Abstract

WU, MENGBAI. Modeling andNumerical $udies of Submicron particleransport and

Filtration with Monolith filters. (Under the direction of AdreyV. Kuznetsov and \&rrenJ.

Jaspel)

Aerosol particle filtration is crucial for many industrial andpairificationprocesse®ifferent

types of aerosol particle filters has been developed and utilized in the past few decades.
Monolith filter is a new type of filter that fabricated from a single piece of polymer material
characterized with small holes on a thin film. Monolith filter Isagnificant potentiaffor
submicron aerosol particle filtratipaven though the filtration process with tbliass of filters

has not been well studied.odeling and analysis afansport andiltration processn monolith

filters were studied in this thesis

Basedon thefiltration processand the repeating geometric structure of a monolith fiier
single channel model andsingle unit modelvere developedrespectively where the thg

force, electrostatic force, and Brownian motion are considesdtie majoforcesaffecting
particle motionUsing a single channel model or a single unit model, mgalestudies were
performed with Lagrangian particle tracking methodology aridonte Carlo simulation
Filtration efficiency was estimated by statistics of a group of parti@esulation results
clearly showed a transition of particle captorechanisnfrom Brownian motion talirection
interception when particle diameter increases, resulting with a most penetrating particle size

of 100nm to250nm.

A single unit model was modified and improved based ordhgarison withexperimental



results. The comparison suggettat the original model of Brownian force underestimated
particle’”s Brownian motion, and Van Der Waal
approaching to the surface of a filtefheimproved model showed a reasonable agreement

with experimental results. The dependency of filtration efficiency on flow rates, channel

diameter and applied electric charge loa filter were studied with thenproved model.

A preliminary dimensionlessstudy was performed. Whilean interception parameter
characterizeshe particle capture due to direatterception, two dimensionless parameters,
dimensionless Brownian force and dimensionless electrostatic fwece derived fronthe
dimensionless form ahe particle motion equatioto characterize the particle motion due to
Brownian diffusion and electrostatic forc@mulationssuggestshat these two dimensionless
parameters cannot determine the captéfieiency by themselves However, it was verified
that particle capture due ®rowniandiffusion inside acircular channel is dependent on a
deposition parameter. Comparison between numerical simulatiortsadittbnalasymptotic

solutions show thdahetraditional asymptotisolutions undesstimates the filtration efficiency
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Chapter 1: Introduction

Separation of fine aerosol paté from suspending fluid igedal for bothindustrial processes
and humamespiratory procegs To meet the requirement of high fdtron efficiency with a
compact filter structure, various efforts were made to improve the desigutiaration of
aerosol particle filtration systemdsingadvanced fabrication techniquasnonolith filterwas
fabricated with samsized channels from a singleepe of polypropylengim. Monolith filters
possesseqa@xcellentpotential forfine aerosol particle filtration with a small pressure loss. In
this chapter, traditional aerosol paleicfilters were reviewed briefly, followed with an

introduction of monolith filters anthe main objectivef theresearch

1.1 Traditional aerosol filters

Aerosolparticles defined as a suspension of solid or liquid particles inayaqproduced in

both natural and artificial ways. The removabeftosoparticles from air is important fenany
processes. Typical aerosol particles such as smoke and pollen, as well as bioaerosol such as
virusesand bacteria, can be hazardous to the enmemnt and human healttn the past few
decades many different filtration systems were developed to meet different filtration
requiremerd, within which fibrous filters, porous foam and membrane filters, granular

filtration systemsand electrostatiprecipitator are widely used for submicrtration.

Fibrous filters are fibers in an open thidienensional network, where the fibers are arranged

more or less normal to the flow direction. A scanning electron microscopy of a section of



fibrous filter is shown in figure 1.1.

Figure 1.1: SEM scan of a section of fibrous fiff@ourcehttp://www.classicfilters.com

The space between fibers are normally quite large compatieeparticlesize. As gas pass
through the filter, the particles can be collected on the surface of fibers due to different capture
mechanisms. Ththickerthe filer is, the less chance of particle penetration. The diameter of

the fibers in a fibrous filterangedrom a few micros upto 200 microns.

As the most common high efficiency particle filter, fibrous filters wieoeoughlystudied both
experimentally and theoretically. Datisand Browr? reviewed the most important problems
for fibrous filtration. Previous studie®f submicron particles in fibrousiters led to the
establishment othe single fiber filtrationtheory® 4. Studies of particle capture from lew

speed laminar flow around a cylindrical fiber was reviewed by Spiefthan



Yeh et all® and Shapird were the first to perforrithe theoretical studies of submicron fibrous
filters. Oh. et al® numerically studied collection of submicron particles in a unipolar charged
fiber. Decades of research about fibrous filter culminatinénesthlishment of a single fiber
theory which included the main particle capture mechanism. Based on the flow field inside a
cellular model proposed by Kuwabatasingle fiber theory managed to build the dependency

of filtration efficiency on various dimermiless numbers”:

Porous foamand membrane filterare nonrfibrous depth filters. The filter has a continuous
internal structure, which makes it easier to remove the dust from the filter. Figura $E2Ns

imageof a porous foam filter.

o - | ¥
HV | WD |mag|det| vacmode |
20.00 kV| 7.8 mm | 93 x | ETD | High vacuum

Figure 1.2:SEM scan of a section of porous foam filter (source:
http://acsmaterial.com/product.asp?cid=99&id=)126



Porous foam and membrane filters consighe noRuniform channels andopes with variety
of sizedlinked inside the filter surfac&tudies of porous foarwas reviewed by Lefebvi&!,

and sudies about membrane filters were revieweinek*? and Van Rei$?.

1.2 Monolith filter

Monolith filters, whichare comprised of a thin film with small channels or holes arranged in a
defined patterrexhibit different structures and flow patterns compared to fibrous filters and
membrane system3he nonolith filter shown in figure 1.3vas manufactured with apin

coating system with polypropylene film on silicon wafer
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Figure 1.3 SEM scan of monolith filter (Hole diameter = 650N )

As a new type of filter, the studies about monolith filters are quite limited, and there is little

published research on submicron particle filtration through monolith fiBaxsed on the



studies of submicron particle transport and filtration undeseudffice conditions, and the
micronsized geometry of monolith filter. It was reasonable to adopt particle tracking
methodology to study particles behavior through a monolith fillggure 1.4is a

representation of particle transptrtough a monolith fter.

