspect the
number of samples, such that a selection of a suitable sample number which is both minimal

and representative of the overall mean.

Flat Media Thickness
T

- 10% Global Mean | |

Mean Thickness (mm)

50

Number of Samples (-)

Flat Media Mass
I

Mean Mass (g)
w
S
[
1

Number of Samples (-)

Figure 36: Number of Samples Mean Variation for Sample Mass (top) and Thickness (bottom)

As shown in Figure 36 (irrespective of mass or thickness) as the number of samples
increased, the mean tended towards the overall global mean of the sample. Furthermore, the
range between each number of samples appeared to decrease as the number of samples
increased. This decrease is caused by the inclusion of more focused data about the resultant
mean. After a sample size of 10 and 3 for mass and thickness respectively, the sample mean,
is confined to within £10% 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 be defined at a minimum of 10 samples at an area of 25cm?.
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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
size used in 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 20cm? sample areas as described in BS9073-15 “Determination of air
permeability” [232]. As a result, further analysis is required to either reduce the number of
samples required or increase the sample size such that the interference caused by 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 thickness is summarised in Table 23.

Table 23: 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 (Q) 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 number of 10 repeats, some
fluctuation was expected in the resultant difference between the sample and global mean.
This fluctuation is due to the variance in the data being more sporadic in nature, as opposed
to the new media which was focused and narrow about the resultant mean. Though both
Table 19 and Table 23 showed that as the sample size increased, the mass/mean difference
generally decreased also. As a result, the identification of a definitive sample number is based

on the user defined tolerances for analysis.

In reference back to Figure 36 which showed how the sample size affected the potential
mean, whilst ten samples appeared best suited, five samples could be suggested, given the
apparent absolute difference between the two sample sizes being similarly low. Consideration
should be given towards the accepted tolerance for analysis. If a potential 2.37% difference is

acceptable to all parties (the analyst and recipient of the data), then the sample size could be
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reduced. These results are limited to the sample used in this study and results may differ due

to sample location and operational time difference.

Regardless, consideration should be given to the total number of flue gas filtration bags
needed to be assessed. Following BS22031:2021 “Sampling and test method for cleanable
filter media taken from filters of systems in operation” [16] 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 section of the bag. The
total number of unique samples is therefore a multiple of three. As such, this has the potential
to have an impact on 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 increase in the
sample size, the potential for variance between its respective mean and the global mean of the
entire sample decreased, this showed that the sample size that 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 the number 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 BS22031:2021 “Sampling and test method for cleanable filter media taken from filters
of systems in operation” [16] does not stipulate a definitive methodology, the adapted
methodology presented in BS9073-1 “Determination of mass per unit area” and 2
“Determination of Thickness” [230],[231] used within this study can still conform to both
standards, without compromising on compliance. Current phrasing in the BS9073-1
“Determination of mass per unit area” and part 2 “Determination of Thickness” [230],[231]
standards required agreement between the customer and analyst on any deviation 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 samples should be taken
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 BS22031:2021 “Sampling and test method for cleanable filter media taken from filters
of systems in operation” [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

interacted during operation, but also how the felt has changed over time.

5.3.2 Axial Variation
Due to the machine direction length not being representative of a full bag, further analysis is

restricted to the cross direction. The cross-direction length is representative of the
circumference of the filtration bag. Division of the sample into 25cm? of known location
upon the sectioned sample therefore allowed for inspection of any potential variation in the
cross direction. Each sample is represented by the centre point along their respective 5cm

intervals.

Fixed cross direction results for mass and thickness, with the inclusion of the stitch point are
shown in Figure 37. 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 data suggested an 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 amount of filtrate/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 to explore the 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 uCT and 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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Figure 37: Sample Data Visualisation in A Fixed Cross 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 media, Figure 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 in Figure 37 this observation was also noticed slightly for the new
media. For the new thickness data, this is less discernible in Figure 37, due to the apparent
pattern in Figure 31 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 in Figure 31. However, an apparent wave like function was exhibited,
regardless, as shown in 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 analysis was conducted about the mean of each data category to

determine the best mathematical relationship to describe the suggested curve/function.

Table 24 depicts various mathematical relationships which were evaluated to determine the
best suited function to describe the data. The data is reported in terms of the range across all

data categories, showing the minimum and maximum R? value respectively.

Table 24: Regression Fitting Against Mass and Thickness Data

Sample Quadratic Cubic Fourier
(Minimum and Maximum) (R?® (R® (R
Thickness 0.1289-0.5576 0.1956-0.6529 0.6392-0.8768
Mass 0.05422-0.6809 0.2353-0.8769 0.6210-0.9237

Assessment of various mathematical functions revealed that a Fourier regression best
represented the data. As shown in Table 24, for quadratic and cubic functions, the
representative coefficient of determination, R?, was comparatively lower than Fourier. One of
the negative impacts of quadratic and cubic relationships is that 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 circumference indefinitely, 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 regression was selected, defined using the mathematical expression
denoted in Equation 26. In this study the term (y,;) denoted the mass or thickness and used

constants (a,, a;, b;) and (w) in conjunction with the cross sectional length (x).
Ya = a, + a;sine(x * w) + by cos(x * w)
Equation 26: Fourier Expression

The Fourier regression for each individual data category for both the sample mass and
thickness is demonstrated in Figure 38. The addition of the confidence interval demonstrated
that there is a good agreement between the data and the regression, which is supported by the
large coefficient of determinations denoted previously in Table 24. One of the limitations
with this analysis is that at the 0" or 9" reference point, the stitch would theoretically occur.
This omission led to the regression plot not combining at the extreme points. As a result, this

affected the determination of the local minimum and maximum points in the cross direction.

It can be visually seen from Figure 38, that the apparent local minimums and maximums for
all data categories tend to agree 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, can was tabulated and presented for both mass and thickness in Table
25.

From the analysis of the regression, two distinctive local minimums and two local maximums
were found as shown in Table 25. Given that each apparent minimum/maximum where
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 the 0™ position. In addition, the eighth point extended fully
to the ninth position, which was also defined similarly as the 0™ position to allow for a
complete circle. From this, each local minimum and maximum could be represented by a

specific degree.
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Figure 38: Fourier Regression Plots Against All Categories for Mass and Thickness

Table 25: Regression Analysis of Local Minimum and Maximum Points for Mass and Thickness

Stitch Regression Point
Measurement .
(Assumptlon) Lmin,l Lmax,l Lmin,z Lmax,Z
Thickness (°) 72 144 252 324
0/360
Mass (°) 36 119 234 313
A|IT — M| (®) 0 36 25 18 11
%A (%) 0 100 21 8 4
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Given the data is representative of a cylindrical filtration bag, Table 25 showed that 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 the 0™ position, which was
done to re-introduce 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 understand the
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 pattern of local 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 for this sample, an increased amount of deposition

occurred at the local maximum points.

Given the results demonstrated in Figure 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 these points, 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 the 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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Figure 39: Visual Depiction of the Local Minimum and Maximum Found from the Regression Analysis
Once in-situ, 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 about 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. This pattern 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 to 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 same material and make as the new media
evaluated, was conducted to determine a methodology for mass and thickness assessment.
Currently BS22031:2021 “Sampling and test method for cleanable filter media taken from
filters of systems in operation” [16] doesn’t stipulate a method for assessing these parameters.
Therefore, the methodology used for the new media was used, which used the exact size
required by the standard: a 30cm section from the machine direction.

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 times. Doing 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 not repeated for the post cleaned state, given that each
sample taken would be cleaned, which allowed for an understanding of the cake/filtrate on
the surface. Therefore, it is assumed that the three to five samples taken for assessment would

also provide a representative mean in the post cleaned state.

One impact of increasing the number of samples taken for analysis is the impact it has on the
time to remove, analyse, and report/interpret the data. Therefore, during the determination of
the required number of samples 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
confidence intervals, 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 the 01/360™" degree, due to the bag being
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, however further 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.

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. If possible, 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 example the bag orientated towards the centre of
the inlet), should also be recorded. Following the proposed methodology, samples in
the vertical middle, top, and bottom should also be assessed for mass and thickness.
Following this analysis, the basis of this study can be used to potentially corroborate
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 to ascertain why and optimize the
methodology.

An academically 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 operational time, the bags would be removed and
evaluated. From this, new filtration bags would be inserted, and periodically rotated
approximately 90 degrees. Following this, the comparison between the results from
the non-rotated and rotated filtration bags would indicate any differences.
Furthermore, if a noticeable difference in favour 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 rotisserie bag 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 technique determines the volume of air that passed through
the sample, at a given surface area and differential pressure per unit time. Evaluation required
a flat piece of media to perform this test. In accordance with BS 22031:2021 “Sampling and
test method for cleanable filter media taken from filters of systems in operation” [16],
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
region 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 the filtration 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, used, filtration bag from an EfW
combustion facility. The EfW combustion site supplied a new/virgin/unused filtration bag
and a used filtration bag for this study. Apart from the manufacturer data sheet of the

filtration bag shown in Appendix A, the site provided no further information.

Resultant air permeability values are dependent on a sample’s relative density, thickness, and
porosity [266]. For used nonwoven filtration media, pore blockage (a decrease in porosity)
restricted the volume of airflow through 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, which could 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 structure which allowed for greater

volumes of airflow through at a given pressure. During 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 air permeability test is to determine how the operational
conditions have impacted 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, this suggested 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 value is minimal, but the
change in thickness increased, the air permeability at that region was likely to have been
higher. Consequently, understanding how the air permeability changes gives an indication

towards how it is performing during operation.

Common practice is to employ the methodology stated in BS 9073-15:2008 “Determination
of air permeability” [232] (or similar standard) to determine the air permeability within each
third of the filter bag by using a subsequent sub samples surface area. The air permeability is
a measurement of the volume of air passing perpendicularly through a sample, at a defined
differential pressure across the sample and timeframe. Compliance required that the
assessment area be 20cm?, 38.3cm?, or 50cm? within a tolerance of 0.5%. Furthermore, the
differential pressure across the sample can be either 100Pa, 125Pa, or 200Pa within an
accuracy of 2%. Whilst the standard required a minimum of five tests, BS 22031:2021
“Sampling and test method for cleanable filter media taken from filters of systems in
operation” [16] required three. From these tests, calculation of the average is possible and
reported. Discrepancy between the standards increased the chance for misunderstanding

which standard to comply with.

Similarly, for mass and thickness determination, the omission of the resultant confidence
interval 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 9073-15:2008 “Determination of air permeability” [232] did stipulate that the
coefficient of variation should be reported, BS 22031:2021 “Sampling and test method for
cleanable filter media taken from filters of systems in operation” [16] doesn’t which meant

it’s inclusion was only recommended and not required. Resultantly, reported analytical

150



Chapter 6: Understanding Air Permeability Variation on A Full Filtration Bag

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 the operational parameters required for BS 9073-15:2008 “Determination
of air permeability” [232] compliance. Given that the minimum number of repeats stated in
BS 9073-15:2008 “Determination of air permeability” [232] is five for a given sample size,
the study exceeded this minimum due to the whole sample bag being examined. For
subsequent sub samples of each vertical third, a total of twenty-five datapoints were used.
The sample size difference between five and three sample points was also evaluated to
determine the difference between them.

6.1.1 Methodology

Parameters stated in BS 9073-15:2008 “Determination of air permeability” [232] were used
to determine the air permeability. A brief overview of the apparatus requirements for testing
is shown in Table 26. To ensure consistency throughout the study, these parameters were not
changed. A slight deviation was conducted in regard to the methodology prescribed for
compliance with BS 22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16]. As this study focused on the analysis of the full
bag, omission of the requirement to isolate subsamples arose which allowed for air
permeability maps to be drawn. Upon completion, the data can be prepared in such a way by
defining where the original sections would have been, without the need to physically remove

them from the filtration bag.

Table 26: Operational Parameters to Determine Air Permeability

Description Parameter (tolerance) Additional Comments

Test head 20cm? +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
N ) increase with size. Used to enable a stable
Flowmeter / Orifice number  Experiment Dependent +2% ) ) .
flow at a given differential pressure.

Fixed throughout test.

) Due to the nature of the study, the sample size
Sample Size 100mm by 100mm ]
was greater than this value.
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Following laboratory protocol, calibration happened at the start of every working day. Two
different calibration plates with nominal diameters of 7.8mm and 21.6mm, respectively were
used for calibration, along with a test head of 20cm?.Following 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 summarised in Table 27. Following
analysis, the reported air permeability difference between the reference value and obtained
value must be < 2%. This is determined through Equation 27, which utilised the reference
values (Q.er) In Table 27 against the observed air permeability (Q). If the percentile error

(A) value remained < +2%, calibration was complete.

:Q_Qref_1

A
€ Qref

00

Equation 27: Air Permeability Calibration Test

If A, > +2% (failed), there could be an unidentified error in the experimental set-up, such as
the air connections not sealed, or the calibration plate not seated correctly. Additionally,
given the orifice plate was screwed into position, the tightness of this can affect the error.
However, during testing, the absolute error generated fell within the specified limits. The

resultant percentile error, A, was |0.73%-1.28%| across the data.

Table 27: Air Permeability Calibration Data

Orifice Number Calibration Plate Pressure Test Head Qref
) (@ mm) (Pa) (cm?) (mms™)
3 7.8 114.5
4 7.8 125 20 114.5
5 21.6 855
6 21.6 855
Day 1 Day 2 Day 3 Day 4
1A 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 compression ring was used which 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 22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16] 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 illustrate the potential variation in the machine and
cross direction, respectively. For comparison between this study to the standard’s
methodology, a single sample which measured 30cm in vertical length simplified this
requirement, given both the sub samples would 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 this study was a PTFE/P84 needlefelt, which also had a
PTFE scrim.

Sample preparation required the filtration bag to be converted from its original cylindrical
shape to being flat. Removal of the top and bottom cuff from the filtration bag used a sharp
knife. Once removed, an incision at ~5cm’s parallel to the stitch along the vertical height
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 flat, whereby the
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 permeability data, whereby each element of the
matrix represented a unique location. Subsequent locational information also followed this
ideology based on the first datapoint position. The vertical height/length of the sample
equated to the machine direction. In contrast, the width/circumference equated 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 width 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 of 6 by 83, equivalent to 498 unique datapoints per

state.
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Demonstrated in Figure 40 [2] is the matrix structure, including a brief outline of the three
states assessed in this study: 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 the used PC data, by the new/virgin media’s mean

air permeability.

Machine Direction (vertical Top to Vertical Bottom)

Cross Direction 9.7cm \}4 O S -
s J -
(40 cm total) 16.4cm TN -3 e
23.1cm \ Se? St -’ So-? S
* l—-\ - Q‘-h '—-\ ¢
29.8cm =N —— S, Sl S-
LSy, () S ili
36.5cm \ P T (.\-— RO A Post Clean Permeability
7 7 - 7 .
\ ’,.{:;_-,:— ':-s'— _-;:_-5 — (media only)
S’ S - Smw?! Sue
As Received Permeability
— (filtrate and media)
1 2 82 83

Total Cross Direction Length of Flat Media
(625 cm total)

Figure 40: Pictorial Representation of the Various States Analysed [2]
Evaluation of air permeability 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 determine the most
appropriate cleaning method. Given that this 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 has changed during operation. Once cleaned, air permeability
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 PC states.

A pictorial representation of the difference between the AR and PC state is shown in Figure
41.
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As Received : Post Cleaned

Figure 41: Visual Difference Between the As Received (AR) State and the Post Cleaned (PC) State
Prior to the examination of the used sample, air permeability evaluation of a different used

sample, from the same site and operational time, occurred, 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 expected variation in the data, given repetition of the
sample multiple times was not possible and determined to be +0.48 Ldm2min? for AR and
+0.73 Ldm™min for AR and PC states, respectively.

The filter media manufactures datasheet defined the new air permeability at 175Ldm?min* 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 256.06+16.66 Ldm2mint. The resultant difference between the stated and
determined air permeabilities was 81.06 Ldm™min*. Ratification of this datasheet was in
2015. Over the past seven years, withdrawal from operation of multiple filtration bags has
required 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. Whilst an unknown degree
of variation could have influenced the air permeability, the datasheet could be outdated given
its age. This uncertainty led to the utilization of the laboratory-based air permeability for

comparative analysis given the site provided a new bag of the same material as the used one.
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6.1.2 Research aims, Novelty, and Potential Outcomes

No previous literature has conducted such a large-scale air permeability study on used,
industrially relevant, nonwoven filtration media. This novelty is further extended by the
consideration, impact, and review of the testing methodology stated in BS 22031:2021
“Sampling and test method for cleanable filter media taken from filters of systems in
operation” [16] for air permeability. This is achieved using the methodology stated in BS
9073-15:2008 “Determination of air permeability” [232], which is also referenced in BS
22031:2021 “Sampling and test method for cleanable filter media taken from filters of

systems in operation” [16].

Overall, the aim of this study was to determine any potential variation across a full, used,
nonwoven filtration bag. By conducting a methodical and structured experimental procedure,
identification of any potential variation across the latitudinal and/or longitudinal direction of
the bag allowed for reliable observations and quantifications to be made. To achieve this aim,

the following points where addressed:

e What does the air permeability look like across the machine direction and cross
direction of the full sample?

e |s there any statistical significance or difference between these directions in a sub-
sample? Is the variation significant to the local or global region?

e Given the fixed sample position in the as received (AR) state and post cleaned (PC)
state, can the difference between them provide more information on the effect that the
filtrate has/had on the air permeability?

e The current assumption is that three air permeability readings of a 30cm sample is
representative of the vertical third it came from. Is this true or false? What is the

potential variation in the mean and is it relevant?

6.2  Data Visualisation and Preliminary Review

In compliance with BS 22031:2021 “Sampling and test method for cleanable filter media
taken from filters of systems in operation” [16], a visual inspection of the sample determined
any areas where failure may have occurred. The visual inspection looked for any holes or
tears in the filtration bag which could have impacted results as this would have indicated
failure. Upon inspection, no defects or obvious cuts/holes were noted on the sample, across

the entire surface area. Images shown in Figure 42 depict examples of the sample in the AR
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and PC state, detailing the stitch in the first column (example 1) and flat media in the second

(example 2).

Initial visual inspections of the air entry surface of the sample suggested that the deposition
of filtrate on the surface of the media was heterogeneous, whereby the filtrate appeared to be
uniformly distributed across the surface area. Whilst most of the sample surface area
exhibited a deposition like AR example 2 (in Figure 42), it was noted that some small regions
exhibited a deposition more like AR example 1 on the AR surface of the media. Acquisition
of the sample required manual extraction from the bag house and its cage. It was therefore
likely that during this extraction, an unquantifiable, unavoidable, degree of agitation occurred
which resulted in filtrate loss. Furthermore, manual handling of the bag could have resulted in

filtrate loss as operators grabbed the bag to stop it falling into the baghouse.

Transportation of the filtration bag in a spiral occurred which attempted to restrict movement.
Subsequently, insertion of the filter bag into a clear bag reduced any exposure to the filtrate
and further limited accidental filtrate loss during transportation. Spiralling occurred from the
top cuff down the vertical height leaving the bottom cuff accessible and mitigated against
accidental internal deposition: though a small amount did occur. Whilst great care to
minimise filtrate movement/loss occurred during the preparation stage, a minimal amount of
filtrate loss did naturally occur. Consequently, there exists an unquantified degree of variation
between the in-situ filtration bag surface and the surface prepared at the laboratory for
analysis. Given this, the assumption that the degree of variation between the in-situ bag and

prepared bag was deemed negligible.

Post cleaning used a dust vacuum, in accordance with the study conducted for Chapter 4.
Both studies used the same media, which originated from the same site. As such, the AR and
PC states are shown in Figure 42. Due to the results presented in Chapter 4, dust vacuuming

was an optimal cleaning method to determine the characteristics of the felt post operation.

Removal of two 5cm by 2cm samples from each vertical third allowed for further analysis
using scanning electron microscopy (SEM). Each sample originated from a point whereby the
removal would not interfere with the air permeability test. One sample, from each vertical
third, underwent cleaning, which allowed for SEM imaging in the PC state. The samples
where then mounted in epoxy resin, cured, grinded, and then polished. Subsequent SEM

imaging provided an insight into the differences between the AR and PC state.
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Visually depicted in Figure 43 are the results of the SEM imaging.

At the microscopic level, a heterogeneous filtrate layer occurred across all samples in the AR
state. Whilst a small proportion of the filtrate loss would have occurred during acquisition
and sample preparation, the remaining filtrate is sufficiently bound such that it would take a
greater force than general sample movement to remove said filtrate. As such, the SEM
images for the AR state in Figure 43 were deemed representative. At the same scale, the
thickness of the filtrate is noticeably varied across the sample. Various AR regions exhibit a
discernible amount of filtrate, which would have had a corresponding impact on the air
permeability [266]. Consequently, the SEM images provide an indication of the potential
variation in the AR state, whereby if the filtrate was heterogeneous, the air permeability data

distribution may be narrower and more precise.

As Received (AR)

Figure 42: Visual Representation of the Stitch (example 1) and Flat Media (example 2) in the AR and PC state
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As Received

Post Cleaned

Figure 43: SEM Images of the Vertical Top (N=1), Middle (N=2), and Bottom(N=3) in the AR state {row 1} and the PC
state {row 2}

Further analysis of the AR SEM images revealed a degree of blinding within the fabric. Over
time, internal deposition of the filtrate will occur, due to filtrate entering the pores. Once this
occurred, the effectiveness of filtrate removal dropped towards zero. As discussed by
Schuberth et al,. [205], the rate at which this occurs is dependent on a large number of
parameters such as: filtration velocity, cleaning time, cleaning pressure and duration, particle
size, pore size [205]. Whilst the service time was not known for the sample, blinding (to an
unknown extent) occurred within the media as visible in Figure 43. Interestingly, a
substantial proportion of the blinding to the felt appeared to be within the needlepoints. Due
to the needlepoints, orientation of the fibres changed from horizontal to vertical through the
sample thickness. This appeared to have created a channel like stricture in the felt, which had
allowed a greater rate of internal deposition to occur. Deposition also arose in regions where
the needlepoint had not occurred, which could be incidental, or caused by a greater
proportion of air movement through these channels which diffused into the surrounding
fibres. Lastly as the SEM image is of a singular plane, it could be that the filtrate deposition
happened outside the needlepoint due to the pore network behind the slice which is
unobservable within these images. There is therefore a requirement for further work to
ascertain the causation and definitive impact of this observation. Regardless, the occurrence

of blinding will proportionally reduce the air permeability through a sample area.
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Post cleaning further showed the extent of blinding. However, the blinding appeared to be
reduced in comparison to the AR state. This could be due to an unquantifiable amount of the
filtrate removal via the suction of the dust vacuum close to the surface of filtrate side of the
sample, which removed a considerable proportion of the apparent blinding in this region.
Whilst the PC state samples for the vertical middle (N=2) and top (N=1) showed minimal
blinding, the sample for the vertical bottom (N=3) had a more prominent retention of filtrate.
The retention appeared focused about the surface, particularly towards the left hand of the
image, with the right-hand side appearing like the other images in the PC state. Therefore, it
was assumed that this occurrence was a localised incident, given that the surface of the

sample appeared clean and like that of the PC examples in Figure 42.

Overarching analysis of the SEM images is the assumption that three images are
representative of the overall filtration bag. Given the vertical height of the whole filtration
bag was ~6 meters, there is a degree of variation between the samples taken due to the
resultant distance between the acquired samples from the felt. Given the experimental cost
associated with SEM usage, a large-scale SEM imaging study was ill-advised given limited
funding. However, it may be appropriate to conduct a partial analysis to quantify the variation
about the cross direction in a fixed machine direction. Doing so would further support and
provide evidence to support the results obtained in Chapter 5. In addition, it would provide
evidence to support the apparent variation within the cross direction. Overall, the SEM
images shown in Figure 43 provide an indication as to how the permeability may vary, until a
more structured study is performed to quantify both the air permeability results and the

obtained SEM images.

6.2.1 Distribution Analysis

The distribution of the whole air permeability data in the AR and PC state are shown in
Figure 44. Initial impressions for the AR and PC state revealed an apparent right/positive
skew in the data. Upon subtraction of the AR against the PC, the filtrate data appeared more
normally distributed, which suggested that the degree of skew was similar for both AR and
PC states. This subtraction yielded the air permeability distribution of the recovery/difference
between the AR and PC state on the surface of the sample. A skewness value, determined by
difference between the mean and minimum values, over the standard distribution of the data
showed a skewness value of 1.99 and 1.71 for AR and PC, respectively. Visual analysis of
the AR and PC distributions shown in Figure 45 did present with a slight skewness, but by

calculating the skewness value, it is possible to quantify if the they just appeared skewed or if
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they are indeed skewed and if so, to what extent. The PC distribution suggested a more
prominent skew in contrast to the AR state. In contrast, the recovery/difference between the
AR and PC state distribution had a reported skewness of 2.96 which did not meet the
threshold to suggest skewness.

Origination of the skewness could be from structural variation in the sample. Given that
Figure 44 included the data for the stitch, which attributed to a sixth of the overall data, this
could account for the skewness. The main structural difference in this study, like Chapter 5, is
that included examination of the stitch point. The stitch point and flat media became two
independent/isolated slices of the data.

