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Abstract

The filtration of sub-micron aerosol by a nanofibeedium with fiber diameter
100 — 400 nm is of great interest. For differentypwric materials, we found that
both Poly-ethylene Oxide (PEO) nanofiber with filleameter 200 nm (fabricated
in-house), or other polymeric nanofiber filters lwftber diameter 300 nm (acquired
elsewhere), can both remove effectively 50 — 500 aerosol generated from a
controlled aerosol source. The Payet model, whiels wriginally developed for
microfiber filter with Knudsen number of fibeKi) smaller than 0.1 under the
assumption of continuum physics, has been demaedtta predict the filtration of
50 — 500 nm aerosol using nanofiber filter with mdargerKn; from 0.4 — 0.6
(transition regime for airflow) for filters with aide range of solidosity (0.004 —
0.036) and fiber diameter (200 — 300 nm). For riittg these sub-micron aerosols,
diffusion and interception by nanofibers has beeonfl to be the dominant
mechanisms due to large surface area-to-volume o&the nanofibers. In particular,
we found good agreement on the diffusion capturehaeism on sub-micron
aerosol between Payet's model and our experimeesalts for low Peclet number
(Pe), i.e. a measure of convective transport to mdéeatiffusion, from 5 to 50 by
varying the filter solidosity and face velocity. iShrange ofPe is much below what

had been reported heretofore in the literaturevef 4000.

Nanofiber can be a good filter medium or a coatingan existing medium. In either

case, the filtration performance is higher compdeethat of microfiber filter. The



disadvantage is that pressure drop is high esped@a increasing amount of
nanofiber in the filter which can achieve highrétion efficiency. Another part of
our research is to develop novel methods to maigaessure drop for both clean

and loaded nanofiber filters.

For clean filter, we have developed a novel mualyiering method wherein
nanofibers are separately spaced out in web / mé#h support material as
compared with having the same amount of nanofilcested or deposited on a
single-layer. This reduces pressure drop while eathg a very high filtration
efficiency. This has been demonstrated by a reomatf pressure drop by 58 %
using 12 layers of nanofiber with each layer haviragis weight 0.06 gfmwhen

compared to a single layer of nanofiber with th@eaotal basis weight of 0.7 ¢m

For loaded filter, a dual-layer filter with micrb&rs upstream and nanofibers
downstream was developed. This composite arrangewas found to reduce the

skin layer effect (i.e. the large pressure drops&a short distance especially at the
upstream face of nanofiber layer) by more evenyyriiuting the captured aerosols

in both the microfiber and nanofiber layers.

A second method to reduce pressure drop in a loaakedfiber filter is to back-pulse
the nanofiber filter by pulsating air jet from tkdewnstream end to discharge the
deposited aerosol. This allows the filter to tengpily accumulate the solids as

measured by pressure drop in excess of a threséndtl before back-pulsing. Our



test under 60 hours of repeated loading and regBoershows the increase in
residual pressure drop by 64 Pa under an imposeshbld pressure drop of 300 Pa.
This threshold pressure drop can be increaseddo IR00 Pa for enhanced storage

capacity in between cleaning.

We have also developed a model to explain the hgadiharacteristics of the
nanofiber filter as measured by a pressure dropliglot loading, aerosol build-up
can be explained by a model wherein aerosol depasibunds each fiber, whereas
at high solids loading, aerosol build-up in form agndrites can be modeled by
additional “deposit fibers”. Both models respedtvat light to high solids loading
compare well with the pressure drop measured axpgetally. In addition, a model
was developed to estimate the deposition profike @istribution of deposit mass,
along filter thickness) including inhomogeneousefilwith separate microfiber and
nanofiber layers and challenged by polydispersesatrstream. This model is an
improvement over past model which deals only witimbgeneous filter containing
single-size fibers challenged by monodisperse aérdfis model helps to explain
the much faster pressure drop increase rate of fibanofilter and also the

effectiveness of dual-layer media on mitigatintgfilclogging.
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Chapter 1

Literaturereview and introduction

Separation of particulate matters from gas streaof primary importance in many
applications such as engine emission reductiort, crgrol of industrial processes,
automotive cabinclean room air circulation systems and even peals@spiration
protection. Fibrous filter is one of the cost-effee means to remove particulate
matters from gas stream and its mechanism oftfittnehas long been studied under
both experimental and theoretical aspétts 5]. Pich [2] has developed a model on
pressure drop across fibrous filter with Knudsember of fiberKn; (defined as
ratio of the mean free path of air molecules tortdius of nanofiber, see eq. (2.5))
that lies in the range from 1 x #@o 0.25, which classifies flow over individual
fibers in aerodynamic slip regime. Based on his ehotbgether with filtration
efficiency models in aerodynamic slip regime reachg other researcherich [2]
suggested using very fine fibers for making non-mov¥ibrous filters, aiming for
higher filtration efficiency and / or lower pressudrop. The theoretical side of
aerosol filtration by fibrous filter witiKn; above 0.25, i.e. transition regime from
aerodynamic slip to molecular flow has seldom bstmied, mainly due to the
inapplicability of Navier-Stokes equations in ddsicrg flow over fibers and the
complexity of solving Boltzmann equati¢@]. Tafreshi et al. [7has simulated the
filtration of spherical aerosol with diameter chodeetween 50 and 500 nm by
non-woven fibrous medium composed of cylindricakfis with diameter at 50, 100

and 200 nmKns = 2.7, 1.3 and 0.7). They assumed the filter dpsrander reduced



pressure wittKn; larger than 10, which classifies flow over indivad fibers in free
molecule regime. To simplify the problem, they hait assumed an undisturbed
uniform flow over fibers owing t&n; > 10. Their 3-dimensional model of fibrous
medium is generated from Poisson line processicRattajectory is obtained by
solving the Langevin equation and particle captuse determined by the
volume-exclusion method. Results show that filtmatefficiency increases as fiber
diameter decreases for clean filters of the sano&rtbss and pressure drop. These
theoretical studies provide standpoint on the dseaoofibers to enhance filtration

performance, especially for filtering sub-micromassl.

To experimentally verify the filtration performancaf nanofiber media, it is
necessary to produce nanofibers and fabricate tbersf into air filters.
Electrospinning is a reliable method to produceypar-based nanofibers as a
non-woven cloth. The origin of electrospinning che traced back to several
inventions on fiber spinning by electrostatic fag@atented in United States during
the 1930s[8 — 10] Not until the past decade that electrospinningwsh the
capability of producing fibers in sub-micron randé]. After this breakthrough,
there is a vast amount of researches aiming to retadel the effect of process
parameters such as polymer type, solution viscasity electric potential on the
morphology of electrospun nanofibéi® — 13] The review article bjramkumar et
al. [12] gives a detail account on the characteristicse@afly mean diameter, of

fibers that have been electrospun from variousrmely/ solvent combinations.



The topic of nanofiber filtration has been gettingre and more attention recently.
Tsai et al.[14] has studied the filtration behavior of filter m&dtomposed of
electrospun polycarbonate (PC), polyurethane (Ridl) @olyethylene oxide (PEO)
fibers. Fiber diameter consistently lies in thegafrom 100 to 500 nm. PC and PU
nanofibers show the ability to retain the chargenfrelectrospinning, but not for
PEO nanofibers. Hence, the filtration mechanisma ®EO nanofiber filter is purely
mechanical. The basis weight of PEO in the filterdia is 3 grif and it shows a
filtration efficiency of 78 % under the challengepwmlydisperse NaCl aerosol with
count median diameter (CMD) at 300 nm. The autlpmstulated that a capture
efficiency of 99.97 % (i.e. HEPA level) can be astad by increasing the basis
weight to 16.2 gmi, which is much lower than the value of other nom+n making
processes. It demonstrates the huge saving of golgmaterial by electrospinning as
an alternative to fabricate filter media. Lee et[ab] has successfully fabricated
filter media composed of Nylon 6 (N6) electrospulmefs with diameter ranging
from 80 to 200 nm, in various basis weight. Thehatg suggested that a basis
weight between 5.75 and 10.75 §man produce filter media of capture efficiency

and air permeability comparable to HEPA filter.

Polymer-based nanofibers produced from electrogpgnare soft and can be easily
destroyed by gentle rubbing. Hence, electrospunofitzers in the form of

non-woven cloth is seldom used alone as air filldrere are two methods to
fabricate nanofibers into air filter sample ready festing. Firstly, electrospun

nanofibers can be mixed with microfibers throughcuwan molding [16]. The



advantage is that the nanofibers are interminglétl and thus protected by the
microfibers within the bulk fibrous structure. Sadby, nanofibers can be
electrospun directly on another porous substraiestljn an extremely permeable
microfiber medium with negligible filtration effiency over the target aerosol size
range [17 — 20] thus forming an inhomogeneous dual-layer composithe
advantage is that the filtration efficiency acrtiss composite can be approximated
as that across the nanofiber layer, while the demkibs that the sample must be

handled with great care to avoid the nanofiberadpaiibbed off from the surface.

Two important issues arise from past academic etuldave to be addressed. Firstly,
the effect of basis weight (which is related tadmsity), thickness and face velocity
on the capture efficiency and pressure drop of filaeofilter should be studied in
detail. This is important to filter design, as weed to estimate the basis weight of
nanofibers to achieve certain minimum filtratiorii@&éncy and also the incurred
pressure drop under a specific face veloditiang et al. [18]showed that filter
media composed of fibers with mean diameter atritGthave the most penetrating
particle size (MPPS) decreases from 100 to 75 nmnwgolidosity increases from
0.034 to 0.134Podgorski et al. [17¢liscovered that the quality factor of microfiber
filter could be improved by coating it with a lay&rnanofibers. Their nanofibers are
produced from meltblown process with count medigameter at 700 nm. It is
postulated that the quality factor can be furtheprioved by using smaller fibers
produced from electrospinning. Although these figgi provide a general picture on

the filtration characteristics of nanofiber medihgy are limited to clean state



filtration. In practice, a filter is most likely &mled with aerosol in its life cycle, so it
is necessary to study the performance of loadedfiten filter, and incorporates
them in design stage. Contrary to nanofiber filtbere are many studies on the
performance of loaded microfiber filteDavies [21] has proposed an empirical
model on flow resistance of loaded fibrous filteWwatson [22] published
photographs showing the formation of dendritesibarfsurface during early stage
of loading. Studies on pressure drop increase ghHkfficiency Particulate Air
(HEPA) filter, which is a microfiber filter with wie application, under continuous
aerosol loading have been done Bgrgman et al. [23]Vendel et al. [24]
Letourneau et al. [25Novick et al. [26]andThomas et al. [27]They also proposed
various empirical models on pressure drop acroadeld HEPA filter.Brown and
Wake [28] and Podgorski [29] have proposed semi-empirical model on the
deposition profile of homogeneous fibrous filteaded with single size aerosol with
steady concentration. Their formulation is basednmass balance and should be
applicable regardless of the fiber diame&akano et al. [30inodified the model to
predict pressure drop across loaded filter compos$éters with two diameters (i.e.
binary fibers).Grada et al. [31]modeled the structure of aerosol deposition oerfib
surface through Lattice-Boltzmann approadbunnett and Clement [32used
Boundary Element Method (BEM) to study the intei@act between aerosol
deposition and filtration efficiency of a loadedngle fiber. RecentlyLi and
Marshall [33]used Discrete Element Method (DEM) to study thewgh of dendrite
on a single fiber within a loaded filter with thensideration of dendrite collapse and

break-off due to fluid drag that leads to an oatétl number of particles deposited



on that single fiber. Most studies focused on pressirop across loaded fibrous
filter with Kny < 1 x 10°, which classifies flow over an individual fiber @ontinuum
regime. It is necessary to propose a model to prrélge pressure drop across loaded
fibrous filter with 1 x 1G < Kn; < 0.25, preferably up tn; < 0.5 that corresponds
to dr > 250 nm, which classifies flow over an individddder in early transition

regime from aerodynamic slip to molecular flow.

The objective of this research is to study thediibn of sub-micron aerosol by
nanofiber media, hence compare the strength andneea of nanofiber filter
against microfiber filter, followed by exploring y& to improve the filtration
performance of nanofiber media making them prorgisuabstitute to conventional
microfiber filters. This research involves expemtgand mathematical modeling.
Experimental filtration efficiency is obtained bhatlenging the filter sample with
dry NaCl aerosol having electrical mobility dianteEMD) chosen between 50 and
480 nm as produced from atomization combined webteostatic classification, and
measuring the aerosol concentration at filter @astr and downstream respectively
by condensation particle counter. Theoretical chdtar efficiency is predicted from
semi-empirical model adopted from literatigé |, while new models are proposed
for estimating the pressure drop and depositiofilpracross filter under continuous

sub-micron aerosol loading.

Chapter 2 introduces the performance tests condluatehis research including

filtration efficiency and pressure drop measuremieiding filter sample by aerosol



stream under controlled condition, and methodsstomate mean fiber diameter,
thickness and solidosity of fibrous filter. Chap8udescribes the correlation model
on clean filter filtration efficiency offered byayet et al. [34{hat is used throughout
the study. Chapter 4 discusses the effect of fillemneter and filter solidosity on the
filtration behavior at clean state from both expemtal and theoretical angles. A
semi-empirical model to estimate the pressure @égropss a loaded filter is also
developed. The predictions are compared againstremental results to see the
effect of filter solidosity on the filtration behiav of loaded nanofiber filter. Chapter
5 studies the filtration behavior of filter compdsef dual-layers including a
nanofiber layer, which is regarded as one of thgswa improve the dust holding
capacity of nanofiber filter. A semi-empirical médae also proposed to estimate the
deposition profile across filter depth under comtins loading of polydisperse
sub-micron aerosol stream. Chapter 6 introduceddc&flow method to regenerate
loaded nanofiber filter. The effectiveness of bémkf regeneration on nanofiber
filter under various degree of loading has beerstigated. Chapter 7 evaluates the
effect of face velocity, nanofiber layer solidosignd thickness on filtration
efficiency and pressure drop of filters with nabefis coated on a substrate. The
nanofiber layer is self-produced by electrospinnihgiged from the results, a novel
method of practical importance called “multi-layeyi is proposed to fabricate
nanofiber filter with greatly reduced pressure drGpapter 8 concludes the study

and explores future research on electret nanofilber.



Chapter 2

Filtration performance tests and estimation of filter properties

2.1 Chapter introduction

The objective of this research is to study the grerbnce of nanofiber media in
filtering out sub-micron solid aerosol suspend im &his Chapter summarizes the
technical details of filtration performance tested in this research. There are two
indicators on filtration performance, namely th&dtion efficiency ) and pressure
drop across the filterAP). Unless otherwise specified, filtration efficignalso
being commonly referred as fractional efficiencyyvays adopt the definition

described in eq. (2.1):

Cout (D p)

=1-
n C—m(D—p)- Eqg. (2.1)

whereCin(Dp) andCou{Dy) are the number concentration (usually in%ymof aerosol
with “size” D, entering and leaving the filter respectively. Ba@pherical particle, its
“size” refers to the diameter. However, for angukar aerosol, its “size” has various
definitions depending on the method of aerosol $@mpmnd measurement. The

definition of aerosol “size” adopted in this resgawill be explained in Section 2.2.

The most penetrating particle size (MPPS) of fitezdia composed of fibers with
mean diameterdf) from 1 to 10um is around 0.3um. The nanofiber filter media in
this study haved; from 0.2 to 0.3um. From filtration theory, the MPPS decreases

with d.. Hence, the MPPS of our nanofiber filter mediauttidoe smaller than that of



microfiber media, i.e. 0.8m. We then choose 0.Qn as the starting aerosol size up
to 0.48um, which allows us to locate the MPPS for all typédilters in this study.

In addition, our aerosol size range from 0.05 #B@m is large enough to cover the
test range specified under various test standdrdisgh performance filter media,
such as ASTM F229@5], 42 CFR Part 84.18[B6], BS EN 13274-737], and BS

EN 1822-1[38], making our test results in line with industritdrsdard.

Pressure drop across an air filter reflects itBoaw resistance. Air filters, no matter
they are granular bed or fibrous filters, belonghe category of porous material.

Hence, they obey the Darcy’'s Law under laminar fmwndition, as represented by

eq. (2.2):

AP ucZ

—_— = Eq. (2.2
U " q.(2.2)

whereU is the face velocity, usually defined as airflosater Q) divided by filter
frontal area A), c; is the volume fraction occupied by fibrous matewahin the
filter, usually referred as solidosity and s the porosityZ is the filter thickness,

w is the air dynamic viscosity, ards the air permeability. Darcy’s Law shows that
AP increases with the decreasekinonder fixedU. In practice, pressure drop is used

more often than air permeability when evaluatirgftliration performance.

In filtration industry, it is usual to combine fiétion efficiency and pressure drop

into a single indicator known as the quality fad@QF), according to eq. (2.3):

__In(t-n)
QF =——1 Eq. (2.3)



QF can be regarded as a benefit-to-cost ratio, with hormalized filtration
efficiency —In(1 —) as the benefit and pressure ddp as the cost. A filter with
greatern and/or lowerAP than another possesses highdt, reflecting its better

quality.