Figure 1.4: Schematic of monolith filters (where an aerosol flow is filtered in circular
channels)

Previous work orthe filtration of submicron particles suggestsvay to combine Brownian
motion, the electrostatic force and the drag force together with Lagrangian particle tracking
methodology to predict the behavior of moving particles. Lagrangian particle tracking
methodology was used by many previous researchesnd Ahmadi®* '3 studied particle
transport form a point souraea turbulent channeldw. He and Ahmadt® 17 studied prticle
deposition with thermophoresis in laminar and turbulent duct flows. Soltani and ARfhadi

studied charged partetispersion and deposition in a turbulent flow.



Kim and Zydney*® 20 2lstudied normal flow filtration ira membrane systenThe dove
studies succefully used particle trackingthodology to analyze particleehavior under
certain flow conditions. The objective of this thesis, accordingly, is to take advantdge of
Lagrangianparticle tracking method, and perform studies of particle transport in a monolith

filter, and the filtration performance of a monbltlter.
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Chapter 2: Particle properties and tracking methodology

In this chapter basic propertiesof submicron aerosol particlesre introduced, and the
methodologysed for particle trackinig descibed. The study of particle filtration is based on
the calculation of particle trageories which treats aerosol particles separatelyp
guantitatively describe the motion of a single particle, assumptieresmadeo simplify the
physical andnathematical modelt is important tointerpret thebasicproperties of aerosol
particles becausheseproperties determine if the assumptions alpauticles are reasonable,

andprovide the basic guides to analyze particle behavior.

2.1 Particle properties

2.11 Particle charging properties

Due to the presence te electric fieldon fibers and membranes is important for us to
consider how many charges a particégries Charge on an aerosol particle can take a wide
range of values depending on the circumstances. Particles formedsast @i condensation
tend to have relatively low levels of charge, while particles prodhgexygporation maybe

highly charged.

All neutral or artificially generated aerosols are to some extent charged electrically. The
electric charge maybe acquirbg unipolar ions generated by corona dischaogegaseous
ions produces by high temperature, such as flame chaggirans that are commonfyresent

in atmosphere.



There are fundamenthinits on the amount afietcharge on a particle with a given size

The upper limit ofelectrical charge carried by a particlerresponds to the surface electric
field equals to breakdown electric field of normal &or a spherical particle, the limiting

charge is given by the equatiBh

2
n = ELdp (2.1)
P 4e

whereE_is the surface field intensity at which emission of electron or ions will octuis

theparticle diameter and is elementary unit of charg€he electric field at a distanaefrom

a particle with charge is:

-9
Eq - 4[0 @.2 (22)

where E, is the magnitude of electric fields, is the permittivity of free spacé&hoosing

E, =3 30V /m? the maximum charge on a particle is estimated as:

5 d ¢
n,° 530€Eim—pn ( (2.3)

Highly charged particles normally are charged by a unipolar ions due to a combination of
diffusion charge and field charge mechanisms. However, in a natural environment, the charge
on an aerosolparticle isgenerallymuch smaller. The electric charge on naturally occurring
aerosol particles followa Boltzmann charge distribution, which is tobkarge distribution

where the particle’s el eofmagniavithparticle kimetcr gy h a

10



energy.The evaluation of the average particle charge is evaluated by:

2

q _1
=-kgT 2.4
e, 2° (2.4)

where k; is Boltzmann constant andl is absolute temperature. Taking=300K the
average charge on a particle with Boltzann equilibrium distributibh is

o 12
_ ad, o
The Boltzmann chargdlistribution represents the charge distribution of an aerosol in
equilibrium with bipolar ionsHinds ! pointed outthat equation 2.5 providean accurate

estimation for particles larger tha@0nm. Equation 2.3 and equation 2.5 are used widely as

the upper and lower limit of electrical charge on an aerosol particle.
2.12 Particle adhesion properties

For a filtration problemapar t i cl e’ s i nsurfaceata filtey is impartanh t h e
Gererally, it is assumed that aerosol particles adherbeosurface of a filter on contact.

However, the problem of adhesion or bounce is complicated.

Whetheror not a deposited particldetackes itselffrom the surface is determined kiye
relative magnitude betwedineadhesive forces artdedetachment forces. The main adhesive
forces are ¥n derWaalsforce, electrostatic force andpibary forces, which is from the
surface tension of liquid filmgl. Electrostatic forcebetween garticle and a surface occurs

only when the particle is charged before contacting the surface. For a patickecarries

11



only a few unit charges, the electrostatic force is much smaller than Van der Waald force

and thus can be neglected.

Van der Waals force is the most important adhesive force for dry filters. Van der Waals force

between a particle and a flat surfacealculated as!:

Ad
= P 26
vaw 1 972 (26)

where F, is Van der Waals forceA is theHamaker constant, which is normally in the range

of 10%°- 1087, and z is the minimum separation distance.

The detachment of particie generally due to gravitational, vibratior@ centrifugal forces.

From equation 2.6, Van der Waals force is proportional to particle diadle,texvhile

gravitational force is proportional dﬁ , and vibrational and centrifugal are proportionalf,to

The @ove relations suggests that the smaller the particle is, the more difficult for a particle

escape from the surface.

Particle bounce from the surface is determined by the relative magnitude bétessbhound
energy andheadhesion energy. The main rebound energy would be the kinetic energy of the
particle before contacting the surface. The kinetic energy required for bounce to occur is given
by Dahneké®, as:
dpAl- re2

KE = ——
2X  r?

e

2.7)
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where KE is required kinetic energy of a particle,is the separation distance, ands the

coefficient of restitution normally ranging from 0.73 to 0’81

Given x=0.4nm, r,=0.80, H =10*°J, for a particle with a diameter a00hm and the

particle density iS00kg /n?, the estimation of required kinetic energyig® 10*J , which

correspond to a particle velocity 6f17m /s. Due to vicious effects, generally a particle

doesn’t obtain a vel derostlpartitles atigoh to éhe suriagelupoh o

contact is one of the characteristics ttiigtinguish aerosol particles from free molecules and

millimeter-sized particles.