Demonstrated in Figure 45 is the distribution differences between the stitch point (in column
1) and flat media (in column 2). Complementary to this, a summary of the data is provided in
Table 28 for the flat media only, with Table 29 summarising the data for the stitch point data
only. Both tables depict the data across the three states: As received (AR), post cleaned (PC)
and recovery/difference between the AR and PC state. Separation of the structural
differences, coupled with the data overview yielded a better insight into the distribution
behaviour of the raw data. Assessment of each structure and state lead to a normal

distribution following empirical testing.
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Figure 44: Distribution of the Whole Data for AR (top), PC (middle), and Filtrate (bottom)
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Initial observations determined that the variation coefficient was comparatively higher for all
states of the stitch data in comparison to the flat media. Inflation of this value was likely
(partially) due to the number of sample points for the stitch equating to eighty-three, in
comparison to the 415 of the flat media, which resulted in the higher value. Furthermore, the
analysis of the stitch point could have introduced a greater error, given the clamping ring may
have inadvertently created an open channel for airflow. However, for the PC state, the values
where almost half when compared in isolation (Table 29 only). Both the standard deviation,
confidence interval, and variation coefficient were notably lower for the stitch data, which
occurred due to the lower data range of 143.13Ldm™2min™. This resulted in the standard

deviation of 27.91 Ldm2min, which is comparable to the values obtained in Table 28.

Furthermore, for both the AR state and the filtrate state stitch data, the large standard
deviations in relative comparison to the PC state further exasperated the increased variation
coefficients noted in Table 29. For the flat media, Table 28 demonstrated that standard
deviation range remained similar within ~ 3 Ldm™min™. Compared to the stitch point,
whereby this range increased to ~ 24 Ldm™2min?; an increase of 700%. Both standard
distribution ranges for AR and filtrate states are higher than the PC state, which resulted in a
wider distribution as shown in Figure 45, which caused the deviation value to increase and

therefore the variation coefficient also.

Given the removal of the stitch point data lead to a normal distribution when considering the
structural differences, the skewness originally noted in Figure 44 can be described as the
product of the combination of these two structural differences. The resultant skewness
occurred due to both the frequency of the data and respective values, which caused a slight
shift and therefore the suggestion of skewness. Cross analysis of Figure 44 and Figure 45
yielded further insight into the origin of the tails. Whilst the recovery/difference between the
AR and PC state suggested a normal distribution in Figure 44, which can be prescribed to the
difference between the PC and AR state which yielded this, large right-hand tails were noted
for AR and PC which contributed to the skewness. This could have originated from an
insufficient clamp, causing an increased airflow through the sample, due to the step increase
of the sample thickness. For AR, the right tail occurred in Figure 44 due to the stitch point,
which had noticeably higher air permeability values as shown in Figure 45. For PC state the
tail originated due to a combination of the apparent outlier value of 353.84 Ldm™min?,
coupled with the positioning of the data for the stitch. The stitch point data for PC had values
between ~201Ldm™?mint and ~344Ldm™?min, which was higher than the flat media at ~151
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Ldm2min? and =353 Ldm2min?. This, coupled with the frequency at which the data
occurred, lead to a proportion of the right-hand tail noted in Figure 44.Consequently, further

analysis should only be conducted on one specific, isolated, structure.

The study presented in Chapter 5 removed the stitch data from analysis due to: 1) the
structural difference between the flat media and stitch, 2) the resultant effect the data had on
interpretation and analysis, and 3) no previous work found quantified the difference between
the stitch point and the flat media. Analysis of this data will provide an initial starting point in
the determination of how the stitch point varies from the flat media. This study is
complementary to the work conducted in this and Chapter 5’s work. Consequently, omission
of the stitch data occurred from any further analysis, until a decisive assessment strategy

exists.

Air permeability values for the cake/filtrate are calculated by subtracting the PC state from
the AR state at the same location. This theoretically yields a positive air permeability due to
the PC state having less material at the surface blocking the pores within the media.
Conversely, if the PC state is saturated (blocked) with filtrate, then the difference between the
values will be close to zero. A negative value may occur if the AR state is higher than the PC
state. The distributions showed that the cake/filtrate state did exhibit some negative values,
particularly for the stitch point. Whilst it is unclear as to why this occurred, one potential is
that some unknown degree of sample misalignment could have contributed to this, resulting
in a negative result. Accidental deposition during cleaning could have occurred in the upper
layer which was pulled into the media during air permeability testing. The use of the
cake/filtrate state is therefore unreliable currently as an evaluation method until further
explorations about this idea are conducted. However, theoretically, if the method is viable, it

suggested how the cake/filtrate interacted with the media and effected the air permeability.
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Figure 45: Distribution of the Stitch Data (left column) and Flat Media Data (right column) for the AR, PC, and Filtrate

States

Table 28: Statistic Summary for Flat Media Data

) Coefficient
o ) Standard  Confidence
State Minimum  Average Maximum  Range o of
Deviation Interval o
Variation
AR 64.60 127.96 200.12 135.52 25.31 2.44 6.10
PC 151.26 200.48 353.84 200.58 25.91 2.49 6.24
Recovery/Difference 5.15 72.52 159.03 153.88 28.84 2.78 6.95
Table 29: Statistic Summary for Stitch Point Data
State Minimum  Average Maximum Range  Standard  Confidence Coefficient
Deviation Interval of
Variation
AR 86.45 189.84 270.85 184.40  42.09 9.05 50.71
PC 201.83 261.58 344.96 143.13  27.91 6.00 33.63
Recovery/Difference -27.89 71.74 186.44 21433 5231 11.25 63.02
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6.2.2 Data Visualisation

Representation of each datapoint against its representative locational information allowed for
Figure 46, Figure 47, and Figure 48 to be produced. Representation by a colour scale allowed
for a more prominent visualisation of the variation in the spatial direction. This used the
minimum and maximum values presented in Table 29, which allowed each subsequent graph
to be within its own data range. The maximum and minimum data range selected ensured
encompassment of all data within the stipulated range. For clarity, the stitch equated to the
zeroth locational point on the cross direction and the zeroth for the vertical top in the machine

direction.

Presentation of the stitch data in air permeability maps shown in Figure 46 and Figure 48(A)
acted as a reference point towards future studies about this structurally different point. Whilst
this study focused predominantly on the flat media, the results shown suggest an overall
higher air permeability as visually shown in Figure 46 and Figure 48(A). Consequently, as
with Chapter 5, no further analysis was performed on the stitch point data until the

conduction of academically controlled studies.

Suggested across both the AR, PC, and recovery/difference categories overall in the FMVC
direction are apparent parabolic relationships. This parabolic relationship is characterised by
a local minimum about the 23.1cm cross directional point, whereby the air permeability rises
towards the two local maximums at 9.7cm and 36.5cm’s in the cross direction. For the 9.7cm
cross direction, the air permeability appeared to be the highest when compared to the 36.5cm
Interestingly, the subtraction of the AR from the PC values (which yielded the cake/filtrate
category) further suggested this but was less suggestive. This suggested that whilst the overall
visual may suggest the local minimum at approximately 23.1cm in the cross direction, it may
not be factually correct in both cases. If the local minimum was equal between the AR and
PC state, then the recovery/difference’s minimum would also appear to be equal. This
suggested that there is variation about the minimum in the variable machine direction, which

influence the local minimums actual position.

Suggested in Chapter 5 was that the mass and thickness of a different used nonwoven
filtration bag exhibited a similar relationship. Unlike the parabolic nature, it suggested a
Fourier relationship with two local minimum and maximums. This difference stemmed from
the significant reduction in sample size when compared to this chapter, which allowed for a
more detailed study across the media. The limitation of this chapter is the inadvertent
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compression of the surface filtrate at the clamp point, which limited the number of
examinable regions. This resulted in a more holistic view in comparison, but still
methodically examined a comparatively larger surface area coverage of a filtration bag.
However, given the apparent omission in literature of a similar study, comparison of the
results with Chapter 5 it still suggests a local minimum, but with a different mathematical
representation than that of Chapter 5. This suggested whilst the results are different
(including the media and filtrate) there could be a prevalence of this apparent phenomenon
within a wide range of nonwoven filtration bags in the sector. The prevalence of either a
cyclic or parabolic relationship across the cross direction of circular filtration media may

prove diagnostically useful for an analyst.

In the FCVM direction, the visualisation of the data suggested that the air permeability of
each data point only slightly increased or decreased with each iteration/step change across the
machine direction. In combination with the FMVC data, the data variation appeared marginal
in comparison against the apparent parabolic nature. Assessment of the air permeability in
this fixed direction would suggest that any resultant confidence interval would be drastically
low, suggesting that the region of examination is more uniform. Conversely, under
examination of the FMVC direction, the resultant confidence interval would be drastically
higher due to the variation in the data in this direction. In both cases, the resultant mean may
be similar (to within a couple of datapoints), yet the confidence interval would provide more
useful to represent the variation, given the prevalence at which the data varies in the FMVC
direction as opposed to the FCVM direction.

Previous analysis of the data, published in 2022 [1] suggested that a region of significant air
permeability difference existed on the sample. For the AR state, a region visually appeared to
exist between positions 16-48 (120cm-360cm), however this was not visualised in Figure 46
(A). Their paper introduced an unintentional bias in the analysis through the data
visualization step. Using a contour plot with interpolation between the fixed data points, the
visualisation of the data became skewed, which in turn created the unintentional bias during
visual assessment. A bleed like pattern in the FMVC direction, demonstrated by Curry et al,.
[1], suggested that regions of low to high air permeabilities existed in a wave like function
down the vertical height. The use of heat maps (for Figure 46, Figure 47, and Figure 48),
allowed for a more critical and clearly defined review of the data visually, without the
assumption that the distance between each datapoint can be appropriately described through

interpolation.
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In both Figure 47 (A and B), an apparent parabolic like nature existed in the FMVC direction.
This suggested that there is a local maximum of air permeability at a focused cross direction.

Section 4.3.2 discussed this observation further.

Figure 47 (C) demonstrated the effect that the recovery/difference had on the media. A
trapezoidal like shape existed between the bases of (26-33, at 36.5cm) and (15-45, at 9.7cm).
This region exhibited a lower air permeability than its surrounding regions, suggesting that
the formation of cake here differed. In Figure 47 (A), the same trapezoidal shape
materialised, which suggested a higher air permeability. For the AR state (in Figure 47(A)),
this higher air permeability would suggest that the combination of media and filtrate resulted
in more channels for air to flow through, which resulted in the notation of an increased air
permeability. The surrounding regions had a lower overall air permeability which suggested
that a larger proportion of the flue gas may be flowing through the media within this region.
Subtraction of this region with its respective region in Figure 47 (B) resulted in a lower value,
which suggested that the values were similar in air permeability in the AR and PC state. This
could suggest one of two events: either an unquantified amount of blinding had occurred,
which led to lower recovery, or that regardless of the filtrate presence, the size of the
particulate led to minimal blockage of new and existing pores, such that the airflow through
remained similar. For the former to hold true, the air permeability would have tended to zero,
given blockage and a requirement for the sample to experience a significantly higher
differential pressure across it to yield a higher air permeability value. Consequently, the latter
suggestion holds more weight, given that the air permeability appeared similar/higher than
the surrounding regions. This observation was not possible from the initial study [1] owing to

their choice of data visualisation.

Studies such as Fukasawa et al., [4], Kanoka [138],and Fukasawa et al., [237] are the only
other examples found that depicted the air permeability of a nonwoven in a similar fashion to
this chapter. In Fukasawa et al., [237], the study utilised a total of 189 datapoints, 21 in the
machine direction and 9 in the cross direction. Their conducted air permeability study used a
NV sample surface area size of 38.5cm? at differential pressure across the sample of 125Pa.
Their study used new media and correlated the air permeability with fibre mass and
thickness. Unlike this study which used a 20cm? test surface area and differential pressure of
200Pa, their study sectioned the media into 7 x 7cm squares. This could have given rise to
accidental airflow through, depending on their clamping system and alignment of each

sample. In contrast this study reduced the change of accidental cuts to the media by keeping
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the sample as whole as possible, instead of subdivision of the total surface area for
examination. Whist they showed the possibility of mapping, their division of the sample and
size could have led to data obscurity; either in the form of artificial raises in the data due to
accidental cuts or misalignment in the clamping/securing system, or data loss due to the
larger surface area. However, their study was applicable for the new media they examined
and showed that consistency between the reported manufacturing guidelines and their own

results, suggesting that the method of large-scale testing is an applicable method.

An additional paper by the same authors, Fukasawa et al,. [4], repeated the methodology, but
instead increased the number of datapoints from 189 to 250. Again, mass, thickness, and air
permeability were evaluated and reported for new media. Their application of the samples to
assess collection efficiency using a particle counter provided a basis for subsequent academic
studies. For this study, which focused on air permeability only, a smaller sample surface area
was advisable, which led to the difference between the studies. However, Figure 46, Figure
47, and Figure 48 showed that there is potential for future studies, which present the air
permeability as a heat map, which yielded more information about the media to aid in the
assessment of used filtration media: which didn’t occur in studies such as Fukasawa et al,.

[4], and Fukasawa et al,. [237] due to their assessment of new/virgin media.

An earlier study Kanaoka [138] presented a heat map of the air permeability, which indicated
the air permeability variation through colour and not value. This study omitted defining the
surface area examined for air permeability and the differential pressure assessed. However, it
did identify regions of interest, so long as the total surface area is large enough. Regardless,
these studies used new/virgin media, and is only comparable in terms of data presentation
style. As shown, the visualisation method of showing the air permeability maps in Curry et
al., [1] was sub optimal, and should have followed that of Fukasawa et al,. [4], Kanaoka
[138], and Fukasawa et al,. [237], which led to the decision to use heat maps for this study,
as shown in Figure 46, Figure 47, and Figure 48.

Lastly, it must be noted that Figure 48 is identical visually to that of Figure 46 (B) and Figure
47 (B). This stemmed from the equal subtraction between the PC state and the absolute NV
state’s air permeability, which saw ever datapoint shifted equally. This resulted in the visual

assessment of the PC state becoming equal to that of the PC vs. NV states.
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Air Permeability of A As Recieved, Used, Filtration Bag From A EfW Combustion Site
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Figure 46A: Heatmap Depiction of the Air Permeability Variation of the As Received State

Air Permeability of A Post Cleaned, Used, Filtration Bag From A EfW Combustion Site
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Figure 46B: Heatmap Depiction of the Air Permeability Variation of the Post Cleaned State
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Figure 47B: Heatmap Depiction of the Air Permeability Variation of the Post Cleaned State Discounting the Stitch Point
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Figure 47:Three Heatmaps Depicting the Air Permeability Variation Across the Full Sample, Discounting the Stitch Point, Across Various States
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Depicted in Figure 48 is the variation over service time in the media and was determined
through the subtraction of the mean air permeability value of 256.06 Ldm=?min* from the
post cleaned values. The mean was determined based off ten random sample positions on a
swath of new media. Whilst the true mean air permeability is 256.06+16.66 Ldm2?min™, the
absolute mean value, used for the subtraction, was due to it being statistically representative
on the most frequent value of the test. Consequently, Figure 48 was determined by difference

between PC data and the mean air permeability value of new media of 256.06 Ldm2min™,

Subtraction of the new media mean from the PC state provided both a numeric and visual
representation of how the media had evolved since installation. This resulted in the
classification of the data into two distinct categories for positive and negative air
permeability, respectively. Figure 48 showed visually the negative values obtained when
subtracting the PC state with the mean air permeability value of the new media, which
accounted for a total of 96.14% of the data. In contrast, only 3.86% (16 out of 415 of the data
points) were positive. Separation of the two, lead to the average for positive and negative air
permeabilities being 18.82+23.45 Ldm™2min' and -59.19+21.04 Ldm2min? for each
category, respectively. Whilst the range of data appeared similar (at ~95 Ldm™2min? and
~105 Ldm™min? for positive and negative respectively), positive skewedness occurred
towards the zeroth value for the positive side, as opposed to the negative values which were
more gaussian in distribution. All positive datapoints where localised to the +9.7cm cross
direction (sporadic in nature across the machine direction), which clouded any judgment

made about any trend or correlation about their occurrence.

Resultant negative air permeabilities, obtained from Figure 48, provided evidence that a
degree of blinding had occurred, quantified by the resultant negative difference in air
permeability. At the fixed differential pressure across the region of examination (200Pa) the
value obtained for the PC state fell below the NV absolute mean, resulting in a negative
difference. The scale of which suggested the extent at which blinding had occurred. The
evolution and local variation of the blinding phenomenon, whilst mentioned holistically in
literature, studies have not examined this in detail. The results presented in Figure 48 attempt
to address the latter part but showing the variation of this throughout the sample. Due to pore
blockage, the sample would have to experience a higher differential pressure to achieve the
same permeation/flowrate through said sample. Given the fixation of the sample pressure, the
resultant air permeability difference noted above correlated to the loss of airflow through the

sample due to blinding.
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In contrast, positive values represented an overall increase in air permeability from the
original starting point. An increased air permeability can be associated to an increased
(empty) pore volume, which facilitated a greater airflow through the sample at a given
differential pressure across the sample. As shown in Chapter 5, the thickness of the material
increased through usage. Under the assumption that there is either no/minimal fibre loss
during operation, which allowed for the determination of the amount of filtrate present within
the media and cake respectively in the chapter, the media could have expanded. This
expansion resulted in the pore network/volume within the given sample size increasing which
resulted in the increased air permeability. During normal testing on used nonwoven filtration
media, there is a distinct increase in the thickness of the PC state when compared to the VN

state.

However, for both the increased and decreased air permeability readings, neither occurrence
is solely isolated and in fact, both an increase in the pore network/volume and internal
deposition will occur simultaneously. This duality, within general operation, blurred the
analysis to the point where attribution can only be towards the prominence of one point or the
other. Consideration of the absolute upper and lower limits (to account for the variation in the
air permeability Table 30 provided a summary of these limits, which showed the apparent
difference between the results. Comparatively, whilst the highest potential positive values
increased by 3.61% in the lower absolute limit, this still only represented thirty-one
datapoints, which occurred due to the negative skewness presented within the positive
datapoints. Conversely, the decrease of 2.17% in the higher absolute limit saw a proportion of
the skew transition into the negative values. The overall tendency, regardless of the
lower/higher absolute limit, showed that the media tended towards an increased blinding,
sampled in Figure 48. Therefore, the data suggested that the filtration bag had experienced a

degree of blinding throughout usage, as shown illustratively and expected theoretically.

Table 30: Upper and Lower Absolute Limits to Consider the Difference Between the PC state and New Air Permeability
Results When Determining the Prevalence of Blinding/Pore Volume Change

Air Permeability (Ldm2?min) Positive Percentile Negative Percentile
Absolute (266.66) 3.86 96.14
Lower Absolute Limit (240.00) 7.47 92.53
Higher Absolute Limit
1.69 98.53
(273.32)
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Any other visual analytics is limited to that of the PC state, given that the data maps
illustrated in Figure 48 are the result of shifting the data at a uniform value. Unlike the used
filtration bag, the mapping of the air permeability of a new bag would have led to an
increased inaccuracy, given the potential for variation between two states. To implement the
NV state, the air permeability of the NV required mapping first, before fabrication and
installation of the bag into operation. Doing so would allow for a direct understanding of the
localised variation as opposed to a global value. Consequently, this limited the analysis of the
variation between the PC and NV states.
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Air Permeability Difference Between A Post Cleaned,Used, Filtration Bag From A EfW Combustion Site and new Media

+9.7

+16.4

+23.1

+29.8

Cross Direction from Stitch (cm)
Air Permeabiltiy in Ldm™min” at 200Pa

+36.5

(=4 Al > Al =4
o

70
75
80

20
25
3
4
4
5
55
60
65

Machine Direction from Stitch (n*7.5¢cm =+X cm)

Figure 48A: Air Permeability Difference Between the PC State and New Media Value, Discounting the Stitch

Air Permeability Difference Between A Post Cleaned,Used, Filtration Bag From A EfW Combustion Site and new Media

0 (Stitch)
- &
g 8
& +9.7 54
= & ®
=1 =
& =
£
g +16.4 “.‘E
=] o
i |
o
S =
g +23.1 g
g a
w
§ +29.8 nq?
&} =
<
+36.5
sl < ) < el > vy (= wy =3 el f=3 vy =3 wv) =2
- - (o] o N [22] <t <t wy wy =l p=} ~ o~ 0

Machine Direction from Stitch (n*7.5¢cm =+X cm)
Figure 48B: Air Permeability Difference Between the PC State and New Media Value, Discounting the Stitch

Figure 48: Two Heatmaps Depicting the Air Permeability Variation Difference Between the PC state and New Media (Using the Assumed mean value of 256.06 Ldm2min)
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6.3 Air Permeability Assessment Method Review

Compliance with BS 22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16] required two samples of 25mm by 200mm in
surface area be taken in the latitudinal and longitudinal direction of the filtration bag
respectively. This method of sampling happened in all three vertical sections of the filtration
bag, denoted in the standard as top, middle, and bottom. This sample size is in contradiction
to the standard BS9073-15:2008 “Determination of air permeability” [232] which states a
sample size should be 100mm by 100mm if the analytical device used to determine the air
permeability is incapable of handling large sample sizes. For analysis, the minimum size the
sample can be is 50mm by 50mm, plus approximately 10-15mm on each length to prevent
accidental air leakage which would impede results and ensure adequate sealing. Initial testing
utilised the 25mm by 200mm sample, but it was found that air leakage occurred due to the
size of the 25mm length being below the minimum of 50mm, which prevented adequate
clamping/sealing. Due to the nature of the study, sectioning of the sample was ill advised
given the potential for sample misrepresentation, therefore the decision was taken to keep the
sample whole whilst analysis was performed, which was acceptable under BS9073-15:2008

“Determination of air permeability” [232].

Laboratory practice saw the isolation of three 30cm long samples in the vertical length at the
vertical top, middle and bottom, respectively. Once removed, an incision at the stitch point
allowed the media to transition from cylindrical to flat. At this stage, removal of a latitudinal
and horizontal sample for tensile testing and/or elongation ratio determination as per the
standard could occur. This approach resulted in enough surface area for the air permeability
assessment in both directions and provided enough surface area for all additional testing
required. The defined sample size in this study of 30cm in the vertical height which
represented the vertical top, middle, and bottom contradicted the standard, but was allowable
if agreed prior to the standard.

Naturally, no withdrawal of extra samples occurred for analysis, given the study focused on
the air permeability variation only. In addition, the removal of the representative sub samples
in the vertical top, middle and bottom occurred at the vertical centre of each respective third.
These defined locational points where kept constant between the AR and PC states, which
allowed for further analysis of the filtrate/cake and deviation from new media. Though not
required by the standard, they provided a greater insight into the sample. Lastly, the stitch
point data was removed which is not required by analysis in BS 22031:2021 “Sampling and
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test method for cleanable filter media taken from filters of systems in operation” [16] and is
common practice within the laboratory. Resultantly, this led to a 5 by 5 matrix of 25

datapoints which represented the air permeability of each section.

6.3.1 Definition of Sample Size

In accordance with BS9073-15:2008 “Determination of air permeability” [232], a minimum
of five readings were taken, with the mean, and confidence interval reported. For the given
sample size of twenty-five, this resulted in 53130 potential combinations. The assumption
made was that regardless of the normal distribution, the probability of picking a location for
analysis was equal. This allowed for the determination of each combination. From this, Table

31 reported the obtained mean and resultant confidence.

However, the determination of air permeability through five samples is only a guideline and
is amendable upon agreement prior to the start of any analysis. BS 22031:2021 “Sampling
and test method for cleanable filter media taken from filters of systems in operation” [16]
required only three samples be taken from each sample. This reduction in sample number
inadvertently suggested that the difference between five samples and three may be negligible.
This reduced the number of potential combinations from 53130 to 2300, assuming no
repetition for both cases. This data was summarised in Table 32. One of the major advantages
of a lower sampling size is the reduction in sample processing time. This argument could
explain why BS 22031:2021 “Sampling and test method for cleanable filter media taken from
filters of systems in operation” [16] deviated from BS9073-15:2008 “Determination of air
permeability” [232]. This reduction would almost double the evaluation speed of the air
permeability testing. Furthermore, it would allow for a quicker turnaround time of the
analysis and allow the operator(s) of the bag house to react more quickly than with a five-
point sample. Preliminary analysis of 3 vs. 5 sample points (including the 95% confidence
interval to understand the potential spread of the air permeability value) would suggest that
the former is more appropriate, however comparative analysis of Table 31 and Table 32
should be conducted before this decision is implemented throughout the analysis.