During extended use in dusty airflow, the microstuve within a fibrous filter
changes continuously. At the beginning, the aerstais to deposit on individual
fibers. As filtration continues, the upcoming a@lostarts to deposit on both the
fibers and aerosol collected in earlier stage. dégosition grows into dendrite and
clogs up the filter eventually. This temporal charmd filter statusdue to continuous
aerosol loading affects the filtration efficiencyda pressure drop, is worth to

investigate.

Hence, the filtration performance tests conduatetthis research are mainly:

(a) Filtration efficiency and pressure drop measureemd

(b) Loading initially clean filter samples by aerosdieam under controlled
condition.

Section 2.2 elaborates the method used to mea#tuaédn efficiency and pressure

drop of a filter. Section 2.3 develops the schem&ad up filter samples. Section

2.4 summarizes ways to estimate other properties fifrous filter, including the

mean fiber diameter, filter thickness and filtelichsity.
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2.2 Filtration efficiency and pressure drop measurement

Figure 2.1 shows the layout of experiment set-uméasure filtration efficiency. Its
design and operation has taken reference fromnatienal standards85 — 38]and
past academic studi¢s5, 39 — 40] About 1.6 g of sodium chloride (NacCl) is first
dissolved in 80 crhof water to form an aqueous solution containingts % of
NaCl. The NaCl solution is atomized by compressedupplied continuously to the
stainless steel atomizer. The atomized polydispBia€l aerosol stream is mixed
with dilution air in properly adjusted flow rate chits moisture content is removed
by passing through the Nafion membrane dryer. Theddaerosol then passes
through the aerosol neutralizer containing a PoilorR210 (Po-210) radioactive
source to reach the Boltzmann equilibrium chargate§1]. The impactor located
at the downstream of aerosol neutralizer removegetaparticles by aerodynamic
means. The aerosol stream then goes into the edeatic classifier (MSP Corp.,
SMAG 7388L) installed with a vertical electrode cected to high voltage source.
The electrode voltage can be adjusted from 10 Wt&V so that only aerosol with
specific electrical mobilityd) can be attracted towards the slit located attrelde
lower end by traveling through a fixed parabolajectory. For a spherical particte,

is related to its diamet&, as follows:

D, ne
C—c—swg Eqg. (2.4)

wheree is the elementary charge equals to 1.607 ¥’ @ n is the integer multiple
of elementary chargeC. is the Cunningham slip correction factor equalslte

Kn[1.207 + 0.44exp(— 0.78Kn)] [42], and¢ is the electrical mobilityKn is the

11



Knudsen number of particle defined as:

Kn=— Eq. (2.5)

|
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Fig. 2.1 Schematic of experiment set-up to meafiitnaion efficiency

For the irregular NaCl aerosol used in this stutdy,'size” is the electrical mobility
diameter (EMD) defined as the diamet®g)(of a sphere, as calculated from eq. (2.4)
with n = 1 and a gived. Unless otherwise specified, aerosol size in tegearch
always refers to EMD with the symbdl,. Another diameter measure commonly
used in aerosol science is the aerodynamic diar(®iy. For clarity, eq. (2.6) gives
the conversion between EMD and ADFiltration efficiency is measured by
challenging the filter with NaCl aerosol rangingrr 50 to 480 nm, followed by

measuring the aerosol concentration at filter @astr and downstream alternatively.
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Ce(Dy', 4)(Dy))? = Co(Dp, ))Dppp Ed. (2.6)
whereD, andD,’ represent the EMD and AD respectiveG is the Cunningham
slip correction factor first appear in eq. (2.4)da, is the material density of the

assumed spherical aerosol.

The attracted aerosol with specifi¢i.e. Dy) is directed into a vertical test rig where
the filter sample is installed in the middle sectidhe aerosol is mixed with dried
and HEPA filtered make-up air for bringing up therasol flow to desired face
velocity. A Condensation Particle Counter (TSI, CBQ10) connected with a
vacuum suction pump is used to sample and measuos@ concentration at filter
upstream and downstream alternatively, throughesponding sampling outlets

fixed with isokinetic tubes.

Eq. (2.4) shows that electrostatic classificati@meyates aerosol stream containing
particles having the samé but different sets ofOf, n). This is known as the
multiple-charge effect. Since the filtration eféaicy is measured by challenging the
filter with aerosol size-by-size, the in-built sefire provided by manufacturer
cannot be used to perform charge correction. Aofietpprogram written in
Microsoft® Visual C++ is used instead to correct the filtpstweam and downstream
aerosol concentration as measured by CPC. Itsitiigors explained in Appendix |
After charge correction, the actugh(Dy) andCou(Dp) can be substituted into eq.

(2.1) for determination of experimental

13



It is helpful to provide more operation detailskefy experimental devices (impactor,
electrostatic classifier, and condensation partedenter) as the accuracy of the
experimental results in this work are strongly tedlaon the way the measurements

are performed.

An impactor is mounted on the outside of the etestaitic classifier. The aerosol first
enters an impactor, which removes particles abovknawvn size by inertial

impaction. The impaction plate deflects the flow f}m a 90° bend in the
streamlines. Large particles with sufficient inertare unable to follow the
streamlines and impact on the plate. Smaller pastiavoid hitting the plate and
enter a small passage in the nozzle. Thus, thectopa used to remove particles
larger than a known aerodynamic size. The aerodynaize at which the particles
are separated is called the cut-point diameter.clitgpoint diameter is a function of

the impactor flow rate and nozzle diameter.

In the electrostatic classifier, the aerosol engePo-210 bipolar charger (commonly
known as neutralizer), which exposes the aerosticfes to high concentrations of
bipolar ions. The particles and ions undergo freguwellisions due to the random
thermal motion of the ions. The particles quickdach a state of equilibrium, in
which they carry a bipolar charge distribution thedn be approximated by
Wiedensohler’s expressionl]. The charged aerosol passes from the neutrafier i
the main portion of the electrostatic classifieheTmain portion contains two

concentric metal cylinders. The polydisperse adrasd sheath air are introduced at
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the top of the classifier and flow down the annslaace between the cylinders. The
aerosol surrounds the outer core of sheath airpattdstreams flow laminarly down
the annulus with no mixing. The inner cylinder,calsyown as the collector rod, is
maintained at a controlled negative voltage, wthle outer cylinder is electrically
grounded. This creates an electric field betweeno cylinders. The electric field
causes positively charged particles to be attratteough the sheath air to the
negatively charged collector rod. Particles areciprated along the length of the
collector rod. The locations of the precipitatingrticles depend on the patrticle
electrical mobility €), the classifier flow rate, and the classifier getry. Particles
with high electrical mobility are precipitated afpithe upper portion of the rod.
Particles within a narrow range of electrical mibppiexit with the monodisperse air
flow through a small slit located at the bottomtloé¢ collector rod. These particles
are transferred to the test rig for efficiencyitegor condensation particle counter to
determine the particle concentration. The remaimpadgicles are removed from the

classifier via the excess air flow.

The aerosol concentration is measured by the csatien particle counter (CPC).
As an aerosol first enters the CPC, it is saturatiéd alcohol vapor as it passes over
a heated pool of alcohol. The vapor-saturated akstgeam then flows into a cold
condenser, where it is cooled by thermal diffusibhe alcohol condenses onto the
particles and the particles grow into droplets éaegmough to be counted optically.
The mechanism used to grow particles in the CPReisrogeneous condensation,

whereby particle growth is promoted by the presesfceondensation nuclei. The
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saturation ratio of the condensing vapor determities smallest particle size
detected by the CPC. As the temperature differémceeases, the saturation ratio
increases, thereby lowering the minimum particeter that can be detected. Our
TSI Model 3010 CPC has a lower particle detectiae ©f 10 nm. Once the
particles have grown to an optically detectable,swhich is typically 2 to 3um,
they are able to scatter light onto a photodeteé¢tbconcentrations below 10,000
particles crif, the pulse of light scattered by each particleosnted separately and
the concentration is computed from the frequencyhefpulses. At concentrations
above 10,000 particles cinthe effect of coincidence becomes significant and

correction factor should be applied on the conegiain reading.

NIST (National Institute of Standard and Testing)ceable calibration using NIST
SRM-1963 296 nm Polystyrene Latex (PSL) spherepeidormed annually by
service engineer from MSP Corp. to ensure the giakcuracy of our sub-micron

aerosol generation and measurement system.

The filtration efficiency test of each aerosol s{g) is repeated 3 to 5 times. The
average value is used to construct a 5 % confideneesal based on Student’s t-test.
The 5 % confidence interval is then checked fomdyiwithin the interval
corresponds to £ 2.5 % of the mean value. For el@nfghe mean value is 0.7 (70
% efficiency), the result is accepted when the Téntfidence interval lies within

0.6825t0 0.7175 (68.25 to 71.75 % efficiency).
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Pressure drop across the filter is measured by Hmllary Flow Porometer (PMI,
CFP-1100A). The CFP gradually increases the flonwsgcthe filter and measures its
pressure drop accordingly, thus generates a peedsop-against-flow curve (typical
to the one as shown in figure 2.2). Linear regoesss used to obtain the best-fitted
straight line. This method is accurate since theofis filters in this study belong to
the category of porous media that obeys the Dailcgis, which suggests a linear
relationship betweenP andU according to eq. (2.2). The pressure drop at aelfgpe

U is then obtained by projection from the best-fitt¢raight line.
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Fig. 2.2 Typical pressure drop-against-flow curve

2.3 Loading filter by aerosol stream under controlled condition

To simulate extended use in dusty environmenterfilsamples are loaded

continuously by neutralized (actually bi-polar apedt close to Boltzmann

equilibrium charged state) polydisperse NaCl adrgsoerated from atomization.

The set-up for loading filter under controlled ctirmh is depicted in figure 2.3. It is
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somewhat similar to that shown in figure 2.2 fastiteg of filtration efficiency, but

with the electrostatic classifier and CPC connectedether and operated in
scanning mode to measure the aerosol size distibwdt filter upstream and
downstream respectively. Both the face velocity aedosol size distribution are
maintained at constant levels to ensure a steadirig. A typical size distribution of
atomized polydisperse NaCl aerosol adopted instiigdy is shown in figure 2.4 with
peak concentration approaching 1 ¥ £&°. The distribution is a log-normal one
having a mode at 75 nm. Pressure drop across tdedofilter is monitored

throughout the loading process. Filtration effidgns measured at regular time

interval by switching the loading set-up back te time depicted in figure 2.1.
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Fig. 2.3 Schematic of experiment set-up to loadrfsamples
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Fig. 2.4 Typical size distribution of atomized paigperse NaCl aerosol

2.4 Estimation of mean fiber diameter, filter thickness and filter solidosity

The mean fiber diametedy, thicknessZ) and solidosityg) are important structure
properties of a fibrous filter that affect its fdtion efficiency §) and pressure drop
(AP). d; is estimated from pictures obtained by ScanningctEbn Microscope
(JEOL, JSM 6490). Figure 2.5 shows an SEM pictureme of the nanofiber filters
in this study. The diameter of each fiber is meadwirectly from the SEM picture.
d: is then estimated by taking the average of 500@ fibers, contributed from at
least three SEM pictures taken from different oot on the nanofiber filter. It also
leads to other useful statistics on fiber diamsterh as the standard deviation and

empirical distribution function (EDF).
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Fig. 2.5 SEM picture (magnification = 13 kX, JEC&M 6490) on one of the

nanofiber filters

A micrometer can be used to measure the fibrotey fivhen its thickness is greater
than 1 x 10 m. This applies to most of the microfiber filtérsthis study. On the
other hand, nanofiber layer is too thin and itskhess is hardly detectable by
micrometer. The original approach is to view thessrsection of nanofiber layer
under SEM and measure its thickness directly from $EM picture. However,
technical difficulties hinder the use of this apgrb. Firstly, the cross-section of
nanofiber as viewed under SEM is heavily deformadnd) mechanical cutting. It is
because the cutting tools are unable to produdeag <ut on the soft nanofibers.
Instead, the nanofibers are torn apart and damageidg the cutting process.
Secondly, the profile of the cross-section of ndeflayer is rough and it becomes
difficult to define an accurate and uniform thickadrom the SEM pictures. Since
the direct measurement approach is not applicBldeies’ empirical formula given

by eq. (2.7) is proposed to estimate the thicknessnanofiber layer from
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experimentally determined pressure drop value.

(aP)d?
407

=16c15(1+56¢? ) Eq. (2.7)

Eq. (2.7) is obtained by Davié$3] through testing of fibrous filter witbs ranging
from 1.6 to 80um andc; smaller than 0.3AP across a clean fibrous filter measured
experimentally should be within £ 30 443] to that estimated from eq. (2.7),
provided that 1.6um < di < 80 um and 0.006 <¢; < 0.3. Subsequently, Davies’
correlation was further validated by Werner andréiaurg[44] to cover the finer
range on fiber diameter (98 nmdg < 1.54um and 0.039 <¢: < 0.084). Filter
solidosityc; is defined as:

\W
PiZ

¢ = Eq. (2.8)

whereW is the mass of fibers per unit filter area (basesght) andp; is the fiber

material density. Substitute eq. (2.8) into eqr)®ields:

AP)d?
(aP)d?o =160%5(1+ 56¢) Eq. (2.9)
4UW
By knowingW andp: beforehand and after measuritng across the filterg: can be
estimated according to eq. (2.9). It follows tHatan be obtained simultaneously

from eq. (2.8) using the estimatedrom eq. (2.9).
The uncertainties of derived quantit@sandZ can be obtained from experimental

uncertainty analysis based on the uncertaintieshen experimentally measured

guantitiesAP anddk.
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Forcq < 0.056, eq. (2.9) can be approximated as:

AP)d?
(@BP)I?A _oon Eq. (2.10)

A4LUW !
Hence, the uncertainties on variables in eq. (2at®Yyelated by:

d(AP)+2d(df)+d(’o‘)-d_ﬂ_d_u_d_wzld(cf)
AP df/ o 4 U W 2cg

Eq. (2.11)

where thed( )s’ are the uncertainties on corresponding véemlSinceAP andds are

the only measured quantities, eq. (2.11) can lbdusimplified to:

d(Cf):Z|:d(AP)+2d(df):| Eq. (2.12)

C; AP d,

where d(cr), d(AP), andd(d;) are the uncertainties am, AP, andd; respectively.

Similarly, from eq. (2.8),

dic,), dlo), dz _dw

+
c Py > =W Eq. (2.13)
Again, eq. (2.13) can be further simplified to:
d(z) _ _ d(cf )
7 - c. Eq. (2.14)

wheredZ is the uncertainty oA.

For filter with Z being measured directly by micrometer, eq. (28)used to

determinec; whenps is known. On the other hand, eq. (2.7) is usedstiimatec;

whenp; is unknown.
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Chapter 3

Modéel on clean filter filtration efficiency

3.1 Chapter introduction

This Chapter introduces the correlation model ealfilter filtration efficiency that
is used throughout the study. It is offered by Paste al [34] and shows close
agreement with experimental results wHepnlies within 80 to 400 nm andr as
small as lum. There are many approaches to model filtratidiciehcy. A classical
method is to simplify the non-woven fibrous media @n array of cylinders
transverse to flow, followed by finding the fractiof particles being collected by a
single cylinder. The flow field around the singldicder can be either Kuwabaiéb|
or Happel [46], with Kuwabara’'s showing closer agreement with ezkpental
results[47]. Both Eulerian and Lagrangian approach can mod#gige transport
across the single cylinder. In Eulerian approable, derosol flow is described by
continuum based equations same as the continu@ase pBingle fiber efficiency is
obtained by solving the concentration gradient adouthe cylinder[1]. In
Lagrangian approach, aerosol is treated as indaidigid spheres governed by
Newton’s 2% Law. Different mechanisms such as diffusion, ioégtion and
gravitation are represented by various externate®rappear in the force balance
equation [48]. Single fiber efficiency is given by the fractiasf spheres with
traveling path touching the cylinder. The singleefi efficiency is then scaled up to

filter efficiency based on the cylinder array modghe correlation model proposed
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by Payet et. gl34] results from the above method. Their expressionsirgle fiber
efficiency are found out by Eulerian means and ecglly correlated, which are

given in Section 3.2.
3.2 Expressions of the correlation model

A clean non-woven fibrous filter can be simplifies an array of cylinders
transverse to aerosol flow for which the filtratiefficiency ), filter solidosity €),
single fiber efficiency #;), filter thickness Z) and mean fiber diameted;) are all

relatedas follows[5]:

dein L
/7 =1-ex _m Eq (31)
f f

For sub-micron aerosol, the interaction of diffusiand interception is significant,

and inertial impaction is usually neglect@&tie single fiber efficiency is given by:
¢ =1p *1g Eq. (32)
whereynp andzgr are the single fiber efficiencies due to diffusiamd interception

respectively, and are expressed in egs. (3.3) 2l 4ccordingly34]:

1-c, \°
n =16(—fJ Pe?C.C Eq. (3.3)
0 =16~ - C, (3.

whereKu = —(Inc) / 2 +c—c? / 4 — 3/ 4 is the Kuwabara hydrodynamic facke,
= Ud; / D is the Peclet numbel = kgTC; / 3nuDy, is the diffusion coefficientks is

the Boltzmann constant; is the absolute temperature, afgdis the Cunningham
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slip correction factor that has appeared once irf{24)

n oe(l_cf j{n K, J( D /di J Eq. (3.4)
=0. g. (3.
" Ku D,/d, | 1+D,/d,

whereD, / d; is sometimes referred as the interception rath@ donstant€; andC;

are given by:

Ci1=1+ 0.38&n{(1 —c)Pe/ Ku]** Eq. (3.5)
1

C, Eq. (3.6)

"1+ 16fl-c, ) Ku[PPe?ic,

Examples are provided to illustrate the relativepamance of diffusion and
interception on capture efficiency and most pemiegaparticle size (MPPS) of

fibrous filter. Table 3.1 shows the parametershefthree model filters.