2.2 Particle trackingnethodology

Briefly, Lagrangianparticle tracking method calculates tina@jectory of each single particle
and recordthe initial and final locations of particles. Most traditional multiphase flowiesud
consider the particles ascontinuumThus, the computingost could be&normous if particles
are considered separatelowever, for a typical channel on monolithét, it is common that
the channel sizis comparable tthe particle sizeln this case, it is not reasalle to study the
particles as @ontinuum ratherthanto treatthe particles separatelin this section] firstly
reviewed the main particle capture mechanisms, and then providedhdttematical
description of theparticle tracking methodology. Thigrticle tackingnethodology was used

for the analysis in chapter 3 and chapter 4 as the main analyzing tbisl ihesis.

13
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2.2.1Particle capture mechanism

Experimentameasurements with fibrous filters haxadidatedthe fundamental theories about
aerosol particle filtrationThere are various mechanisms by which a filter can capture a particle
from a moving aerosol stream. However, in most cases we can characterized the capture
mechanism into two main categories, which are particle capture by mechanical means and
particle capire by electrostatic meansiltration by mechanical means includes direct
interception, inertial impactim and Brownian diffusion. d¢ large particles, gravitational
settling is another main mechanical mechanispagticle capture. Bypplying proper edctric

field or electrically charging particle and filter, the attraction between particles and the filter is
beneficial for filtration enhancement. When either particle or the filter is charged, the overall
filtration of particles will include filtration by electrostatic means. In this sectionbréef
introduction of main capture mechanisms are covemdleachmain capture mechanism

physically explained.

2.2.11 Direct interception

Direct interceptioroccurs when a particle is subject to neither inertial nor diffusive motion,
and the particle is not responding to any external fémaéis situation, garticle would follow
a streamlinghat happens to coma contact with the filtersurface.Figure 2.1 shows the

illustration of direct interceptiofor a particle captured by a cylindrical fiber

14



Gas streamlines .
—

-0—0—0

Figure 2.1 lllustration of direct interception

Direct interception is the capture mechanism simply due tbrtibe size of the patrticle itself.

The patrticle is assumed to follow the streamline perfectly. Direct interception is the only
mechanical capture mechanism that is not a resuhegbarticle deviating fromts original
streamline, and the capture of particle due to interception can be described entirely with the
flow field. An interception parametef!, which is defined in equation 2,8is normally
considered to be the dependent ahle to quantitatively describe the filtration due to

interception.

N _dp 28
i 29
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whered is the diameter of the particle, add is a charateristic length of the filter. For

fibrousfilter, this characteristic length is the diameter of a single fiherlt is self-evident

that bigger interception parametesociates with highditration efficiency.
2.2.12 Inertia impaction

Dueto inertia, an aerosol particle may not be able to follow the streamline under the condition
when the flow s direction i s c haemtbavisapys s uc h
effect from the fluid is not strong enougghk e e p t h e p aalonhg thestreamlise, anot i o n
particle deviates from the streamline arashpossibly impat with the filter. This mechanism

is called inertial impaction. How a particle reatd a change iffow direction depends upon

the inertia of the particle and the difagce from the fluid. A massless particle with no inertia

will follow the streamling while a heavy particle tesdo move with its original velocity

Figure 2.2 illustrates thsituation whera particle is captured by a cylindrical fiber due to

inertial impaction.As shown in figure 2.2, instead of following the streamline, the particle

moves with the dottetine and contac with the fiber dugo a gradually deviation from the

streamline

16



Gas streamlines e

ooy

Figure 2.2 lllustration of inertial impaction

Relaxation time is a common parameter that is used to characterize particles amettia
stopping distance is the distance that a particle travels before sharing the same velocity of the

fluid. Relaxation timeand stopjng distance ardefined as™:

t,=mB (29

dstop = IRU 0 (210)

wheret, is the relaxation timem, is the mass of the particld,,, is the stopping distance,

stop

U, is filtration velocity, which is normally the mean velocitytb® injecting flow,and B is

the mechanical mobility of the particle which is defined in equatibbf@r an aerosol particle

17



B=— (2.11)
whereC, is Cunningham correction factom; is kinetic viscosity of the fluid.

Relaxation timas relatedtothe ar t i ¢ | ashat relaxaton ttime implieslow particle
inertia anda long relaxation time implies high particle inertia.studies ofparticlefiltration

due to inertial effects with fibrous filters, it is comniypnnderstoodhatthe Stokes numbeiss

the dimensionless parameter tlthtaracterizesnertial impaction The Sokes number is
defined aghe ratio of particle stopping distance to the characteristic length of the filter, as

shown in equation 22,

t U, _ d’CU,
d 18/,

Cc

St= (2.12)

where St is the Sokes numberand 7 is the density of the particldhe Stokes number

characterizes particle depiisn due to inertial effects. Ansaller stokes number implies
smaller inertial effects whilalarger Stokes number implies stronger inertial effaMisenthe
Stokes number is close to zero, a particle follows the streanlsethe Stokes number
increasesa particle starts to divergem streamlinesWhether stronger inertial effects result

in a higher filtration efficiency depends on the geometry of the filter.

2.2.13 Brownian Diffusion

When a fine patrticle is suspended in a fluid, the impact fitwrsurrounding gas or liquid

moleculescauses the instantaneous momenairthe particleéo change randomly, and thus

18



causes the particle to move in a random path. This random motion oftfilcéesan a medium
is calledBrownian motion.Figure 2.3 illustrates the Brownian motioprocessof a single
particle In this figure the dotted lines are a possible path of the moving particle (blue sphere).

Yellow scattered spheres are free molecules of the medium.

Figure23:1 |  ustration of a particle’s motio
Brownian motion is known to be significantly beneficial for submicron particle filtration.