Overall, the absolute average difference between Table 31 and Table 32 falls to 3.19% which
suggested that the difference in sampling number had little effect on the defined samples.
Isolation of the most notable variation was in the PC vs. the New state, which saw a 1.69%,
6.98%, and a 11.67% for the vertical top, middle and bottom, respectively. In comparison to

the other states, the percentile range was comparatively lower at ~3%, where the global
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average was 2.12%, 1.83%, and 2.02% for AR, PC, and cake/filtrate, respectively. In terms of
quantification, the 11.67% difference equated to an air permeability of 6.16 Ldm?min®
which is well within the confidence interval of both tables. This consideration, applied across
all other states, revealed that the variation was approximate to 2.60+1.36 Ldm2min. This
resulted in, unless otherwise stated, that the determination of a sample’s air permeability
being represented by three random sample points as stated in BS 22031:2021 “Sampling and
test method for cleanable filter media taken from filters of systems in operation” [16].

Table 31: Resultant Value of Air Permeability at 200Pa from a 5-sample Mean

Data Category

Section AR PC Recovery/Difference PC vs. New
N=1

. 128.80+33.51 209.48+45.72 80.53+39.76 -46.59+45.56

(Vertical Top)

N=2

) ) 131.15+26.22 191.84+31.81 60.64+28.18 -64.19+31.77

(Vertical Middle)

N=3

129.01+33.69 209.50+45.61 80.45+39.83 -46.62+45.59

(Vertical Bottom)

Table 32: Resultant VValue of Air Permeability at 200Pa from a 3-sample Mean

Data Category

Section AR PC Recovery/Difference PC vs. New
N=1

) 127.54+32.89 209.16+46.15 80.51+39.92 -47.39+44.16

(Vertical Top)

N=2

] ] 133.76+26.92 196.12+27.46 62.27+33.02 -60.00+27.47

(Vertical Middle)

N=3

124.76+24.68 203.10+24.81 77.80+20.22 -52.78+24.14

(Vertical Bottom)

Results stipulated in Table 31 and Table 32 are the product of the following assumptions:

1. The probability of picking any datapoint is equal, regardless of its location.

2. There is a negligible amount of ordered sampling. Ordered sampling is were the next
datapoint is immediately adjacent from the previous (not random)..

3. The central position of the sub-sample (25 datapoints / 5 by 5 matrix sample), of each
vertical third, is representative of the overall original third, regardless of the surface

area size available for analysis in said third.
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Linked together, assumptions 1 and 2 are down to the sampling behaviour of the analyst. The
definition of ordered sampling is the structured analysis of a sample, which saw the sample
only changed in one fixed direction, which results in a solely latitudinal/longitudinal mean. If
true random sampling followed, the first assumption holds true. However, external
subconscious bias could enter the analysis, whereby the analyst continually repeats the
determination in a specific pattern. Exacerbation of this could occur by the analyst
intentionally/unintentionally performing ordered examination of the sample for example.
Consequently, the assumptions would fail due to the exhibited bias. If biasness occurred
within the analysis, then the first assumption becomes untrue, given an unconscious

preferential sampling structure (focused about a particular area and/or ordered sampling).

Lastly, the third assumption was implemented not only for the construction of the above two
tables, but also for compliance in BS 22031:2021 “Sampling and test method for cleanable
filter media taken from filters of systems in operation” [16]. This assumption originated from
the necessity to perform analysis quickly, without excessive repeating. The total time taken to
complete the analysis of air permeability mapping in both the AR and PC states amounted to
five days, which is not feasible if multiple bags required analysis. Consequently, the high-
resolution mapping of air permeability, across a full, used, filtration bag afforded an insight
into the potential variability. If this assumption is incorrect, then there is the requirement for

an alternative approach, following careful analysis of the subsequent data.

6.3.2 Fixed Sample Positions

The definition of a “fixed sample position” in this study is an assumed representative sample
taken centrally from the vertical top (N=1), middle, (N=2), and bottom (N=3), analysed in a
specific pattern. Subsequently, definition of this pattern is being either in the fixed cross
variable machine direction or fixed machine variable cross direction. This resulted in two
distinct results from the each of the N=X section(s). Whilst the recommendation is random
sampling (no pattern), there is no guarantee that this will occur; particularly when mass

testing within a limited timeframe occurs.

Isolation of three samples, each 30cm length in the vertical height, at the centre of each
vertical third from the data each represented their original vertical sections and described the
N = X sections. These samples yielded a five-by-five matrix as shown in Figure 49. The
mean * confidence interval was previously reported in Table 31 (five sample mean) and

Table 32 (three sample mean). As shown in Figure 49, a range of air permeability values
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where observed. This resulted in average ranges of 99.38+14.67 Ldm2min? and
117.40+63.30 Ldm2min? for as received and post cleaned, respectively. Due to the
occurrence of a significantly high datapoint in PC N=1, the resultant range and confidence
interval where artificially higher.

Visualisation of the data in Figure 49 suggested a degree of variation in the results.
Throughout all the dataset’s, the minimum range of the data was 80 Ldm™2min? which
suggested the extent of the variation. Application of a colour scale helped to reveal areas of
specific higher/lower air permeability. However, given the classification of the data into a
particular colour was dependent on the resultant data range (£2s.f.), the resultant colour
profile indicated the range in terms of the data’s maximum and minimum. Visually, there
appeared an equal distribution of the data within the range. No apparent trends where
observable, except for a fixed cross, variable machine direction (FCVM) in N=3 across both
AR and PC. Additionally, for both AR N=1 and N=2, the fixed machine variable cross
(FMVC) direction at sample point 5 appeared to exhibit a somewhat parabolic pattern. Other
regions supported this, but quantitative assessment is required to determine the validity of this

observation.
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Data from each section in Figure 49 allowed for quantitative assessment through statistical
testing. Due to the Gaussian distribution, a t-test used the global mean as the original mean to
determine statistical significance. The new mean and respective standard deviation were
determined following a fixed cross/machine direction with respect to a variable
machine/cross direction, respectively. Subsequently, each state and vertical position revealed
ten unique t-scores. Calculation of the respective t-scores is shown in Table 33 for the as
received state, and Table 34 for the post cleaned state. Determination of a statistically
significant mean (the new mean is not equal to the original) was set at 5% and 1% of getting
a more extreme result, respectively. The results are reported as a percentile at the bottom of
Table 33 and Table 34. For the post cleaned state, evidence suggested no statistical
significance existed across any of fixed/variable directions. Given the narrowness of the
distribution exhibited in each of the post cleaned dataset, the occurrence of no statistically
relevant means was not a surprise. Figure 49 showed that the data appeared to cluster about a
set value, where only a couple of each of the datapoints, per set, appeared to be greater/lower
than this apparent pivotal point. When a higher/lower datapoint existed in the section, the
resultant score only changed slightly. This showed that although the apparent range was
large, due to the narrow distribution and minimal occurrence of larger/lower datapoints, the

resultant new mean was statistically like the global mean.

AR state showed that a quarter of the data was statistically significant in the FMVC direction
which visually suggested a parabolic nature in Figure 49. Significance occurred due to the
increased difference between the global and new mean. If a parabolic relationship existed in
the data, then the resultant new mean would likely show significance dependent on the
severity of the curve. At a 5% confidence, 16% (4 positions) of the FMVC direction
demonstrated significance, which suggested that the visual observation may hold some
validity. Whilst this reduced from 16% to 12% of the total FMVC directions, it provided
more evidence that support this decision. Whilst some of the FMVC direction may be
statistically significant, this test wouldn’t be able to conclude if any of the results as being
parabolic or otherwise. Therefore, the statistical test only showed that there is a difference in
this direction, and based on previous observations, this could be due to an apparent parabolic
region within the FMVC direction.
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Table 33: As Received State Results from t-testing Against the Overall Mean and Fixed Sampling Position Mean

Fixed Cross Direction (cm) Variable Machine Direction

9.7 16.4 23.1 29.8 36.5
N=1 0.115 -0.369 -0.529 -0.131 0.263
N=2 0.128 -0.099 0.835 1.340 -2.695
N=3 0.924 0.529 -0.814 -0.048 -1.390

Fixed Machine Direction (cm) Variable Cross Direction

0 +8 +16 +24 +32
N=1 0.097 -0.367 -0.261 -0.079 0.550
N=2 3.448 -0.435 -1.765 -2.373 -0.140
N=3 3.094 -0.193 0.373 -4.873 -1.178

Percentile Occurrence where P([t| = |ty.|)

t0.025,24 = 2-064 t0_005‘24 = 2.797
FCVM 4.00% 0%
FMVC 16.00% 12.00%

Table 34:Post Cleaned State Results from t-testing Against the Overall Mean and Fixed Sampling Position Mean

Fixed Cross Direction (cm) Variable Machine Direction

9.7 16.4 23.1 29.8 36.5
N=1 0.5663 -0.6917 -0.5177 -0.2260 0.1376
N=2 0.3203 -0.1780 -0.5434 -0.1998 0.4142
N=3 0.5882 -0.6843 0.0241 -0.2751 -0.1702

Fixed Machine Direction (cm) Variable Cross Direction

0 +8 +16 +24 +32
N=1 0.1102 0.0192 -0.3784 0.0109 -0.0718
N=2 -0.1803 -0.0408 0.5428 -0.1531 -0.0041
N=3 0.1859 -0.0362 -0.1312 -0.0351 -0.0255

Percentile Occurrence where P([t| > |t,|)

t0.025,24 = 2-064 t0_005‘24 = 2.797
FCVM 0% 0%
FMVC 0% 0%

Visually perceived in Figure 46 and Figure 47°s AR and PC state was an apparent parabolic
nature in the cross direction, which was visible due to the classification of the data into a heat
map based on the global minimum and maximum of the dataset. To ascertain this

mathematically, a box and whisker plot of the data, against its respective cross directional
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point was drawn and shown in Figure 50, which aided to demonstrate any potential
relationship within the data. To complement this figure, inclusion of each datapoint against
its respective cross direction, regardless of its original machine direction location, showed
whether it could be an outlier or was within the confidence of the cure fitting. The resultant
cure fit of the data in Figure 50 across both AR and PC states, revealed a strong correlation
towards the data being parabolic in nature. Equation 28 described the resultant parabolic fit

and determination coefficient for both he AR and PC states.

The stitch data was included in the analysis of Figure 50 and subsequent determination of the
parabolic nature, due to it completing the cylindrical nature of the original sample. However,
the accuracy of the data for the stitch point data has previously been questioned, owing to the
possibility of secondary air ingress due to insufficient clamping of the sample during
examination. Regardless, omission of this data still suggested a parabolic like nature existed

in the data visually.

The observed local minimum for both the AR and PC state occurred between the 23.1cm and
29.8cm cross direction position, at positions 28.8cm and 26.2cm, respectively. This resulted
in a difference of 9%, or 2.6cm. This difference likely stemmed for the combined errors
within the sampling method, whereby slight deviations in the examined positions between the
AR and PC state saw a slight shift in the location of the local minimum. Regardless of this
shift, the local minimums in both cases still occurred between the 23.1cm and 29.8cm region,
which suggested that the actual local minimum could originate somewhere within this region.
Consequently, the local minimum for both cases appeared to originate roughly at the 27.50cm
length of the cross direction. The parabolic cure fit and coefficient for both the AR (@4gr) and

PC (o, state, in relation to the cross directional length (L,,s,) are shown in Equation 28.
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y=ax?+bx+c
QAR = 5.2712 065 + (—51.10L¢p0ss) + 235.90 (R? = 0.99)
@pc = 64512, 0¢s + (—=57.59L¢ross) + 313.10 (R? = 0.96)

Equation 28: Mathematical Description of Curvature Through Quadratic Regression

Suggestion of a local minimum implied, to an unquantifiable extent, that preferential flow
could have occurred. In the AR state, a lower air permeability represented pore blocking at
the surface which reduced the amount of airflow through at the given pressure. In addition, it
could also be indicative of filtrate building on the surface, irrespective of porosity, which
resulted in a lower air permeability. Upon cleaning into the PC state whilst recovery had
taken place (as shown by Figure 50), there still existed some blocking of the pores which
again reduced the airflow through the sample area. Figure 43 showed SEM images of both
states and demonstrated that the amount of internal penetration of the filtrate varies. During
sample acquisition for these images, the parabolic nature was unknown and therefore can
only suggest the local minimum existing due to this penetration. Although, given that both
the experimental and theoretical results coincided with the parabolic results (if blinding is
prevalent, then the AR state will also exhibit this air permeability reduction regardless of
cake formation), no literature found supported this observation as no studies have assessed
the effect of flow variation around filtration bags and its resultant effect on the media during

operation.

Drawing on relevant studies for flow profile and single fibre particle deposition modelling
suggested evidence to support the occurrence of a local minimum at the large scale. Recent
advancements in CFD have allowed for the assessment of fibrous structures, to determine the
structure at which deposits form on fibres. Hosseini et al,. [267] illustrated the formation of
these deposits on a singular fibre, which suggested how each capture mechanism may
perform under different flow conditions. The limitation with this, is that it is visually unclear
as to what particles pass by, and in the context of filtration, if these particles are subsequently
collected. Whilst the mathematical determination of the particle sizes can be used to suggest
capture or evasion, it doesn’t definitively define if it will or will not be captured/evaded.
Other studies exhibited a similar conclusion such as Wang and Otani [155], Wang et al.,
[268], and Przekop et al., [269]. With the addition of multiple fibres, such as the work done
by Wang et al., in [178], this obstacle can be overcome. One study by Wang et al., [178]
showed that the difference between a structured and staggered array of fibres when collecting

particulates under different collection mechanisms. Whilst their simulation gave an insight
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into how the depth filtrate deposition occurs, the location of the formed deposition is
noteworthy. Both interception and impaction deposition appeared to deposit at the inlet side,

whereas diffusion deposition occurred all around the fibres.

Directional flow will therefore dictate the prevalence of a particular capture mechanism. If
extrapolation of the deposition mechanism results to a flue gas bag are true, this would have
suggested that due to the preferential flow through one side of the bag, a large amount (in
comparison to other sides of the same bag) of the deposition will occur towards the location
of this flow. The study by Wang et al., [178] could suggest that the fibre structure is
representative of large scale bag houses in terms of how the filtration bags are positioned.
This, coupled with the likelihood of preferential flow patterns as shown in CFD and
experimental simulations by authors such as Chen [149], and Yang et al., [181], it could be
suggested that the depositions noted in Wang et al., [178], mimic the overall prevalence of
deposition (subject to actual operational parameters and conditions). Over time, the cleaning
pulse will then likely transition the filtrate from the surface, where a proportion of the filtrate
will fall into the hopper, but an unquantifiable proportion may be redeposited depending on
the force of the cleaning pulse and the proximity to which it encounters another filtration bag.
Kim et al,. [144] suggested that the distance the filtrate removed from the surface may be
substantial enough for an unquantified proportion to redeposit onto a neighbouring bag.
Whilst this could cause the Fourier like wave exhibited in Chapter 5 Figure 38, it would
suggest that this effect on air permeability is negligible owing to only one local minimum
occurring within Figure 50. Resultantly, there is a requirement for further tests about this
theoretical reason to ascertain not only if this occurs, but also the prevalence (if it does occur)
and any resultant effect that would occur both along the vertical height, but also across the

baghouse spatially.

Only one, larger scale numerical study found combined their results with experimental data,
which yielded promising results in favour of not only this chapter, but also Chapter 5. Liu et
al., [241] illustrated that the mass and thickness of a candle filter exhibited a somewhat
similar deposition model using CFD over a 1.5m vertical height, to that of Chapter 5. Whilst
this data did not provide any evidence for the air permeability, it suggested, and supported the
findings, given that the media used across both studies originated from similar industrial
circumstances. Though this argument is weak, it is the closest study available currently, until

the conduction of a methodical, academically controlled study.
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The occurrence of blinding, or clogging of the pores within a nonwoven have been
extensively researched in various studies such as Niefler et al,. [14], Thomas et al,. [139],
Kim et al,. [144], Barros et al,. [156], Boudhan et al,. [162], and Schuberth et al,. [205].
These studies provided evidence that the media transitions between depth, to surface, to cake
filtration which results in an increased differential pressure across the filter due to the
particulate. Barros et al,. [156] and Niefler et al,. [14] provided example SEM imaging of the
initial internal deposition in a filter. Over time, the baseline differential pressure increases
due to increased internal deposits [205], until such a point where the blinding is so severe that
the rate of differential pressure increase tends to infinity. Cirqueira et al,. [189] detailed the
evolution of blinding/clogging as a function of cycles. Other factors, such as available surface
area [144], gas humidity [162], filtration velocity [158], dust concentration [148], as well as
particle size [213] and settling velocity [117] will also affect this. Due to the
spontaneity/uncontrollability of the sample origin (due to the sample originating from an
industrial application), these parameters cannot be definitively defined and correlated as to
the reason behind the exhibit parabolic nature noted in Figure 50. Future studies, surrounding
these parameters will allow for evidence to support or reject the findings of Figure 50.

Alternatively, the variation about the fixed machine direction, provided an indication towards
the evolution of air permeability about the vertical height. Figure 51 illustrated this evolution
for the sample, detailing the original cross directional position for each datapoint. Previous
analysis has removed the stitch point data due to structural variation. However, it has been
included in Figure 51 for one singular point of note: when comparing a large proportion of
the data points and subsequent global mean value, the air permeability for both the AR and
PC states showed that the stitch point exhibited a higher air permeability than the flat media.
Further research about this subject will determine the reason, and if this occurrence has a
negative impact on overall efficiency and longevity of the media. Barring the stitch media,
Figure 51 also presented the global mean of the flat media data in the AR and PC state.

Visually, no distinct pattern transpired in the flat media datapoints across the machine
direction. Figure 51 appeared noisy, due to the variation exhibited within the dataset. Figure
47 and Figure 49 examined a significant degree of “noise”, by showing that the air
permeability value moved sporadically. They also showed that whilst the global data
exhibited a parabolic relationship (Equation 28), the local variation may not resemble this.
The latter point is refutable in terms of relationship validity through the way in which the

conclusion as made following review of Figure 50. This variation transferred through into
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Figure 51, due to the resultant difference between the minimum and maximum air

permeability. Rotation of a singular machine direction data row 90° would suggest the

variation in the cross direction at a given point, which was discussed previously.
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Figure 51:Fixed Machine Variable Cross Direction Analysis of Air Permeability Variation in the AR State(top) and the PC

State (bottom)

6.3.3 Variable Positions

If the position on the vertical third is not central, this could impact the result obtained.

Deviation from the assumed standard methodology that each sample from a vertical third is

from the vertical middle examined this. For this, the sample size of 30cm in vertical height
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does not change (which would yield a possible twenty-five datapoints) and that the number of
repeats is equal to three. This also assumes that taking an average of three datapoints is
representative of the total sample size, which is discussed further in section 6.3.4. For sample
positions 1-4 and 81-84, these would have ascending/descending multiples of five
respectively, given the evolution of the sample size to represent the original sample size. A
sample size of twenty-five, with three combinations yielded 2300 combinations. If all 2300
combinations where calculated, the resultant confidence interval would be significantly low.
To obtain a better representation of the potential variation, a limited repeat of ten times
occurred. This yielded a high sample range, which would better represent the mean and
indicate any potential improvements to the method. This somewhat counterintuitive method
allowed for the illustration shown in Figure 52, which showed what could happen if an
analyst decided to deviate from the centre of the third and chose to evaluate a different

location.

Initial observations led to the suggestion of a somewhat parabolic nature exhibited during the
comparison between each vertical third in Figure 52 in the AR and PC state. Indeed, curve
fitting would yield parabolic equations for the AR state and PC state (@agr = —6.27x% +
24.75x + 109.6 and @pc = 6.13x2 — 28.35x + 228.10), but as shown in Figure 52, the
evolution of air permeability, through the vertical height, doesn’t necessarily conform to the
apparent parabolic nature. Firstly, the mean of each datapoint didn’t truly suggest a parabolic.
Though it did appear to have a shape, it may not be truly classified as parabolic given the
potential skewness and variation within the data. Secondly, the resultant curve fit was going
to return a compelling argument based on the degrees of freedom which provided a false
positive. Any further argument for the apparent parabolic nature is by combining the first and
second observations against this apparent parabolic nature within Figure 52 was rejected.

One problem during multiple flue gas filtration bag sample evaluations is the potential for
slight deviations from the midpoint. Indeed, the standard BS22031:2021 “Sampling and test
method for cleanable filter media taken from filters of systems in operation” [16] failed to
specify the specific location, thereby allowing an analyst to take a sample from anywhere
within the vertical third, whilst still technically complying to the standard. This assumption is
problematic, given that it allowed for two neighbouring samples taken at the third’s interface,
and assumed representative of their respective third. In Figure 52, For the AR state, this
would suggest that the vertical middle is like that of either the vertical top or bottom. Whilst
this is also the same for the PC state at the vertical top, there is a larger difference between
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the vertical middle and bottom. Consideration should also be given towards the location of
these mean points, with respect to the global mean and confidence interval. In both cases, if
the sample taken at the boundary of the vertical third, there is a high probability of yielding a
resultant mean outside the bounds of the global value, which would obscure the accuracy of
analysis. This illustrated that if the analysis performed deviated from the centre point of the
vertical middle, there is a probability that the resultant mean received would not in fact be
truly representative of the global mean, providing further illustration that the apparent
parabolic nature is false.
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Figure 52:Variable Sample Position Along the Vertical Height of the Full Non-woven Filtration Bag Whereby the Potential
Mean is 10 Random Arrangements of Three Random Datapoints Taken from a Maximum of a group of 25 Consecutive
Datapoints

Given the variation between the sampling position, another sampling position may warrant
examination. Whilst the midway point gave a representative mean of the overall global mean
of the respective vertical third, there is an unquantifiable likelihood that other positions may
not give the results. As such, assessment of either the centre position, or a minimum of two
separate locations would increase the chance to yield a representative global value. The issue
with the latter point is that the turnaround time of performing the sample preparation and
examination doubles. This would raise the question: Although performing examination in two
known locations yields a better understanding into how the air permeability changed over the
vertical height. This further questioned whether doing multiple samples of each vertical third
added extra value for increased sample turnaround time. It may therefore be more beneficial

to perform a larger number of repeats on a single sample, which would give a better
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estimation to the range, but reduce the time required in comparison to performing the analysis
again in a different location. This ideology could include a fixed cross directional study on
the singular sample as previously mentioned. Overall, given the standards requirements, it is
not a requirement as the standard assumed that, regardless of the chosen position, the

resultant mean is representative.

Inclusion of the confidence interval should also be a requirement, given it could show how
the assumed representative region sample is evolving over time. Currently, the standard does
not require (only recommends) the reporting of the confidence interval. However, it can
potentially provide useful during the evaluation of historical data. If the mean stayed the
same, but the confidence grew, this would provide an indication that other regions could be
experiencing a larger range of air permeations. The time required to calculate and include the

confidence interval in the final report is minimal, given it can be calculated automatically.

6.3.4 Large Scale Sampling and Analysis

Industrial bag house filtration units vary in size and structure, which weakened the
assumption that a single sample is representative of the entire unit. The sample withdrawn
from service for this study originated from a one of six compartments in a bag house, which
had approximately one hundred bags per compartment. Due to previous periodical tests, the
age of the filtration bag received could have been 2-3 years of service (including
downtime/offline). The combustion site did not supply any other information about the
sample. As stated in BS22031:2021 “Sampling and test method for cleanable filter media
taken from filters of systems in operation” [16], acquisition of a representative sample is
difficult due to the size and structure of the bag house. Extension of this is to the bag house
cell, due to the resultant flow and filtrate characteristic variation into each cell. Whilst this
has been studied and optimisation performed by authors such as Shin et al., [142],Chen
[149],Chen and Cheng et al., [181],Nielsen et al., [186], and Pereira et al., [259], an inherent
degree of variation will remain, particularly due to the fuel characteristic variation. To
compensate this, BS22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16] recommended a minimum of one sample per cell is
taken at the point where the flue gas concentrated. However, they stated that the resultant
degradation of the sample varies element by element. This variation across the cell resulted in
an unguantifiable degree of difficulty to ascertain a representative sample from a singular
point. Consequently, multiple samples require analysis from a cell for a better understanding

of the approximate degradation as a function of the spatial dimensions of the cell or bag
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house. Each cell can be divided into nine sections to aid in the determination of variation at
the cell level [16].

Isolation of multiple bags, per cell, can quickly escalate the time required to perform analysis.
Factors which affect the turnaround time, such as removal, transportation, preparation,
analysis, and data interpretation contribute to this time requirement. Except for transportation,
an increase in samples will have a correlated increase on the overall downtime of the
baghouse. During analysis, the baghouse remained offline, which allowed for any
implementation of the results/findings from the analysis. Downtime negatively affected the
profitability of the commercial plant, given the requirement for the full site to be offline to
allow full access to the bag house. Isolation of a single (or multiple) cell is achievable, but
this will increase the load onto the other filtration bags/cells. Therefore, the turnaround time
should be as low as possible, to ensure that an increased rate of degradation is minimised
and/or the site remains offline for as short a time as possible.