Filter no. 1 2 3
Mean fiber diameted; (um) 3 1 3
Face velocityl (cms”) 8 8 16
Filter solidosity,c; 0.1

Filter thicknessZ (m) 1 x 10°

Air temperature “C) 25

Aerosol density (gci) 2.16

Table 3.1 Parameters of the three model filters

In figures 3.1 and 3.2, subscripts 1, 2 and 3 sgmethe single fiber efficiencies of

model filters 1, 2 and 3, subscrifidsandR represent the single fiber efficiencies due
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to diffusion and interception respectively, whilgscriptf represents the combined
single fiber efficiency described by eq. (3.2). Aan be seen from figure 3.1,
reducingd; from 3 to 1um while maintaining; at 0.1 enhances both the diffusion
and interception mechanisms by providing largerceigesurface area for aerosol
deposition. The combined single fiber efficiencyghncreases fromus to 7. The
lower MPPS of filter 2 than filter 1 is due to tlager enhancement on interception
than diffusion mechanism by finer fibers. As vertfi by experimental results
presented in later Chapters, nanofibers really ideoigher efficiency with lower

MPPS than microfibers.
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Fig. 3.1 Change on single fiber efficiencies and?@3Runder reduction on fiber

diameter

Figure 3.2 shows the change on single fiber efiicies wherlJ increases from 8 to
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16 cms'. Increase orJ does not affect the interception mechanism as(2¢)
already shows that is independent dfl. However, higheld shortens the traveling
time of aerosol through the fibrous filter and reelsi the chance for them to collide
on fibers through Brownian motion, consequentlyd&eto loweryp. The combined
effect is that capture efficiency decreases withP8Pshifts down, as indicated by

curvesyys andznz in figure 3.2.
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Fig. 3.2 Change on single fiber efficiencies and@8Runder increase on face

velocity

Figure 3.3 shows the filter efficiencigsaugmented from single fiber efficiencigs

through eg. (3.1). The enhancement;phy finer fibers as observed from figure 3.1

is largely amplified in figure 3.3 whepis concerned.
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Chapter 4

Filtration behavior of loaded nanofiber filter

4.1 Chapter introduction

Throughout the years, many ways have been develtpeshhance the filtration
performance of air particulate fibrous filtgt9]. One of the possible ways is to
fabricate extremely fine fibers down to nano-scaleorder to increase specific
surface area for filtration. There is a vast amafrtheoretical studies on pressure
drop across clean (unused) fibrous filters, frormtcmum to aerodynamic slip
regime[5]. Pressure drop increase of fibrous filter undetiooious aerosol loading
has been studied Bergman et al. [23]Vendel et al. [24]Letourneau et al. [25]
Novick et al. [26]andThomas et al. [27focusing on the high efficiency particulate
air (HEPA) filters. WhileBrown and Wake [28]Sakano et al. [30dndMiguel [50]
have developed more general pressure drop modeélspeaific to loaded HEPA

filters.

In most applications such as indoor ventilatiorgustrial and engine filtration,
filtration behavior of fibrous filter under contious aerosol loading is one of the
important indicators to filter performance. For exde, when two filters have
identical filtration efficiency and pressure drapad clean state, the one with faster
pressure drop increase rate during loading is deghto have poorer performance

since it clogs up faster. To obtain a full pictare the usefulness of nanofiber filter,
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its filtration behavior in a loaded state shouldoabe assessed. While the filtration
behavior of microfiber filter under solid aerosoating is well studie(3 — 28, 30,
50], there is little published data on the side ofafdner filter. Hence, this Chapter
will focus on studying the filtration efficiency drpressure drop elevation of loaded
nanofiber filter. As a note, Chapters 4 to 6 beltmgearlier stage of this research
project and the experimental results are obtaingdelsting filters supplied by
manufacturer. In later stage, we are able to gelfiypce nanofiber filters through
electrospinning method and Chapter 7 will invesedae filtration behavior of these

self-produced samples.

Flow in fibrous filter can be classified as diffatgegime according to the Knudsen

number of fiber Kry). Table 4.1 lists the classification of flow regirhased oKny.

Knudsen number of fibeKn; Flow regime

Kns < 0.001 Continuous
0.001 <Kns < 0.25 Aerodynamic slip
0.25 <Kn; < 10 Transition

Kns > 10 Molecular

Table 4.1 Classification of flow regime based oruldlsen number of fiber

Nanofiber filters in this study have mean fiberrdeter i) from 200 to 300 nm.

The correspondingn; lies between 0.44 and 0.66, in which flow oveeftbbelongs

to the early transition regime. Hence, the aerodyasslip model will be used to
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develop a new semi-empirical model for estimatidnpoessure drop across a
nanofiber filter loaded with sub-micron solid aebsPredictions from this new

model will be compared against experimental results

Section 4.2 discusses the effect of filter solidoand fiber diameter on the filtration
behavior of clean fibrous filter from both experim@ and theoretical angles.
Section 4.3 develops a new semi-empirical modeédomate the pressure drop
across a loaded filter, which helps to predict arglain the filtration behavior of a
nanofiber filter under sub-micron solid aerosoldivg. Section 4.4 studies the effect
of filter solidosity on the filtration behavior dbaded nanofiber filter through
experiments. Section 4.5 briefly concludes the ifigd in this Chapter by
summarizing the performance of nanofiber filtecciean and loaded state. It serves
as the basis for follow-up studies aiming to im@rdiie performance of nanofiber

filters as explored in Chapters 5 and 6.

4.2 Filtration efficiency and pressure drop of clean filter

The specifications of both nanofiber and microfibkers studied in this Chapter are

listed in table 4.2.

Nanofiber Microfiber
Filter A B C D
Mean fiber diameted; (nm) 300 300 300 1,800
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Filter thicknessZ (x 10°> m) 1 1 1 10
Filter solidosity,c 0.024 0.017 0.011 0.048
Pressure dropP at 5 cms (Pa) 24.5 14.7 9.8 19.6

Table 4.2 Specifications of nanofiber and microfitkers

Nanofiber filters A, B and C are produced by cogitmanofiber web on extremely
porous coarse fiber substrath £ 14.7 um). The coarse fiber substrate acts as a
framework for anchoring of nanofibers and offergliggble filtration efficiency and
pressure drop. Mean fiber diametkiis estimated from SEM pictures according to
the procedures introduced in Secction 2.4. FiheknessZ of A to C refers to the
thickness of nanofiber web instead of the wholterfilManufacturer provides the
thickness values of filters A to D. Filter solidgsc: is estimated from eq. (2.6).

Again, ¢; of filters A to C refer only to nanofiber web.

Figures 4.1 and 4.2 show the SEM pictures of naeofilter A and microfiber filter

D respectively. Figure 4.1 clearly shows that fikehas the nanofiber web coated on

coarse fiber substrate.
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Fig. 4.1 SEM picture of nanofiber filter A (magmiition = 10 kX, Leica Stereoscan

440)

Fig. 4.2 SEM picture of microfiber filter D (magitétion = 1 kX, Leica Stereoscan

440)

Figure 4.3 shows the experimental filtration e#inties of filters A to D as
challenged by atomized NaCl aerosol with diam&granging from 41 to 514 nm

at a face velocity of 5 crits together with predictions from Payet's mod@f]
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introduced in Section 3.2. Experimental filtratiefficiency of filter A @ = 300 nm,

¢ = 0.024) is higher than filter D{= 1.8um, ¢; = 0.048) for the entire range D}.
The most penetrating particle size (MPPS) of flt&rand D are 103 and 203 nm
respectively. The improved filtration efficiency cameduced MPPS of filter A as
compared to filter D is attributed to enhancedrecgption mechanism, implying that
nanofiber filter with more surface area per unitumae of fiber is more capable of
capturing particles through the mechanism of imetion rather than microfiber
filter. Experimental MPPS of filters A, B and C af®3, 128 and 143 nm
respectively. Again, reduced MPPS and increasgdtfon efficiency from filters C
to A is attributed to enhanced interception mecsranwith increasing surface area
per unit volume of nanofiber. Figure 4.3 also shaWws experimental filtration
efficiency of clear substrate is relatively constam approximately 2 % across
particle sizes. In other words, the substrate ladiltmation capability other than

providing structural support as it is intended.

Besides interception, diffusion is also importanaffect the filtration of sub-micron
aerosol by nanofibers. Under our test conditioe, single fiber efficiency due to
diffusion (jp) decreases from 0.4 to 0.06 from 0.05 to % aerosol, while the
single fiber efficiency due to interceptiomg) increases from 0.03 to 0.7 from 0.05
to 0.5um aerosol. Sincgp andyr have the same order of magnitude, they are both
important to the overall efficiency. On the othant, the single fiber efficiency due
to inertial impaction ) increases from 1.6 x £@o 1.3 x 10 from 0.05 to 0.51m

aerosol, which is much lower thag andr, indicating it has negligible effect on
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the overall efficiency.

Since filters A to C are formed by coating a napefiveb on coarse fiber substrate,
their theoretical efficiencies as indicated by t@id curves in figure 4.3 are

obtained from:

ne =1- (- )t-7s) Eq. (4.1)
wherer is the overall filtration efficiency;y andys are the filtration efficiencies of
nanofiber web and substrate respectively, eachrrdeted according to Payet's

model[34] introduced in Section 3.Kn; of substrate is & 10° (d; = 14.7 um),

thus the flow over fibers belongs to aerodynamig 8bw regime (0.001 Kns <
0.25). Hence, Payet’s model built upon Navier-Sso&guation with slip correction
is suitable to predict the filtration efficiency s@ibstrate. On the other hardy of
nanofiber web is 0.44d(= 300 nm), making the flow over fibers transitib(ice.
transition from slip to molecular flow) which isfficult to simulate, and the model
is not a physical representation on flow problermamo-scale. Moreover, the test
aerosol is sub-micron in size. It follows that amis and fibers are of similar scale
and aerosols can no longer be treated as pointesiasd affecting the flow over
fibers, which contradicts with model's assumptiBespite of this, the experimental
and theoretical values are still compared to ddternthe possible deviation.
Surprisingly, the model can predict quite accuyatile filtration efficiencies of

nanofiber filters Ato C.

Figure 4.4 compares the quality fact@R) between nanofiber filter (A to C) and
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microfiber filter (D). TheQF of microfiber filter is similar to nanofiber filtefor D,
in the range from 50 to 140 nm. From 140 nm onwa@dsof microfiber filter goes
below nanofiber filter, and the deviation grows wid,. It shows that microfiber
filter is less cost effective than nanofiber filierfiltering larger aerosoll, > 120

nm) in the tested sub-micron range.

60
< Filter A = 5cms’ o
B A
50 1 ° Filter B Atomized NaCl ©
a Filter C

| « Filter D
40 + . Substrate

Filtration efficiency, 7 (Dp) (%)

30 +
C &
20 +
10 +
Substrate . NIV
0 ) ) I><><>I<><I ><I><I><I><i><><><><><><I X x ) L
10 100 1000

Particle diameter, D, (nm)

Fig. 4.3 Filtration efficiencies of nanofiber fifeeA to C and microfiber filter D
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for further investigation.

4.3 Semi-empirical model on pressuredrop of loaded filter
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Fig. 4.4 Quality factor of nanofiber filters A to&hd microfiber filter D

A quantitative relationship can be drawn from the\ae findings. Nanofiber filter
composed of 300 nm fibers with solidosity from @.Gb 0.024 has quality factor
lies in the range from 0.015 to 0.035, which ishleig than microfiber filter
composed of 1,800 nm fibers with similar range olidosity in filtering aerosol
larger than 120 nm. To expand the scope of thistifaéive relationship such that it
can be applied directly to industrial field, narefi filters with more choices on

fiber diameter and solidosity can be produced legtebspinning method, and used

In this study, the model on pressure ddp across a loaded fibrous filter is



proposed as:

_ cpAPl +c, AP,
C; +C,

AP Eq. (4.2)

Cp is the solidosity of aerosol captured in the fifgeposit) as defined in eq. (4.3),
AP; is the pressure drop across a loaded filter imdealized condition by treating
deposit aligned as fibers (so called deposit fibagainst flow andAP, is the
pressure drop across a loaded filter in anothealiwk®l condition assuming deposit
enlarge the cross-sectional area of original fileigormly.

C:l E 43
p pcz q()

whereM is the mass of deposit per unit area ang the deposit bulk density, which

is usually lower than its material density depegdn the packing.

AP; and AP, assume idealized deposition patterns that arepmoapate by
themselves in describing pressure drop across doéitter. However, weighted
average between these two idealized conditionsdammore applicable model as
will be justified by experimental results. It folls that upon continuous aerosol
loading, dendrite formation takes place. The deeslircan be treated as obstacles
protruded out from fiber surface causing elevatesssure drop. Realistically, as
loading continues, deposit contribute to a largertipn of pressure drop than
original fibers, analogous to the case of binahgrficontaining fibers of distinct
diameterd: and d, with ¢, >> ¢, rendering pressure drop closer A®;. By
incorporating AP, into the model, AP returns to Davies’ empirical formula for

describing pressure drop across a clean filter wiyen 0. The derivations oiP;
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andAP; are given below.

Figure 4.5 shows the idealized deposition pattérAR)y model by treating deposit
on each original fiber aligned as three deposérB = 3) transverse to flow. Drag
force (per unit length) acting on a circular filkeraerodynamic slip regime as given
by Pich’s [2] hydrodynamic model is:

_ 4 (1+1.996Kn, )
' Ku, +0.998Kn,(-Inc, +¢c2/2-1/2)

Eq. (4.4)

i is an index that can eor p representing parameters of original or deposgrgb
respectively X is the drag force per unit length acting on fibkér, is the Knudsen
number of fiberKu; is the Kuwabara hydrodynamic factor as given in(écp) and

ci is the local solidosity in a loaded filter as give eqs. (4.6) and (4.7).

Ku = —(Incy)/2 +ci —ci%/4 — 314 Eq. (4.5)
Cq = (N + 1ﬁf Eq. (4.6)
Co=(N+ 1), /N Eq. (4.7)
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Fig. 4.5 Idealized deposition pattern/d?; model

Pressure dropp; for flow over the array of original and deposhédis as of figure

4.5 becomes:
(ApD)df / (4uUZ) = 4cK Eq. (4.8)
1+1.996Kn, N(L+1.996<n, )

"= Ku, +0.998Kn, (~Inc, +c? /2—1/2)+ Ku, +0.998n, (- Inc, +c? /2-1/2) Eq. (4.9)

A realistic non-woven filter contains fibers at damn angles against flow should
have pressure dropP; lower than that of the model filter as depictedigure 4.5
(i.e. AP; < Aps). In addition, egs. (4.8) and (4.9) derived froetl cnodel approach
only suits for highly porous filter. To addresssadgwo problems, it can be imagined
that pressure drop across a loaded filter descrimgdeqgs. (4.8) and (4.9) is

equivalent to pressure drop across another mdte domposed of fibers transverse
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to flow with diameterdey solidositycs + ¢, and Kuwabara hydrodynamic factor
KUeq

4UZc K 4u0zZ(c, +c,)  1+39924/d,,

Eq. (4.10)

d? d2, Ku,, +1.9964/d,.)C,,
Kueq= —[In(Cr + ¢p)1/2 + (s + Cp) — G + cp)2/4 —3/4 Eq. (4.11)
Ceq=—IN(r + Cp) + (01 + )12 — 1/2 Eq. (4.12)

To solve fordeg €q. (4.10) can be re-arranged in dimensionlass:fo

0998KnCy, , 1+Cy/c 1996Kn, [L+c,/c,)
Ku ko)™ Klku,)

eq

X3 + =0 Eq. (4.13)

wherex = deq / dr. Eq. (4.13) is in 4 order ofx and can be solved numerically by

Newton’s method or exactly by Cardano’s formula.