When a particle flows witta fluid, Brownian diffusion will causehie particle to randomly
deviatefrom thestreamlineand impact with a solid surfacBigure 2.4 liustrates a possible

case whera particle contacts the surface of a cylindrical fibrous filter due to Brownian

diffusion.
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Figure 2.4 Illlustration of particle capture due to Brownian diffusion

Particlecapture due to Brownian motion diffusidepend®n both the diffusiopropertiesof

the particle a well asthe flow condition. In the theories about filtration with fibrous filters, it

is usually considered th&rownian diffusion is governed byhepat i cl e’ s Pecl et
which isdefinedas:

Pe= d—g‘) (2.13)

where Pe is Peclet numberD is the coefficiehof diffusion of the particles

_kTC

D=—2_=¢
3p i,

(2.14)

wherek; =1.38 310%°J /K is Boltzmann constant, anfl is absolute temperature.
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From above equation, it Bsvidentthat capture due to Brownian motion is dependent on the
geometry of the filter (fibediameted, ), flow condition (free filtratiorvelocityU,) and the

diffusion properties of the particle itself (coefficientduffusionD ).

For a small particle, the effect of momentum transfer between the paritiree molecules
is relatively stronger compared to bigger particlEsis meanssmaller particles are more
diffusive compared to bigger particles. So for submicron aerosol particles, Brownian motion

is a main capture mechaniswhenthePeclet number is close to zero, it means the particle is

very diffusive (with a largeD ), or the filter is very small (with a small, ), or the flow is

very weak (with a small, ). In above situations, it is evideparticlecapture will be easier,

resultingin a higher filtration efficiency. With the increasetbé Peclet number, the filtration

due to Brownian motion gets smaller.

2.2.14 Electrostatic attraction

Besidescapturing particle by mechanicaimears, anothermain submicron particle capture
mechanism is electrostatattraction Electrostaticattractiontakes effect when there are
electric chargeon the filter or the particles, or bothn dectrically charged filter attracts both
charged particles and neutral particldgrosol particles are capable of carrying electric
chargesWhen a charged particle movasthe presence cén external electric field, the
electrostatic force on the patés can be much greater thanestlexternal forces, and thus
becomethe dominant mechanism that governs particle motieigure 2.5illustrates that a

charged particle beingaptured by a charged cylindrical fibén Figure 2.5it is assumed the
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filter is positively charged and the particle is negatively charged.

Gas streamlines g

Figure 25: lllustration of particle capture due to electrostatic force

Electricallychargedilters or particles haveroved to be an excellent way to augmétriiion
efficiency. Another advantage gic har ged filter i s that the el
additionalflow resistance, and thus can enhance any filtration scealmmg withfiltration
with mechanical means. Filtration systems such as electrostatic precipitatymarercially

usedto maximize particle deposition and filtration.

The electrostatic forcketween garticle and a filter is a mixture of differemechanismsA
charged particle is attracted to an oppositely adrfiter by Coulombattraction An

uncharged particle can also be attracted to a charged Tilierdectric fieldemanating from
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the charged filterpolarizes the particle anddaces an efgric dipole The strength of this
dipole depends on the size of the particle isdielectic constantlf the electric field is not
uniform, theattractiveforces on the particle are differteandresult ina net force on the patrticle.
Charged or not, a particle alwaggperiences polarizatiomhen subjected to a namiform
electric field.Moreover, a charged particle can be attracteahtoncharged filter as well by
animage force. The charged partiaheluces an equal and opposite image charglesd filter.
Generally, polarizatioforcesand image forceare weaker than Coulorfdrces, and therefore,

when both the filter and particles atearged, only Coulomforce isconsidered.

The charging properties of particles are discussed in section 2.1.2. The charge on a filter can
be permanent or temporary, or sometimes the electric field can be apgdidd/the filter

without charging the filter itselfThere are three amn principal charging processes:
triboelectric charging, corona charging and charging by indudtiacorona charginga point
electrode at high electric potigal emits ions of its own sigand those ions will drift from the
electrode under the influea of the electric field to a collecting surface with lower electric

potential, and thus accumulate on the surface of the filter material.

Particle capture due to electrostatic force is usually difficult to quantify because it requires the
knowledge of the charge distribution on the filter and the charges on the pa@Qiutesf the
largest challengein the numerical studies of particle ttape due toelectrostatic mechanism

is perhapdow to realistically model the charge distribution afilter. Knowing the net or

bulk charges is not sufficient to model the behavior of an electrostatically charged filtration

systemAnd sq a uniform chage distribution isisuallyassumed. A uniformly charged
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cylindrical fiber and a sphere were both studied analytically to quantify the filtration due to
electrostatic attraction. However, the actual charge distribution on a filter is not usually
uniform. One way to measure the actual charge distribution on a filter is to use electrostatic

force microscopy (EFM) to provide an electrostatiapping?®.
2.2.15 Other mechanissn

While the main mechanisms are dominant for submicron patrticles filtratiere are a few
other mechanisms that might be imgamt under some circumstancékese other mechanism
include gravitational settlingthe Saffmanlift force, the hhermophoretic forcethe pessure

gradientand mrticleto-particle interaction

Gravitational settlingharacterizes the particle motidae to the gravityif the particle density
is different from that of the fluid, then the particles will settle in the direction of the

gravitational force. When an aerosol particle is releasedgtifi fluid, the settling velocityv,,

dueto a balance betweehe gravitational force anthe Stokes drag force is calculated3s

d?r g
V.= P= 21
¢~ am (2.15

where g is the acceleration due gpavity, r, is the density of the particle, is the diameter

of the particle,V; is settling velocityand m is viscosity The general effectiveness of

gravitational capture depends on the ratio betwibersettling velocity andhe filtration

velocity, which provides a dimensionless parameter as:
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V _d,frngC

e (2.16)
U, 18mJ,

Ng =

Gravitational settling is important for large particles that have a diamgedater thara few

microns, but not important for submicron particles.