Therefore, the sample size of 30cm in the vertical height from the filter bag, per sample,
should be minimised without compromising on the result and required timeframe to complete
the evaluation. As previously mentioned, BS 22031:2021 “Sampling and test method for
cleanable filter media taken from filters of systems in operation” [16] required six samples to
be taken, which were undersized for adequate air permeability testing. Resultantly, this study
used a sample size of 30cm in the vertical height across the full circumference (cross
direction) of the filter bag. Figure 53 provided an illustration of the differences between both
methods. Both methods required the division of the filtration bag into three vertical sections:
top, middle, and bottom. After which withdrawal of a sample(s) occurred for analysis. The
main difference between the methods shown in Figure 53, is this study removed one sample
per section, as opposed to the standard which required two. Initial indications reduced the
sample preparation time by half owing to three sub samples as opposed to six. Section 6.2
and 6.3 discussed the data implication of this in greater detail. Although Section 6.2.1 showed
that this studies method can achieve a representative mean of both the sample and vertical
section, there is still the possibility for further optimisation to reduce the time required to

perform analysis.

Discussion around the minimisation of repeats was conducted about each vertical sample as
shown in Table 31 and Table 32. These tables used random dispersal across three to five

evaluation points. This, repeated ten times, allowed for a larger confidence interval, which
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showed a suggested variability which might occur when repeating this method under a fixed
sample size. Whilst a slight difference occurred, it was not statistically different. This raised
the question as to what would happen if the sample size increased, or more importantly
decreased. Decreasing the sample size would result in time saving, however, this would cause

a more statistically different mean and therefore would not be representative of the overall

sample.
BS22031:2021 Method This Studies Method
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Figure 53: lllustration of Sub-Samples Taken from A Filtration Bag Using BS22031:2021 [16] (left) and this Studies Method
(right)

Figure 54 graphically demonstrated the effect of increasing the sample size from one to
twenty-five, including a horizontal line showing £10% of the global mean (GM). Calculation
of the mean was determined from the random arrangement of the data across ten times. Ten
samples yielded a large range of potential means, which would prove more representative of

the potential mean variation during analysis in an industrial setting.

Overall, as the sample size increased, there was an overall decrease in the representative
mean moved towards the global mean at sample size 25. This is due to the increase in sample
size towards the maximum of 25, the maximum sample size available for the defined sample
surface area. Sample size less than 5 exhibited a larger potential range in comparison, due to
the variance within the whole of each specific dataset. The extreme case is the first sample
point, which could see the resultant “mean” be anywhere within the range of the
minimum/maximum of the data. Although Figure 54 suggested that a sample size of ten
random samples may display a representative value of the sample, there is a degree of

uncertainty given the probability of obtaining the highest or lowest is the same as the mean
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value reported. Given this consideration, the sample size should be no lower than 3, which is

required for standard compliance.
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Figure 54: Effect on Mean for Each Vertical Section Under the As Received (top row) and Post Cleaned (bottom row) State,
when the Sample Size is Increased from One to Twenty-Five

6.4 Conclusion and Further Work

Conduction of a high-resolution air permeability study, on used nonwoven filtration media
within literature, had not occurred until this study. Standard air permeability assessments can
require, assuming that the sampling is random, less than 1% of the total surface area to be
examined. However, this value is dependent upon the total surface area available for
assessment, which is governed by the vertical height and circumference of the filtration bag.
Consequently, this methodology assessed a surface area >10% which is a significant increase
in the examined surface area. Structured assessment of the surface area allowed for: air
permeability mapping, variation assessment, and assessment of the current standard

assessment method. This study concluded that:

e Fixed directional assessment can lead to a statistically significant/different mean of
the given “N” value sample (the vertical third sub sample) when compared to the
global mean of the same sample. Random sample points ensured a better
representative mean.

e A parabolic relationship existed in the fixed cross directional when examining the

full data. This relationship had a variation coefficient of 0.99 and 0.96 for the AR and
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PC state. Whilst recovery occurred, there was a prevalence towards the 27.50cm
region for the filtrate to congregate which resulted in a lower air permeability. Due to
the PC state’s local minimum also being within the 27.50cm region, it is likely that
blinding may be a factor which contributed to this.

For a random 30cm in vertical length sample from the vertical third region, there is a
high likelihood of returning a representative air permeability mean of the global third.
Figure 52 suggested that whilst the point is true, there is still a degree of variation
which may obscure the reported results.

One limitation is the time required to process multiple samples. The original
standard/methodology required three samples, one to represent each of the vertical
thirds. Each sample underwent three air permeability tests, at an assumed different
location (though not stated within the method). Following evaluation of the number of
repeats, Figure 54 showed that the difference between three and five repeats was
insignificant, with the main difference being a slight reduction in the confidence
interval to which the resultant mean may be located. As such, the number of repeats
should remain at a minimum of three. Consideration towards the increased time
requirement to perform additional analysis against the fixed cross direction and/or
additional samples along the vertical height, to obtain a better understanding of how
the media varied across the surface area.

This study provides the basis for further work in a large scale understanding of how air

permeability changes during operation. No previous study assessed such a large surface area

in the AR or PC state or demonstrated that the difference between these two states revealed

information about the resultant cake/filtrate layer on the surface of the filtration media.

Further work

Development towards the understanding as to how the stitch point would affect the air
permeability. Apart from the top and bottom cuff, the stitch point is the largest
structural variation exposed to operational conditions. Whilst products, such as
lamination tape exists to “reduce particulate penetration,” there is minimal literature
available to demonstrate how the stitch behaves during operation.

Conduction of an air permeability study, over service time, would ascertain if the
parabolic relationship noticed in the cross direction is coincidental or indicative of

nominal operation. This can lead to understanding of where failure can occur in future
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samples. Microscopy imaging will prove consequential to this study, as it would
indicate if blinding were the reason, but also suggest a rate of blinding under the
samples operational conditions.

e An academically controlled pilot scale study to determine how the evolution of air
permeability occurred throughout its operational life. This will allow for better
modelling towards predicting the longevity of nonwoven filtration media in flue gas
combustion filtration systems. This could also be done using industrial samples but
would have to account for the spatial variation in the bag house and time between new
media installation and when the full bag house media would be changed

(approximately 3-4 years).
Impact (Academic and Industrial)

The study provided the basis for future research in air permeability variation in industrially
used nonwoven filtration media, controlled studies assessing any parabolic relationships in
the cross (and potentially) and machine direction, and air permeability evolution over

operational time.

This chapter has furthered understanding of variability during periodical nonwoven filtration
media testing from combustion sites. This has enabled analysts to better report how the
sample has fared during nominal operation. The results presented at the international
conference drew the attention of a member of the BSI, who sat on the committee for the
standards used within the chapter. This led to a consultancy-based output on how the
standards can better reflect the variability exhibited in a sample. Lastly, the results provided
sites and analysts with more information into how they may yield further results from their

samples, without having to invest in additional equipment.
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Chapter 7: Critical Evaluation of Longevity Study

7.1 Background Theory, Concept, and Coverage
Background Theory

Current practice to evaluate new nonwoven filtration media relies on the methodology laid
out by BS11057:20211/VDI 3926(part 1 and 2). Discussed in Chapter 2, the methodology
provided a process only for the evaluation of new filtration media. The aging step of
thousands of pulse cleaning was an attempt to simulate operation, without the negative
impact of operational time, which allowed for completion of the evaluation in hours as
opposed to months or years. Previous literature studies such as Yeo et al,. [13], Schuberth et
al,. [205], Hoppe et al,. [225], Akduman et al,. [227], and Yeo et al,. [234] provided a
platform for the results to be academically comparable, under set parameters including the
dust type. Whilst standardisation of the experimental methodology yielded a more academic
study, its inadvertent omission to evaluate industrially used filtration media raised the

question: “Is there a methodology to evaluate industrially derived used samples?”

In flue gas filtration, both chemical and mechanical degradation occurs on the media. The
latter occurred through the oscillation between filtration and cleaning processes. Forward
consideration is towards filtration bags which remain open through a metal cage and cleaned
through an injection of compressed air: which was the most common approach observed
throughout this project. Mechanical degradation occurred through internal deposition of
filtrate [189], [205] and expansion and compression caused by cleaning and filtration process
directional forces [200]. Oscillation between the expansion and compression against the
support cage creates points of wear, whereby the media is constantly rubbing against the
metal [200]. In addition, depending on the design and finish, this could create unintentional
failure points, particularly if the cage exhibited sharp points which acted may cut the media
[198]. Over time, this created indentation marks on the air exit side of the media. Operational
temperature, fly ash composition, and flue gas composition (including moisture) will affect
the chemical degradation of the fibres [187], [203]. In contrast to the methodology presented
in BS11057:20211/VDI 3926 (part 1 and 2), only mechanical degradation is possible, owing
the use of compressed and ambient air as the carrier gas through the test facility.

Consequently, a discrepancy between the assumptions made for the methodology led to the
uncertainty around the use of the standard towards the evaluation of used filtration media.

Unless exact, site specific, operational parameters where known and replicable, any
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evaluation method would result in deviation which would potentially impact the results. One
of the critics of the BS11057:20211/VDI 3926 (part 1 and 2) methodology, was the four
stages presented, particularly the aging step which effectively force cleaned the bag multiple
times without dust flow. This would only occur in normal operation if the media was so
saturated with filtrate, that the differential pressure post clean was higher than the cleaning
differential set-point. In addition, the changed set differential pressure cleaning point and
number of cycles performed increased the complexity of analysis. Whilst any suggested new
methodology to evaluate industrially used filtration media would match the exact conditions
of its original site operational parameters, the simplicity of the methodology would provide a

better reflection towards answering the question, using actual, expected, conditions.

Various authors have considered variables such as media choice such as Yeo et al., [234],
expansion and contraction of the filter by Saad and EI-Newashy [200], humidity variation by
Boudhan et al., [162], and effect of pressure drop and efficiency with various particle sizes by
Li et al., [137], but their studies often stop before complete failure. Studies which considered
longer operational periods, such as 100 cycles by Cirqueira et al., [189],100’s of cycles by
Schuberth et al., [205], or even 1000’s of cycles by Kurtz et al., [213], but failed to stipulate
if the media had reached its end of life point or was just a defined stoppage point.
BS11057:2011 “Air Quality — Test method for filtration characterization of cleanable filter
media” [202] method to evaluate new, virgin, media has been applied in previous studies, but
as it has a definitive endpoint and change in variables thought the methodology restricts the
date obtained [5]. This led to a gap in literature about longevity prediction of the media.
Whilst it is important to understand how the variables affect the performance, if they
remained relatively constant, the only variable would be the remaining longevity/number of
cycles/operational time of the filter: evaluation of longevity would provide an insight into

how long the filter had left before a pre-defined failure point.

The proposed methodology was that once evaluation had begun; the test would continue until
such a time that a pre-defined failure point had been reached within the sample. Like
BS11057:20211/VDI 3926(part 1 and 2), analysis would require evaluation of a new
filtration media sample, prior to the assessment of used filtration media under the new
method initially. This provided a baseline result for comparison between new and industrially
used samples. However, the proposed method afforded variability which allowed for the
implementation of a site’s specific parameters into the method as opposed to predefinition.

Once defined, these parameters remained constant between the new and used filtration media
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sample. Determination of longevity under the methodology of BS11057:20211/VDI
3926(part 1 and 2) is questionable given a clearly established end point, regardless of whether
or not the filter has reached it. As such, the new methodology did not specify an endpoint,
only that the test concluded upon the failure of the filtration media.

The definition of failure, in this study, was based on of three distinct points within the data:

1. The baseline differential pressure was equal to, or greater than, the cleaning
differential pressure. At this point, the cleaning frequency increased to the point
where cleaning occurs automatically continuously. This signalled that the cleaning
recovery was not sufficient such that the filter had reached its usability.

2. The filtration cycle time dropped to 1-2 second intervals. Similar to the first point, in
that the evolution of the differential pressure is so great that the cleaning demand is
high. In contrast, the baseline differential pressure may be below the cleaning
differential pressure, but the rate of differential pressure increase was so high that
within 1-2seconds it exceeded the cleaning differential pressure point.

3. Lastly, failure could be due to the development of a hole or tear within the filtration
media. Occurrence of a hole within the filtration media would result in increased
emissions [197] as filtrate more readily passes through the void. Collection of emitted
any filtrate from the test filter occurred at the absolute filter downstream. Gravimetric
analysis of the absolute filter determined the mass of the penetrated filtrate over the
course of the assessment period. Visual observation in the data would show the
baseline differential pressure reduce and struggle to rise. In addition, the glass wall
provided for visual observations of the filter during evaluation which may visually

present with a hole depending on the severity of the failure.
Concept
This led to the following aim:

“Whilst performing evaluation at site specific parameters until failure is reached, can the
resultant data be used to predict the remaining longevity of industrially relevant filtration

media?”’

The presented study critically evaluated the new methodology idea, including the subsequent
analysis. Doing so provided a basis for future researchers to enhance and develop a potential

model to aid in the accurate prediction on the remaining longevity of used filtration media.
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Coverage (Limited Data Reason)

Completion of the commissioning phase of the Filtration Assessment Rig (FAR) occurred
late July 2022. Initial commissioning used talc powder due to delays in the acquisition of
PuraINF test dust. Receipt of the PuralNF test dust allowed for academical studies to be
conducted. However, during operation, air leakage and test dust build-up occurred as shown
in Chapter 3. This led to the FAR becoming offline. The data within this study originated
from the period before the initial inoperability period. Although the data presented is limited,
it afforded an opportunity to critically evaluate the current data and method. Thus, it afforded

an insight into the anticipated results, but also reflected on them to aid future research.

7.2 Methodology
This section presented an insight into the methodologies used within sample generation,

testing methods, and filter media.

7.2.1 FAR Rig Set-up
Table 35 illustrated the pre-defined parameters of the test.

Table 35: Operational Parameters Summary for Preliminary Study

Test Dust Filtration Volumetric Cleaning Cleaning Cleaning on Variable
Concentration Velocity Flow Pulse Pulse Demand
Pressure Duration Pressure
[gcm™3] [ms~1] [Lmin™1] [Bar] [ms] [Pa] [—]
Test Media
5 0.08 110 6 200 1500 (new vs.
Industrially
used)

Given the use of industrially used filtration media, the cleaning parameters were set
according to the site’s operational parameters. As previously discussed, there is an
unaccounted variance in the cleaning pulse pressure along the vertical height as discussed in
Chapter 2. Due to the inability to determine the exact exhibited peak pressure across the
entire bag house, the global set point had to be employed as a constant, regardless of the
original position of the filtration media. In actuality, the filtration media from industry will
have undergone a different, unknown, peak pressure, which will have impacted the
mechanical deformation and cleaning efficacy.

Other parameters, such as the nozzle type, distance between the bag opening and nozzle,
nozzle alignment/misalignment, and position along the injection pipe [201], [220], [221] are

other unaccountable variables within the current FAR set-up. In addition, the FAR afforded
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the pulse clean at a fixed distance, where both the injection point and filter media are in
parallel as opposed to perpendicular as it is in industry. Future modifications to the FAR are
possible to address these potential issues. Omission of key industrial information pertinent to
these variables, coupled with the inability to perform modifications to address them, led to a

degree of inaccuracy between the results.

In addition, definition of a constant volumetric flow/filtration velocity, is less representative
of true industrial operation. Studies, such as those presented in Table 36, illustrated how the
flow variation in a bag house can be evaluated and the subsequent effect defined. It would be
possible to generate results of an industrially bag house using a simplistic computational fluid
dynamic model which would allow for this parameter to be more representative. However,
one of the limitations of doing so would be the limitation about modelling at such a large
scale unit with hundreds of porous filtration media. In addition, the deposition of filtrate and
subsequent formation of cake on the surface would impact the obtained velocity at a given
point. Any CFD model of the operational site would have to be highly accurate, with known

operational characteristics for results to have good agreeance with actual conditions.

Table 36: Example Studies Which Evaluated Fluid Flow

Reference Brief Description Method

[149][181]  Two studies which explored the distribution of gas Experimental
into the bag house in terms of its uniformity

[183] Explored improvement of dust distribution and Computational ~ Fluid  Dynamics
pressure drop (CED)

[185] Fluid inlet positioning into the bag house Computational ~ Fluid  Dynamics
(CFD)

[186] Large scale bag house filtration flow distribution, Computational ~ Fluid  Dynamics
including velocity profiles. (CED)

[259] Influence that the layout of the filter media has on Computational  Fluid  Dynamics
flow characteristics. (CED)

The same arguments can be made for test dust concentration, which affected the formation of
the filtration cake [148]. Each specific site’s filtrate sample is dependent on the constitutes of
the fuel and any additions made such as activated carbon and lime as part of their flue gas
treatment process. Furthermore, humidity and temperature will affect the resultant data as
examined in Li et al., [7],Li et al., [140],Wang et al., [148], and Boudhan et al., [162].
Chapter 3 discussed the resultant variation between site particle size distribution and the test
dust size distribution. As such, to allow for direct comparison between the new and
industrially used sample, the test dust was kept constant throughout testing. Given the partial

use of ambient air, and the free moisture content of the test dust, the humidity and moisture
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present within the test varied with ambient air characteristics. Inability to control nor record
the moisture content will have had an impact on the resultant data given the test spanned

multiple days.

Overall, the presented data within this study illustrated the potential methods which may
evaluate site specific samples. Consideration of the variables Table 35 would give rise to
sixty potential combinations if five variables changed three times. The resultant time to
complete the study, based on the timeframe of the presented data, would equate to 360
working days, assuming each different combination also underwent a new filter media and
industrially used filter media sample. Consequentially, optimisation and reduction of the
number variables would aid to facilitate study completion for a given combustion site. For
example, given the inability to directly replicate the cleaning parameters, use of commercial
sites stated in their operation and maintenance manuals would drastically reduce the time
required to complete testing. The assumption would therefore be that whilst there is variation
to these parameters operationally, its resultant effect is negligible when evaluating the filter

media sample using a standardised methodology.

A small scale, proof of concept, design of experiments would be beneficial towards the
validation of this assumption. It would also serve to aid in the addressment of the
aforementioned points raised about parameter variation between operational conditions, but

also in future evaluations within the FAR.

7.2.2 New/Used Media
Currently used in industry, a nonwoven polyimide (P84) felt, supported by a PTFE woven

scrim (Lydall Gutsche GmbH & Co. KG, Fulda, Germany) in an industry biomass
combustion site provided the basis for this study. Both new and used filtration media used
within this study originated from the same site, which allowed for the assumption that the
new media was identical to that of the used when new. Appendix A demonstrated the
reported parameters for the media, which originated from Site C. This media also presented
with a special membrane at the air entry side of the media. Samples were prepared into
cylindrical disks with a surface area of 2.243x102m? (diameter of 169mm). Each sample, was
fixed in place through manual compression of the outer 1cm disc, supported further by three
vertical wires which functioned as a cage, allowed for the sample to remain stationary once

vertical. Chapter 3 demonstrated this cage and sample in-situ.
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Used filtration media was prepared, cleaned, and dried before starting a test. Following the
results of Chapter 4, vacuuming commenced upon the sample, but also underwent washing to
ensure an optimal clean. A drying period of 24 hours in an oven set at 105°C dried the
sample, before periodical hourly weights provided results to allow for the determination that

the sample had become fully dry.

7.2.3 Test Dust
An aluminium oxid-hydroxid test dust (PuraINF, DMT GmbH & Co. KG, Essen, Germany),

as required by the BS11057:2011 “Air Quality — Test method for filtration characterization of
cleanable filter media” [202] made provision to study loading characteristics of the filtration
media. This test dust was widely used in literature, under various conditions to study loading
characteristics and in some studies to aid in filter life projection [180], [205], [224], [225],
[227]. Chapter 3 afforded an in-depth analysis of the particle size distribution, which is

summarised below in Table 37.

Table 37: Particle Size Percentage Volume of PuralNF Test Dust (DMT GmbH & Co. KG, Essen, Germany)

[d,] at 10% [d,] at (50%) [d,] at (90%)
(um) (um) (um)
0.97 7.13 32.00

7.2.4 Offline Test Methods
Prior to analysis, each sample underwent a broad spectrum of analytical methods, which

provided a baseline for future analysis. Sample mass, thickness, air permeability, scanning
electron microscopy (SEM) and micro-computed tomography (UCT) allowed for a deeper
understanding how the sample changed during the study. As this study focused on the
endpoint of the sample longevity, completion occurred upon the occurrence of failure within
the sample. Figure 55 illustrated the pre (A+B) and post (C+D) operation samples of brand

new/virgin media (A+C) and industrially used media (B+D).

Due to the mechanical clamping mechanism which fixed the filtration media sample in-situ, a
1cm ring on media on the outside of the sample did not experience any filtrate. To account
for this band, subtraction of the area from the overall allowed for results to only represent the
tested area. The sample was then removed to complete the test. In future samples, which may
require removal periodically, care and attention towards the minimisation of fluctuation about
the exposed/unexposed regions would allow for repetition of this ideology. However, any

overlaps caused would inadvertently create a new region with a potentially lower flow
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resistance, and as such negatively impact the results. Consequently, the necessity to
periodically remove the sample (not forgetting any disturbances caused to the filtrate in doing

s0) needs further deliberation prior to its occurrence within a test.

One of the overarching limitations with performing analysis is the resultant disturbances to
the filtrate through manual manipulation of the sample. Removal of the test filter from the
FAR, clamping during air permeability analysis, manual bending to ensure complete
coverage on the balance (inside a glass beaker), and isolation of samples for SEM/UCT
analysis will impact the structure and volume present within/upon the sample. Whilst care to
minimise this transpired, an inherent amount of accidental damage will result in a degree of
variation within subsequent analytics. In addition, the method presented in Chapter 5 was not
viable, given removal of a section would render the sample inoperable within the FAR. To
counteract this, the whole samples weight allowed for the sample to remain whole. Thickness
determination was taken within each quadrant. These steps allowed for each sample to remain
whole, with the corresponding results between pre and post op being representative of the
same sample. In contrast, SEM/UCT required removal of a section of the surface area for
analysis, performance of which could only happen upon completion. Therefore, this
technique can only occur upon completion of the set-point of the sample. A new/used sample
(Figure 55 samples A and B) allowed for SEM/UCT analysis to occur and provided a further
baseline to evaluate the resultant data obtained, between samples A/B and the post cleaned

samples C/D respectively.

7.3 Results and Discussion
Shown in Figure 55 and Figure 56, is the difference between the virgin/new and industrially

used/cleaned samples (A+B), post operational samples (C and D in Figure 55), and post clean
samples (C and D Figure 56). Thus, three distinct data categories over the two samples were
examined in this study. In both cases, the samples where ran to failure, regardless of the

number of cycles.

Illustrated in Figure 56 is the visual difference between the new/virgin samples, and the post

clean sample.
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Figure 56: Filtration Media Sample Before (A+B) Evaluation and After (C+D) Post Clean

Sections 7.3.1 and 7.3.2 presented the obtained results from online and offline testing of the

data for the aforementioned samples shown in Figure 55 and Figure 56.

In contrast to Figure 55 samples C+D, Figure 56 samples C+D indicated a high removal
percentage of the filtrate at the surface of the sample. Employment of the post clean step
transpired due to the requirements made within BS22031:2021 “Sampling and test method
for cleanable filter media taken from filters of systems in operation” [16] which specified the
requirement to perform this step. As stated in Chapter 4, the aim of this step is to evaluate the
media. However, given the aim of this study was to evaluate the media

performance/longevity, a highly effective clean may artificially skew the results, such that the
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resultant post clean data suggested a greater media longevity than actually possible. In
addition, given sample evaluation utilized pulse cleaning (unlike that of Chapters 4-6), it
would be possible to generate the sample to that of C and D in Figure 55, conduct offline
analysis, then perform a pulse clean and repeat offline analysis. This would yield a better
representation of the baseline sample characteristics and if desired, a post clean step could be
employed after the pulse clean. This would result in the following categories: pre-op, post-op,

pulse clean, and vacuum clean.

7.3.1 Online Data
The recorded data obtained from the operation of the FAR with the new/virgin media (top)

and the industrially used/cleaned (bottom) sample is shown in Figure 57. The resolution of
the data was a reading every second. Discussion of the theoretical impact of this resolution is
located in Chapter 3. Data for the differential pressure across the test filter conformed to
previous literature. Previous studies such as Li et al., [137],Cirqueira et al., [189], and Kim
and Lee [240] have used cleaning on demand, which presented similar graphs to those of
Figure 57. The curve similarities showed that the current resolution could deliver relatively
representative results of the filtration process. Unlike previous academic studies, the data

shown in Figure 57 had points of significantly low differential pressure, particularly towards
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Data that occurred below the initial baseline differential pressure of the sample suggested
operation of the pulse clean during the data recording point. A similar study, conducted by
Litchwark et al,. [212], showed a significantly low drop followed by a quick recovering the
subsequent datapoint. The study conducted by Litchwark et al,. [212] had a cleaning pulse is
parallel and upstream to the test filter, which could have resulted in this being the reason.
Time delay and natural variation in the data recording, coupled with the cleaning time and
pressure could have resulted in a data recording point during the actuation of the cleaning
pulse. High resolution pressure curves studies (such as those found in Andersen et al.,
[201],Li et al., [210], and Li et al., [222]) demonstrated the evolution of the cleaning pulse.
As the data recording is independent, it is logical that recording may take place at any point
during the cleaning process, which would result in a negative differential pressure due to the
overall change in flow direction at the point where the differential pressure probes are

located.