If the above model filter with mean fiber diametieg and solidosityc: + ¢, becomes
a realistic filter having fibers aligned in randangles against flow, its pressure
dropAP; can be estimated from eq. (2.7), thus:

(AP1)deq’ / (4uUZ) = 16 + Gp) 1 + 56 + ¢)] Eq. (4.14)
Re-arranging gives:

APy = 64UZ(ct + o) 1 + 56 + ¢)°] / (xck)? Eq. (4.15)

wherex is the solution of eq. (4.13).

Eq. (4.15) is a combination dfich’s [2] hydrodynamic model an®avies’ [43]

empirical formula. The theoretical applicabilitynge of eq. (4.15) is:
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641°c, ZNp,
——5 <M <(0-3-Cf )ch Eq. (4.16)

f

Whenc, = 0 andN = 0, Ku, tends to infinity andueq equals toKus. Further when

fiber diameterd; is much larger thaa (i.e. Kny — 0), eq. (4.13) becomed —x = 1

with the solutiorx = 1 ordeq = dr. Under this condition, eq. (4.15) returns to o)
for estimating pressure drop across a clean fiNdéith aerodynamic slip effect
makingKns not negligible, eq. (4.15) does not return to (@) whenc, = 0 andN

= 0. This is because the derivationA#t; involves re-construction of Kuwabara cells.

To overcome this problem, another partial maxe] is proposed for smadi,.

Figure 4.6 shows the idealized deposition pattéraRy assuming deposit enlarge

the cross-sectional area of original fibers unifigrrthat is:

C
d, = |1+ C—"df Eq. (4.17)
f

wherede,, is enlarged fiber diameter angican be expressed in termshéfaccording

to eq. (4.3).
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For a realistic non-woven filter with mean fiberanfieterde, solidosity ¢i + cp,
pressure drop across the filter can be estimated &g. (2.6), thus:

(AP2)de? | (4uUZ) = 16 + Gp) 1 + 566 + ) Eq. (4.18)
Substitute eq. (4.17) into eq. (4.18) yields:

AP = 64UZa(cr + Cp) 1 + 56 + Cp)°] / df° Eq. (4.19)

AP; and AP, obtained from eqgs. (4.15) and (4.19) respectivély be substituted
into eq. (4.2) for modeling pressure drop acrosBlter (AP) under increasing
deposit massM = cypcZ). A numerical example demonstrating the differeaceng
AP1, AP, and AP is shown in figure 4.7. As can be seen in therégat a small
deposit massAP is closer toAP,, while under a large deposit maa# is closer to

AP;. It should be noted when comparing with experirakergsults later than the
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intermediate range between the small and largesitepass extremes, none of the
expressiong\P; or AP, provides a satisfactory approximation as with, which is

also within bound betweexiP; andAP, in accordance to eq. (4.2).

1600
[ ¢, =15%x10%m
1400 1 z=1x10%*m AP, from
~ 1200 | =007 eq. (4.15)
o L U =5cms”
a 1000 + o, =216 gem®
-’5 T ol op=1
o 800 1 ny=3 AP from
5 3 eq. (4.2)
g 600 T =
Q400
200+ 7 AP, from
L eq. (4.18)
0 ettt

0 10 20 30 40 50

Deposit mass, M (gm™)

Fig. 4.7AP, AP; andAP, as a function of deposit mass

Figure 4.8 shows a filter with higherelevates to highexP under the same deposit
massM according to the semi-empirical model describeedpy(4.2). For two filters
with different ¢;, their difference inAP increases withM. Hence,c: has to be
controlled carefully during production process twid excessive rise ofP under

extended use while the filtration efficiency stikeets minimal requirement.
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Fig. 4.8 PredictedP across loaded filters with differeqt

Figures 4.9 and 4.10 show the effects of depodik density pc and number of
deposit fibers formed for each original fibBr on AP across a loaded filter as
modeled by eq. (4.2p. andN represent deposition pattern when the filter &l
by aerosol stream with different size distributibtencep. andN can be treated as
functions ofD,. When the filter is loaded by an aerosol strearmigh polydispersity,
the deposit can be packed more intact with thelsmatrosol filling up the voids of
the matrix formed by larger aerosol results in kigh. (closer top,) and AP
increases less rapidly as shown in figure 4.9. #maérosol allows the formation of
more but finer deposit fibers results in higikand AP increases more rapidly as
shown in figure 4.10. The net effect AR increase rate when the filter is loaded by
differently sized aerosol can only be observedubhoexperiments. Experimental
results fromSong et al. [515how that pressure drop across a HEPA filter asee

more rapidly when the filter is loaded by smallerasol. For application purpose,
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= pp andN = 3 can be used to check for overall agreemenvdsat eq. (4.2) and

experimental results first, followed by fine tuniog simulation parameters.
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Fig. 4.9 PredictedP across loaded filters with differepg
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Fig. 4.10 PredictedP across loaded filters with differeNt
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4.4 Filtration efficiency and pressure drop of loaded filter

Section 4.3 explains the trend of predictdel across a loaded filter with respect to
increasingM. Experimentally,AP is monitored by a different pressure gauge (or
other differential pressure measuring devices) utinout the loading process.
However, deposit madd contributed from the sub-micron aerosol capturdtiin
the filter is very small and usually under the detm threshold of laboratory
electronic balance. Hence, this Chapter will firstoduce an indirect method for

estimation oM as a value changing with time along the loadiragess.

The instantaneous deposit md&3) can be written as:

M )= 0 (0,10, 72 p,a(0 b £q. (4.20)

whereny(Dp) is the size distribution of aerosol stream cmajlag the filter,dC,(Dy)
[= ny(Dp)d(Dp)] is the differential concentration of aerosol feassed in number per
unit volume) with size betweeD, and D, + d(Dy), and#(Dy, 7) is the filtration

efficiency as a continuous function of particlerdeterD, and timer.

Experimentally,n(Dy, 7) is sampled at regular time interv&l’ during the loading
process by shifting the set-up in figure 2.3 baxckhe one in figure 2.1 as described
in Section 2.2. Frequent sampling /gDy, ) obviously hinders the loading test. If
n(Dp, 7) is sampled sparsely, however, one has to assumemiains relatively
unchanged between consecutive sample collectiomshwhakes the deposit mass

data less accurate, i.e.
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D
6

3
" p, IAT Eq. (4.21)

M (t+aT)=M(0)+] 3G, (0, (D,

whereM(t + AT) is the deposit mass at time AT, M(t) is the deposit mass at tige
Cin(Dpi) is the filter upstream aerosol concentration ize sbin with log-mean
diameteDy; (i = 1, 2, ...n wheren is the number of scanning channels) a(id;, t)

is the filtration efficiency at particle diametBy; and timet that is assumed to be

constant over the time interval { + AT].

To improve the accuracy of deposit mass data, ¢oimes necessary to obtain a
realistic continuous function of(D,, 7) based on available experimental data. Eq.
(4.22) is an empirical formula proposed bywavies [21]relating the growth of
pressure drop and filtration efficiency of a filiender continuous aerosol loading. It
holds only when loading conditions such as aerasp¢ distribution and face

velocity are held constant throughout the loadirgress.

P(D,.7) _1-n(D,.7) _ | e
P00 " 1-7(D,0) Voo Eq. (4.22)

where#(Dy, 7) andP(Dy, 7) are the filtration efficiency and aerosol penttra of a
loaded filter at particle diamet&, and timer whereas those correspondingte 0
represent a clean filtehPy, andAP(z) are the pressure drop across clean and loaded
filter respectively. Under continuous aerosol lo@gdiwith filtration efficiencies;(Dy,

7) sampled at discrete time intervel and continuous monitoring on pressure drop
data AP(z), the continuous function of(Dy, ) can be secured from least-square
estimation (regression coefficient gg) based on eq. (4.22). Hence, a time step

much smaller than experimental sampling intetwalcan be adopted in eq. (4.21)
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for estimation oM(t) along the loading process.

In Section 4.2, the performance of filters A to iDd clean state has been studied
experimentally. This Chapter will explore the penfiance of filters A to D in a
loaded state by loading them with polydisperse Na€tosol stream wittD,
spanning from 41 to 514 nm under a face velocit$ as'. The pressure drop of
filter D (df = 1.8pum, ¢t = 0.048) is recorded every 2 hour and its filoatefficiency

is sampled every 10 houkP across clean filter D is measured to be 19.62 Renw
U = 5 cmé&". Figure 4.11 shows the experimental values angnpahial fitted curve

of the normalized pressure dra@(z) / AP,. For filter D, AP(z) / APy = 3 x 10°° —

0.002% + 0.12 + 1 with the coefficient of determinatidf equals to 0.998.
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Fig. 4.11 ExperimentalP(z) / AP, of loaded filter D and the best-fitted curve as a
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3 order polynomial

Figure 4.12 shows the filtration efficiency of &itD after various loading duration.
The MPPS of filter D shifted from 203 to 128 nmeaff 0 hours of aerosol loading.
The variation of filtration efficiency with aerossize also reduces as a result of

continuous aerosol loading.
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Fig. 4.12 Filtration efficiency of filter D afteravious loading duration

Figure 4.13 plots the filtration efficiencies ofleged particle sizes at 50, 100, 140
and 200 nm against loading duration for finding thet regression coefficieng, of

eq. (4.22) using the least-square estimation mefhioe curves in figure 4.13 are the
best-fitted ones in the form of eq. (4.22) for eaetected particle size. It can be

observed that eq. (4.22) shows three differentestagn the rate of increase of

50



filtration efficiency from an initial fast rate rading to a medium rate, and
increasing back to an ultimate fast rate againsi#Bmably, this has to do with the
process of dendrite formation followed by filtetogfing. Normalized regression
coefficients Infpp) and corresponding coefficients of determinatiRfnare plotted
against particle diamet®, in figure 4.14. Given the high value Bf, eq. (4.22) is
an acceptable empirical formula describing the tohange of filtration efficiency
under continuous aerosol loading. Realistic comtirsufunctions ofy(Dy, 7) for each
D, are thus obtained arld(t) can be estimated from eq. (4.21) using a fimeeti
stepAt much smaller thanT. It follows that the total solidosityis the sum of filter

solidositycr and deposit solidositg, i.e.

M
cC=c; +C, =Cq +ﬁ Eq. (4.23)

100

O Experimental, Dp =50 nm

Fitted curve, Dp =50 nm
< Experimental, Dp =100 nm
80 T |- Fitted curve, Dp =100 nm
& Experimental, Dp = 140 nm
[ [ sesseeses Fitted curve, Dp = 140 nm
% Experimental, Dp =200 nm
60 - Fitted curve, Dp = 200 nm

40 +

Filtration efficiency (%)

g 77

0 —
0O 10 20 30 40 50 &0 70
Time (hr)

Fig. 4.13 Filtration efficiencies at selected paetisizes against loading duration of
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filter D and the best-fitted curves in the formeaf. (4.22)
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Fig. 4.14 Normalized regression coefficientyhpf and corresponding coefficient of

determinatiorR? against particle diameté, of filter D

Figure 4.15 plots the experimental pressure drapnag deposit mass of filter D,
together with the predicted pressure drop from (dR). Two of the simulation
parameters, namely, number of particle fiber(sinted for each original fibed and
deposit bulk densityp. are not known and thus can be freely adjusted. By
substitutingN = 3 ando. / pp = 1, €q. (4.2) overestimates the pressure drofeWw

2 andpc / pp = 1 leads to underestimation as deposit massasese By using{ = 2
andpc / pp = 0.96, the predictedP agrees closely with experimental results up to

41.04 gnt.
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Fig. 4.15 Experimental and predicted pressure dfditter D under continuous

aerosol loading

The pressure drop of filter Al{= 300 nm,c; = 0.024) is recorded every 0.25 hour
and its filtration efficiency is sampled hourlyP across clean filter A is 24.53 Pa
whenU = 5 cm§". Figure 4.16 shows the experimental values angnpehial fitted
curve of the normalized pressure drap(z) / APo. For filter A, AP(z) / APy =

0.162 — 0.36° + 2.45 + 1 with the coefficient of determinatidf equals to 0.9998.
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3 order polynomial

Figure 4.17 shows the filtration efficiency of &itA after various loading duration.
The MPPS of filter A shifted from 103 to 92 nm af@ehours of aerosol loading.
Similar to microfiber filter (filter D), the varian of filtration efficiency with

aerosol size reduces as a result of continuousaldaading.
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Fig. 4.17 Filtration efficiency of filter A afterarious loading duration

Figure 4.18 plots the filtration efficiencies ofleded particle sizes at 50, 100, 140
and 200 nm against loading duration, together thiéhbest-fitted curves in the form
of eq. (4.22) obtained from least-square estimatidlormalized regression
coefficients Infpp) and corresponding coefficients of determinatiRfnare plotted
against particle diametdd, in figure 4.19. It shows the good fitting of e4.42)
even in the case of nanofiber filter (filter A) Witk equals to 300 nm. The three
different rates, i.e. initial fast rate, mediumeraand ultimate fast rate are seen in

figure 4.18 but they are less distinct as withrthierofiber filter D.
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With ypp, M(t) of filter A is estimated in the same way as fill2 Exact procedures
are also repeated for filters B and C and figur204plots the experimentaiP
againstM of nanofiber filters A to C, together with the gieted AP from eq. (4.2).
Both experiment and model suggested thdias a decisive effect on pressure drop
increase under continuous aerosol loading, at leasie case of nanofiber filters in
this study. Since the nanofiber filters A to C kr&ded by polydisperse NaCl aerosol
stream with size distribution close to that beirsgdito load up microfiber filter D,
simulation parametefs = 2 andp. / pp = 0.96 that offers close agreement in the case
of microfiber filter are used again. Predictionsnfr eq. (4.2) generally agree with
experimental results up to a deposit mass valuefm? where filter A starts to

show deviation between experimental and predittegalues.
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Fig. 4.20 Experimental and predicted pressure dfditters A to C under
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continuous aerosol loading

By comparing figures 4.15 and 4.20, it can be olekrthat the nanofiber filters
have pressure drop rises more rapidly than mioceoffiter. Morever, figure 4.21
compares the change of MPPS among filters A to Deurcontinuous aerosol
loading, where deposit solidosity, as calculated from eq. (4.3) represents the
degree of loading. The MPPS of filters A, B andhifted down slightly from 103,
128 and 143 nm to 92, 103 and 103 nm respectihelrever, the MPPS of filter D
shifted down from 203 to 128 nm at similar degrdeloading. The MPPS of
microfiber filter decreases at a faster rate thamofiber filters. Moreover, the MPPS
of microfiber filter decreases monotonically, whihnot observed for nanofiber
fillters. The entirely different loading charactéins between nanofiber and
microfiber filters are related to the distributioh deposit (i.e. deposition profile)

across filter depth, which will be discussed in Qtea5.
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4.5 Chapter conclusions

Filtration efficiency and pressure drop of nanofilaad microfiber filters at both
clean and loaded state have been studied in trapt€h Decrease of MPPS under
continuous aerosol loading is observed for botlesypf filters. At similar degree of
loading based on deposit solidosity the shift of MPPS of nanofiber filter is larger
than microfiber filter. Clean nanofiber filter (@r A: d: = 300 nmgc; = 0.024) offers
higher filtration efficiency and quality factor thas microfiber counterpart (filter D:
dr = 1.8 um, ¢ = 0.048) does not necessarily imply that nanofilsetabsolutely
better” than microfiber filter. As observed frometloading experiment (Section 4.4),
also supported by the semi-empirical model (Secdd), the pressure drop of

nanofiber filter rises more rapidly than microfibidter. Hence, the relatively low
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dust holding capacity is regarded as a weakneswmmofiber filter, as it leads to
frequent filter replacement during extended use.rddeer, the pressure drop
increase rate of nanofiber filter is very sensitieeits filter solidosityc;. The
semi-empirical model on pressure drop across abbébrous filter thus becomes a
useful tool in filter design, and its predictionsos agreement with experimental
results. The next phase of this study will be teestigate two possible ways to
utilize the strength of nanofiber filter at cleaate (high filtration efficiency and
quality factor) and avoid its shortcomings at ladhd&te (low dust holding capacity).
One way is to install a microfiber filter upstreaonanofiber filter as a pre-filter to
screen out part of the aerosol stream hence redhedsading on nanofiber filter.
This method will be studied in Chapter 5. Anothexywis to regenerate the filter by
backflow of pressurized air jet after certain tiofdoading, and this method will be
investigated in Chapter 6. Chapter 5 also inclum@sodified model on deposition
profile across the depth of a filter under polyéige aerosol loading, which helps to
further explain the different loading charactedsti between nanofiber and

microfiber filters.
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Chapter 5

Filtration behavior of filter composed of dual-layersincluding a nanofiber layer

5.1 Chapter introduction

In Section 2.1, it has been mentioned that filtealdy mainly depends on filtration
efficiency and pressure drop. In order to impraiterfquality, filter media should be
highly permeable (i.e. low pressure drop) whild &tve filtration efficiency above
the level as required by environmental standardsndrusers. In Section 4.2, it has
been discovered that nanofiber filter offers highkration efficiency and quality
factor than microfiber filter at a clean state, ethimay suggest the former
“absolutely” better than the latter under most viagkconditions. However, Section
4.4 shows that under continuous loading of sub-onigolid aerosol, pressure drop
across nanofiber filter rises at a much faster ttz@ microfiber filter. It reflects the
lower dust holding capacity of nanofiber filter gmhctically requires frequent filter
regeneration by backflow of compressed [&i?], thus leading to higher energy
consumption and increased chance of destroyinfraélgde nanofibers by the air jet.
To reduce the pressure drop increase rate of r@erdilter media, it is proposed in
Section 4.5 that a microfiber filter can be placgdtream to nanofiber filter forming
an inhomogeneous dual-layer filtébrada et al. [20] Podgorski et al. [19and
Podgorski [17have found that a dual-layer filter with nanoftb@taced upstream to
microfibers has significantly increased efficieratythe MPPS and improved quality

factor as compared to conventional microfiber fitat a clean state. Their studies
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confirmed that a filter composed of dual-layerduding a nanofiber layer keeps the
advantage of nanofibers. It is then worth to ingese the effectiveness of this
inhomogeneous dual-layer filter on improving thetduolding capacity of nanofiber

media, which will be the focus of Chapter 5.