A small particle in shear flow field experience a lift force perpendicular to the flow direction
due tothe velocity gradient and inertial effects in the viscous flow around the particle. This
force wasreportedby Saffman and thus called Saffman fiftcel®. For a viscous channel

flow, theflow in theaxial direction generatesSaffmanlift force in theradial direction, which

lift sthe particles towaskthe center of the channahd gives relative importance to dominant
forces Also, when a small particle is suspended in a gas that has a temperature gradient, the
particle experiences a force in thieedtion opposite to the direction of temperature gradient.
This phenomenon is called thermophoresis. This force is dependent dindgzth and particle
properties, as well ahe temperature distributiorBecause the direction of thermophoretic
force isalways in the direction of decreasing temperatifithe average fluid temperature is
higher than the surrounding channel surface, themophoreticforce helps to drive the
particle towards the surface. T8affman lift force is usually considered te important when

a patrticle is fairly close to the surface, and is neglected for most studies. In this thesis, it is
assumedhatneither the flow nor the filter is heateahd both the flow and the filter is under

room temperatureso thermophoretic forsearealso neglected.
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2.2.2 Lagrangian patrticle trackingchnique

From section 2.2.1, there are many different physical mechanisms that influence the filtration
process under different conditiodowever itis not necessary to inclu@d the mechanisms

to study particle filtration with monolith filters because undewst conditiors, only two
mechanisms are dominant whikes others can be small enoughli®neglectedTherefore, ®

build a mathematical model of particle motion acalculatethe trajectories oparticles,it is
necessary tmakea fewassumptionghat simplifies thanodel anctalculation processn this
thesis,direct interception, inertial impaction, Brownian motion and electrostatic Saaoe

included as the main partiabapture mechanisms.

Particles are assumed be sphericandparticlerotationis neglectedAlso, it is assumed that

interactiors between particleare neglectedsonepar t i cl e’ s ef fect on aniq
thanthe interaction between the particle and the filter itdéreover, in an actual filtration

process, it is possible for a particle to deposit on another panteiever particle coaglation

is notconsideredn this thesisAnother reason to assumarficle is injected separately is that

the calculation of fla field is required inadvandéen or der t o cal cul ate a
For the flow through monolith filters, the size of the channels on a monolith filter is typically

a few micron, s@article deposition inside the channglirfacecould drastically change the

flow field when the size of the particle is of the same scale with the size of chBgnel

assuming that there is no deposited particle inside the chatmeelstudy weoided the

complexity ofachanging flow field through the filtration procesalso a oneway coupling

of the filtrationprocessassumes hat i1 s t he parti dlefowfeldmot i on ¢
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2.2.2.1Equation of particle motio(EOM)
The governing equatidior a spherical particlen an aerosol streams Newt on’ s secol

which describes the relationship between a s
applied on the objectWith the consideration ofour main deposition mechanisms,
hydrodyhamic drag force from surrounding fluid; electrostatic force caused by electric charge

(on the filter or the particlesPirect interceptionand an external Brownian force to model
Brownian motion of particlesyer e i ncl uded i nt o rtdlemdtiiamnihes s ec o

trajectory of the particle is governed tine following equation:

dd“tp -F £ +3 E 2.17)

wherem is the mass of particlé, represents the velocity of the partich:-?D represents the

hydrodynamic drag forcel;zE represents electrostafmrces, and IEB represents the Brownian
motion force. As discusseckarlier, gavitational force is proved much smaller than the

Brownian force and is thus neglected.

Based on the equatisrof motion, particle trajectories are calculated by integrating the

following equation

dr

wherefT, is the position of the particl&@he solution otheparticle trajectories can be obtained

by integrating
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q .
d_, dy 8F
d  * d m
dy, ~dv aF

vV ,——
d " dt m

d_Zp:W,d_V\é —._é'FZ
d " dt m

(2.19)

where X, ¥,, Z, are the Cartesian coordinates of a partiglgV,, W, are each component of

pl
a particl e Fsk, kF, ark echicampgnentohekternal forcem this thesis, this

ordinary differential equation (ODE) systems is solagthe adaptive Rung&utta-Fehlberg

Method
2.2.2.2 Drag force

The dag force ora particle is due ttherelative motion to the fluid. Fa spherical particle
experiencing a flow with small Reynolds number, the calculation of drag fohoavs

St o k e swhish eVahiates the drag feron a spherical particle duettef | u i sdosity v i

[31-

Fp = 3/7C/U|7p (l]f B Up)

(2.20

(o]

whereU; is the local velocitywhich is dependent on the geometry and the properties of the

fluid. C, is the Cunningham slip correction factor, is used to account forcotinuum

effects when calculating the drag on small particlég solutiorof thefluid flow field can be

obtained by solvinghe Navier-Stokes equatioR%:
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It +t, O
c Ht

=p- BPG B (2.22)

- O: O

where r; is the density of the fluidp is the pressure m is thekinetic viscosity of the fluid,

and f representshe body forces of the fluid.

An analytical expression of drag force on a spherical particlaorsnally derived by
analytically solving NavieStokes equatiawith propeboundary conditions. When a particle

is smaller than one micron, the flow velocity on the surface of the particle is not equal to zero
due thebreakdown othe continuum assumptioat high Knudsen numbefrhus a slip flow
condition is required at the sade of the particlelhe derivation oStokes kaw tookthe slip
correction intoaccountand thus introduced an slip correction facitihe Cunningham slip
correction factor allows pdicting thedrag forceon a particle moving a fluid witKnudsen

numberbetween the continuum regimeddnee molecular flow

Cunningham slip correction factor is given‘ds

2/ _
C, =1 +d—(1.257 9.4;0'55"””) 2.22)
p

Wheredp is thediameterof the particle and is the mean free path of the fluiBor air

under standard conditions, the mean free path of air is calculate@&mbe'2.
2.2.2.3 Brownian force

To include Brownian motion as a main particle capture mechanism, we need to model
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Brownian motion as an external forcEhe Brownian motion ofa particleis modeled as a
Gaussiawhite noiseproces$tY. Given thefactthat Brownian motion is caused by collisions
with free moleculegheBrownian force is dependeuapontheproperties of both the fluid and

the particle. The Brownian force is givenl&s

(223

- 2167k, T
F. =m_n(t and n(t)=G [——B_——
B P () I() I\/up ,f,dDSSZCC

wheren (t) are Cartesian components of veciift) /7 is the kinematic viscosity of the fluid
ky is the Boltzmann constarwhich equals tol.38 10®J /K, and T is the absolute
temperature/ ; is the density of the fluids is the ratio othedensityof particleto thedensity

of thefluid, and G is a Gaussian random variable with zero mean and unit variancet and

is the time step used in the simulatidhodeling Brownian motion as an external force is
dependent on the choice of time stegnich is characterized with the tiraerage particle

motion.