These occurrences increased in frequency towards the end of the test. As the filtration cycle
time and difference between the cleaning differential pressure and baseline differential
pressure decreased, the probability of inadvertently collecting a data point during cleaning
increased, particularly towards the larger cleaning times. Particularly during day three, where
the differential pressure in Figure 57 indicated that the cycle duration reduced to near unity.
These datapoints negatively impact the subsequent data interpretation, as they do not reflect
the actual baseline differential pressure of the sample. Therefore, there is an inherent
unspecifiable variation within each baseline differential datapoint, which is dependent on the
time position of recording. Instantaneous data recording upon completion of the cleaning
cycle would require the resolution to be in milliseconds. Upon completion, a more accurate
baseline differential pressure reading would have prevailed. If a datapoint recorded the
cleaning pulse such that the datapoint was less than the previous baseline differential
pressure, the following datapoint equated to the new baseline. This method assumed that even
if the maximum time difference of 800ms occurred, the resultant effect on the pressure
evolution was minimal. This assumption needs further clarification, as towards the end of
test, it fails given the difference accounted for 27-80% of the total cycle time, where the

duration was between 3-1 seconds, respectively.

Cycle differential pressure and cycle duration/time where two isolated parameters obtained
from the data using a MATLAB script. This code acted by isolating the peaks and troughs

within the data categories and saving them as two columns of data to represent the two
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aforementioned parameters. The time between the baseline differential pressure, and the
recorded differential pressure defined the cycle duration. Similarly, the difference between
these two point’s differential pressure resulted in the definition of cycle differential pressure.

Table 38 provided a summary of the collected data for each sample assessed.

Table 38: Summary of Data Obtained from Operation of the FAR for Both New and Used Samples

New Filtration Media Industrially Used Filtration Media
Baseline Differential 1.10 (mBar) Baseline Differential 3.15 (mBar)
Pressure Pressure
Number of Cycles 240 (-) Number of Cycles 323 (-)
Test Duration 4.57 (hours) Test Duration 3.30 (hours)
Average Cycle Time 68.57 (5) Average Cycle Time 36.73 ()

The evolution of cycle duration and differential pressure as a function of the cycle number is

illustrated in Figure 58.

An apparent multiple reciprocal function (Ae *)developed within cycle duration time.
During the literature search, only one paper by Kurtz et al,. [213] presented a curve similar to
Figure 58(left), though their experimental set-up was completely different to the FAR. This
could have occurred due to the changing of the piston and subsequent non-unformal
operation of the FAR. The occurrence of this function appeared whenever the piston change
happened, which suggested that the first few datapoints from the main data are not
representative of normal operation. Isolation of each days data exhibited a similar graph to
those in literature such as Li et al., [137], Cirqueira et al., [189], and Kim and Lee [240].
However, given the continuation of a sample, the expectation was only a singular reciprocal
function would occur. This would be whereby the initial cycles would be significantly higher
in cycle time due to the transition between depth/surface filtration before a cake had formed
promoting cake filtration. Consequently, this suggested that at the end of the test and
subsequent restart, this theoretical transition occurred again, even though the sample
remained stationary and remained in exactly the sample position before continuation of the

test.

However, cycle differential pressure, Figure 58(right) did not exhibit this relationship, instead
favoured a continuous Ae”* type function. Unlike the multiple (Ae ™) functions exhibited for
the cycle duration in Figure 58(left), it was not possible to discern between where each day
subsequently finished or started. This therefore suggested that the occurrence of multiple
(Ae™) functions was due to the set-up of the FAR. Given that each time the (Ae™)
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function, a newly filled cylinder of test dust occurred, it is likely that the priming of said
cylinder was insufficient. This insufficiency led to an unknown remanence of a variable
packing density within the concave section. Consequently, this led to a variable dust
concentration deliverance to the test filter and therefore resulted in the aforementioned
function. Upon equalisation of the packing density, a near linear function occurred.
Evaluation of this theory will aid to improve the resultant data and mitigate against

unnecessary data treatment steps.

Cycle Duration Evolution of New and Used Filtration Media
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Figure 58: Time (top) and Differential Pressure (bottom) Evolution Until Failure of New and Used Sample
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As expected, over the lifespan of both the new and used filter media, a reduction in the
obtained parameter occurred. As the baseline differential pressure increased, the resultant
difference, in both cycle time and cycle differential pressure, reduced towards unity. In both
cases, the aforementioned functions yielded good correlations for cycle duration and cycle
differential pressure at (0.76 and 0.94) and (0.90 and 0.96) respectively for new and used

filtration media.

In both cases, the definition of failure is the number of cycles where the parameter is equal to
zero. The occurrence of this, following curve fitting suggested the actual number of cycles for
each sample where those presented in Table 39. The percentile difference noted for cycle
time and differential pressure for both samples, could have originated due to the failure of the
FAR during testing. Data presented in Figure 58 (and subsequent figures) appeared to fan out,
which affected the resultant curve fit and determination coefficient. In addition, a more
extensive (Ae™) function would have contributed to this percentile. As such, repetition of
the sample would yield a better representation of this sample, allowing for a more accurate
comparison. Consideration therefore fell to the industrially used sample, which exhibited a
lower percentile difference, and yielded an average theoretical failure point of 321 cycles

from the initial sample.

Table 39: Endpoints Following Curve Fitting

Cycle Differential

Sample P Cycle Time Duration Percentile Difference
ressure
New/Virgin Media 258.38 341.48 24.33%
Industrially Used Media 343.26 298.31 13.10%
Percentile Difference 24.73% 12.64% -

Assuming the new/virgin sample’s average is an accurate representation at three hundred
cycles, only a 6.54% difference occurred between the new and industrially used filter. Given
the aim is to determine the remaining longevity of the used media, the direct comparison of
averages failed. The filtration media examined had been in operation for up to two years and
with an anticipated failure point within the same period. This estimation is based on historical
data and plant maintenance, coupled with both the locational information of the used sample
and previous analysis from the same combustion site. Subsequently, calculation of the
percentile difference of each parameter against the new and used samples gave rise to
strikingly comparable results for the cycle differential pressure against the new and used

media, to that of the percentile difference of the new/virgin media only.
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Given the aforementioned issues surrounding the cycle time duration, the current working
thought is that this similarity occurrence is coincidental until proved otherwise through a

repeat of the new/virgin sample.

However, given that the aforementioned issues failed to arise in the cycle differential
pressure, direct comparison theorised a 24.73% difference. Interestingly, the longevity of the
industrial sample was higher than the new/virgin sample in terms of number of cycles.
Theoretically, the remaining longevity of industrially used filtration media would be lower,
owing to already in operation. Whilst the washing stage could have increased the volume of
the pores, the higher baseline differential pressure and shorter duration (as exampled in Table
38) suggested that this was not necessarily true. This contradictory argument between the
expected, reduced, duration and increased baseline differential pressure and the increased
longevity of the used filtration media needed further exploration. Therefore, the argument
suggested that the used filtration media lasts longer than new filtration media, which went

against the theory.

Subsequently, until the completion of further analysis, the results suggested that the used
filtration media had experienced 24.73% of its lifespan under the specified operational
conditions of the site. Though as previously discussed, this absolute value contradicted the
theory and therefore may be inaccurate. Until further industrially used samples that have been
in service longer can be evaluated, coupled with a repeat of the virgin/new sample, this value

is thought to be inaccurate to some unknown degree.

Due to Figure 58’s presentation of two different functions, consolidation of the graphs as a
scatter plot of the parameters as opposed to the cycle number led to Figure 59, which
suggested a singular function. Figure 59 presented both the new and industrially used sample
data as cycle differential pressure vs. cycle duration/time, irrespective of cycle number. This
suggested a simplified exponential function within both data sets of an exponential nature.
Following this observation in Figure 59, employment of curve fitting on the data supported

the suspected function within the data and is shown in Figure 60.
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Figure 59: Differential Pressure vs. Cycle Duration/Time of New and Used Filtration Media
Presented in Figure 60 is the resultant curve fitting results, including the representative

equation and coefficient of determination. At a differential pressure of zero, the cycle time
would also be zero given the baseline and cleaning differential pressure where equal.
Consideration of this point during the curve fit allowed for a better representation of the
actual operational conditions as opposed to a more mathematically representative curve. This
resulted in an exponential function to define the relationship within the data.

e New Media _ Used Media
250 T T 6) 250 T
Fit: Time=0.4exp(0.424 x DP) o Fit: Time=1.1exp(0.3111xDP)
R?=0.4430 R?=09159
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Figure 60: Curve Fit Results Showing Exponential Growth of Differential Pressure vs. Cycle Duration/Time on New (left)
and Used (right) Filtration Media

Discrepancies between the new media and used media, in terms of the determination

coefficient, yielded an absolute difference of 0.48. As previously stated, failure occurred
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upon the cycle time reaching, on average, is one second. Industrially used media reached this
point when the aforementioned condition reached. The resultant exponential curve regression
presented in Figure 60(right), suggested a good fit to the data. However, a less well fitting
curve for the new/virgin media sample, presented in Figure 60(left), transpired for the new
filtration media. As stated earlier, the new filtration media was the last test before the FAR
became offline. Between the differential pressure of 5-8mBar, an extensive deviation from
the curve transpired (a similar transition also occurred for some of the data between ~13-
14mBar). One of the failures noted in the FAR was that of particulate build up on the
dispersion cover and air leakage as shown in Chapter 3, Section 3.2.2. As the volume of air
and filtrate was lower than the set-point, the time required to reach the cleaning differential

pressure increased, resulting in the datapoint’s being away from the curve at this point.

Due to the potential discrepancy between the industrially derived sample and the virgin/new
sample, repetition of the new media sample would suggest if the variation was caused by the
FAR failing during testing or not. This repeat would determine if the data and subsequent
coefficient in Figure 60(left) were representative, or if the failure of the FAR contributed to
the low determination coefficient. If the repeat data is similar, this would then require further
research to ascertain why the new data is better suited to a parabolic rather than an
exponential function, given a parabolic function would not support the theory. If the resultant
repeat data is similar to the industrially used sample data, then this would suggest that the
exponential curve may define the samples, regardless of different media and operational
exposures. Following the repeat, further development of the use of Figure 60 could suggest a
way in which to deploy it as part of a media performance/ longevity model, if it is similar to
that of the used sample which did not experience any noticeable FAR failure during

evaluation.

Mathematical comparison of the two curve fit equations demonstrated that although the used
media appeared to last for a larger number of cycles (described in Table 38), the change in
constants suggested how future industrially used samples (from the same site) may change
from the baseline sample. If the new media curve is assumed representative, regardless of the
lower determination coefficient, then any change in the coefficients of the curve fit will give
some indication as to how the samples differ. Furthermore, it assumed that the next industrial
sample continues to exhibit an exponential curve and exhibited higher/lower A and B

coefficients respectively.
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Production of a site specific chart, comprising of multiple curves from different timepoints
across the same site, would enable future samples to be cross compared and suggest
remaining longevity. To do so, withdrawal of samples from the site at periodical intervals and
distinct locations to obtain a more accurate chart. From this, application of the chart would
allow for the prediction of remaining longevity of the media of future samples once a bag
change has occurred (so long as the filtration media is the same as previously installed and
site operational characteristics remain within tolerances). Subsequent sample evaluation
under the same conditions of the chart would not need to be ran to completion. After
completing an undefined number of cycles, the subsequent data can then obtain the
coefficients A and B. Afterwards, consultation of the chart can predict where the sample laid

and its remaining longevity.

This proposed methodology, which requires further samples and analysis before developing a
method for industrial use, circumnavigated the omission of the sequential cycle number used
in Figure 58. One of the problems with comparison between the new and used samples is that
the resultant number of cycles exhibited in the sample was higher for the used sample. At
face value, this suggested that the used sample lasted longer than the new media which is
illogical. Given the issues surrounding the new sample, the repetition of this test may
contradict this and yield a higher number of cycles than the used. Until then, the absolute

difference suggested the use of the filter.

Upon completion of the chart, direct comparison between the chart and number of cycles
completed is achievable and would aid in the decision of a suitable method to evaluate the

remaining longevity of the used filtration media for the site.

7.3.2 Offline Data

Nominal Testing

Air permeability, mass/density, and thickness analysis are common analytical techniques to
evaluate filtration media. Provided baseline data is known, performance of the analytical
techniques demonstrated the variation caused due to use. To allow for direct comparison,
prior to sample instillation, performance of these techniques on both samples afforded said
baseline. This baseline was the preoperational values as shown in Figure 61, with post
operation defining the sample upon completion of the FAR test. Subsequent cleaning using a
dust vacuum, following the results of Chapter 4, converted the test filter from the supposed
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“as received” state to a “post-cleaned” state. Figure 61 presented the results for thickness

(top), density (middle), and air permeability at 200Pa (bottom).

Unlike Chapter 6, the clamp ring’s diameter was larger than the diameter of the sample which
meant the only clamping afforded to the sample was by the compression head of the
equipment. As such, this left a compressed thickness of filtrate media open, which could have
allowed for an increased volume of air ingress through the sample. To minimise this, as
concentric an alignment as possible attempted to reduce this possibility. It may prove
prudent, in future analysis to perform air permeability on different apparatus, such that as
tight a seal as possible occurred to reduce this. Apart from the clamping, no other deviation

from the standard transpired.

Given the limitations on the sample size, the sample only underwent sub-sectioning upon
conclusion of all tests which allowed the sample to remain whole. This led to a singular value
for density in each category. For the thickness analysis, evaluation occurred once in each
quadrant, resulting in four datapoints. Unlike Chapter 5, the locational points where not
recorded. This led to the assumption that the resultant mean for thickness is representative of
the overall sample. Whist this may be true, a record of each quadrant’s values could be useful
in determining if a preferential flow existed within the sample. If the air permeability
evaluation step can be committed and determined based on the experimental data (through
Davies equation for example), this would allow for sub-sectioning of the sampling with fixed
locational information. Development of this method would therefore allow for retrieval of
both global and representative locational information about the samples generated from the
FAR.

The post operational category described the sample upon completion of the test. This
category retained its filtrate and appeared as shown in samples C and D in Figure 55.
Retention of the filtrate therefore led to the expectation of the post operational sample results
being higher for thickness and density, and lower for air permeability than other categories.
Figure 61 and Table 40 presented the obtained offline data from analysis. The sub sectioning
of the bulk sample did not transpire due to the air permeability requiring the sample to remain
whole. The density was calculated based on the exposed surface area and converted to a mass
per 25cm? based on the surface area used to determine the thickness at various positions.

Table 41 Illustrated the theoretical porosity results.
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Table 40: Results from Offline Tests

Filtration Media

New Used
Thickness Density Air Thickness Density Air
Category Permeability Permeability
(mm) (g 25cm) (Ldm=2min) (mm) (g 25cm™) (Ldm=2min-)

Pre-OP 1.330+0.049 1.550 165.063+2.429  1.363+0.015 1.645 271.987+3.321

Post-Op 1.337+0.020 1.732 152.897+1.985  1.442+0.033 1.772 145.777+5.926

Post Clean  1.353+0.031 1.587 418.363+67.402 1.373+0.037 1.633 601.500+62.605

For thickness evolution, Figure 61(top), the new sample did not conform to previous
observations, nor to the used sample. Instead of exhibiting a —x? shape between the three
categories, it increased linear, regardless of the removal of the filtrate. This could have
originated from the inability to section samples and reliance on approximation during the
repeats. This invariably led to a large variation, which suggested that the localised thickness
varied, even in the used sample. Removal of the surface filtrate would theoretically return a
mean thickness lower than the post op category given removal of the layer, resultantly the

data obtained for thickness in the new sample is questionable.

For density, Figure 61(middle), the previously expected —x? shape exhibited within the data
occurred for both the new and used filtration media sample. As discussed in Chapter 5, the
difference between the new and post clean category indicated some filtrate remained in the
media. For the new and industrially used sample, this value was 0.037 g per 25cm and-
0.012g per 25cm™2 respectfully. The occurrence of a negative value indicated the loss more
material than the original density. This could be from fibre deformation, or the removal of an
unspecified amount of remaining filtrate from the original media. Determination of the latter
would suggest that the clean of the used sample was not full efficient. Microscopy images
shed light on this thought. Given the post op sample still retained the surface filtrate, it
presented with the highest density. Removal of this and subtraction of the post-op datum
suggested the density of the surface at 0.145 g per 25cm? and 0.139 g per 25cm™
respectfully. The difference between the post-op and pre-op yielded the total filtrate density
deposited at 0.182 g per 25cm™ and 0.127 g per 25cm2 respectfully. The used sample
exhibited larger densities overall to the new sample due to previous internal deposition,

which was not removable.
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Figure 61: Standard Laboratory Analysis of New and Used Sample, Across Pre and Post Operation of FAR and Post Clean
State for Thickness (top), Density (middle) and Air Permeability (bottom)
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Given filtrate presence on the surface of both samples in the post-op category, the expected
air permeability was lower than the pre-op. This transpired in the data presented in Figure 61
and Table 40 . The difference between both samples in the post op category resulted in 7.12
Ldmmin’t, This reduction is due to the increased material at the surface of the media, which
blocked the pores, blocking channels for the airflow. The reduction of the air permeability to
near similarity in the post-op state suggested that the media had plateaued to a similar point.
Which, given the failure point was where the baseline differential pressure equated to the
cleaning pressure for the sample, it is logical that this plateau would transpire in the air
permeability irrespective of density and thickness. Upon post cleaning the sample, the

anticipated air operability response was a datapoint similar to the pre-op position.

However, as shown in the recovered air permeability extended to over 2.5 and 2.2 times
greater than the original air permeability for the new and industrially used samples
respectively between the pre-op and post clean categories. Whilst the removal of the filtrate
recovered the air permeability, the obtained value would have been similar to that of the pre-
op category given no visual holes existed in the sample, nor any other deformation points
existed on the sample. Holding both samples up to the light attempted to visualise any areas
of severely limited media which could have suggested the reason for such a high
permeability. However, this failed to suggest anything. The leading theory therefore
surrounded the inability to provide a clamp on the sample which could have led to air ingress
which skewed the results. Although the sample was as concentric as possible to the test area,
the sides where still accessible which could have allowed for air to ingress in and result in

this high air permeability.

Questions towards the effectiveness and accuracy of performing air permeability analysis on
test filters resulted, given the data presented in Figure 61 and Table 40. One alternative way
to calculate the air permeability is to rely on the use of a combination of online data and
mathematical equations such as Equation 29 [240] which calculated the pressure drop across
the media and cake (AP), which uses the gas and flow characteristics in relation to the
deposited mass (D.qxe),Which can yield a value to define permeability (Kyeqia» Kcake)- The
deposited mass being a function of the concentration (C), flow velocity (v), and time (t),

over the cake density (pcake)-
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vD ; vD Cvt
AP = Apmedia + Apcake — MVDmedia + 2 cake where Dcake ~
Kmedia Kcake Pcake

Equation 29: Pressure Drop Example Equation from [240]

One difficulty in the calculation of air permeability from the use of Equation 29, even
simplified where only the baseline data occurred (- AP.,xe = 0), is the unaccountability for
porosity [159], [236], internal deposition [164], variation of parameters such as humidity over
time [163], cleaning efficiency [99], or flow characteristics [134], [139] through the media as
a result. Previous studies have illustrated the limitations and discrepancies between the
experimental data and theoretical studies. Given the complexity of modelling and
determining the air permeability, the reliance is heavily on the analytical equipment which
provides a value for the given sample based on volumetric flow, without extensive
calculations. In terms of this research, the determination through theoretical models of air
permeability based on baseline data where forgone given the uncertainty surrounding the

theoretical value.

Another potential evaluation method is to determine the porosity of the sample. For fabrics,
this can be calculated based on the fabric density over the fibre density as suggested by
Gultekin et al., [3] and Hoppe et al., [225] for example. Experimental determination of
porosity considering the thickness, density, mass, and surface area data of the sample
suggested the overall void of the sample in a defined volume. Equation 30 [135], [136]
therefore presented an experimental method to determine the porosity of the results from
offline tests for density and thickness for new media.

For Equation 30 [135], [136], the porosity of material X (a,) required the mass (M,),
thickness (t,), surface area (A,), and material density (p,). Given porosity defined the free
volume within the given sample, the solidity of the same equated to the subtraction of
porosity from unity (1 — a,). The subscript “x” and “y” denoted different phases within the

sample.

My

og=1————
ty " px " Ay
Equation 30: Experimental Porosity Determination Based on [135], [136]

For nonwoven filtration media samples in the used state (post op and post cleaned), there
existed deposits at and above the surface as well as internal deposits to the media. The
inclusion of a different material required adaptation of Equation 30. Use of this adaptation
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then allowed calculation of specific porosities, of various materials within the sample.
Equation 31 demonstrated the adaptation, which derived porosity based on the incurred
differences of a sample, for example, this equation calculated the porosity of the filtrate at the
surface of the media, using the pre and post operational parameters respectfully.

(Mx B My)
(tx = ty) " Py Axy

Ogy =1—

Equation 31: Adaptation of the Experimental Porosity Variation Presented in[135], [136]

Subsequently, the summation of different solidities (1 — o) for the different states
determined the overall porosity for a given category. By defining the known materials within
the defined sample volume, the solidities can be added together to understand the overall
porosity of the sample which has experienced filtration. Table 41 presented the results from
the calculations across the new/virgin media and industrially used filtration media.

Comparison between the pre-operational and post operation porosities yielded an insight into
how the filtrate had interacted with the media. The post operational sample accounted for all
the filtrate, including the surface filtrate. This yielded a global value of the sample,
irrespective of layer present. As such, this limited the view of the data, given that the surface
filtrate may be densely packed and have a low porosity in comparison to the media such as
exhibited in the newl/virgin media. Therefore, the resultant value is holistic and cannot
definitively define where the region of least porosity is located within the sample. This
overview did however show the anticipated porosity reduction, due to the filtrate blocking
pores and having a layer of filtrate at the surface.

An overview of porosity is shown in Table 41 and showed that the new/virgin media
exhibited a lower porosity (49.36%) than the industrial media (85.38%) in the post
operational category. This happened even though the industrial media exhibited a lower
porosity (87.62%) compared to the new media (88.05%) in the pre-op state. Furthermore, the
difference in the surface filtrate porosity, suggested that the packing density of the filtrate on
the new media was higher, which led to a less porous layer. Conversely, the industrial media
surface filtrate layer was higher, suggesting either the volume of filtrate present was low and
therefore high in porosity, or that nothing formed. The visual presence of filtrate on the
surface suggested evidence to discount the former thought. This led to the suggestion that

whilst filtrate was present, the resultant thickness and subsequent mass was so low that the
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calculation of porosity yielded a high value and consequentially attributed to a higher post-

operational porosity.

This occurrence raised a significant issue with the determination of porosity for multi
material samples. The occurrence of negative differences will impact the resultant porosity,
suggesting really high values as seen in Table 41. The use of a global value assumed
homogeneity in the sample, which may not be strictly true. As such, whilst the theoretical
calculation of porosity may yield a holistic value, there are instances that can occur where the
result is not representative, or contradictory to the theory, such as the internal deposition
porosity for the industrially used media in Table 41.

Table 41: Theoretical Porosity of Samples

Qe New/Virgin media Industrially used media Difference
Pre operation 88.047 87.622 0.425
Post operation 49.361 85.379 36.018
Post clean 88.007 87.635 0.372
Surface Filtrate 61.624 97.627 36.003
Internal Deposition 99.960 100.013 0.053

MCT may provide an insight into not only the porosity, but how this varied through the
sample. Use of uCT would afford detailed information about the porosity evolution through
the sample, regardless of the material present within the sample. As such, application of this
technique would provide comparison between both results and suggest if those results in
Table 41 are representative. Consequently, application of this technique, alongside SEM
imagine determining how porosity varied through the sample, but also how the structure

adapted to contract with filtrate.

Imaging
SEM

Scanning electron microscopy (SEM) provided detailed imaging of the air entry surface and
air exit surface of the filtration media. The air entry surface is defined as the surface which
experienced the filtrate first. The air exit surface is opposite side. The term “air” can
represent any gas movement through the filter media. This colloquial term is often applied in
industry to aid in the distinction between the two surfaces of the media. Various studies have
used SEM imaging to aid in the evaluation of the media and filtrate interactions for many
years [14], [136], [146], [189]. To perform the analysis, a five-by-five-centimetre square was

removed from each sample using a sharp knife. This size allowed for a small mark to be
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placed on the air entry side to ensure correct handling of the samples. This mark did not
interfere with the analysis and was excluded from the microscopes field of view. This yielded
one subsample from samples A-D and upon completion of analysis yielded images of both
surfaces per sample.

The acquisition of a subsample is a destructive process, which removes a section of a sample,
leaving the original sample unable to be re-evaluated. This destructive method was performed
at the end of the normal testing procedures air permeability, mass, and thickness
determination. This involved the used samples being cleaned via a dust vacuum as
determined following the results of Chapter 4. As such, a representative sample of the
industrially used and virgin/new (not used in the test) media where taken. Non-invasive
evaluation techniques allowed for the same sample to be examined at different points.
Consequently, upon completion of non-destructive testing, techniques like SEM can suggest

further information about the sample at a given point in time.