The loading characteristics of inhomogeneous §ltéslso homogeneous ones)
largely depend on their deposition profile acroskerf depth. From a
semi-empirical approactrown and Wake [28JalsoPodgorski [29] have proposed
the concept of linear loading within a filter slite predict the deposition profile
across the depth of a homogeneous fibrous mediaatetb with aerosol of single
size. Their predictions show agreement to efficyepest results. However, the
situation complicates in this study when the inhgereous dual-layer filters are
challenged by polydisperse aerosol. Hence, theoapprfromBrown and Wake [28]
and Podgorski [29]will be modified in the present work. The assumips and
shortcomings of this approach will be addressedgemlently. Since the deposition
model is semi-empirical, experimental results aistduent filter layers presented in
Chapter 4 are used to determine all necessary eadpoonstants, one of which is

the filtration efficiency raising factdB0].

5.2 Filtration efficiency and quality factor of clean dual-layer filter

Filters A, C and D studied in Chapter 4 are staaked@s dual-layer filters E, F and

G as depicted in figure 5.1. Filters E and F contmientical microfiber and
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nanofiber layers in reversed arrangement, hengehlthee equal thickness, pressure
drop and filtration efficiency in clean state. EiltG is also an inhomogeneous
dual-layer filter, but its nanofiber layer has adjent packing density by stacking
filters A and C, with the more porous (i.e. lowgy layer C upstream to the less

porous (i.e. highety) layer A.

Microfiber Nanofiber Nanofiber Microfiber
(Filter D) (Filter A) (Filter A)  (Filter D)

Aerosol Aerosk

flow flow
—> —>
Filter E Filter F
Microfiber _. :
(Filter D) Filter C Filter A
/ Nanofiber layer
. (gradient packing
density)

Fig. 5.1 Stacking of constituent filter layers wiithhe dual-layer filters E, F and G

The filtration efficiencies of filters F and G atepicted in figure 5.2 (filters A and D
as reference). The MPPS of filter F is 160 nm, wHies between that of filters A
(103 nm) and D (203 nm). Filter F is formed by ktag nanofiber and microfiber
filters, with nanofiber facing upstream. This agament is identical to the
dual-layer filter that has been studied thorougbly Gradm et al. [20] and

Podgorski et al. [19]and their findings on increased efficiency andueed MPPS

of dual-layer filter as compared to conventionatmwofiber filters agree with our
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results. The MPPS of filter G is 140 nm that ister below filter F due to the

presence of an extra nanofiber layer (filter C)wdwer, this extra nanofiber layer

only provides slight efficiency improvement ovee ttange from 70 to 200 nm.
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Fig. 5.2 Filtration efficiencies of dual-layer &ls F and G

Figure 5.3 shows the quality fact@K) of clean dual-layer filters F and G (filters A

and D as reference). Although stacking up nanofdmet microfiber filters provides

higher efficiency, it incurs excess pressure diidge trade-off is clearly indicated in

figure 5.3 where&F of filter F is lower than that of filter A, espadly for particles

larger than 300 nm. Although filter G with an extnanofiber layer hafQF

consistently below filter F, it eventually showsgler dust holding capacity in

Section 5.3.
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5.3 Semi-empirical model on deposition profile with polydisper se aerosol

By assuming the mass efficiency of a filter slieng linearly related to the deposit
mass as a first approximatioBrown and Wake [28Jand Podgorski [29]have

derived an expression on the deposition profileadhomogeneous fibrous filter
under continuous loading of single size aerosolshbuld be noted that mass
efficiency refers to the ratio between mass of emdddd aerosol and mass of
challenging aerosol, and is equivalent to filtratiefficiency defined by eq. (2.1)
only in the case of single size aerosol. When &ornmogeneous dual-layer filter is
loaded continuously by polydisperse aerosol, thegression can still be used to
estimate the deposition profile of upstream layer, not the case for downstream

layer due to the size distribution of aerosol streleaving the upstream layer
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changing with time with consequence of an unsteadgt condition in the
downstream layer. As a start, the expression ormsigpn profile as obtained by
Brown and Wake [28andPodgorski [29)will be adopted, followed by deriving an
equation for solving the filtration efficiency rag factors. Using the filtration
efficiency raising factors, the size distributioha@rosol stream leaving the upstream
layer will be determined subsequently. The depmsiprofile of downstream layer

can be estimated accordingly.

The expressions on mass concentraigfx, t) and deposition profild(x, t) (i.e.
deposit mass per unit volume) across filter depttafter loading fot units of time,

obtained byBrown and Wake [28&ndPodgorski [29] are given as follows:

C,(xt)= Cio Eq. (5.1)
{L+exdagUCyot /Ko Jexplaox)-1]
K(X,t) Ko[exdaoucmot/Ko)_l] Eq. (5.2)

- {1+expla UC, /K, Jexda,x)-1]}
whereCy is the mass concentration of aerosol streamtat fitlet assuming steady
throughout the loading procest) is the face velocityog is the initial mass
efficiency of a filter slice per unit length, aid is the deposit mass per unit volume
that causes the mass efficiency of the filter stacée doubled from its initial value

(i.e. ZnpAx andAx is the thickness of a filter slice).

Substitutex = Z (whereZ is the filter thickness) into eq. (5.1), it canreewritten as:

1]
|n|:P—(t) _1:| - ﬂO +ﬂlt Eq (53)

m
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where Pp(t) is the mass penetration of the filter definedGagZ, t) / Cio, fo =
In[exp(@o2) — 1], andfy = aoUChp / Ko. TO determingsy andp; (henceay andKy),
Pn(t) is sampled at regular time interval during thading test (experiment set-up
shown in figure 2.3) , followed by performing limgagression analysis on the data.

Eq. (5.2) yields the deposition profi&x, t) onceay andKg are known.

While Ky is regarded as the constant relating mass ef@igiand deposit mass, the
filtration efficiency raising facton(Dy) is regarded as the constant relating filtration
efficiency for a given particle diametBy and deposit mass. Analogousktg A(Dp)
has to be determined empirically from filtratiorfi@encies (D, t) sampled at
regular time interval during the loading proceagp®se the filter is partitioned into
N slices along its thickness (i.4x = Z / N), (D, t) and the filtration efficiency of

each slice in the filteyg(Dp, X, t) are related by eq. (5.4):

1-7(D, 1) :E[l—ns,(D %t Eq. (5.4)

p?r i

ns(Dp, X, t) is assumed to increase linearly wit{x;, t):
74Dy %) = 7D, OJL+ A(D, K (..t Eq. (5.5)
where 55(Dp, 0) is the filtration efficiency of a slice in theean filter, which is

derived from eq. (5.4) with= 0.

Substitute eq. (5.5) into eq. (5.4) yields:

P(D,.t)= E[PS, (D,.0)-74(D, 0K (x.)A(D, ) Eq. (5.6)
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whereP(D,, t) is the aerosol penetration defined as(By, t), andPg(Dp, 0) is the
aerosol penetration across a slice in the cleaer fdefined as 1 #s(Dp, 0). As
stated,n(Dp, t) is measured at regular time interval during theding process and
K(x, t) is calculated from eq. (5.2), the only unknowf iendetermined in eq. (5.6)

is A(Dp) that can be obtained by the method of least-sgestimation:

do/l\ { P(D,.t)- Nl[ (Dp,O)—/;sl(Dp,O)K(Xi,tk)/\]}z=0 Eq. (5.7)

The intermediate form of eq. (5.7) is:

Eq.

f(A)= { nT (D,.0)-74(D, OK (., /\]HNZUH[ . -n4(D, 0K ()q,tk)A"j]}:O .

wherel;j = 0 wheni =j and 1 when # j. Secant method was used to solve eq. (5.8)

to circumvent the complication of evaluating theidsive of f(A).

After obtainingA(Dy) of constituent filter layers, the deposition gpi®K(x, t) of an
inhomogeneous dual-layer filter is predicted frdma tollowing approach:
c(D,,x+axt)=C(D,, xtft-74(D,, x.t) Eq. (5.9)
whereC(Dy, X, t) is the number concentration of si2g particle at filter depttkx and
time t. C(Dy, 0, 1) is the size distribution of challenge aerosoljohhis maintained
steady and monitored throughout the loading proogg®,, x, 0) is the filtration
efficiency of a slice within the clean filter thesin be derived from eq. (5.4). Hence,
C(Dy, 0,1) and#s(Dp, X, 0) are, respectively, the boundary and initiatdibons of

eq. (5.9). Assume the thickness of upstream andhsiveam layers arg; andZ,
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respectively,C(Dp, Zi1, t) represents both the size distribution of aercgodam
leaving the upstream and entering the downstregardawhileC(Dy, Z1 + Z5, t) is

the size distribution of aerosol stream leavingdbenstream layer.

The deposition profil&(x, t) is then estimated according to eq. (5.10):

c(D,.xth4(D,. xt)Dp U (At)
6(Ax)

K(x,t+At)= K(x,t)+Dz Eq. (5.10)
p

wherep,, is the particle density. The initial conditibt{x, O) is the deposit mass per
unit volume within a clean filter, which is equa tero. Eqg. (5.10) gives the
deposition profile at timé + At. To proceed along timé&(x, t + At) is substituted
into eq. (5.5) for getting;si(Dp, X, t + At). The steps starting from eq. (5.9) are

repeated in order to obtain the time evolutionepasition profile.

By integratingK(x, t) along filter thicknesZ, the deposit mass per unit filter area

M(t) can be obtained:

M (t) = J2 K(x,t)dx Eq. (5.11)

WhenM(t) is divided byp,Z, it givescy(t) as the deposit solidosity:

. ()= MU

Eqg. (5.12
Y 9. (5.12)

5.4 Filtration efficiency and pressure drop of loaded dual-layer filter

We have seen in Chapter 4 that the nanofiber dilterB and C clog up faster than
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microfiber filter D. Further, nanofiber filter ofigher solidosity ¢) has pressure
drop that rises more rapidly. These loading charatics are related to the
distribution of aerosol deposit, i.e. depositiorofije, across filter depth. The
deposition profileK(x*, t) of filters A to D under a deposit madd)(of 4 gm? as
estimated from the model described by eq. (5.8h@wvn in figure 5.4x* (= x/ Z,
whereZ is the filter thickness) is used insteadkdfecause filter D has thickness 10
times to that of filters Ato C. As depicted indig 5.4, aerosol deposit is distributed
much more evenly across the depth of microfibéerfiD than nanofiber filters A to
C. Comparing with figures 4.15 and 4.20, this umfaleposition profile leads to the
much lower pressure drop increase rate of filteHBnce, a nanofiber filter having
higher filtration efficiency and quality factor thanicrofiber filter at clean state (e.g.
filter A outperforms filter D as indicated by figes 4.3 and 4.4) does not suggest it
to be the “absolutely” better filter. On the ottemnd, microfiber filters, by virtue of
increased fiber diameter, are usually made thickerder to achieve high filtration
efficiency. The increased thickness facilitatestduslding, while a thin layer of
nanofibers cannot achieve this objective. Amongrtaeofiber filters, filter C with
the lowestc: (0.011) shows the most uniform deposition profildijle filter A with
the highest; (0.024) has the steepest deposition profile adities depth. Hence,
filter C has lower pressure drop increase rate fiti@n A. As evident in figure 4.20,
despiteAP across filters A, B and C at clean state are ait fow values — 24.53,
14.72 and 9.81 Pa respectivel\P across filters A, B and C loaded with 4 §m
deposit becomes large — 348, 235 and 142 Pa resggctit indicates that the

increased flow resistance incurred by less poraumfiber filter may not suit for
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long service due to the increased fiber length yret volume, which means an
increased number of sites for aerosol depositi@ndd, loading characteristics such
as pressure drop increase rate should be considerdter design and selection,
especially when nanofibers are used. While it isarsagnificant for nanofiber filter
and much less for microfiber filter, deposition fieis steep at face region (i.e. skin
layer) and becomes moderate towards back regiois. SKin layer contributes to

most of the flow resistance across a loaded filter.
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Dimensionless depth, x*=x / Z

Fig. 5.4 Deposition profile of filters A, B, C amlafter collected 4 gifideposit

In order to validate the semi-empirical model deped in Section 5.3, filter A has
been loaded by polydisperse aerosol in three diftesize distributions as shown in
figure 5.5 (square dots). Empirical termg Ko and A(Dp) as determined from

loading test under distribution 2 are used to mtettiie filtration efficiencies under
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distributions 1 (higher concentration, smaller moded 3 (lower concentration,
larger mode) using the newly developed model. ledu6 shows the experimental
and predicted efficiency at 100 nm particles. it ba seen that as loading continues,
the semi-empirical model (line) slightly under-este the filtration efficiency
(dots). However, the degree of under-estimatiorukhbe acceptable by considering

the simplicity of the model.
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Fig. 5.5 Size distribution of aerosol stream logdip filters A, D, E and F
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Fig. 5.6 Validating the semi-empirical model on dgifion profile with polydisperse

aerosol

The filter layers are stacked to form the dual-tafjiers as shown in figure 5.1.
Filter E is formed by placing filter D upstreamfiiber A, aiming to relieve clogging
in nanofiber layer, especially skin region, by iaiilg the dust holding capacity of
microfiber layer. Filter F serves as a control bgcmg filter A upstream to filter D,
such that filters E and F have the same thickrigation efficiencies and pressure
drop at clean state. The dual-layer filters haveeugone the same series of loading
tests and their filtration efficiencies are depicia figures 5.7 and 5.8Via(t) and
Mp(t) are the deposit mass in filter layers A and Dpeesively as obtained by eq.
(5.11), whilecpa(t) andcyp(t) are the deposit solidosity in corresponding file/ers

as obtained by eq. (5.12). At a first glance, filEefacilitates even distribution of

deposit among microfiber and nanofiber layers, Witt{t) andMp(t) equal to 4.23
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and 2.06 gri after loaded for 6 hours. In contrast, filter F5tiae major portion of
deposit being collected in its nanofiber layer,hiita(t) andMp(t) equal to 5.00 and
0.23 gnt after loaded for 6 hours. For dual-layer filtdte tshift of MPPS after
loading is not as obvious as microfiber filtertéil D, figure 4.12). The sensitivity of
filtration efficiency on particle diameter reducas a result of loading. Figure 5.9
shows the elevation of pressure drop across loddallayer filters AP across filter
E increases slower than filter F, first of all besa microfiber layer in filter E helps
to collect part of the challenging aerosol, thuduees the loading and curtail the
pressure drop elevation of downstream nanofibegrlay contrast, filter F has its

nanofiber layer under direct challenge of aerosebsn, where it clogs up rapidly.
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Fig. 5.7 Filtration efficiency of filter E after viaus loading duration

74



100

20 T 3 224 | 214 | 010 | 0407 | 0.002
6 524 | 500 | 023 | 0667 | 0003

Filtration efficiency, 77 (Dp) (%)

10 100 1000

Particle diameter, D, (nm)

Fig. 5.8 Filtration efficiency of filter F after viaus loading duration

700
U =5cms’ o]
___ 600 ~
& o
N 500 - ; A
<7 K
- 400 A &
o > 4
£
Y 300 -
2
@ 200 -+ —o—Filter E
o ~o- Filter F
100 -4&- Filter G
Q9+t

0 2 4 6 8 10

Deposit mass, M (gm™)