Equation 223 is modeled based on assuming a Gaussian white noise process with spectral

intensity as

2167k, T

'=Sd where =———B
S] %qj S) p2 ,f,dDSSZCC (224)

And the amplitude of each component of Brownian force is

_~ PSS
n(t)= G\/; (2.25)
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2.2.2 4Electrostatic forces

From the descriptions about electrostatic mechanisms, the electrustibetween particles

and the filter is the summation different types of electrostatic forcés

I:E = IEE Coulomb -HE

,overall — F_I: (226)

E Polarization E Ima(

where IEE’OV,%lII is the overall electrostatic forcgE’C0ulomtis Coulombforce when particles and
the filter are both chargedlf.Evpol(.jIrization is the polarization force when the filter is charged and

induced dipole in the particIeFTEvImage istheimage force when a particle is charged and induces

am image charge in the filterCoulombforce and polagation force depends on external

electric field, as well as particle properties. They are calculatét:as

I:E,Coulomb =q E (2 27)

- d® ed el 0y .
I:E,Polarization:p‘].p é' p+2 . ‘E‘z)

cHTe =

(2.28)

where €, is the permittivity of free spaceg, is dielectric constant of particlandq is the

charge on the particl&he electric field can be created by the charges on the bitean
externally applied electric field The resultantelectric field depends on thgeometryand

charge distribution.

The mage force equals to the Coulorfdyce between the charge on the particle and an equal
but opposite charge placed inside the filiera posibn corresponding to thisnage of the

particle. Therefore, themage force caused by the net charge on the particle depends on the
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charges carried by the particle, the location of the particle relative to the filter, as well as the

properties of the filter material. For a cylindrical fiber, imageeé is calculated with®:

_ q2 é.ef -1

Fe 2
160§(r-df/2) C  +1

(2.29)

,Image:
where & is dielectric constant dhefiber, andr is the radial coordinates of the particle.

While the overall electrostatic force igvaxture of three different forces if both the particles
and the filer are charged, Coulonfbrce is considered to be much stronger compared to the
other two when the charge on the particle is normally not high and the particles size is very
small. Generdy, polarization force arenegligible if the particle is very small, atitkimage

forces arenegligiblewhenthe charge on the particle is small. Without corona treatment, the
charge on a particle is normatyfewunit charges, and the diametéithe mrticles we studied

in this thesis is less than one micrtimys, Coulomidorce is considered to be the dominant

electrostatic force.

2.3 Patrticle filtration efficiency and quality factor of filter

Thefiltration efficiency of a monolith filter is defined as:

C
p downstream (2 30)

p,upstream

CE[%] = 10%Cp,upstream‘
o C

where CE is the filtration efficiency of a filterC is the number of particles released at

p,upstrear

upstream, an®C is the particle number counted at downstre@he quality factor is

p,downstrean
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a metric often used to quantify and compare the performance of filters. The quality factor

relates the filtration efficiency with the pressure drop across tee'f.

OF = In(1/ p) (2.31)

DP

where p=1 -CE is the penetration of the filteDP is the pressure drop through the filter.
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Chapter 3: A single channel model ofa monolith filter
3.1 Geometric description

As a preliminary model, a single circular channel is a simplsigetficantly suitablenodel

to studyaerosol particle motion witan internal air flow. Given the fact that the channela on
monolith filterare typically acular channels, aerospértide trajectories and particle capture
through acircular channelvas studiedThe advantages of a single circular channel model also

include:

a. Flow field inside a circular channel, which is characterized as Poiseuille flow, is one of the
most wellstudied two dimensional flowlhe streamlines are straight lines from inlet to
outlet without extra disturbancand the flow field isymmetric Also, with the micrometer
scale of the channel, the flow is strictly laminar.

b. While theactual electric chaggdistribution inside the channel is unkngwrhencertain
types of electric charge distribut®rareassumed, the calculation of electric field is
straightforwardwith a cylindrical model. Analytical solutionare available forcertain

simpledistributions

The mathematical description of a single channd¢fgedthe diameter (radius) and the length

of the channel.
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3.2 Simulation setups

The simulation follows particle tracking methodology described in chapter 2 with a simple
geometry of a circular chann&rom chapter 2, the drag force on the particles depends on the
local flow field; while theelectrostatidorce is assumed to be Coulbriorce The Brownian

motion is modeled as an exterflactuatingforce

3.2.1 Flow field

The fow field inside a circular channel is well studied for centuries. An analytical solution is

available for fully developed laminar flow in a circular chanpebyvided as!:

U,= ——(Rf ¥) (3.2

whereU, is the axial velocity along the axis of the chanrelis pressureR; is the radius of

the channel/nis the dynamic viscosity of the fluidndr is radal coordinateThe velocity
profile provides that the velocity inside the chanrselaksymmetric and varies in raali
direction. However, due to theicron scaled channel size, the flow can no longer be described
as classial noslip Poisauille flow, and needs to be reconsidered as micro fidve Knudsen
number is the dimensionless number that is used to characterize micrd flelnudsen

number idefined as:

Kn=— (3.2
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where / isthemean free path of the fluid, antjis the characteristic length, which is usually

taken aghe hydraulic diameter of the chanrfel internal flows Under standard conditions,
the meanree path of air is about @8m[. With different Knudsen numbgrthe flowcan be
characterizednto a fewdifferentregimes where the mathematical descriptiondifferent

Table 3.1 shows the range of Knudsen number and the corresponding flow préperties

Table 3.1 Knudsen number regimes

Kn ¢ 102 Flow is continuous; Continuumassumption; NavieBtokes
Equation with Neslip boundary conditions;

102 ¢ Kn @0 NavierStokes Equation with slip boundary correction;
10'¢ Kn ¢0 Transition flow; High slip on the boundary;

Kn2 10 Free molecular flow

Figure 3.1 illustrates the regimes where flow is characterized by Knudsen riéimber

groseassaenasenes Navier-Stokes Equations =  fp-==========-- )
i Euler Burnett '
i Eqns. - , — Equation '
No-slip Slip-conditions 1

NS G G S—

Continuum Slip Flow Transition Flow Free-molecule
Flow Flow

Figure 3.1 Flow regimes characterized by Knudsen number
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Given a channaliameterf 2 /7m and usinghe channel diameter as characteristic lentita,

Knudsen number igbout0.03,within which the fluid can be still treated as a continuum, and
the momentum transport in the fluid can still lbescribedby NavierStokes equations.
Howeverthe viscous effecttahe flow boundary cannot be treatieg the no-slip boundary
condition. Avelocity profile for a flow with aslip boundary conditiomat the channel walk

calculated by adding a slip velocity as shd®n

U=u,_.,,+U (3.3

nonslip slip

whereU represents the velocity solution when thestip boundary condition is used, and

nonslip

Uy, represents the slip velocitgeveral mathematical models are available to evaluate the slip

velocity. In this thesisthe Maxwell first order model is us&tt

o
|

L N TR
Uy, =U (21 ) U, /—?—‘;ﬁ 6 3.9
=0

whereu ., is the velocity of the wall. For the simulations in tthesis the channel is static

wall

(U, =0). Based on alaminar flow model, the flow in a channel hasaméxial component.