The aim of the SEM study, over the four samples, was to examine the surface variations
between the unused and used states. Figure 62 represented the virgin/new media, before
(sample A) and after (Sample C) evaluation in the FAR. Figure 63 represented the
industrially used media, before (sample A) and after (Sample C) evaluation in the FAR.
Figure 64 and Figure 65 evaluated regions of interest on the new/virgin and industrially used
media respectively, at a greater magnification.
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Figure 62: SEM Images of Air Entry and Exit Side of New/Virgin Samples Used in Longevity Study: Sample A = New and
Sample C = Used
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Figure 63: SEM Images of Air Entry and Exit Side of Industrially Used Samples Used in Longevity Study: Samplé B = New
and Sample D = Used
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Figure 64: SEM Images of Areas of Interest on Sample A and Sample C
Industrially Used Media
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Figure 65: SEM Images of Areas of Interest on Sample B and Sample D
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For Figure 62, it suggested that the retained filtrate post clean was minimal/negligible at a
magnification of 100. Where sample A was the control (not used), sample C’s images
comparability suggested that the deposition mainly transpired at the air entry surface. The air
exit side in both cases suggested no filtrate present, which was expected for Sample A.
Sample C’s air exit side did present with agglomerate like structures but given that these were
noticed on Sample A’s air entry side, it was thought that they originated from the
manufacturing process and not due to usage. In addition, both the air entry and exit sides
illustrated the heterogeneity of non-woven media, which results in regions where it would
appear a channel like structure has formed. This channel could be due to the needle felt
process which drives the fibres through the thickness of the media. A study by Cincik et al,.
[9] and Chapter 6 illustrated a cross view of the needle point, showing a concave region at the
air entry side, which supported this argument. Overall, there visually appeared to be little
difference between the new sample (A) and evaluated sample (C) at the current

magnification.

For Figure 63, it illustrated the industrially used filtration media, which had previously
experienced both chemical and mechanical deformation, unlike the new/virgin media in
Figure 62. This difference led to the air entry side of the pre-test media (sample B) exhibiting
a degree of filtrate retention on the air entry surface. This retention of filtrate likely caused
the baseline differential pressure across the filter. After testing in the FAR, sample D
displayed a larger retention of filtrate at the air entry side when compared to sample B even
after cleaning. This caused an apparent size reduction in the void spaces noticed in sample
B’s air entry side, which would promote fluid flow through. The formation of these voids is
outside the scope of this work but could originate from the needle felt process. As shown in
Chapter 6 Figure 43, the movement of the fibres through the media by the needle punch could
have resulted in preferential internal deposition through the creation of channels within the
media. For both air exit sides, at the same magnification of X100, there appeared to be
minimal/no filtrate deposition. This could suggest that any suggested channels may be simply
dispersed fibres which under the SEM image appear as channels. One alternative theory
could be that even if there are channels through the media, the filtrate has not traversed
through the filter. Regardless of any previous chemical/mechanical deformation, the retention
of filtrate prior to analysis led to noticeable differences at the air entry side when compared to

Figure 62 sample C.
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Whilst both air exit sides of samples C and D suggested minimal filtrate present, their main
difference stemmed at the air entry side. For sample A and C, the test used new/virgin media,
which had no previous deposition. In contrast, sample B and D had retained some previous
filtrate even after intense cleaning. This retention led to an increased baseline differential
pressure. After completion, both samples were vacuumed as per the results of chapter 4.
However, this led to different results. Significant removal of filtrate occurred for sample C,
the virgin. In contrast though, the industrially used sample D appeared to have an increased
retention of filtrate. This retention increased the surface area available for deposition to
occur, and likely contributed to the apparent further retention noted after completion of the
test. Although it underwent a vacuum clean, if the resultant force of the vacuum where not
strong enough to overcome the forces acting to secure the filtrate, it would have remained.
This observation however is limited by the surface area of the sample placed into the SEM
chamber and whilst assumed representative, given the sample only accounted for
approximately 11% of the total evaluated area. Whilst there is likely some variation in across
the entire surface area of the bulk sample, the assumption of representation allowed for a
wider range of samples to be evaluated. It therefore may be beneficial for future studies to
evaluate and quantify the variation across the surface of a singular sample, to ensure that the
whole surface area of the sample can be represented by a single sub-sample. This would
dictate the number of subsamples needed to represent the overall sample, particularly when
the considering the potential variation across the air entry side of the filter.

Shown by the particle size distribution graph in Figure 17, and summarized by Table 37, there
is the potential that the magnification used in Figure 62 and Figure 63 failed to observe
particularly small filtrate. To further examine the apparent minimal filtrate at the air exit side
of all samples, the magnification was increased which allowed for the examination of finer
details and regions of interest for each sample. Figure 64 and Figure 65 examined the

virgin/new and industrially used samples respectively.

For Figure 64, sample A acted as a control sample, given it was not used in operation.
Therefore, only fibres should have been visible. However, both the air entry and exit side
illustrated flakes of some substance on the fibres. As SEM-EDX was not performed, there
was two reasons for this observation. The first being the apparent flake originated from the
manufacturing process, this could be part of a pre-treatment process applied to the media for
example. Alternatively, is that the flakes could have originated due to accidental deposition

from sample miss-handling. Although care was taken to remove the subsample, accidental
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cross contamination of instruments within the laboratory could have led to this phenomenon’s
occurrence. Sample C underwent cleaning, which appeared to have led to some of the
removal of these flakes. Understanding the chemical composition of these apparent flakes
would help to identify the source of these potential contaminants. Re-analysis of sample A,
using a brand-new media which is prepared in a separate, clean, laboratory away from any
filtrate would aid to identify the potential source of the supposed contamination to the

control.

At the higher magnification, Figure 64 sample C’s air exit side suggested a greater amount of
contamination to the filter, particularly on fibres below the surface. Given sample C
underwent filtration, this could be filtrate that has transitioned through the filter media.
Across Figure 64, the heterogeneity of the fibrous structure revealed voids which not only
allowed the fluid to flow through but could facilitate deposition internally until surface and
cake filtration could transpire. Some contamination is still noticed on sample C’s air entry
side, however given the potential contamination in the control sample (A), it is difficult to
quantify if this is indeed filtrate. As a result, it is therefore difficult to definitively say that the
apparent deposition noted at the air exit side of sample C is due to filtrate migration and not

because of accidental contamination or from the manufacturing process.

Figure 65 focused on the apparent voids within the air entry side of the samples and again
examined the deposits on the air exit side. The findings for the air exit side where like that of
Sample C’s. Inside the void of sample B, particulate deposition can be observed, which
suggested that, to some degree, particulate movement from the surface to the depths of the
filter had taken place. One limitation of SEM imaging is the inability to see at greater depths
to quantify the extent of deposition with the depths of the filter. As such, this limited the
observations to that which is visible in the image. Sample D, post operation and clean,
suggested that these apparent voids had closed and reduced in apparent surface area. This
would result in restricted fluid flow and a resultantly higher baseline differential pressure at
the instance of pulse cleaning. As the sample had completed the test this theory matched the
observed the results. Through an increased magnification, the extent of the filtrate retention is
better shown, though as it only demonstrates the surface, it is difficult to quantify what

happened below the surface as examined.

nCT
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One potential technique to evaluate the variation below the surface of the subsample is p-
computed tomography (UCT). This technique has recently emerged to assess nonwoven
filtration media. Results from this analysis would examine the porosity variation as a function
across a specified direction of the sample. This would result in not only a global value but
would describe the porosity evolution across the direction. Therefore, uCT could address the
limited viewpoint of SEM and provide quantitative data about the sample as opposed to

solely qualitative results from imaging alone.

A review of literature ascertained the current position of this technique in relation to

nonwoven filtration media.

Literature Review

Microstructures of nonwoven filtration media consisted of pores within the material. These
pores characterise the porosity of the filtration media and impact the baseline differential
pressure across the media. Microcomputed tomography (LCT) afforded a way to visualise the
microstructure of the sample in 3D, overcoming the 2D limitation place on SEM and other
microscopy techniques. Achievement of this is through passing an X-ray beam through the
sample at various rotations. A resultant 2D map is mathematically generated based on
information afforded to the detector [270]. The sample is then moved vertically at
incremental steps and repeated [188]. Thus, hundreds, if not thousands of these 2D maps
transpire which are useful to generate a 3D model of the sample. Analysis of these 2D maps
/3D models can then be utilised to determine quantitative qualities, such as material density
[225], efficiency [14],and porosity [15], but also qualitative results based on the visual

inspection of the sample.

This review focused on the applications and limitations of uCT as an evaluation technique.
MCT has been used previously in various fields such as medicine [271] and for nuclear [272].
Discussion of the operational settings and general ownership are found in Vasarhelyi et al.,
[188],Landis et al., [273], and afifi et al., [274] and textbooks such as [275]. However, it is
important to note, that the resolution of the image is defined by the voxel pixel size, coupled
with the attenuation (Ua) denoted at the detector [188]. Studies such as Buzug [275] and L. et
al., [276] presented the Beer-Lambert (in its differential state), which defined the relationship
between the attenuated light from a material of specific properties at a passing distance of

(1), based on the Incident light (dI) and transmitted light (1(n)).
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a __

Equation 32: Beer-Lambert Law for Attenuation[275], [276]

An alternative way to consider the attenuation difference of materials is by relating it to the
Hounsfield unit (HU) as shown by afifi et al., [274], and Buzug [275]. This scale used pure
water (u,,) as the zeroth point and air (u,) at -1000 HU, though the maximum is in excess of
3000 HU [275]. The application of HU is used in medicine to define the attenuation range
when looking at particular elements within the subject such as blood [277] or the lungs [278].
One study by Hagita et al., [277] demonstrated the impact of artifacts within a subject,

particularly foreign bodies of a metallic compound.

HU = CT number = 1000 - ('ut _ ,uw)

Hw

Equation 33: Hounsfield Unit Based on the Beer-Lambert Law [274], [275]

In both medical imaging and examination of filtration material, the identification of foreign
bodies determined the difference between normal and abnormal readings. Medical imaging of
subjects [279] can be as easy as noticing higher, distinct attenuation patterns in the X-ray
such as plastic army person or paper clips [280]. However, if the attenuation of the subject/
region of interest is similar to that of the foreign body, such as the plastic beads or Lego
[280], the ability to differentiate becomes more difficult. Therefore, the radiologist (in this
case the reader of the images), required a baseline knowledge of a “normal” subject before
identification of abnormalities such as a small echogenic lesion [279] can be made. In the
context of examining filtration media, it is important to note the original structure, prior to the

discernment between original fibres (subject) and filtrate (foreign bodies).

Use of uCT as an analytical tool to evaluate filtration media is currently undergoing research
and development to improve techniques and outputs. Software is available to researchers
such as the suite of tools available from GeoDict® and Fluent® which take the raw
tomographs, allow for 3D models to be built, and subsequent analysis of velocity profiles
[235], transverse stress curves [281], particle displacement [282], porosity [283], and air
permeability [270]. Use of software increased the accessibility towards performing analysis.
Through automated generation of 3D models, computational dynamic simulations further
explored the reachability of uCT towards woven and nonwoven textiles. One limitation

though, is the expense incurred by the analyst to use software. Whilst free software such as
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ImageJ® existed [227], [284], specialist software such as GeoDict® [14], [235] which is
proven effective towards evaluating woven/nonwoven media and Fluent® [63] incur a cost to
obtain a licence. Use of software streamlines the result acquisition process and reduced the
learning curve associated with this technique.

In the past couple of years, studies have emerged evaluation nonwoven filtration media using
MCT.

Jackiewicz et al,. [15] studied two distinctly different nonwoven filters under identical
operational conditions, evaluation the difference in air blow velocity in the direction across
the air entry face. Their work demonstrated that the particulate traversed more readily though
the sample at higher blow velocities. The porosity evolutions corroborated this visual result
and demonstrated that the initial unblown trough transitioned to a wider, shallower, porosity
which revealed the particulate had transitioned more readily through the sample at higher.
Their work demonstrated the power of uCT, which suggested the ability to monitor internal
deposition through the sample at a given usage. Their limitation stemmed from their
employed cleaning method. Experimentally different to pulse jet cleaning, non-removal of
filtrate led to an increased collected mass. The orientation allowed the filtrate to remain on
the air entry side, regardless of the cleaning flow direction being identical to the filtration
flow direction. Therefore, in terms of baghouse filtration, their work provided the basis for
analysis, suggesting that the porosity can be in terms of depth across the sample.

Riefler et al., [14] performed a more comprehensive study, using a more representative
nonwoven to that of industrial use. Through experimental and CFD techniques, they
demonstrated the effect that deposition of filtrate had on the structure. Most noteworthy was
their deposition mass against the related penetration depth. At different concentrations, they
demonstrated the conversion of particulate deposition to mass, which both isolated and
quantified the depositional masses within the filter and their locations. One limitation of their
work, stated in their conclusion, is the unaccountability for particle removal through
detachment. This limitation s further extrapolated to only evaluating their sample between
one cycle. Though at different time intervals between the baseline and maximum differential
pressure, their results only simulated a specific cycle. In reality, internal deposition will affect
this, due to the internal pores filling and/or expansion of pores. As a result, this not only
affect the porosity at any given timeframe within the cycle, but also where the filter was in
related to its remaining usable life.
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Hoppe et al.,[225] performed a study using two different filters, but advanced previous
literature through a more detailed discussion of the single fibre theory (SFT) model. In their
work, they divided the sample porosity into slices and considered each individual particle
sizes theoretical efficiency. They concluded their work by demonstrating that the deposition
mass at a given load, based off the information obtained from the experimental study and the
MCT results. Resultant deposition mass graphs illustrated how the filtrate deposited internally,
whereby minimal internal deposition occurred if the resultant graph was narrow, and more
prominent internal deposition represented by a broader graph. Whilst their work further
developed the breadth towards the deployment of uCT to evaluate samples, it did not

consider the evolution over service time.

Studies such as Riefler et al,. [14], Jackiewwicz et al,. [15], and Hopper et al,. [225] have
illustrated a clear, comprehensive model in which to evaluate CT images. They demonstrated
the variation under different exposures, presented the effect of particle size, and attempted to
illustrate the impact of cleaning. However, in terms of their translation towards industrial
samples, their studies omitted real world parameters such as the fly ash from combustion
sites. The chemical composition of fly ash considerably varied [47], dependent on the fuel
combusted. Given this, the resultant range of Hounsfield units may be large, which could
cause a proportion of the greyscale values of the image becoming near to that of another
material. One study, performed by Saps et al,. [280] demonstrated the attenuation differences
between objects and background materials. When the bulk and subject densities equated
similarly, the subject was not clearly visible in the tomograph. The same could happen for
industrial samples, if the Hounsfield unit of the filter media is similar to the background, in
comparison to the filtrate. Therefore, the question arose to whether it is possible to examine
industrially relevant and used filtration media using this technique. Literature has yet to study

these types of samples.

Methodology

Image processing is a step of techniques which convert the raw image into binary. Various
authors have provided detailed reviews and software suggestions to accomplish this such as
Landis and Keane [273], Cheng and Wang [282], and Huang et al., [283]. Given literature
tended to agree with the use of the Otsu method, the Otsu method was chosen to process the
resultant tomographs from the uCT scanning. Otsu [285] described the mathematical process

which categorized the pixel values based on the image’s histogram. This effectively
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converted each pixel to one of two values, binarizing the image [285]. Other techniques such
as image filtering to remove specs could be carried out before binarization, such as the study
by Cheng and Wang [282]. In this study, only binarization transpired. One problem with any
image processing technique is the inherent difficulty to validate the computer model based on
the physical sample [283]. As processing complexity increases, a degree of material loss can
occur, especially where the material observed at the voxel pixel size is below this size. As
this study explored the potential application for industrially used filtration media, only
binarization through the Otsu method [285] was used.

Table 42 provided an overview of the parameters selected for operation of the uCT machine,
based on values observed in literature from Ali et al., [235], Liu et al., [281], and Huang et
al., [283].

Table 42: Process Parameters for uCT Scan

Value

Source Voltage (kV) 40
Source Current (UA) 149
Image Pixel Size (um) 4.18
Obiject to source Distance (mm) 51.00

Filter No Filter Applied

Exposure (ms) 295

Rotation Step (deg) 0.70
Frame Averaging 2

A study by Huang et al., [286] utilized the multi-Otsu method by Otsu [285] which converted
each pixel into a distinct value based on the threshold and defined number of bins for the
data. The mathematical model used for this is presented in [285]. Huang et al., [286] defined
this by the number of materials present in the image, which resulted in three distinct peaks
when considering the histogram of the images pixels. From this, the idea of using the raw X-
rays emerged. No literature was found during the search that used the raw X-rays. This raised
the following question: could the raw X-ray be used to quantify the regions of density of the

sample, given the heterogeneous nature?

The resultant X-ray exampled in Figure 66 (top left) suggested that there is region of higher
and lower densities when looking at the sample. Given the complexity of the sample,
particularly in the used state, it is difficult to quantify what is filtrate and what is media. The
resultant X-ray image is defining the number of X-rays absorbed by the sample. In the

presence of no material, all X-rays are absorbed leading to a near white background. As the
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volume and material density changes in the X-rays path, the absorption also varied. This

absorption variation resulted in the regions of lighter/darker on the X-ray.

To better understand the number of sections needed to categories the pixel values with for the
binarization process, the distribution of the pixel values may indicate regions of significant
material. Figure 66 (bottom left) illustrated this for the x-ray in Figure 66 (top left). A wide
apparent gaussian distribution was found between approximately 0.1 to 0.8 on the greyscale
distribution. In addition, a bimodal distribution was noted with an apparent mean of
approximately 0.88 and 0.96 respectively. One of these peaks was more intense, which
suggested that this peak may be attributed to the air whilst the other belonged to the sample.
The wide distribution suggested that it too belonged to the sample. Its wide distribution
meant that if it was assumed at the peak (roughly 0.43), then there may be some loss when

thresholding. This led to three distinct peaks of the greyscale distribution of the image.

Nonwoven
Fibers :

<10° __ Greyscale Distribution Following Mult-Otsu Method

10 F

Frequency (-)
Frequency (-)

0 01 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
Greyscale Value Greyscale Value

Figure 66: Image Processing to Determine Pixel Density from the Raw X-ray Images
The image threshold was set therefore set at three based on the peaks. This resulted all pixel
values being organized into four distinct bins. This classification led to the raw X-ray shown

in Figure 66 (top left) transforming into Figure 66 (top right). The resultant pixel values could
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then be quantified to represent the density within the raw X-ray as shown in Figure 66
(bottom right).

This process was conducted across all samples face and side profiles.

Future applications of the technology and methodologies are needed to determine a more
applicable method for the analysis of the types of samples used within this exploratory study
of said technology. Whilst such an exploration of the methods is beyond the scope of this
work, it is important to note that there will be a resultant effect on changing any of the
operational parameters mentioned in Table 42. As such, the results presented explore some of
the potential outcomes of the technology allowing qualitative comparisons and discussions.
Consideration should also be given to the cost-benefit analysis of performing such a study,
given the associated costs to use and operate the technology. This study therefore provides a
basis, whilst still addressing the fact that no literature found has evaluated the raw X-rays, nor

used industrially relevant used filtration media, with industrial filtrate.

Results and Discussion

Part 1: Raw X-ray Use

Use of raw X-ray images from pCT has yet to be explored.

Each sample is rotated 0.7° and an X-ray image is obtained. These images are then used to
produce the tomographs more commonly associated with CT scanning. 284 X-ray images at
different rotations were produced for each sample. This yielded a unique view of the sample
at different angles. Profile and side views were removed from the X-rays generated and
underwent image processing to ascertain the pixel density variation in each image. Figure 67

illustrated each samples profile and side view respectively.

Profile views of the samples in Figure 67 afforded a view of the scrim, noted as a cross hatch
pattern. Appearance of the cross hatch showed that the density through the thickness of the
sample, at the given pixel position, was higher than regions without any scrim present.
Interestingly, the heterogeneous nature of the nonwoven fibres can be seen on the profile
view. There were also some regions of high attenuation noted, particularly for samples B and
D which had retained filtrate, although some were noted for samples A and C. Given the
potential issue of contamination, it is difficult to attribute this to a particular material.

Irrespective of this, the profile views afford a brief overview of the entire sample in terms of
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general porosity, where the darker region of the sample is more dense/solid than the lighter

regions.

Side views of the samples in Figure 67 suggested a general overview of the porosity over the
thickness of the sample. Darker regions suggested more dense/solid regions of the sample.
Lighter regions showed regions of lower material present and therefore a lower general
porosity. Side views afforded a view of the fibres protruding from the upper and lower
surfaces. In all samples, some fibres are visible protruding from the bulk surface. This results
in the surface of the sample being heterogeneous. For samples A and C, only the scrim fibres
that run parallel between the source and detector are visible. Given that the scrim itself is
woven, the other portion will traverse above/below these points leading to a greater density
variation and therefore not as visible. Sample B and sample D’s scrim appeared more
uniform as a singular vertical band, instead of clearly identifiable fibres of the scrim. Both
samples originated from industrial use, undergoing chemical and mechanical degradation as
opposed to samples A and C which underwent mechanical degradation only. Whilst it is not
clear as to why the scrim appeared as a singular dense line, it could be that a degradation
caused the scrim to become deformed in such a way to allow for this to occur. As a result, the
scrim appeared as a high-density part of the side profile, almost riveling that of the un-
removed filtrate deposits at the surface. Overall, the side profile X-ray gave an insight into

how the porosity varied across the thickness of the sample.

Observational review relied heavily on the ability to identify patterns. Whilst the X-rays
provided a good illustration of the sample at different viewpoints and considered a larger
surface area, direct comparison between samples is hampered by sample variation. Thickness,
density variations and atoms present will affect the attenuation and therefore the detected. To
allow for direct comparison of samples, the assumptions made assume that between each
sample group (A+C) and (B+D) the material, densities, thickness, and atoms present are

equal.

To allow for comparison of the density variations retrieved from the image processing of

each X-ray image, the following assumptions where made:

e The thickness variation between samples (A+C) and (B+D) was low enough to not
affect attenuation

e Material densities between samples (A+C) and (B+D) where near identical.
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e The presence of any remaining filtrate from testing did not significantly impact the

attenuation.

Given the exploratory nature of this study due to the novelty of this approach, the overall
method and assumptions need further development using industrial media and filtrate to
ascertain the limits at which these assumptions hold true. Without this, whilst each individual
sample provided a quantitative result instead of qualitative, direct comparison is difficult to
achieve to a satisfactory accuracy. Image processing used the face and side profiles illustrated
in Figure 67, the background was removed in each case given the sample size variation which
allowed for the results to represent only the sample. Figure 68(top) illustrated the density

values for all samples face profiles, with Figure 68(bottom) showing the side profiles.

Figure 68 (top) displayed the contribution of low, medium, and high densities noted for the
face profile. The contributions across the samples where similar, with only slight contribution
variation noted. The face profile addressed the limitation of SEM to evaluate through the
filter. However, it could not differentiate between fibres and/or deposits. It therefore could
not say if it was dense due to fibres present at the pixel location (through the sample) or if
deposition had taken place. This is particularly true for sample D, which according to the
SEM results, underwent more deposition than sample B Theoretically, this should have led to
the values for medium/high density being higher than sample B, yet this was not the case.

This through doubt on accuracy of the results obtained for the face profile.

Figure 68 (bottom) displayed the contribution of low, medium, and high densities noted for
the side profile. Unlike the results for the face profile, there was a distinct difference between
samples (A+C) and (B+D). SEM results suggested that samples C and D exhibited a higher
retention of filtrate/contamination than their states prior to test completion. Examination of
the side profile suggested that the virgin increased by 18%/-10% and industrially used by
12%/-8% for high and medium densities, respectively. The density changes, particularly
towards higher densities, suggested that the porosity had decreased in some areas of the
filters thickness. The X-ray side profile suggested this increase transpired largely at the scrim
and surface of the filter, though it is difficult to ascertain given the inability to differentiate
between the materials. Therefore, unlike the face profile, the side profile gave an indication

as to the how the sample varied upon completion of the test in both samples.
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Figure 67: X-ray Face and Side Profiles of Samples A, B, C, and D

Whilst the side profile of the X-ray image suggested the density variation, it couldn’t specify
an exact value for porosity. The resultant analysis only supported the visual observations
made from either the raw or processed X-rays. The benefit of evaluating the X-rays is that it
provided a quick and simplistic way to evaluate the sample, without relying on software or
additional processing steps to gain a further insight. The porosity variation through the
sample can be found by evaluating the tomographs.
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Figure 68: Face and Side Profile Pixel Density Results (Background Removed) for Samples A, B, C, and D

Part 2: Tomograph Use

An example tomograph is shown in Figure 69. Each tomograph represented a 4.18um slice of
the sample and produced a total of 1047 tomographs which equated to a total vertical height
4.47mm. The sample width was defined by the size of the cut and as such varied across each
sample as visible in the face profiles of Figure 67. Each tomograph underwent rotation to
align the sample parallel to the boundary of the image. From this, a region of interest was
removed, comprising of sample and background. Each sample then underwent binarization.
An average across the resultant image was taken and this formed the porosity based on the
ratio of empty pixels (black) to solid pixels (white). The thickness was evaluated to

understand the evolution of porosity through the filter.