Fig. 5.9 Experimental pressure drop of filters EBrid G under continuous aerosol

loading

75



Deposition profile within individual layers also roibutes to the distinct pressure
drop increase rate between dual-layer filters E Bndrigure 5.10 compares the
deposition profileK(x*, t) between filters E and F whawi(t) [= Ma(t) + Mp(t)] is at

5 gm? K(x*, t) of dual-layer filter is predicted from egs. (5.ahd (5.10) by
adoptingN = 50 for individual layers. Similar results candhieved by adoptiny

= 25 (figure 5.11) and eveX = 10 (figure 5.12). The only influence of choosimg
largerN is that the predicted deposition profile is inHeg resolution. It should be
noted thaK(x*, t) in y-axis of figure 5.10 (also 5.11 and 5.12idogarithmic scale
since the deposit mass in microfiber layer is twaeos of magnitude lower than that
in nanofiber layerK(x*, t) in nanofiber layer of filter F starting with 89@m™ at
face skin region decreasing to 219 kyjat back region, while filter E has this value
starting with 602 kg at face skin region decreasing to 181 Kgmeross nanofiber
layer thickness. The more uniform deposition peoéitross nanofiber layer in filter

E leads to lower pressure drop increase rate.
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Fig. 5.10 Deposition profile across filters E andfter collected 5 gihdeposit N =
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Fig. 5.12 Deposition profile across filters E andfter collected 5 gihdeposit N =

In the following, the points that are somewhat kildn the semi-empirical model
on deposition profile are discussed. This modeluragsl the nanofiber and
microfiber layers act independently and do not cffeach other’s filtration

performance. However, Przekop and Grafli8] have used the Lattice-Boltzmann

10)
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method to simulate aerosol flow in a mutli-scalsteyn formed by nanofibers and
microfibers, and found that nanofibers placed imiaiedy (i.e. at most several
diameters of microfiber) before microfibers becost®ng attractors for collecting
particulates due to the high velocity gradientsmied around. Hence, the actual
amount of deposit in nanofiber layer of filter Fn®re than that estimated from our
model. This is also one of the plausible factonsdezing W, of filter F slightly
larger thanW, of filter E under the same solids lo&d This argument is most
appropriate for a filter with both types of fibardermingled. However, in our case
with distinct separate layers of fiber sizes, ndvest at the surface of filter F should
be far enough from the backing microfibers andftbe pattern around them will
not be significantly affected by the backing midoefs. Hence, our model should
provide a reasonable estimate on the depositiofilgrd-or filter E, since the
nanofiber layer is downstream of the microfiberelgaysome nanofibers are shielded
from aerosol flow by the larger microfibers, thumoot participate in filtration. In
this case, the loading model will over-estimate #ngsount of deposit collected by
nanofibers immediately downstream of microfibersisTmay be a more plausible
reason for the slightly lower efficiency under amoloading for filter E when
compared to filter F. Last but not least, re-emimant affects the deposition profile
in such a way that particulates collected in filigstream portion are continuously
brought to the downstream portion by fluid drag.wdwer, our filter samples are
continuously loaded with polydisperse aerosol hgudize distribution as shown in
figure 5.5. High aerosol concentration causes dgpongate on fibers much higher

than detachment rate of collected aerosol so teehtrainment effect may not be
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that significant in this study.

Filter G is also an inhomogeneous dual-layer filtart its nanofiber layer has a
gradient solidosity by stacking the more porousdamore permeable) filter C
upstream to the less porous filter A. As depictedfigure 5.9, although the pressure
drop across filter G (53.96 Pa) is higher tharefilE (44.13 Pa) at clean state, filter
G has a lower pressure drop increase rate undeintpalUnder 5 gm deposit, the
pressure drop across filters E and G are 356 a®dP28respectively, and their
difference grows with deposit mass. Figure 5.13nshthe deposition profile across
filter G whenW equals to 5 gii Compare with figure 5.10, the deposition profile
across nanofiber layers of filter G is more unifaiman that of filter E. It is because
the nanofiber layer in filter G has a gradient daodiity, using the side with higher
porosity to accommodate the densely packed depbs$éce region, while leaving
the side with lower porosity to handle the tail ioegof deposition profile. This

relieves the skin effect as observed in homogensiogge-layer nanofiber filter.
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The thickness of microfiber layer does have eftattthe filtration performance of
the dual-layer filters. The dual-layer filters wilave higher filtration efficiency and
pressure drop at clean state when thicker microfidngers are used. On the other
hand, thicker microfiber layer can trap more dusint the aerosol stream thus
reduces the loading on the downstream nanofibeer|awhich leads to lower
pressure drop increase rate (i.e. higher dust ingldapacity). The balance between
clean state filtration efficiency and dust holdicegpacity evolves to an optimization

problem of practical value, which is worth to intigate in the future.

5.5 Chapter conclusions

It has been demonstrated that the higher filtragfirciency and quality factor of
nanofiber filter does not necessarily imply thatist “absolutely” better than
microfiber filter. Microfiber filter has higher dusolding capacity under continuous
loading of sub-micron aerosol, as justified from much lower pressure drop
increase rate than nanofiber filter. In order tompensate for each other’s
shortcoming, a dual-layer composite (filter E) fexanby placing microfiber filter
(filter D) upstream and nanofiber filter (filter Ajownstream is proposed. Loading
test results show that filter E has lower pressliop increase rate than its control
sample filter F, first of all because the upstreamcrofiber layer in filter E has
collected part of the challenging aerosol (desfiity may be sub-micron in size),

thus reduces the loading on downstream nanofibyar.l&econdly, the deposition
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profile in nanofiber layer of filter E is more uaiim than that of filter F (reducing
the skin-layer effect), thus its pressure dropease rate is suppressed significantly.
Thirdly, filter F has nanofibers placed immediatblfore microfibers and they are
unobstructed for collecting aerosol in contrasthi reverse arrangement of filter E.
Hence, a major portion of aerosol collected befil is in its nanofiber layer. The
nanofiber layer downstream of the microfiber lagan be further improved by
having a gradient solidosity increasing towards wsweam. This provides a
transition from the more porous microfiber to therendensely packed nanofiber,
which is favorable in redistribution of deposittime dual-layer filter translating to
even lower pressure drop and effectively mitigatthg skin effect. Our findings
suggested that the inhomogeneous dual-layer fdteffective to relieve clogging or
skin formation in nanofiber filter by providing et capacity utilization. On the
other hand, nanofiber enhances sub-micron aereglie, rendering our proposed

dual-layer filter suitable to extended operatianirclean to loaded state.
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Chapter 6

Backflow regeneration of nanofiber filter

6.1 Chapter introduction

It has been mentioned in the conclusion of Chagptirat there are two methods to
avoid rapid clogging of nanofiber filter. One ofeth is to use a dual-layer set-up
with microfibers upstream to nanofibers in order aohieve a more uniform
deposition profile across nanofiber layer thicknd3ss method has been studied in
detail in Chapter 5. Another method is to regemethe aerosol loaded nanofiber
filter back to clean state regularly. For microfilfifter, it is typical to use an air jet
to blow from its downstream side. The mechanisto isitiate mechanical shaking
on the filter to loosen the dust agglomerate, dmehtremove the agglomerate
fragments by fluid (air) drag. However, polymer &sanofibers are usually fragile
and may detach easily from the substrate underflosckHence, to regenerate
nanofiber filter by backflow method, it is importal® adopt proper air jet pressure

and backflow duration, preferably through electcacontrol devices.

Section 6.2 explains the set-up of backflow systised to regenerate aerosol loaded
fibrous filter. Section 6.3 presents the resultsl dimdings on regeneration of
different types of nanofiber filters in various deg of loading. Section 6.4 is a brief
conclusion and provides an insight into furtheressh on nanofiber filter

regeneration.
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6.2 Set-up of backflow system

Figure 6.1 shows the set-up of backflow systenegenerate aerosol loaded fibrous
filter. The supply pressure of compressed air caratjusted through a regulator.
The compressed air is directed to a solenoid valheye its open and close duration
is controlled through Programmable Logic Contrdl@}. The air jet going out from
the nozzle impacts on the backside of loaded fibrilter. It initiates mechanical
shaking on the filter and loosens the dust agglateerand then the agglomerate
fragments are removed by fluid (air) drag. Figur2 $hows the pattern of pulsating
air jet achieved by alternative opening and closihgolenoid valve. The open and
close duration, also the number of cycles, aretisetugh the PLC controller.
Pressure drop across the filter is measured evergytles of air jet pulse. The
whole regeneration process lasts for 120 cycleserAfegeneration, the filter is
loaded under the same aerosol size distributionl oregeting the pressure drop
ceiling again. Regeneration and loading is repealiednatively until a clear picture

on the growth of residual pressure drop is obtained
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more than 120 pulses are needed for effective itigawhen pulse duration is

shorter than 0.5 sec.

6.3 Repeated loading and regeneration on nanofiber filter

Filter A is loaded to 300 Pa and regenerated byfltae of pulsating air jet
repeatedly for 32 cycles. Its pressure drop aldtegreative loading and regeneration
is depicted in figure 6.3. Backflow regeneratiommat completely remove all the
dust agglomerate trapped inside the filter (i.¢clpacleaning). Hence, the pressure
drop does not restore to that across a clean (dhdgter, and the elevation from
clean filter pressure drop after regeneration ibedaresidual pressure drop. As
shown in figure 6.3, residuahP increases with the number of loading and
regeneration cycles, indicating an increasing armadirdust agglomerate trapped
inside the filter. It can also be observed that tihee required for filter A to be
loaded up to 300 Pa is 3 hours in the startingegyauhd it decreases to 1.5 hours in
the 329 cycle. Its loading and regeneration behavior isyvaimilar to that of

microfiber filters[52].
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Fig. 6.3 Pressure drop across filter A along alieve loading and regeneration

Figure 6.4 shows the pressure drop across filtegainst the number of air jet pulses
during regeneration. The regeneration process eamnobghly divided into three
stages. Stage 1 shows a rapid decrease in prebsgrendicating a major portion of
dust agglomerate is removed from the filter. Inget&, the decrease rate drops
meaning that the remaining dust agglomerate is rddfeeult to be removed by
backflow. When regeneration reaches stage 3, peesdiop becomes nearly
constant, representing the existence of residiPa(AP whenns = 120) where no
more trapped dust can be removed from the filter.tihe number of regeneration
increases, pressure drop decreases at a slowerTrageis due to an increasing
portion of trapped dust comes from the residugbrevious regeneration, which is

more difficult to remove than the newly collectagst
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Fig. 6.4 Pressure drop across filter A against remobair jet pulses during

regeneration

In Chapter 6 Section 6.3, nanofiber filter A is eagrated once its pressure drop
reaches 300 Pa. From fig. 4.16, the time requndddd nanofiber filter A up to 300
Pa is 4 hours (corresponds to 3.5 gdeposit mass). On the other hand, fig. 4.11
shows that the time required to load microfibetefilD up to 300 Pa is estimated to
be 80 hours. Hence, the nanofiber filter needs éordgenerated 20 times more
frequent than microfiber filter. Past literatureosls that the pressure drop across
HEPA filter elevates to roughly 1250 Pa when depwsiss reaches 3 ¢nfaerosol
size: 0.153 pum). However, HEPA filter is alwaystated downstream of a set of

pre-filters and is not subjected to such heavys®ioading.

The operation time for a filter to reach certaineleof deposit mass depends on the
concentration and size distribution of the incomiagrosol stream. The size
distribution of aerosol stream adopted in this gtisdshown in fig. 5.5. Under this

loading condition, the operation time for nanofilfiter A to accumulate 1 gin
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deposit mass is 1.5 hours. Fig. 4.20 shows thaptdesure drop of filter A starts to
elevate rapidly from 3.5 gfdeposit mass (300 Pa) onwards, and the filter ldhou
be replaced (or regenerated) at this point for pe@ssure drop applications such as

facemask and respirator without active pumpingamuming air across the filter.

For backflow regeneration, the backflow devices lsarmntegrated into the air circuit
and automatically regenerates the filter once rssgure drop or operation time
reaches certain level. It is not necessary to $mdtmwn the system, as in the case of
filter replacement. If the filter is installed imitical location where downtime is a
concern, regeneration is more appropriate thanaceptent for which stand-by
filters are used temporarily. In addition, the es@d filter can always be regenerated
and reused, and this practice is widely adoptegl&yts with industrial applications.
On the other hand, if the filter is used under thealre environment and loaded with
infectious particles, backflow regeneration seewisappropriate. However, studies
have been carried out to functionalize nanofibeys aolding anti-bacterial or
anti-viral chemicals, aiming to kill the bacteria wirus-laden particles being

collected by the filter media.

6.4 Regener ation of nanofiber filterswith different extent of loading

Filter H is another nanofiber filter wittk = 300 nm,Z =1 x 10° m, ¢; = 0.045 and

AP at clean state equals to 62 Pa. Filter H sampkebaded to different extent with

maximum pressure drop\Pmay) equals to 300, 600, 1200 and 1800 Pa, followed by
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regeneration. Figure 6.5 shows the loading andnegéion of filter H with different
extent of loading. Figure 6.6 compares the regé¢ioaraurves of filter H among
different APpax It shows the pressure drop decrease rate duriagkflow
regeneration increases wiliPnay but residuaAP remains the same irrespective of
APmax for the same filter. Hence, the effectiveness atkflow regeneration on
loaded nanofiber filter does not undermine with ¢ixéent of loading (measured by
higherAPn4y). Figure 6.7 compares the dimensionl&BS= AP / APnay) across filter

H among different values oAPnax By performing regeneration once filter H
reaches 300 Pa, the dimensionless residials 23.81 %. When regeneration is
performed until filter H reaches 1200 Pa, the disi@nless residuahP reduces to
6.12 % and this percentage is less than that atdke forAP.x = 300 Pa indicating
the nanofiber can accommodate for higher soliddif@pwith an effective cleaning.
However, further increase oAPn.x beyond 1200 Pa does not lower the
dimensionless residudlP as can be seen from the overlapping regenerationes

of APmax= 1800 Pa andPyax= 1200 Pa.
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Fig. 6.5 Loading and regeneration of filter H witifferent extent of loading
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6.5 Chapter conclusions

Backflow regeneration on loaded nanofiber filtedemonstrated in Chapter 6. To
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avoid destroying the fragile nanofibers by air e supply pressure and jet duration
are accurately controlled through regulator ancersad valve. Under repeated
loading and regeneration, the residia& increases gradually, which is the same as
the case of microfiber filter. Backflow regeneratiproceeds in three stages. The
first stage has the major portion of dust aggloneeramoved readily from the filter,
causing pressure drop decreases rapidly. The sestagd requires the cleaning of
dust agglomerate more difficult to be removed, ketie pressure drop decreases
slower. No more dust agglomerate can be removed the filter in the third stage
and the pressure drop remains constant, which bexone residuahP. By loading

the same nanofiber filter to different extent, tows the residuahAP remains
unchanged for different values &P,y The effectiveness of backflow regeneration
on loaded nanofiber filter can be evaluated bytpigtdimensionlesaP (= AP /
APmay) against number of pulseg known as the dimensionless regeneration curve.
Dimensionless residualP decreases with respect /Py indicating backflow
regeneration is more effective under higher extédading. However, there exists
an upper limit such that further increase MR,.x does not lower dimensionless
residual AP anymore (e.gAPmax = 1,200 Pa for filter H), hence there exists an

optimal AP for effective backflow regeneration.
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Chapter 7

Self-production of nanofiber filter

7.1 Chapter introduction

In Chapters 4 to 6, the nanofiber filters for tegtare provided from a manufacturer.
They come in three different solidosities £ 0.011, 0.017 and 0.024) with mean
fiber diameterd: equals to 300 nm. To obtain a broader pictureheneffect of face
velocity, solidosity and thickness on filtrationrfl@mance of nanofiber filters, it is
necessary to have self-produced samples for tedlogt researchers postulated that
non-woven filters composed of nanofibers, or norwevomicrofiber filter integrated
with nanofibers, possess greatly enhanced filtnatefficiency, but increased
pressure drop as a trade-off. Hence, the amoumardfibers in a filter medium has
to be carefully adjusted to prevent incurring esceiessure drop. Past studies have
demonstrated the filtration capability of media @gm®ed of electrospun Nylon 6
(N6) [15] and Polyethylene Oxide (PEO) nanofibgrs]. In addition,Dharmanolla
and Chase [16teported that it is possible to increase the tyddictor QF) of a
microfiber filter by mixing microfibers and electpun nanofibers through vacuum
molding. They have proposed an algorithm to optinttze amount of nanofibers to
be added for constructing a filter medium with nmazedQF. To further understand
the effect of properties such as face velocityidesity and thickness on filtration
efficiency and pressure drop of nanofiber filtésmlated nanofiber layer has been

fabricated in various forms for testing.
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Nanofiber medium on itself is soft and fragile ar@hnot be used alone as air filters.
However, nanofibers can be coated on a rigid satesto form a composite that can
be handled readily. Most often the substrate isoa-woven microfiber medium
[18 — 20, 54] For research purpose, it is desirable to usexéneraely permeable
microfiber medium with negligible filtration effiency as the substrate, so that the
filtration efficiency and pressure drop measuredoss the composite can be
approximated to those of nanofiber lay#8, 54] Nanofiber coating can be either
produced by electrospinning meth¢t?] or melt-blown proces$19, 20] with

diameter of electrospun fibers usually smaller ttiet of melt-blown fibers.