Thus, the solution foa fully developed flow inside the channel with a slip velocity boundary

condition is expressed &k

1 dP ali z,nonsli 6
U, =U, o Y s 2 %)y ° |3
z z nonslip z slip 4md2( )- ?T S_
=0 (3.5)
L 1 o Ry
4mdz m dz
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It is necessary to justify whether a fully developed flow camsmimedhroughthe whole
channel. Entrance effexthavebeen studied for circular channel flow to investigate the flow
condition in the region close the inlet of achannel Theempiricalcorrelation that estimates

the length of the entmegion in a circular channel 3;

. 0.60

where L, is the length of entranceegion d. is the characteristic length, ame, is the

Reynolds numbenf the channel flow defined as:

rfUOdf
Ref = o (37)

whered;, is the diameter of the channélhe Reynolds numbehnas a scalef10*, givingthe

length of theentry regionof about0.6 timesthe channel diameteThe mmmercial package
COMSOL!® wasusedto verify this resultby calculating flow field inside a channel with a

diameter of one micron and a length of ten micikigure3.2 showed théow field in this

channelgiven a uniform velocity profile at the inletithU,=1.0m/s, whereU, is the

uniforminlet velocity.
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Surface: Velocity field, x component (m/s)
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Figure 3.2Flow field in a circular channel with, =2//m and L, =10/m

Figure3.3shows a comparison eix velocity profilesat0.25, 0.5, 0.75, 1.0, 1.25 and 1/#n

from the inlet of the channel.
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Figure 3.3 Velocity profile comparison in the channel with =2//m and L, =10/m

From figure 3.3, the velocity profile at 1.2%n, which is about 0.6mesthe channel diameter,
is fairly close to the velocity profile at 14m. This observation verifiethe predictiorfrom

equation 3.6. Thug the channel length is much bigger than the channel diameter, we can

assume a fully developed velocity profile throughout the channel.

3.2.2Electric field

For asingle channel model, the electric charge is assumed to be uniformly distributed on the

inside wallof the channel As shown in figure 3,4he inside wall of the single channel is a
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hollow cylinder, whose surface is uniformly charged.

Figure 3.4 Electric field calculation model

Based on the Coulombd.aw, the charged surfaceare divided into elementalsurface
carrying smallcharges thesesmall charges on each elemental surfacetreated a point

charges The electric #ld caused by a poigharge i$”:

(3.8)

where g represents theharge on an elemental surfaces the position vector from the point
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charge to the desiraxlculationpoint, ande, is the permittivity of the free spac#.a surface

charge density is given, the charged surface can be divide and each element can be
approximated as a point chardgased on the superstitiggropertyof the electric field, the

overall electric field can be calculated with numerical integration technique.

Due tothe axisymmetric geometryonly pointsinther - Z plane needo be calculated, and

then any point inside thehannelwill be known.An analytical solution for the electric field at
any point in ther - Z plane is derived in Appendix A. Rige 3.5 showthe magnitude of the
electric field in ther - Z plane with a surface charge densityla82 10°C /nt . The electric

field magnitude around thialet and outlebf the channel imearly infinite, and near zero at

the centerwhich means that a charged particle will experience a higher electrostatic force

when it is close tehe inlet and outledf the channel.
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Figure 3.5 Electric field magnitude distributioim ther - Z plane
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3.3 Simulation results and discussions

With flow field and electric fieldbtained fronsection 3.2particle trajectorieserecalculated
with the equatior2.19 Many factors affect particle capture efficiency such as: particle size,
particle density, particlecharge distributionpressure drop across the filter, and the charge
distributiononthefilter, etc. Simulatiors with a fewparticleswereperformed as a validation

of the particle tracking methodologyh&n theeffect of particle size and the electric field on
filtration efficiency were studied. Also, the spatial distributionof captured particlesvas

analyzed.

3.3.1Single Particle Simulation

The motion of aiggle particle inside the channel subjected to different forcessimaslated

as validation of the mathematical modelitgnerally thedrag forcekeeps aparticlealigned

on the streamlinesyhile the Brownian motion causea random walk and thusauseshe
particlesto deviate from the streamlineSrom the mathematical model Bfownian motion
(equation 2.3) and the drag forcéequation 20), the Brownian motion force increases in
proportional to prticleés diameter tothe power of0.5, and the drag force increases in
proportional to particles diameter. Ashe particle diameter increases, the effect of Brownian
motion, whichcausesthe radial deviationdiminishesand the drag forcedominates In
addition, the effect of the electrostatic force also decreases with particle size since the number
of charges a particle can hold does not increase at the same ratkaasateras described by

Fuch!®l,
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Two scenarios were tested to vetife abowe effects one applying only the Brownian motion

force and the drag force, and the other applying only the electrostatic force and the drag force.
For the followingsingle particlesimulationsthe model geometry and simulation parameters
are listed in Thle 3.2 andthe surface of the chanrislassumetb be negatively charged o
investigate the effectsf particle diametesimulations wittparticlediameters 00.05 and 0.30

micrometersvere performedespectivey for each scenarj@ne particlevasinitially released

from the center of the channel (a point with coordina(tesZ) =(0,0) ) while thesecond

particlewasreleased from a pointith coordinateqr,Z) = (0.707mm 0.