To ascertain where the sample started and finished, there was a degree of background left in
the image. This was evaluated based on the porosity variation over the thickness. A sample
region of known background was removed from the tomograph and its respective porosity
calculated. The 95™ percentile confidence interval was then used to define the transition point
between background and sample. The background was then discounted from the porosity
which yielded only the sample. Removal of the background was performed for all samples,

which allowed for the determination of the samples thickness.

This process yielded three results: the samples thickness (Table 43), overall porosity, and the

porosity evolution through the sample.

Thickness results obtained through uCT varied significantly to that of the thickness gauge as
shown in Table 43. The control, sample A, had a thickness like the datasheet shown in
Appendix A for Site C. uCT evaluated the thickness of the sample at the point at which the

porosity was lower than the background, whereas the thickness gauge was dependent on the
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samples ability to resist a constant load. The former led to a slight compression of the sample,
whilst the latter considered the start/endpoint as wherever there was a fibre or filtrate,
regardless of its protrusion from the main body of the sample. This led to difference noted in
Table 43.

Table 43: Sample Thickness from pCT and Thickenss Guage

Sample Thickness Gauge (mm) UCT (mm) Difference (%)
A 1.33 1.72 29.49
B 1.36 2.02 48.45
C 1.35 2.12 56.98
D 1.37 1.99 45.23

The large difference between the thickness gauge and PCT could have originated from a
slight misalignment during orientation, which would have caused the filter to protrude slight
and result in a higher perceived thickness. Furthermore, the inclusion of loose surface fibres
would have influenced the value. The thickness gauge overcomes these problems but could
lead to slight compression depending on the heterogeneity of the sample. Given that the
thickness gauge method is well established and applied throughout literature, the values
obtained through this method for each sample were assumed to have good accuracy for
comparison. Therefore, there is a degree of overestimation when evaluating the thickness of
samples under pCT if the samples orientation is misaligned or fibre protrusion is sufficient to
influence where the background ends and the sample starts.

The global porosity value was the average across the entire samples thickness and is
summarized in Table 44. The solidity is also reported in Table 44, which aids in

understanding the change between pre and post-test conditions.

Theoretically, the porosity should decrease (solidity increase) through usage due to
particulate deposition internally. SEM results for Samples B+D suggested this by the
increased presence of filtrate/contamination at the air entry surface. Global porosity results
showed that the porosity decreased by 1.7%. This decrease was due to the retention of filtrate.
In contrast, the porosity increased by 2.25% for the virgin samples. An increase in porosity
could only occur in two ways: when cleaned, more material was removed than the pre-op
sample (in this case sample A). Alternatively, the sample underwent a thickness increase
which resulted in the pores within the sample increasing in volume and therefore becoming
more porous. Whilst the industrially used samples conformed to theory, the virgin/new

samples deviated. To examine the deviation further, the porosity evolution through the
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sample would indicate where variation occurred, but also offered a further insight into how

the filter faired under experimental conditions.

Z=0.217mm

Woven

Air /
Background

Air Entry +
Filtrate Deposits

SkyScan_1172

Figure 69: Example Tomograph of Sample B

Table 44: Global Porosity Values for Samples A, B, C, and D

Sample
A B C D
Porosity (%) 78.02 79.19 80.87 77.49
Solidity (%) 21.98 20.81 19.73 22.51

240



Chapter 7: Critical Evaluation of Longevity Study

Comparison of the global porosities between Table 41 and Table 44 led to a general
discrepancy of 8.94% where the calculated porosities where higher than the uCT results. The
calculation relied on the differentiation of filtrate and fibres ad could be subsequently
summated. The puCT treated porosity based on the attenuation, regardless of the material
present. The observed values in Table 41, though suggesting both had reached the same
failure point in terms of porosity, failed to suggest any significant change had transpired

between the samples.

Demonstrated in Figure 70, for Sample D, is the porosity variation through all samples.
Subsequently, this graph was broken down into two parts: Figure 71 which represented the
virgin/new media (sample A+C) and Figure 72 which represented the industrially used
media (sample (B+D). These graphs reported the porosity. As the porosity decreases, the
solidity increases. The sample was orientated so that the air exit side was at the 0™ point of
thickness. This meant that the air entry side started at the largest recorded thickness value

towards the right-hand side of each graph.

Comparison between the virgin and industrially used media porosity is shown in Figure 70.
Initial observations showed that the porosity difference at the air entry side was greater for
the virgin as opposed to the industrially. Whilst the industrially sample was washed prior to
testing, there was still deposition noticed at the surface as shown in Figure 65. Post filter
testing, both the virgin and industrial samples underwent identical cleaning steps before
evaluating them under SEM and uCT. Therefore, the main sample difference was the
exposure to flue gas and filtrate. This difference contributed to the variation between the
samples.

Figure 71 demonstrated that the perceived thickness of the used sample had increased by
approximately 0.42mm. This increase, and associated porosity, likely contributed to the
perceived porosity increase. The air exit side appeared largely similar up to approximately the
0.46mm mark. At this point, sample A’s porosity decreased towards a local minimum at
0.84mm before rising again towards the air entry side. Given the X-ray image, this point is
likely to be attributed to the position of the scrim. Sample C’s porosity appeared to largely

level off at 0.84mm, before rising at approximately the 1.46mm mark.
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Porosity Variation Through Sample Thickness
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Figure 70: Porosity Variation Through the Samples Thickness for Samples A+B+C+D

At the air entry side of sample A, the porosity of sample C was generally lower between
roughly 1.05mm and 1.71mm. This reduction could suggest that some blinding had occurred
but was generally 0.42mm below the surface of sample C. This could be due to fine
particulate migration through the filter, which was collected internally as opposed to at the
surface. Although sample C displayed surface filtrate, the post clean with the dust vacuum
appeared to remove most of the deposited filtrate and is supported by Figure 62. If the
removal was highly effective, this could explain to some extent why the porosity at the air
entry side of sample C is particularly high. Consequently, the removal questioned whether the
sample had indeed reached its maximum filtration capacity. Given Chapter 4’s findings of the
dust vacuum being applicable for nonwoven filtration media, it may not be the correct
method for test filters which undergo mechanical degradation only at ambient conditions and
use controlled test dusts. However, this failed to account for the apparent expansion of the
sample, which led to the global porosity value increasing. If sample C’s air entry side

matched up, the resultant air permeability would likely have conformed to the theory.
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Figure 71: Porosity Variation Through the Samples Thickness for Samples A+C

Figure 72 showed that sample D had areas of lower porosity, particularly towards the air exit
side and parts of the air entry side. The air exit side of sample D was predominantly below
sample B’s porosity between Omm and 1.05mm. After which, the porosity differences were
largely similar until 1.53mm at this point, the porosity was generally lower than the original
sample, except between roughly 1.72mm and 1.88mm where the porosity of sample D was
higher than sample B. Although there were noted differences, the general shape of the graph
remained similar. It appeared that, particularly for the air exit side, more
deposition/contamination had taken place which ultimately led to the global porosity

decreasing after usage which was expected to happen.

The noted deposition at the surface in Figure 63 transpired in the local minimum porosity at
approximately 1.52mm for sample B. This followed theory as the porosity should decrease in
the presence of blockage. This feature from sample B translated over to sample D, though
with a slight shift towards the air entry side. Given the slightness of the shift, this was
attributed to local variation between the sample. The lower porosity at the air entry side also

supported the suggestions of Figure 63.
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Figure 72: Porosity Variation Through the Samples Thickness for Samples B+D

Conclusion of exploratory study

Whilst the results of Chapter 4 suggested vacuum cleaning as an appropriate cleaning
method, it appeared to have removed the bulk of the filtrate from the virgin sample. SEM
images and porosity curves for sample C showed minimal filtrate retained in/on the sample
and suggested that the thickness had increased. This led to the porosity of the used sample
being higher than the original, which went against theory. In contrast, the industrially used
sample retained a porosity shape and general thickness. Post-test, the industrial sample
reduced in porosity, conforming to the theory that some filtrate would have deposited
within/on the sample. This retention could have been facilitated by the retained filtrate from
industrial conditions, which increased collection efficiency. This was noted by the shift in the
local porosity minimum between samples B and D. This conflict suggested that the cleaning
method employed was over efficient and not representative of industrial samples using the

current test filtrate and virgin media.

As stated in chapter 4, the aim of the vacuum was to simulate an effective pulse clean.
However, as shown, this over cleaned the virgin affecting the results. The testing procedure
saw a sample ran to the end of its usable life, deemed to be when the filtration cycle became
less that 1-2 second intervals post clean. This saw the baseline differential pressure across the
filter being considerably higher than it’s original. Given that the test rig operated using a

cleaning pulse system, there is scope for the cleaning method to be by pulse instead of
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vacuum cleaning. A design study, similar to chapter 4 would evaluate the effectiveness of
this. Initial steps would be to stop the test at the deemed failure point, without cleaning,
evaluate offline, and then clean via pulse with online conditions (minus filtrate flow). Using a
cleaning pulse instead of vacuum cleaning would likely provide a more representative set of

results for the virgin sample, showing retained deposits and their impact on porosity.

One potential factor which may have affected the results is the variation between, not only
the difference in samples used for uCT and SEM analysis, but also variation from the sample.
As only approximately 11% of the surface area was examined for both techniques, and
different samples used for each analytical method, there is likely some inherent variation.
This required the assumption of idyllic representation between the samples, which as shown
for Chapters 5 and 6, may lead to a slight skewness in the interpretation of results depending
on the ultimate value obtained. Given the destructive nature of sampling for uCT and SEM, a
study using the sample for both techniques, coupled with a methodical study across the

sample, would ascertain if single sampling is indeed representative.

MCT has been shown to provide critical information about the porosity through the sample.
Whilst some studies have begun to evaluate laboratory controlled samples, this exploratory
study used industrially derived media samples, which had undergone chemical and
mechanical degradation: the first study of its kind based on the literature review. Whilst
method development is still underway, the results appeared promising, particularly for the
industrially used samples which conformed to the theory. An example of industrially used
sample with respective filtrate remaining on the surface, showing the resultant variation in
terms of attenuation on the tomograph can be found in Appendix C. Whilst the exploratory
study did not consider the longevity, it demonstrated the obtainable results, which could form
part of a study to either model or predict the remaining longevity. Whilst further studies are
needed around sample representation and processing, the technique provided an insight into
how the sample changed in terms of porosity over the thickness of the sample: something not

currently possible using global assessment techniques.
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7.4 Conclusions and Recommendations

7.4.1 Overall Critical Analysis
The present study identified a potential evaluation method for industrially used filtration

media. Achievement of which transpired through a simplified evaluation method, which
defined a theoretical endpoint in which the filter sample had no remaining life. New/virgin
media and an industrially used filter media were evaluated using as close to industrial
operational conditions as possible. The samples where then removed and tested for mass,
thickness, and air permeability. SEM and pCT analysis where also conducted. During
analysis of the new/virgin sample, the FAR failed which led to a noticeable difference in the
online results when compared to the industrially used sample. Subsequently, repetition of the
new/virgin sample (with the possibility to include the emission data if the probe becomes
available) would confirm or deny the previously observed data for the industrially relevant

media.

Offline data analysis displayed a wide range of techniques to evaluate the sample in isolation
of the FAR. However, the cleaning step used to change the sample from the AR to PC state
led to some of the results obtained from thickness and air permeability testing to deviate from
the anticipated results. One of the reasons for this was the limited sample size for air
permeability, which could have allowed for unintentional air ingress, particularly for the PC
testing which saw a significantly higher air permeability in both samples. Furthermore, the
variability in sample movement during testing for thickness, coupled with the global only
value for mass, led to a reduced representation of the sample numerically. Consequently, the
practicality of performing air permeability on such a small sample, on the current apparatus,
led to the question around omitting it in favour of clearly defined, sub samples for mass,
thickens, and porosity. This sequential sub sampling would allow for better
control/accountability of samples. Development towards exactly which techniques are
essential, and which are optional, will determine the most optimal method of evaluating the
sample offline. Furthermore, the option to perform a pulse clean before vacuuming could

prove to be more representative of actual conditions, prior to vacuuming.

MCT and SEM imaging afforded both quantitative and qualitative results about the samples.
SEM imaging afforded visual clues towards the deposition at the air entry and exit sides. One
potential limitation is the presence of potential contamination noted on sample A, the new/
unused sample. Though this could be remnants of the manufacturing process, or some form

of pre-treatment, it hampered the ability to differentiate it from filtrate deposited on the
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sample after filtration testing. uCT afforded a view through the thickness of the samples and
demonstrated the porosity through the sample thickness. These results, in combination with
the visuals from SEM imaging, confirmed that the industrial samples B and D underwent
deposition, particularly towards the air entry/exit sides. For the virgin media, the SEM results
noted no real discernible difference in terms of contamination, yet the porosity results
suggested that the sample had increased significantly in terms of thickness. This preliminary
study highlighted potential issues with analytical techniques and the current methodology
used to evaluate the sample. Furthermore, future SEM and uCT analysis would use the same
sample for more accurate qualitative comparisons. In addition, a controlled methodical study
across the full surface area would indicate the required number of samples needed to be
representative. Lastly, the issue about cleaning using a dust vacuum. For the virgin sample, it
seemed to over clean, which led to the suggestion of minimal deposition remaining.
Overcleaning would skew the results by suggesting the media is still operational, when in
reality, the site would just replace the media to reduce downtime. Including pulse cleaning as
an additional analytical data category would likely demonstrate that pulse jet cleaning is in
fact more representative of the process. Overall, the exploratory study demonstrated the

impact that uCT can have when considering the filtration media performance/longevity.

7.4.2 Novelty and Impact
Though preliminary, this study afforded an insight into evaluating the media

performance/longevity of new/virgin filtration media and respective industrially used
filtration media samples through a simplified and representative evaluation method. This
study evaluated samples up to their endpoint: something not performed within literature. The
failure point of this study surpassed the industrial point by going until the differential
pressure difference between the cleaning and baseline equated to zero, with subsequent cycle
duration/time also equating to near unity. Industrially defined failure relied on emission data
and economic costs, which were not considered as these vary depending on site and
management specifications. However, the results of this study suggested ways in which this
may be determined, such as through the definition of failure at a cycle time or set cycle
difference differential pressure.

Critical assessment of the data and subsequent analysis discussed how further
analysis/research may obtain the best possible results from each sample. Discussions on the
online data led to the suggestion to create a chart for each site, using new media as a baseline.

Different operational aged filtration media would allow for the completion of said chart and
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would guide future samples in determining the age of subsequent samples, without having to

complete the full study.

Offline data demonstrated multiple of evaluation techniques. The post clean method needs
further investigation. Removal of air permeability evaluation would allow for focused sub
sampling of the sample, which would yield a more accurate global value with a representative
variation. This critical assessment of offline analytical techniques allowed for future
researchers to better understand the results and develop a clearer methodology to evaluate the

media performance/longevity.

MCT is still in its infancy for nonwoven filtration media analysis and prior to this exploratory
study as not performed on industrially derived filtration media. This exploratory study
demonstrated the impact that this analytical technique can have towards understanding the
state of used filtration media. Furthermore, it proposed using the raw X-ray images, which
have, until this study, been omitted from any analytics based on the literature search. The
resultant porosity curves displayed a basis for future research, particularly when considering
the difference between industrially used and virgin media under filtration assessment
conditions. With further development around uCT operational conditions, image process, and
method development, uCT analysis showed where and by how much the porosity changed

and provided a definitive result to aid the explanation of larger global results.

7.4.3 Further Research
This preliminary study afforded an important insight into how the conduction of future

research may occur. Give the observations made during the critical assessment of the two
samples examined, the following points raised will guide and expand the current knowledge.
This expansion will allow for a more accurate proposal towards the examination
methodology for industrially used filtration media. As such, future research may choose to

focus on the following observations made within this study:

1. Repetition of a new/virgin sample. This would ascertain if the parabolic nature
suggested in Figure 60 was due to failure of the FAR or if new media does indeed
exhibit this function. Given the industrially used media exhibited a clear exponential
function, it seems unlikely, that the parabolic nature is true, but this needs
confirmation before continuing.

2. The post clean method used within this study impacted the offline results. It would be

more representative to first examine the sample in the post operational state, then
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perform a pulse clean using site specific parameters. This clean would be a better
representation of actual industrial practices. After pulse cleaning evaluation then the
vacuum method could be used to evaluate the media only. Research around this
subject, similar to that of Chapter 4, would ensure that the resultant offline data is
more representative of actual conditions.

3. Causality examination as to why the used sample lasted longer than the new sample in
terms of number of filtration cycles. This could be due to failure of the FAR, still
requires an understanding of the difference between the new and industrially used
sample. Whilst the results presented in this study suggested why, repetition of the
same media or of a different site would ascertain not only if the failure resulted in this
but allow for a clearer comparison between the samples in terms of online and offline
data.

4. Offline data critiqued mass, thickness, air permeability, and porosity. However, given
the sample must remain whole for air permeability, this contributed to the observed
issues raised. The subsequent recommendation was to remove air permeability, in
favour of sub sectioning which allowed for more sequential analysis as opposed to
holistic. Although the obtained overall mean will still be holistic of the sample,
accountability for a better variation representation would better describe the sample.
The decision to remove air permeability would be based on the analyst. Research
around this methodology would decide whether to remove it or not, or if it is
necessary. If it is necessary to conduct air permeability, the machine will need
upgrades to mitigate against accidental air ingress given the results shown in Figure
61 and Table 40.

Future modelling of the remaining longevity could use the chart idea previously mentioned or
combine multiple industrially used samples to create a mathematical equation. Regardless, of
the method, it would still require a sample to be evaluated in the FAR. This evaluation would
need development to reduce the time required. As shown in Chapters 5 and 6, variation in
parameters exists across the filtration bag. Therefore, this variation will also need to be
examined, quantified, and an optimal model suggested to minimise the evaluation time, but

still yield a confident result.
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Chapter 8: Conclusions and Future Research Recommendations

8.1 Thesis Conclusion
The overall thesis aim was to examine various analytical techniques, such as air permeability,

mass/density, and thickness, and enhance the understanding of the potential variation when

examining industrially derived samples. In addition, a novel analytical technique, micro-

computed tomography (uCT), was also explored using industrially derived samples. Overall,

this thesis:

Used industrial media from site B, to evaluate the cleaning methods stated in
BS22031:2021 “Sampling and test method for cleanable filter media taken from
filters of systems in operation” [16]. These stated methods, including one additional
method: washing, were examined for the potential variation with the subsequent
analysis after cleaning had been performed. Air permeability, sample mass/density,
and thickness measurements were used to evaluate the various cleaning methods and
showed that vacuuming the surface of the media provided the best recovery.

High resolution mapping was performed on industrially derived samples for analytical
techniques mass/density and thickness (site A) and air permeability (site B) to better
understand the variation within a given sample size and any potential relationships.
Results suggested that a relationship existed in the resultant data about the
circumference of the filtration media. Whilst the mass/density and thickness
relationship was best described as a Fourier type relationship, the air permeability
appeared to be parabolic. When performing these analytical techniques, random
sampling should be performed in order to improve the likelihood of obtaining a
representative sample mean, given analysis in a fixed direction may yield the opposite
and therefore impact data interpretation.

Micro-computed tomography (uCT) was applied as an additional technique used
during a preliminary longevity study which used industrially derived filter media (site
C). This study demonstrated how the filter changed over an increasing number of
filtration and cleaning cycles until it reached a pre-defined endpoint. The application
of UCT demonstrated how the porosity of the filter media changed between it

designated “new” state and post cleaned “final” state.

250



Chapter 8: Conclusions and Research Recommendations

The sample mass/density, thickness, and air permeability studies demonstrated that fixed

directional sampling may yield a statistically different mean than the global mean of the

sample. However, it did show that fixed directional sampling could obtain more information

about the sample, particularly about the circumference of the media. Analysis about the

circumference of the media suggested regions of higher/lower values, which could impact the

data analysis. Therefore, by performing higher resolution studies across various analytical

techniques such as air permeability, mass/density, and thickness, a better understanding

towards the potential variation was obtained.

8.2 Thesis Findings
The following findings are the outputs of the thesis:

Whilst BS22031:2021 “Sampling and test method for cleanable filter media taken
from filters of systems in operation” [16] allowed for any cleaning method to be used
to convert the sample from the as received state to the post cleaned state, vacuuming
should be recommended. This recommendation was based on the air permeability,
sample mass and thickness analytical results determined when comparing various
cleaning methods referred to in the standard such as brushing and scraping. An
additional cleaning method: washing, was also evaluated, but due to the significant
increase in sample turnaround time (due to the drying time), it is thought to be
impractical at large scale.

Fixed directional sampling for air permeability, sample mass/density, and thickness
has the potential to yield a statistically different mean from the global mean which
could adversely impact the subsequent analysis. Standards should be updated to
explicitly specify this to promote a more representative mean.

Fixed directional analysis for air permeability, sample mass/density, and thickness
demonstrated a relationship which illustrated regions of higher/lower data values.
Therefore, fixed directional analysis could provide more information about the
filtration media in particular regions, as opposed to a global value. However, analysis
in a fixed direction would need to be performed after random sampling, which would
therefore increase the sample turnaround time and therefore have a potential impact
downstream in terms of site operation and increased time required to understand the
data.

The critical evaluation of a longevity study is the first of its nature which used
industrially used samples and new media. The study demonstrated that as the
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difference between the baseline differential pressure and fixed cleaning differential
pressure decreased, the time required for the baseline differential pressure to reach the
cleaning differential pressure also decreased, which conformed to theory. If samples
from the same site can be obtained with different operational times, a chart could be
produced which could calculate the remaining longevity of future samples based on
the analysis of subsequent samples. This ideology needs further study and
exploration, however if possible, this could significantly improve the prediction of
how long the media has left before reaching ultimate failure/ it’s end of life point.

MCT is a new and exciting analytical technique, which demonstrated the possibility to
evaluate the porosity variation through industrially used and new samples of filtration
media. The current literature which surrounds the use of uCT to evaluate industrially
used filtration media is restricted, but the results obtained as part of this study
demonstrated it is possible to obtain the overall porosity of the sample, as well as how
the porosity changes through the thickness of the sample. In addition, the raw X-rays
which are often omitted from analysis are capable of providing qualitative
information about the density variation at both the face and side profile. Therefore,
these should also be considered during evaluation of the pUCT porosity results.
Overall, the study demonstrated that uCT of filtration media is possible and can
obtain results about how the media has changed during operation in terms of the

resultant porosity variation.

8.3 Further Research

Increasing the sample size of the mass/density and thickness study to incorporate a
full, industrially used nonwoven filtration bag. This future study would continue to
explore the possibility that a Fourier relationship exists about the circumference of the
media. In addition, the data received from the study can explore the variation along
the vertical height, similar to chapter 6.

Industrially used samples could be obtained from different, known, positions within a
cell and the locational variation evaluated. One of the limitations of this work is that it
did not consider where the sample originated within the cell. BS22031:2021
“Sampling and test method for cleanable filter media taken from filters of systems in
operation” [16] presented a method in which the sampling at different locations in the

cell could be achieved. This study would aid to demonstrate if the observed
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relationships about the circumference of the media, for chapters 5 and 6, where true
across all spatial regions, or at a specific point within the cell.

Whilst the full air permeability mapping showed the variation along the vertical
height, it did not consider the operational time as a variable. Therefore, a study using
multiple samples with different operational exposure times would aid to demonstrate
how the air permeability evolved. The end point of this study would likely be at a
point where cleaning becomes frequent, and the baseline differential pressure post
cleaning is significantly higher. This study could also be done on sample mass/density
and thickness.

Further exploration of longevity prediction/modelling is needed, given the limited
samples evaluated as part of chapter 7. If the remaining longevity of industrially used
filtration media is able to be accurately predicted, then the use of multiple analytical
techniques to evaluate the media will no longer be required. Initial testing suggested
an exponential relationship existed between the new and industrially used sample,
which if true, could lead to the publication of a site specific chart. The analyst would
still have to run a test on the sample to determine where in the chart the sample is, but
this would give an indication into how much longer the media could remain under
normal operation.

Further exploration of the use of uCT as an analytical technique to evaluate the
condition of industrially used filtration media. Whilst the results in Chapter 7
demonstrated the application of uCT as an analytical technique, a more thorough
methodology review is required in order to increase the accuracy of the resultant
images produced and the results obtained. One barrier of uCT as an analytical
technique is the expected cost to perform large scale analysis, particularly at an
industrial scale. However, academic studies could demonstrate in a quantifiable way
how the porosity and flow paths within a sample evolve over time, further aiding in

predicting the longevity of the media.
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Appendices

Appendix A: Material Datasheets of New Nonwoven Filtration Media
The following data sheets pertain to the filtration media used within this thesis.