This Chapter will evaluate the effect of face vélmanofiber layer solidosity and
thickness on filtration efficiency and pressurepdos filters with nanofibers coated
on a substrate. The substrate is a non-woven nberofmedium with negligible

filtration efficiency and pressure drop as compacedanofiber layer. The nanofiber
layer was self-produced by electrospinning usingOP&s the polymer. Mean
diameter of nanofibers was estimated to be 2000@ @n. Samples in various
nanofiber layer solidosities were produced by aidgptifferent electrospinning

durations. Efficiency tests were performed usingrsucron sodium chloride (NacCl)
aerosol ranging from 50 to 480 nm. Predictions frdassical filtration theories
were also used to check the experimental resultschwindicated the need for

modification in modeling the capture of sub-micemrosol by nanofibers.
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Section 7.2 explains the production process of fila@o filters. The effect of
nanofiber layer solidosity, face velocity and naberf layer thickness on filtration
performance as observed from experiments will Beudised in Sections 7.3, 7.4 and
7.5 respectively. In Section 7.5, a novel methodpwddctical importance called
“multi-layering” is proposed to fabricate nanofibéiter with greatly reduced
pressure drop. This is especially advantageousifgr efficiency applications that

requires densely packed nanofibers in the filtedioma.

7.2 Production of PEO nanofiber filter

Figure 7.1 shows a schematic of the nanofiber rspinning unit (NEU-010, KES
Kato Tech Co., Ltd). The 20 ml syringe is filledtwiPolyethylene Oxide (PEO)
solution. Its plunger is adhered to a linear acuaystem in which the solution feed
rate can be carefully adjusted and maintained gtdadughout the electrospinning
process. The capillary is connected to a high geltsupply and the drum is earthed
as a collector. An electric potential is generdietiveen the capillary and the drum.
Solution that flows out slowly from the capillarg subjected to an electric force.
The hemispherical solution droplet attached todht#et of capillary then deforms
into conical shape, which is known as the TaylanecA jet is produced when the
electric force overcomes the surface tension of Tagor cone. The jet travels
through the air towards the rotating drum, whem ghbstrate is wrapped around.
Adjacent like charges deposited on the fiber repghinst each other stretching the

fiber and producing even smaller-diameter sub-brasc This whole process
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continues until the jets or smaller jets hit thélexdor surface. At the same time,
solvent evaporation in flight is enhanced as thk-jsts has large surface area
leading to only polymer nanofibers deposited ondiestrate surface. The syringe is
set into transverse motion along the rotating afighe drum to achieve wider

covering of nanofibers on the substrate.

Electrospun nanofibers

travel in random High Voltage
trajectaries Supply
Capill
- ! ary_ — Linear actuator
Rotating / systern
drum
Syringe

Substrate
wrapped on
rotating drum

otating
direction

Fig. 7.1 Schematic of the nanofiber electrospinning

The conditions to electrospin PEO nanofibers aterdened by referencing td/an

et al. [55] Doshi and Reneker [1HndTsali et al. [14]accompanied by our repeated
trials and inspection of samples under Scanningtile Microscope (SEM) to
observe for uniform fiber diameter with minimum Hefarmation. PEO solution is
prepared by dissolving PEO powders (obtained fraafriéh) having a molecular
weight of 600,000 grams/mole in a solvent contagr® % by volume (vol. %) of
isopropyl alcohol and 20 vol. % of water. The maatso between polymer and
solvent is 5 %. The syringe has 20 ml nominal vawand the capillary is of 0.7 mm
inner diameter. The applied voltage is 20 kV areldistance between capillary and

drum surface is 14 cm. Solution feed rate is maiethat 6x 10° ml/min. The

substrate is a non-woven composed of coarse fibigéihsmean diameter at 14pm.
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Pressure drop across the substrate at 5 isnmeasured to be 1.39 Pa.

Nanofiber layer solidosity depends on electrospignduration. The longer the
electrospinning lasts, the more nanofibers candaged on the substrate. The basis
weight W of nanofibers as described in egs. (2.7) and (&h8% increases with
electrospinning duration. It is intuitive to assubwh the solidosityg: and thickness
Z of nanofiber layer increases with electrospinnaiigation. To fabricate nanofiber
layers of the same; but differentZ, nanofiber filters (i.e. substrate coated with
nanofibers) produced under the same electrospirshimgtion can be stacked up as
depicted in figure 7.2. Practically, the nanofitarer in the stack can be considered

to have solidosity and thickness closeitand Z.

i M anafiber layer
Nanuf!ber_layer af solidosity o
of solidosity o When two layers and thickness 27

and thickness £ are stacked up...
\ ”""""""’"‘ equivalentta %
e (Interms of n
¢ L | aroas
Substrate

Fig. 7.2 Nanofiber layer of the same solidosity tifferent thickness

Table 7.1 summarizes the physical parameters oftiatb and nanofiber layers
coated on it. The substrate is obtained from manufar and the nanofiber layers
(N1 — N9) are produced in our laboratory by elespioning PEO solution under the
conditions mentioned previously. N1 to N9 are pasth under different

electrospinning durations, with N1 the shortest gratlually increases to N9. The

basis weighWW of substrate is measured by electronic balancée wie values of
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nanofiber layers are too small to be detectablstedd, W of N1 to N9 was

determined by multiplying the solution feed ratex610° ml/min), solvent density,

polymer / solvent mass ratio (5 %) and electrospgauration together. Thugy is
proportional to electrospinning duration. The mdidwer diameterd; is estimated
from SEM pictures. Since the nanofiber layers avated on substrates, pressure
drop AP across the nanofiber layers cannot be measuredtlgir Instead, the\P
across clear substrate was first measured, andahie was being subtracted from
the AP across substrates coated with nanofibers (i.eposites). For examplé\P
across substrate coated with nanofiber layer NBéiasured to be 14.6 Pa at 5 ¢mns
and theAP across a clear substrate of 1.4 Pa is being subtrao yield theAP
across N3 being 13.2 Pa. The thickn&ssf the substrate on the order of mm is
measured by micrometer. Its solidositys estimated from eq. (2.6) by knowiA§
/U, dr andZ. It is very difficult to use SEM to measure théckmess of nanofiber
layer because the nanofibers coated on substrateeay thin and easily damaged
during the cutting process, thus the cross-sedioranofiber layer as viewed under
SEM is heavily deformed. Instead, eq. (2.8) is usedstimatec;.. For example, N3
hasd: equals to 208 nm\V equals to 0.12 gff) pr equals to 1.22 gcrhand AP

equals to 13.2 Pa wheth = 5 cm§, its ¢; is estimated to be 8.% 10°. It follows
that Z as obtained from eq. (2.7) equals to 1%.80° m. Values ofc; and Z

obtained in this way should be allowed for varianc@levertheless, we must
estimatec; andZ of nanofiber layers, as they are essential in iimgi¢he filtration
efficiencies. The uncertainty &P is obtained from repeated measurements on the

same sample. The uncertainties of derived quasiitiend Z are obtained from
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experimental uncertainty analysis. Figures 7.3.%afe the SEM pictures showing
the top view of nanofiber layers of N1S, N4S andSN&spectively. While the
substrate fibers can still be observed in pictuoésN1S and N4S, they are
completely covered up by nanofibers in N8S, indingathe increasing basis weight

of nanofibers.
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Medium Substrate N1 N2 N3 N4 N5 N6 N7 N8 N9

Mean fiber diameted; (nm) 14.7 208 208 208 208 208 208 208 208 208
x 10°

Basis weightW (gn?) 20.08 0058 0088 012 018 023 035 047 058 .700

Solidosity,ci + Acy 130 3.9 6.6 8.7 13.6 17.8 25.4 30.8 34.6 36.0

(x 10'3) t274 06 09 +132 +163 +t222 +282 *334 1379 + 384

100 13.3 11.8 11.8 114 11.6 12.2 13.4 14.9 17.2
ThicknessZ + AZ (x 10°m)
T4 +205 +£171 +179 +£137 145 £ 136 *145 + 163 + 1.84

14 4.4 8.6 13.2 24.7 37.7 67.6 994 131.8 161.2
Pressure dropP at 5 cm3 (Pa)
+008 +012 +£019 +034 025 +047 038 + 042 =+ 061 = 055

Table 7.1 Physical parameters of substrate andfib@néayers coated on it
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Fig. 7.4 SEM picture of N4S
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Fig. 7.5 SEM picture of N8S

The filtration efficiency 4) of the self-produced nanofiber filters N1S to Na®

tested in the same way as described in Section 2.2.

The nanofiber filters N1S to N9S produced from &espinning method in this
study have basis weight from 0.058 to 0.7 gi@ommercial microfiber and HEPA
filters usually have basis weight over 100 ‘gnHence, the material cost to
manufacture nanofiber filters should be much lowen microfiber and HEPA
filters due to the use of smaller amount of fibétewever, the existing plants using
meltblown technology to produce microfiber and HEters need to install new
electrospinning machines in order to produce polybased nanofibers. It raises the

initial cost.
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7.3 Filtration performance vs. Nanofiber layer solidosity

Figure 7.6 shows the experimental filtration effiuties at face velocity of 5 cths
of clear substrate and substrates coated with imaTef together with predictions
(continuous curves) from the empirical correlatfegs. (3.1) — (3.4)] described in
Section 3.2. Noted “N1S” represents the compositenéd by coating nanofiber
layer N1 on substrate S. Experimental results atdidhat clear substrate offers
negligible filtration efficiency (less than 2 %) mpared to composites. It follows
that the filtration efficiency as measured acrassgosites can be approximated to
that of nanofiber layers. As expected, the efficieaurve shifts upward from N1S to
N9S due to an increase in basis weight of nandfibdanofiber coating enhances
the filtration efficiency of microfiber substratalso reduces the most penetrating
particle size (MPPS) down to 140 nm. Other studli€s 20, 54]also showed that
composites formed by coating nanofibers on micesfdubstrate always have MPPS

lower than conventional microfiber filters.
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Fig. 7.6 Filtration efficiencies of clear substré® and substrates coated with

nanofibers (N1S to N9S)

Since N1S to N9S are dual-layer composites, theioretical efficiencies are given
by:

ne =1=[1=nyJL-7s) Eq. (7.1)
where 7c is the filtration efficiency of composite;y and s are the filtration
efficiencies of nanofiber layer and substrate respely, each determined according
to the empirical correlation [egs. (3.1) — (3.44sdribed in Section 3.Xn; of
substrate is 9 10% (d = 14.7 um), thus the flow over fibers belongs to
aerodynamic slip flow regime (0.001 kn; < 0.25). Hence, the model built upon
Navier-Stokes equation with slip correction is ahieé to predict the filtration
efficiency of substrate. On the other haKa; of nanofiber layer is 0.64d(= 208

nm), rendering the flow over fibers transitionaé (itransition from slip to molecular
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flow) which is difficult to simulate, and the modslnot a physical representation on
flow problem in nano-scale. Moreover, our test aef@s sub-micron in size from 50
to 480 nm. It follows that aerosols and fibers@irsimilar scale and aerosols can no
longer be treated as point masses not affecting flihe over fibers, which
contradicts with model's assumption. Despite ofsthithe theoretical and
experimental filtration efficiency of composite ¢aming nanofiber layer are still
compared to determine the possible deviation. ingty, the model can predict
quite accurately the filtration efficiencies D smaller than 100 nm over the whole
test range on nanofiber layer solidosity. Bgrlarger than 300 nm, the experimental
efficiency curve agrees with theoretical one ouvee tange of nanofiber layer

solidosity from 3.9 (N1S) to 8.7 (N3S) 10°. Starting from 13.6x 10° (N4S), the

model over-estimates filtration efficiencies f@y, larger than 300 nm and the
deviation grows with particle size. This over-esition even starts early B}, = 200

nm when nanofiber layer solidosity equals to 38.a0° (N9S). Hence, the model

seems to over-estimate the interception effectredfeby nanofiber in capturing

particles larger than its diameter especially uridgher solidosity condition.

The theoretical MPPS can be obtained by differéngieeq. (3.1) with respect 0,
and set to zero, or just by inspection from theotbtcal efficiency curve. In figure
7.7, the dotted line connecting theoretical MPP®®E to N9S shows a generally
decreasing trend against nanofiber layer solidogsibhere experimental results also

agree with the trend.
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7.4 Filtration performance vs. Face velocity

Figure 7.8 compares the filtration efficiencies enthce velocities of 5 and 10 crs
Experimental results show that filtration efficiégs over particle size range from 50
to 480 nm generally decrease with respect to iseréaface velocity from 5 to 10
cms®. This phenomenon occurs for all composites, desmity the results of N1S,
N3S, N5S, N7S and N9S are depicted in figure 78 Teduction on filtration
efficiency becomes larger at smaller particle siZéBis is in agreement with
theoretical prediction because doubling the fadecity is equivalent to reducing by
a factor of half the retention time of particlestie nanofiber filter, thus lowers the
chance for particles to collide on fibers througtoinian motion (diffusion). Since

diffusion is the dominating capture mechanism fantiples smaller than 100 nm, the
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filtration efficiencies of these particles are nipstffected. For particles larger than
300 nm, the filtration efficiencies remain nearlpchanged when face velocity
increased from 5 to 10 cisThis is due to the fact that the Reynolds nunfBey
based on the nanofiber diameter ranges betweerl@*>and 1.4 x 18 which is
under creeping low Reynolds number floRe(<< 1) and the streamlines in such
flow field does not change, hence capture, by tefiber, of the aerosol as carried

by the stream flow (i.e. interception) remains wargded.
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Fig. 7.8 Filtration efficiencies of N1S, N3S, N3$/S and N9S under face

velocities of 5 and 10 crifs

When face velocity increased from 5 to 10 ¢rthe model still generates efficiency
curve closely agree with experimental values fomposites N1S and N3S.
However, predicted efficiency curve starts to devitom experimental values at

larger particle sizes as nanofiber layer solidosityeases. This has been observed
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in the case of 5 cnitsin Section 7.3. The same observation under 10*domsher

implies that assumed flow independence betweeridargrticles and smaller fibers

cannot be hold when nanofibers become more densatied. Figure 7.9 plots

experimental and theoretica) against Peclet numbelPg) of nanofiber layers N1

and N9. Theoreticajp is predicted by eq. (3.3). Experimeniglis obtained by first

back-calculate single fiber efficienoy from experimental filtration efficiency

using eq. (3.1), followed by subtracting: [eq. (3.4)] from ;. It shows the

applicability of eq. (3.3) to nanofiber filters wihBeis smaller than 50.

b

0.1

& N1, exp. (5 cm/s)

& N1 exp. (10 cm/s)
——N1, theo.

A N9, exp. (5 cm/s)

A N9, exp. (10 cm/s)
—-—-N9, theo.

10
Pe

100

Fig. 7.9 Comparison of experimental and theoretjgadf nanofiber layers N1 and

N9

For particles smaller than 50 nm, the dominatitigation mechanism is diffusion.

From fig. 7.9, both experimental results and thiceak predictions show that the
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single fiber efficiency due to diffusiomd) increases with decreasing Peclet number
(Pe). Since smaller aerosol has lows it is expected that the filtration efficiency
continues to increase when particle size goes ub@derm, but will start to flatten

when particle size goes down further.

Figure 7.10 shows the quality fact@K) at a particle size of 200 nm as a function
of nanofiber basis weight\) under face velocities of 5 and 10 ¢ém&rom Darcy’s
Law, pressure drop across filter increases lineailly face velocity in laminar flow
situation. As shown in figure 7.8, filtration efiémicy generally decreases with
respect to increase in face velocity. Hence, quédittor as an indicator to filtration
performance should become lower at higher faceciutglowhich is depicted in
figure 7.10.QF of nanofiber filter decreases wit¥v, and most rapidly at initial
values of W. This trend follows when face velocity increased 10 cm&, but
subjected to a lower decrease rate. To have bgltetion performance, it is
recommended to adopt the lowest possible face wgladien nanofiber filter is
used. In addition, it is more cost-effective to leeer basis weight of nanofibers
due to the relatively highe@F, which is the basis of “multi-layer” filter using

multiple low-basis weight nanofiber layers to bsadissed later.
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Fig. 7.10 Quality factor at particle size of 200 against basis weight of nanofibers

under face velocities of 5 and 10 ¢hs

7.5 Filtration performance vs. Thickness of nanofiber layer

Two and three layers of N3S are stacked up (seadd3Sx2 and N3Sx3) in

order to form nanofiber layers with the same sditjobut increased thickness as
compared to single layer of N3S. Given the filvatiefficiency and pressure drop
across a filter ag and AP respectively, it can be deduced from eq. (2.3) tha
quality factor of a composite formed by stackingkujlentical layers of the filter

remains unchanged, i.e.