Media in Chapter 5:

£ GUTSCHE

Textile Engineering

TECHNICAL DATA / TECHNISCHE DATEN

GUTSCHE porotex® PT

Type: PTo83RA08X2.020

PTFE needlefelt on PTFE scrim,
dustside is made of white and brown PTFE (brown part > 20%)
with special treatment membratex ©

PTFE Nadelfilz auf PTFE Stiitzgewebe,
Anstrémseite aus weifSem und braunem PTFE (Braunanteil > 20%)
mit Spezialausriistung membratex ®

Area weight DIN EN 29073 - part1 830 g/m?

Fldchengewicht

Thickness DINENISO 9o073-part2 1,3 mm

Dicke

Density 0,64 gfcm?

Dichte

Air permeability DIN EN ISO 9237 80  |/dm?min at 2 mbar
Luftdurchldssigkeit (20 mm W.G./WS)
Tensile strength DIN EN 29073 - part 3

Héchstzugkraft machine direction/  lings >65 daN/scm

cross direction/  quer >60 daN/scm

continuous temperature, normal/max. 240/260 °C
Dauertemperaturbestindigkeit, normal/max.

Acid resistance very good
Sdurebestdndigkeit sehr gut
Alkali resistance very good
Alkalibestdndigkeit sehr gut
Hydrolysis resistance very good
Hydrolysebestdndigkeit sehr gut

The a.m. technical information is for indication only and subject to alteration, usual
tolerances apply. Such data is to the best of our knowledge at the time of print.
Admissible operating temperatures may have to be reduced according to actual
operating conditions. Please get on to your contact person at GUTSCHE.

Die vorstehenden technischen Daten sind Anhaltspunkte, Anderungen und iibliche

Toleranzen behalten wir uns vor. Alle Angaben entsprechen bestem Wissen.
Temperaturbestdndigkeiten sind je nach Einsatzbedingung auch niedriger anzusetzen.

Ihr GUTSCHE-Ansprechpartner informiert Sie gerne.

Revision o, October 2012

GUTSCHE porotex ® and membratex ® are Gutsche registered trademarks

GUTSCHE porotex ® und membratex ® sind eingetragene Warenzeichen von Gutsche

MGF Gutsche GmbH & Co.KG

Hermann-Muth-Str. 8, D - 36039 Fulda, Germany,
Phone +49 66183 84-0, Fax +49 66183 84-38
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Media in Chapter 4 and 6:

Y Lydall

T: +44 (0) 1706 214 001
F: +44 (0) 1706 830 003
www.lydallif.com

ifinfotmemea@lydall.com

Lydall Industrial Filtration
Textile Mfg EMEA Ltd.
Hareholme Mill

Bacup Road

Rawtenstall

Rossendale

BB4 7JL

UK

Industrial Filtration Textile Mfg EMEA

Pioneers in Global Textile Filter Media

Customer:
Our Order

Lydall Filter Bag —

Part No:

Product Code
(Media) :

Fibre Blend:

Finish:

Chemical Treatment:

Weight:

Permeability:

Strength N/5cm

Strain at 50N / 5cm
(%)

Strain at Peak (%)

Shrinkage at 200°C
(%)

Filter Bag
Description:

Stitching thread:

Cell Plate:

Filter Cage:

Customer Order No.:
Project Ref./Name:

Filter Bag Datasheet

LAB GmbH Drawing
No.

P84 Scrim Type: PTFE

SINGED

CR1 - A powerful fluorocarbon treatment providing liquid
repellency, a certain degree of improved chemical resistance

and can help control certain dust cakes

550g/m? Thickness: | 2.75mm
175 dm’/dm®/min Electrical N/A
@200Pa Resistance:

Machine Direction Cross Direction

725 1500
1.0 2.0
55.0 45.0
2.3 1,5

Open top with glass
Single base disc with
No welding of

Nom 6000mm o/a long x 130mm nom diameter
bead profile snapband in PTFE felt cuff,
90mm bumper reinforcement, collection outside.
seams.

PTFE

Snapband designed to suit cell plate hole size 130mm dia (-0,

+0.5) x 5mm thick

Designed for use with filter cage, Lydall item number MC002
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Media in Chapter 7:

) GUTSCHE

Textile Engineering

TECHNICAL DATA | TECHNISCHE DATEN
optivel/® TF

Type: TPO63RA1252.260

PTFE/Polyimide needlefelt on PTFE scrim, with special treatment membratex ® and antafin ®
PTFE/Polyimid Nadelfilz auf PTFE-Stiitzgewebe, mit Spezialausriistung membratex® und antafin®

Area weight 630 g/m? DIN EN 29073 - part1
Fliichengewicht

Thickness 1,6 mm DIN EN ISO go73 - part 2
Dicke

Density 0,39 g/em?

Dichte

Air permeability 120 I/dm3?min DIN EN I1SO 9237
Luftdurchlidssigkeit (20 mm W.G./WS)

Tensile strength machine direction/lings > 8o daN/scm DIN EN 29073 - part 3
Héchstzugkraft cross direction/quer > 6o daN/scm

Continuous temperature (normal/max.) 240/260 °C

Dauertemperaturbesténdigkeit (normal/max.)

Acid resistance very good
Sdurebestdndigkeit sehr gut

Alkali resistance good
Alkalibestindigkeit gut

Hydrolysis resistance very good - good
Hydrolysebestdndigkeit sehrgut - gut

The a.m. technical information is for indication only and subject to alteration, usual tolerances apply. Such data is to the best
of our knowledge at the time of print. Admissible operating temperatures may have to be reduced according to actual
operating conditions. Please get on to your contact person at Lydall Gutsche.

Die vorstehenden technischen Daten sind Anhaltspunkte, Anderungen und iibliche Toleranzen behalten wir uns vor. Alle
Angaben entsprechen bestem Wissen. Temperaturbestindigkeiten sind je nach Einsatzbedingung auch niedriger anzusetzen.
Ihr Lydall Gutsche Ansprechpartner informiert Sie gerne.

Revision 10, February 2019

optivel®, membratex ® and antafin ® are GUTSCHE registered trademarks
optivel®, membratex® und antafin® sind eingetragene Warenzeichen von GUTSCHE

Lydall Gutsche GmbH & Co. KG
Hermann-Muth-Str. 8, D - 36039 Fulda, Germany,
Phone +49 661 83 84-0, Fax +49 661 83 84-38
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Appendix B: Air Permeability Mapping of New Nonwoven Filtration Bag
Noticeable variation in the mass and thickness presented in the new media used within

Chapter 5 led to the proposition that the new nonwoven filtration media, would also exhibit
an unspecified degree of locational variation. Given the provision of new filtration media for
Chapter 5, a 30cm by 100cm swath removal of a random position along the filtration bag
occurred. Upon the completion of an incision about the stitch point, this allowed the media to
become flat and provided feasibility towards the conduction of air permeability analysis
across the sample size. Analysis occurred at five centimetre intervals across the machine and
cross direction of the sample, which yielded a total of one hundred individual sample points,
each with its own unique spatial location. Conduction of the air permeability assessment was
at 200Pa and at a sample surface area size of 20cm2 as per the standard and methodology

presented in Chapter 6.

Discussed at length in Chapter 6, previous studies of similar methodologies cover the
advantages and limitations of the performance of this method, and subsequent consideration
against used nonwoven filtration media. The aim therefore of this study was to ascertain two
points: The value reported within the datasheet was 80ldm?min?, is this representative of the
random samples? And secondly, what is the anticipated variation? Figure 73 presented the
standard distribution of the obtained data and demonstrated the gaussian distribution expected
following the results obtained in Chapters 5 and 6. Two outliers appeared within the data,
which led to the accountability of 98% of the data within the distribution. The subsequent
mean was determined at 94.91+32.81 I[dm?min. At the lower and upper maximum bounds, a
repeat of this within a different sample would expect the resultant mean to be between 62.10-
127.72 Idm?min’t.

This result demonstrated that it would be possible to achieve a mean air permeability of 80
Idm?min, as stated within the standard. However, given that the referenced methodology
only required three different surface areas, the accuracy, in comparison to this study is lower.
Whilst the manufacturer may have evaluated more, their omission of the exact number led to
the assumption that the minimum required repeats happened. This may not be true, but the
omission of any other indication led to difficulties in determining this. These studies mean at
an increased difference of 14.91 ldm?min’, is more representative of the media, however, if
locational variation in the machine direction occurred, it could be that this result is artificially
higher/lower than the global average. As show in Chapter 6 for used media, the air

permeability varied along the machine direction. This study used industrially used filtration
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media, but it demonstrated the potential variation afforded in the machine direction. As such,
a repeat of this study across the full used nonwoven filtration media bag would provide a
more representative mean, accounting for the variation across the full machine direction.
Although, given the unambiguity surrounding the standard and the compliance to the same
testing methodology for the studies sample, the resultant mean of the study is more

representative of the new nonwoven filtration media, due to the increased sample size.

Consequently, the first aim can be summarised as such: Although the material datasheets air
permeability is comparatively representative, the difference between it and the studies mean
and variation questioned the value. Without knowing more about the sample selection
method, it is difficult to validate the use without the conduction of a full assessment of air
permeability in the machine direction. Therefore, in terms of absolute means, the studies
mean of 94.91 Idm?min represented new nonwoven filtration media in internal reports and

analysis of used nonwoven filtration media from the manufacturer and product.

The determined variation happened at +32.81 Idm?min following analysis of 100 distinct
positions on the sample. The original datasheet omitted any value which surrounded
variation. This answered the second aim by demonstrating the variation in the air
permeability. Utilisation of this value would occur as part of the analysis, which would

provide a more detailed information about the samples received as discussed in Chapter 6.

Histogram of Air Permeability of Chapter 5's Filtration Media
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Figure 73: Histogram Distribution of the Air Permeability of New Nonwoven Filtration Media (Chapter 5’s Media)
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Similar to Chapter 6, given the locational information about each datapoint was known, it
allowed for mapping of the air permeability to ascertain visually any variation. Figure 74
illustrated the resultant map of the air permeability. Chapter 6 disregarded direct mapping of
new air permeability against the new air permeability map due to the inability to specify
exactly what the air permeability was at a given point on the bag in the new condition. This
led to the use of a global mean. Consequently, the air permeability map only visualised the
variation. As chapter 5 did not afford an air permeability study, analysis in any fixed
direction was unnecessary. However, critical analysis of the aforementioned standard in the
datasheet, in collaboration with this data, would ascertain any localised variation in the fixed
direction, and any potential variation in random sampling. Therefore, future studies
surrounding this media and industrially used filtration media, would require the analysis
performed in Chapter 6 before conclusion of a decision about the applicability of the

standard, or any regions of statistically significance.

Example Air Permeability Map of New/Virgin Filtration Media
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Figure 74: Air Permeability Map of New Nonwoven Fitlration Media (Chapter 5’s Media)
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Appendix C: uCT Images
A detailed discussion about the use of microcomputed tomography is available in Chapter 7.

Prior to the analysis of the samples generated in this chapter, new and industrially used
nonwoven filtration media occurred using this technique. Found below, are example
tomographs with relevant descriptions attached to each example. The original datafiles are
available upon request. A selection of this data appeared in the FERIA conference paper, with

the preliminary results reported internally before being authorised for the conference.

Figure 75 and Figure 76 portrayed the X-ray’s taken of the AR and PC samples side profile.
In these X-rays, the darker the region, the denser the region. These X-ray images detailed the
scrim location, and how it changed through the sample, suggesting the warp and weft
directions of the scrim. The filtrate evolution through the sample appeared to vary from the
regions. Of particular note was the N=3 AR sample which exhibited large deposits at the
surface. In both the AR N=2 and N=3 samples, the extent of depth filtration was more
prominent. Once cleaned, Figure 76 suggested that the extent of this depth filtration, given
the removal of the filtrate above the surface of the media. Minimal change in the X-rays
between AR and PC N=1 suggested that the majority of the filtrate deposition was depth
filtration. N=2 recovered slightly, but the best overall recovery was the N=3, which upon
cleaning suggested only a marginal extent of depth filtration.

Figure 75: X-ray Images of N=1 (Left), N=2 (Middle), and N=3 (Right) of An AR State Sample from a Biomass
Combustion Site (Site C). Note: The Air Entry Side is at the Top of the Image. Darker Regions Represent a Denser Material
Present
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Figure 76: X-ray Images of N=1 (Left), N=2 (Middle), and N=3 (Right) of An PC State Sample from a Biomass
Combustion Site (Site C). Note: The Air Entry Side is at the Top of the Image. Darker Regions Represent a Denser Material
Present

Z=0.085mm

SkyScan_1172

Figure 77: Tomographic Example of AR N=1 from Site C. Note: Air Entry Side is at the Vertical Top of the Tomograph
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Figure 77 provided an example of the tomograph for an as received N=1 sample from Site C.
The resultant tomograph illustrated the porosity within the sample. Three cylindrical like
fibres represented the PTFE scrim. Micropores exhibited within these apparent cylinders,
which would affect the overall porosity of the sample. At the air entry side, the deposition of
filtrate is more noticeable. At the micro level, the extent of the deposition is dependent on the
how density of the filtrate packing, how the filtrate has reacted, and how the filtrate interacts
when deposited. At varying levels across the z-plane, the extent of deposition can be variable.

As such, it is necessary to perform analysis over multiple tomographs to obtain an average.

Z=0.110mm

SkyScan_1172

Figure 78:Tomographic Example of AR N=1 from Site C. Note: Air Entry Side is at the Vertical Bottom of the Tomograph
Figure 78 presented the PC N=1 sample. Unlike the AR N=1 cycle the filtrate was less
pronounced. This is due to the cleaning method employed to remove the filtrate. Although
removal of the surface filtrate appeared successful visually, a small proportion remained just
below the surface, which demonstrated the depth filtration that had taken place. Indeed,
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throughout the sample, evidence of internal deposition pockets at different depths. Like the
AR sample, large pores near the scrim points where shown. For both Figure 78 and Figure

77, the thickness of the media appeared significantly larger than the original media presented
in Figure 79.

Figure 79 illustrated the new media, detailing a profile X-ray of the sample, and a tomograph
slice which demonstrated the cross piece of the scrim.

Figure 79: Example of Combustion Site C's Non-Woven Filtration Media X-ray (top) and Tomograph (Bottom)
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Appendix D: SEM Images
During the project, a selection of SEM imaging and SEM-EDX analysis, conducted on

new/used filtration media and fly ash from various combustion sites within the U.K,,
occurred. Presented below is a selection of these results, presented into two constituent parts:

Images and EDX results. Likewise in Appendix C, the original images and data are available
upon request.

Part A: SEM Images

— = mox  WOs B0mm ——
I Cepnazy| " et ——] Cepna
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The above images represent the filtrate deposition at and above the surface of the media.
Each row represented the vertical top middle and bottom (1,2, and 3) respectively. These

SEM images detail the variation of the filtrate on the surface for Site B at a given plane.

The samples, from the same site and layout as the previous group are the PC state version. As
defined in Chapter 4, which used the same filtration media as that presented in these two
figures, the employed cleaning method was vacuuming to remove the filtrate. Following
cleaning, whilst filtrate remained for the N=1 and N=2 samples, as shown just below the
surface, a larger proportion remained for the N=3.
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Images above detailed the variation in scrim shape. Assumed near cylindrica, it is evident that
the resultant shape can vary drastically. Scrim points exhibited a branch like structure, which
could originate from the manufacture process of the scrim itself, or during the manufacture of
the final product. The SEM image on the bottom left showed the needle of the fibres going
through the scrim itself, which suggested it had divided. Internal deposition about the scrim
occurred. The SEM image on the top left of the above group showed a two needlepoints and
cold suggest that filtrate began to “flow” through this point more readily than the surrounding
media. The next SEM image provided a clearer image of this potential phenomenon at a
different location.
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Further examination of any available stitch point positions within a fixed sample
demonstrated comparable results, to varying extents as the above image. Here, the stitch point
at the air entry side of the sample has transitioned through the media, as required. It appeared
that one of the side effects of this is the creation of a channel like structure within the media.
As the channel reached the air entry surface, it appeared to curve off towards the left and
right side, which created a large groove within the surface. On nonwoven filtration media that
is needle felted, the appearance visually of this is a darker, round mark on the surface. Under
SEM examination of this effect using industrially derived (used) media, is possible. In the
above SEM image, the filtrate appeared to flow more readily into the channel, which severely
affected the amount of filtrate deposited internally. On all the Filtration samples evaluated
from comparable sites and media, there was no recorded incident where this channel was
fully saturated through the entire thickness of the media. Though the observations made
would suggest the possibility of this occurring. Evaluation of the same site, over different
operational periods would aid in identification of this phenomenon and attempt to determine
when filtrate has fully transitioned through the media and contributing to emissions.
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Figure 80: Samples A-E for SEM and SEM-EDX Analysis

Five additional samples where ran as part of an internal report to aid in quantifying the
structure and chemical composition of the samples. The above image, labelled A through E
provided a visual example of these samples. Apart from sample E, these samples appeared in
a powder form. Samples A, B, and D where fly ash from two different sites. Samples B and D
where from the same site, but from various locations. Sample C was debris found in the
vertical bottom of the filtration bag. Samples from different sites presented this debris also.
Sample E was one of multiple significantly large agglomerates of fly ash on the air entry side
of a filtration bag. These agglomerates where heavy and unseen before. Figure 81 through to
Figure 85 illustrated some of the obtained images of the samples shown in Figure 80.

T .
L

Figure 81: Sample A Images
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Figure 82: Sample B Images
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Figure 85:Sample E Images
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Part B: SEM-EDX Analysis

The following table demonstrated the range of results obtained from spectral analysis across

each of the samples illustrated in Figure 80.

Sample
Element D B C E A
C 31.05 52.62 40.02 47.30 30.58
0 39.75 28.52 36.32 23.27 38.25
F 0.09 0.00 0.18 0.02 141
Na 1.96 1.47 2.18 2.27 0.61
Mg 0.98 0.07 0.65 0.28 0.23
Al 2.16 0.63 1.08 0.42 0.36
Si 5.72 0.74 6.54 2.86 3.63
P 1.40 0.01 0.03 0.12 0.51
S 2.69 5.94 4.82 3.25 2.09
Cl 0.44 1.12 0.73 9.55 0.58
K 1.34 1.82 2.21 2.18 0.29
Ca 8.32 6.43 4.33 5.85 6.76
Sc 0.00 0.06 0.00 0.08 0.00
Ti 0.42 0.01 0.08 0.01 0.07
Y, 0.00 0.01 0.13 0.00 0.00
Cr 0.00 0.00 0.00 0.01 2.65
Mn 0.05 0.00 0.00 0.00 0.23
Fe 3.28 0.09 0.30 0.08 11.01
Ni 0.00 0.00 0.00 0.00 0.60
Cu 0.00 0.00 0.01 0.00 0.00
Zn 0.41 0.51 0.51 0.94 0.12
Ba 0.00 0.00 0.00 0.11 0.00
Pb 0.00 0.00 0.00 1.50 0.00

Table 45: Average Percentile of all Spectral Analysis Taken for Samples A to E

297



Sample

Element D B C E A
C 14.66 38.2 15.27 25.83 15.3
O 20.91 20.8 20.99 9.64 24.2
F 0 0 0 0 0
Na 0 0 0.14 0 0
Mg 0 0 0 0 0
Al 0 0 0 0 0
Si 0 0.21 0.19 0 0
P 0 0 0 0 0
S 0 0 0 0 0
Cl 0 0.07 0 0.2 0
K 0 0 0.34 0 0
Ca 0 2.15 0 0.7 0
Sc 0 0 0 0 0
Ti 0 0 0 0 0
\% 0 0 0 0 0
Cr 0 0 0 0 0
Mn 0 0 0 0 0
Fe 0 0 0 0 0
Ni 0 0 0 0 0
Zn 0 0.26 0 0 0
Ba 0 0 0 0 0
Pb 0 0 0 0 0

Table 46: Minimum Percentile of all Spectral Analysis Taken for Samples A to E
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Sample

Element D B C E A
C 66.28 68.78 69.11 60.82 63.63
O 52.69 36.09 53.68 48.11 56.41
F 1.79 0 2.16 0.29 24.05
Na 11.23 3.72 7.59 10.67 5.37
Mg 9.22 0.19 7.31 3.55 211
Al 14.81 4.75 6.59 1.79 4.24
Si 21.98 3.91 23.56 31.83 28.28
P 10.57 0.11 0.24 1.68 8.3
S 11.75 10.89 11.15 12.3 10.11
Cl 211 2.08 2.17 20.45 1.1
K 8.76 5.15 9.23 16.37 0.88
Ca 22.83 16.77 12.52 13.55 23.53
Sc 0 0.42 0 1.21 0
Ti 4.65 0.06 0.64 0.11 1
Y, 0 0.09 1.53 0 0
Cr 0 0 0 0.09 11.8
Mn 0.53 0 0 0 0.91
Fe 32.75 0.5 2.79 0.57 37.69
Ni 0 0 0 0 2.93
Zn 1.28 0.78 1.53 2.77 0.82
Ba 0 0 0 1.65 0
Pb 0 0 0 22.56 0

Table 47: Maximum Percentile of all Spectral Analysis Taken for Samples A to E
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Figure 86: Sample A EDX Elemental Mapping

Figure 86 provided an illustrative elemental map of the observable elements within the defined region.
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Figure 87: Sample E EDX Elemental Mapping

Figure 87 provided an illustrative elemental map of the observable elements within the defined region.
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Figure 88: Sample A EDX Elemental Mapping

Figure 88 provided an illustrative elemental map of the observable elements within the defined region.
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Appendix E: Industrial Contribution Reports/ Executive Summaries
During the four years of this project, the author has made a considerable number of industrial

contributions. A summary of the key reports presented to the industrial partner, including

submission dates are in the table below. These internal reports helped to guide, support, and

develop techniques at the industrial partners laboratory. As such, redaction of specifics

protected customers, but still allowed for the demonstration of the contribution. Reflection of

this redaction is visible in the labels used to represent different sites or customers through the

use of different letters for each specific site or customer.

Title Date Description
Particle Size Particle size distribution in the wet and dry phase of seven
o 31/07/2019 o _
Distribution Study samples from distinct locations.
VOC Analysis Analysis of six samples using GC-MS to determine the
_ 23/08/2019 . _
using GC-MS presence of specific VOC’s and general composition.

Site D Analysis ~ 30/06/2021

Six filtration bags from industry required standard
laboratory analysis. A draft version of the report was
handed over internally for review before publishing to the

customer.

Conceptual Air
. 08/07/2021
Permeability Study

An air permeability study using two sections of remaining
filtration media not used during standard analysis. This
developed the methodology and idea for Chapter 6.

Site F Analysis ~ 19/08/2021

Five filtration bags from industry required standard
laboratory analysis. A draft version of the report was
handed over internally for review before publishing to the

customer.

Site B Analysis ~ 05/10/2021

Twenty-four filtration bags from industry required standard
laboratory analysis. A draft version of the report was
handed over internally for review before publishing to the

customer.

Site B SEM-EDX
_ 13/10/2021
Analysis

Samples taken from the bulk media remaining from
standard testing underwent SEM-EDX analysis to further
understanding and suggest variations within the vertical

height of the used filtration media.

Free Lime 02/11/2021

Continual improvements of the laboratory led to the
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Determination
Methodology and
Analysis (Site G)

Free Lime

Determination
Methodology and
Analysis (Site G)

[Continued...]

request to extend the available testing facilities to offer and
include free lime determination.

Following a review of literature and potential methods
found, deployment of identified experimental apparatus
and consumables, and set up, and method evaluation using
known samples, an SOP for industrial derived samples
occurred. This facilitated towards the development of the
laboratory and widened the range of analytical services
available.

Site G underwent evaluation of free lime of five different

samples to demonstrate the results.

Moisture
Determination

Methodology

16/11/2021

Continual improvements of the laboratory led to the
request to extend the available testing facilities to offer and
include moisture determination.

Following a review of literature and potential methods
found, deployment of identified experimental apparatus
and consumables, and set up, and method evaluation using
known samples, an SOP for industrial derived samples
occurred. This facilitated towards the development of the
laboratory and widened the range of analytical services
available.

Following development, multiple samples underwent
moisture evaluation, including both ash and filtration

media.

Site H Analysis

16/11/2021

Six filtration bags from industry required standard
laboratory analysis. A draft version of the report was
handed over internally for review before publishing to the

customer.

Site | Weight
Determination

Analysis

01/12/2021

Analysis of a used filtration bag which presented with a
significantly wet filtrate on the surface which was clay like.
Weight analysis demonstrated the difference between a

“normal” sample from the same site and compartment.

Site J Moisture

06/12/2021

Conduction of moisture analysis on six filtrate samples,
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Analysis three each from two filtration bags.
Site D and E SEM- Detailed review of All samples shown in Figure 80
) 07/01/2022 )
EDX Analysis See appendix D
Various 01/02/2022

Performed analysis using various analytical methods across
Laboratory To )
] a wide range of samples.
Tasks/Analysis  31/12/2022

Table 48: List of Internal Reports/Analysis Performed Over the Duration of the Project
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