__In{t-n) _ _In(t-7) _
QR = kaP) ~— AP =QF =9 (7:2)
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Figure 7.11 shows the filtration efficiencies of §3N3S x2 and N3Sx3 at 5 cms.
Practically, nanofiber layer solidosityc( remains close to 8.% 10° while

nanofiber layer thicknes<Z) and basis weightW) increase in discrete multiples.

Pressure drop measured across N@Sand N3Sx3 are 29.75 and 47.23 Pa

respectively, which are close to two and three simi\P across N3S (14.58 Pa)P
across individual N3S layers in N3& and N3Sx3 have also been measured. In
N3S x2, they are 15.44 and 14.31 Pa, thus making u®@.tb2Pa. In N353, they
are 16.53, 14.7 and 16 Pa, thus making up to 47a&23HenceAP measured across
the individual N3S layers are 14.58, 15.44, 1418153, 14.7 and 16 Pa respectively.
The average is 15.26 Pa with a standard deviatipale to 0.80 Pa. It shows the
variation in AP of each layer, which indicates the inevitable imlogeneity of
nanofiber packing as resulted from the random eatdrelectrospinning process.
The MPPS of N3S is 140 nm and decreased slighth2tbnm wherZ is doubled.
WhenZ is tripled, MPPS remains at 120 nm. It is belietlealt the effect oZ on
MPPS is less prominent than thatco{as depicted in figure 7.7). Figure 7.12 shows

the experimental quality factors of N3S, N33 and N3Sx3, which are close to

each other as expected from eq. (7.2).
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cms

The circles in figure 7.13 represent the experi@efittration efficiencies (of 200
nm aerosol) and pressure drop of N1S to N9S singtefiber layer filter. These
data points are linked up to show the diminishietym characteristic of nanofiber
filter. By adding more nanofibers, the filtratioffieéency increases in a decreasing
rate with respect to pressure drop. It means thadfibers deposited as single layer
elevate the pressure drop without significantly iavwe the filtration efficiency,
which lowers the quality factor and leads to pogrerformance, especially when
nanofiber basis weight is high (see figure 7.1®)isTproblem may hinder the use of
nanofibers in high efficiency filtration. Howevezq. (7.2) shows that stacking up
multiple filters does not alter the quality factand this postulation has been verified
by experiment results as depicted in figure 7.1@nd¢, it is prudent to investigate
the pressure drop savings that can be achievedghrtmulti-layering”. In figure
7.13, the dotted curve represents the projectioanwinultiple units of N1SW =
0.058 gnif) with high QF are stacked up. Under the sawief 0.70 gnf, N1S x12
provides a pressure drop savings by 93.12 Pa, filtitition efficiency at 82.60 %,
which is slightly lower than that of N9S at 91.37 WéhenW equals to 0.23 gif
pressure drop savings offered by N¥& as compared to N5S is 15.90 Pa, with
filtration efficiency drops from 48.69 to 44.17 %can be observed thaP savings
through “multi-layering” becomes more significant khigher W. In addition,
irrespective of single- or multi- nanofiber layalter, they perform better than

microfiber filter, as depicted in figure 7.13. A®ntioned before, nanofibers are soft

112



and their non-wovens produced from electrospinnirage fixed solidosity and
thickness at each basis weight. Hence, “multi-laygrcan also be regarded as an
alternative to adjust the solidosity and thicknesshanofiber layer under a fixed

basis weight while yielding high efficiency and Ignressure drop.

100 : 93.12 Pa
i P BT e . .
~ 80 L Multi- nanofiber B At,-':—;"‘t"’"_/‘ h Iso-basis welnglt,
§ 1 layer filter -~ W=07gm
5 r ; - Microfiber fitter
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. % 60 . > (Leung g [54])
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Pressure drop, AP (Pa)
Fig. 7.13 Operation curvesl(= 5 cm§, Dy = 200 nm) of multi- nanofiber layer

filters formed by stacking up constituent unitsnfirdl1S to N9S

The criteria of HEPA quality is to have filtraticfficiency over 99.97 % at 0.3 um
aerosol and pressure drop lower than 392 Pa ats5 tmse velocity. Hence, the
minimum quality factor of HEPA filter media is 0.02P&". On the other hand, our
nanofiber filter N9S produced from electrospinnmgthod can reach 91 % filtration
efficiency at 0.3 pm aerosol with 161 Pa pressuop @t 5 cm3 face velocity. The
quality factor is 0.015 Pa Although the quality factor of our N9S is lowédran
HEPA media, it can be improved through “multi-lapef using the most porous
N1S as the building block, yielding over 90 % &lion efficiency with quality

factor reaches 0.035 PaThrough stacking up N1S, 99.97 % filtration dffiicy
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can be achieved with pressure drop expected toOBeP2, which is lower than

HEPA filter.

7.6 Chapter conclusions

Nanofiber filters are produced by electrospinningOPnanofibers on microfiber
substrate. The mean diameter of PEO nanofiber®&sn2n, by which fluid flow
around fibers falls under the transition regimesthy, the effect of nanofiber layer
solidosity on filtration performance has been inigasged. Both experiment and
theory shows that the MPPS decreases with nandéler solidosity. Secondly, the
effect of face velocity on filtration performanceash been studied. Filtration
efficiency generally decreases with face veloatyd the reduction becomes larger
at smaller particle sizes. This agrees with themaktprediction. It is because
increased face velocity reduces the retention tfinaerosol within the nanofiber
structure, thus lowers the chance for aerosol tiideoon fibers through Brownian
motion. In addition, it is recommended to adopt linest possible face velocity
when nanofiber filter is used; otherwise the qydbictor drops dramatically. Thirdly,
the effect of nanofiber layer thickness on filtoati performance has been
investigated. Results show that the effect of nieoflayer thickness on MPPS is
less prominent than that of nanofiber layer soliiyo8y adding more nanofibers on
microfiber substrate, the filtration efficiency meases in a decreasing rate with
respect to pressure drop. It means that nanofibeirey deposited into single layer

elevate the pressure drop without significantly iawe the filtration efficiency,
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which lowers the quality factor and leads to pogrerformance. The performance
can be improved by distributing the same amountafofibers sparsely through
stacking up multiple filters, known as “multi-layeg”. Pressure drop savings
through “multi-layering” becomes more significatithegher nanofiber basis weight
or applications that require high efficiency. Indamn, under the same amount of
nanofibers, stack up constituent units with lowanaefiber basis weight will enhance
the pressure drop savings. Alternatively, a mufi&nofiber layer filter can be
realized wherein the pressure drop is the samesasgie nanofiber layer filter yet
the filtration efficiency for sub-micron aerosol ssgnificantly higher by putting

additional nanofibers in the filter.

115



Chapter 8

Conclusions and suggestions for future research

8.1 Conclusions

The objective of this research to study the filtmatof sub-micron aerosol by
nanofiber media has been covered. First of aleghypes of non-woven nanofiber
filters having solidositiescf) at 0.011 (filter A), 0.017 (filter B) and 0.02#liter C)
and mean fiber diametdyrat 300 nm, also a microfiber filter (filter D) Wit equals
to 0.048 and) at 1,800 nm are provided by a manufacturer forresearch purpose.
Under 5 cm$ face velocity, nanofiber filter A shows highettition efficiency 4)
and quality factor@F) than microfiber filter D at clean state. Howeuérs does not
necessarily imply that nanofiber non-wovens is tdibely better” than microfiber
non-wovens for filtration purpose. By loading thétefs with polydisperse
sub-micron NaCl aerosol, it is observed that thesgure dropAP) of nanofiber
filter rises more rapidly than microfiber filter.h& semi-empirical model also
suggests this. Hence, the relatively low dust mgdcapacity is regarded as a
weakness of nanofiber filter, as it leads to frequélter replacement during
extended use. Moreover, the pressure drop incrnegiseof nanofiber filter is very
sensitive toci. The most penetrating particle size (MPPS) of rcleano- (A) and
micro- (D) fiber filters are 103 and 203 nm respesy. It has also been discovered
that at similar degree of loading based on depmditiosityc,, the shift of MPPS of

nano- (A) and micro- (D) fiber filters are 11 arfllMm respectively. The more stable
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MPPS under loading is a potential advantage of filaeroover microfiber filter.

In order to avoid rapid clogging of nanofiber filten inhomogeneous dual-layer
media (filter E) formed by placing microfiber med{élter D) upstream and
nanofiber media (filter A) downstream is proposkdading test results show that
filter E has lower pressure drop increase rate ttsacontrol filter F (A upstream to
D), first of all because the upstream microfibeselain filter E has collected part of
the challenging aerosol, thus reduces the loadmgl@vnstream nanofiber layer.
Moreover, the newly proposed semi-empirical modebvwss that the deposition
profile K(x, t) across nanofiber layer of filter E is more unifothan that of filter F,
thus its pressure drop increase rate is suppresgedicantly. Serving two purposes,
the dual-layer filter with microfibers upstream amahofibers downstream is able to
utilize the strength of nanofibers at clean stdteafion for enhancing the quality
factor and microfibers at loaded state filtraticor improving the dust holding

capacity.

Loaded nanofiber filter can be regenerated by bawekbf pulsating air jet with
precisely controlled pressure and period. Undeeatgul loading and regeneration,
the residual pressure dropR) increases gradually, which is the same as the afs
microfiber filter. During backflow regeneratioAP across nanofiber filter decreases
with respect to number of air jet pulsgsand the trend can be roughly divided into
three stages. The first stage has the major podfodust agglomerate removed

readily from the filter, causingP decreases rapidly. The second stage involves the
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cleaning of dust agglomerate more difficult to benoved, hencAP decreases at a
slower rate. No more dust agglomerate can be rethtreen the filter in the third
stage and\P remains constant, which becomes the resid®aBy loading the same
nanofiber filter to different extent (maximumP), the residualAP remains
unchanged for different values &P,y The effectiveness of backflow regeneration
on loaded nanofiber filter is evaluated by plottaignensionlesaP (= AP / APpyay)
againstns, known as the dimensionless regeneration curveebDsionless residual
AP decreases with respect fPnay indicating backflow regeneration is more
effective under higher extent of loading. Howeubere exists an upper limit such
that further increase onPnax does not lower dimensionless resida& anymore,

hence an optimalPn,.« exists for effective backflow regeneration.

Besides manufacturer samples, we have producedowar nanofiber filters by
electrospinning polymer nanofibers on microfibebstuate. The substrate is a
non-woven microfiber medium with negligibleand AP as compared to nanofiber
layer. The nanofiber layer is composed of elecwaspolyethylene oxide (PEO)
nanofibers withd; equals to 208 nm. Experimental results show that NIPPS

decreases from 140 to 90 nm wief nanofiber layer increases from 3.9 to 86

103, When face velocity increases from 5 to 10 cths; decreases in general, and
the reduction becomes larger at smaller aeroses$ 3pecially fob, below 100 nm.
By maintainingc; at 8.7 x 102 and almost triple the thickness of nanofiber lair
the MPPS decreases slightly from 140 to 120 nnms $hggestZ has less prominent

effect on MPPS thai;. By adding more nanofibers on microfiber substiate
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single layer especially under dense fiber packixfg,elevates without significantly
improving n exhibiting a diminishing return behavior. Hencége tmethod of
“multi-layering” is proposed to fabricate nanofibiter with greatly reduced\P.
This is advantageous for high efficiency applicasidhat require large basis weight

(W) of nanofibers.

8.2 Suggestions for futureresearch

Researchers have been putting efforts to imprdier fnedia capture efficiency and
air permeability throughout the yedis5]. One of the ways is to reduce the fiber
diameter. This research project has demonstrateofibar filter offers better
filtration efficiency and quality factor than midtoer filter and the production of
nanofiber media through electrospinning processvéder, the filtration mechanism
still relies on mechanical means mainly diffusiomd ainterception, with a small
degree of inertial impaction. To further improvee thfficiency of fibrous filter, a
traditional method is to apply electrostatic chargéhus initiating electrostatic
attraction between fibers and particulates agratibn mechanism in addition to the
mechanical means. Filter composed of charged fibeescommonly referred as
“electret” filter media. The filtration mechanisnetind electret filter media has
been studied since several decades[ago- 59] and N95 respirators is one of the
daily life applications of electret filter mediah@ advantage of electret filter media
is that the charge on fibers improves the filtnatefficiency without causing extra

airflow resistancd60 — 62] However, electret filter media has disadvantagiesh
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as it undergoes natural charge decay when exposaghltient environmen63] or
certain chemicals (e.g. xylene) in liquid phag&$ and the charges on fibers will
also be shaded by collected particulate duringneldd operatiori65 — 66] both

leads to efficiency degradation.

It follows that electret and nanofiber media cancbenbined to enhance filtration
performance. Compared to microfiber, nanofiber laager surface area-to-volume
ratio for deposition of electrostatic charges, mgkit an even better candidate for
electret filter media. Hence, the key objective fofure research is to develop
electret filter media made of nanofibers, which banregarded as an improvement
to existing electret microfiber non-wovens, alsoe tluncharged nanofiber
non-wovens. Nanofiber media can be produced bytrelganning, followed by
deposition of electrostatic charges on it throughona discharge. Previous studies
[67 — 70] have confirmed the production of electret fibromedia by corona
discharge. Change of filtration efficiency and pree drop of electret nanofiber
media under continuous aerosol loading should &lsostudied experimentally,
hence quantifying the effect of charge shieldingsbig-micron aerosol deposited on
electrostatic nanofiber. Since backflow has beemaistrated as an effective
method to regenerate uncharged nanofiber filtex, affectiveness on electret

nanofiber media can also be studied.

The simulation of aerosol deposition in fibrous maet predict filtration efficiency

largely facilitates filter design. Mostly, the sla¢fiber approach is adopted, which
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involves the determination of flow field around dils and calculation of aerosol
tracks by Lagrangian methddl]. However, the continuum assumption no longer
holds for flow over nanofiberd6]. Navier-Stokes equation is an improper
mathematical description on flow over fiber with lsen number larger than 0.25.
Moreover, the traveling sub-micron aerosol is imikr scale to the stationary
nanofiber, meaning that the influence of the adraso the flow field around
nanofiber cannot be neglected. Last but not I¢lastelectrostatic attraction provided
by electrostatic nanofiber acts as external forece aerosol. All the above
mechanisms complicate the simulation of aerosobsiéipn in electret nanofiber
filter. Direct Simulation Monte Carlo (DSMC) methaone of the possible ways to
simulate this kind of nano-scale fluid structuréemction (FSI) problem, which is

one of the future research directions.
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Appendix |

To measure the filtration efficiency of a filtegrasol of specific size is generated
from electrostatic classification. Due to multiglearge effect, the resultant aerosol
stream always contains particles of the same eattmobility () but different
sizes Dp) and chargesnj. For example, the stream corresponds to 50 nwsakr
actually composed of 50 nm (+1 charged), 73 nm,(92)nm (+3), 108 nm (+4),
124 nm (+5) and 138 nm (+6) particles. Multiple1deaeffect at filter upstream can
be corrected by using/iedensohler [41approximation. However, the filter under
test will screen out particles to different extdepending oD, another method is
thus required to determine the actual concentratiorfilter downstream from

particle counter reading.

Suppose the filter upstream and downstream nunterentration of 460 nm (+1)
and 480 nm (+1) particles have been measured, theesponding filtration
efficienciesy(460) andy(480) can be determined directly from Eq. (2.1) tu¢he
fact that their multiply charged (+2, +3, +4...) pelgs are larger than impactor’s

cut-off size, usually at 750 nm under normal opegatonditions.

However, the 280 nm aerosol stream actually costaB0 nm (+1), 467 nm (+2)
and 648 nm (+3) particles. By neglecting 648 nm) (p&ticles due to its relatively
low concentration in the aerosol stream, the m@stiip between particle counter

reading and actual concentration is given by:
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Cinreading = Cin(280.1) + Cin(467.2) Eq. (Al.1)
Coutreading= Couf(280:1) + Cou467:2) Eq. (AL2)
where Cinreading and Coureading are the upstream and downstream number
concentration as shown on the particle counter ectsly. C(467:,) is the
upstream concentration of +2 charged 467 nm pestiskhich is in a fixed
proportion toCiy(467.1) under the standard bi-polar charge distribut@g(467.1) is
obtained by interpolation usir@,(460;;) andCin(480;,). Cin(280.,) is then obtained
from Eq. (Al.1).Cou(467:2) is equal toCin(467:,) times 1 —(467), as interpolated
from 7(460) and;(480).Cou{280:1) is then determined according to Eq. (Al.2). Both
Cin(280.1) and C,,(280;;) are substituted into eq. (2.1) giving280). The above
steps are repeated to obtain the filtration efficies from large to small particle

sizes until the whole test range has been covered.
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