Table 3.2 Model parameterf®r single channel model

Pressure drop between inlet and outlet 160 Pa
Length of the channel 10//m
Radius of the channel 1mm
Particle density 1000kg/ n?
Charge density on the channel 1.32 10°C /n? 1.32E5 C/n?
Charge on the particle 1.6 10"°C
Mean free path of air 66nm
Particle diameter 0.041m- 0.6 /M

The first scenarishowsthe effect of Brownian motion on the particlégyure 3.6shows the

trajectories of twa0.057m particles whildfigure 3.7shows trajectories of tw®.30rm
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patticles respectively.

lE_OG; B B BT o o T PO
g OE ooOOOOOOOOOwoOO OoOOOOOOOOOQ)nOOOOOO()OOOOOOOD
- C
-1E-06§
L A T N T N N N NN N (NN NN NN SO NN AU SRR M BN S B

Z (m)

Figure 3.6: 0.0%rm particles trajectories with Brownian motion and drag force
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Figure 3.7: 0.30nm particles trajectories with Brownian motion and drag force

From figures 3.6 and 3.7, a pair of particles with different siaeereleased at the same location

at the iet, but the trajectories shawwat the effects from Brownian motion are different. The
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smaller particle which has a diameter®057mdeviates from the streamlinehile thelarger
particle whose diameter 3.37mhas a relatively smaller deviations from the streamlifibes.

Brownian motion affects the motion of snaalparticlesmore stronglyresultingits capture at

the wall,as shown in figure 3.6

In Figure 3.6, he captured particle that iscleased at a distance 00.7077m from the

centerline exhibits more random wal@mpared to the particteleased from the center of the

channeldue toa smaller axial velocitgloser to the wall.

The second scenarstows the effect dheelectrostatidorce. Figure 3.8shows the simulation

results of 0.05/m patrticles, while figure 3.9 show the results of 0.8€n particles,

respectively.For both @ases, the particles are assurttekdave one positive charge
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Figure 3.8:0.05 7m particles trajectories withlectrostatidorce and drag force

48



1E-06 —

B O R R R R R R R AR R O

r(m)
x

-1E-06 —

Z (m)

Figure 39: 0.30 /7m particles trajectories withlectrostaticforce and drag force

As expected, the effect of electrostatic forceamparativelysmaller for large particlei the
particle carries the same electric chardg@em figure 3.8 and 3.9, a pair of particles carrying
the same charge but withfferent size are released at the same location at the inlet, but the
trajectaies showthat the effects from electrostatic force are different. The smaller particle
which has a diameter @.057mobviously experiences more attractio from the channel wall
while the bigger particle whose diameter08/7mhas amuch smaller deviatiorfrom the
streamlinesStronger electrostatic force caughd 0.057mparticleto becapture at the wall,

as shown in figure 3.8

The @ove two scenarios essentially validated the mathematical model described in chapter
two. With thevalidationof the tools, moresimulations can be performed by modifying the

initial condition and model setups.
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3.32Filtratione f f i c depemdercé an particle size

In an actual filtration process, a particle experiences both electrostatic force (if the particle and
the filter are both charged) and Brownian motion at the same time, twaikeag force tend

to keepthe aerosol particlealigned along thatreamlinesThe dominant mechanism varies

with particle size and other factorm the filtration with a single fiber, previous studies
suggested that: diffusion and electrostatic forces are dominant for smailegarhile

interception ighedominantmechanisnior larger particles.

Different initial positions will cause a particles to flow out of the channel or to be captured.
The randomness of initial injection position and the charge on the particle vatbrg non
uniform flow field, causeghe behavior of a particle inside the chartodde a random event,
which suggests that if a number of particles are injected from the inlet, the capture efficiency
can be evaluated and the effect of different factars be investigated. Therefore, a Monte
Carlo simulation is cruciah determineghe filtration efficiencyof a single channdly injecting

particles at different inlet positions and determining if the particle exits the channel.

A particle is declaredaptured if it touches the watlif the channel The initial particle
distributiors shouldbe uniform at the inlet. With the aid of a grid generatiechnique,
particles are initially positioned at the nodes of an unstructured mesh, which isistiogure
3.10 This mesh includes 5773 nodés order to avoid the singularity dtie electric fieldat
theinlet edge, the radius of thajection area is 0.98mesthe radius. Thigprojectedarea is

used for all simulations for particles with differesizes.
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Figure 3.10:P a r t inital ppsstions at the inlet

The simulation wagerformed using theonditions specified in Table 3.Zhe particle

diameters range fron#0Onm to600nm. In a filter with 2- 47m diameter channelshere are

typically around 1.5million channelsper square centimerso it is not veryprobablethat

many particles will flow intdhe samehannel

Four cases areonsideredor each size of particles:

1. The electrostaticforce is turned off. This corresponds to the situation wheither all
particles are neutral or there is no electric field inside the chahinelobjective of this

case is to study the filtration efficiency when there is no electroftaties.
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2. Thechannels surface isegativelychargedandall the injected particles a@rying a
unit positive chargeThis case is to investigate how electrostatic attraction affects the
filtration efficiency.

3. The channét surface isiegativelychargedandall the injected particles aearying a
unit negative chargé&his case is to investigate if and how electrostatic repellencesaffect
the filtration efficiency.

4. The channesk surface is charged negatively, and charge on particles obeys Biptblar
charge distribution, which is a natural charge distribution for aerosol patteiesre in
charge equilibrium.This bipolar charge distribution offersn aequilibrium charge
distribution for particlesf differentsize. Ac c or d i n g pdlaochdfge didtribugionb i
the particles ranging from 10 to 10@@n will mostly carry zero, one or two elementary

charges®. The charge distribution is expressed as:
4 a(Ngoo % (3.9

wherea (N) is an empirical coefficiefil and f (N) is the percentage of a particle charged

with N unit chargesN takes on values 62,-1, 0, 1, and 2. These four simulations not only
studied the filtration efficiency dependence on particle size, but also the effects from the

electrostatic force (Coulonforce in this case).

Figure 3.11displays the filtration eifci ency v s. p a Mheifourl carves di am
correspond taeach case described abo¥eom Figure 3.11, it is evident that the smallest

particles have thiargestcapture efficiency. Witlanincrease of particle diameter, the filtration
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efficiencydecreases until the filtration effency reaches a minimum valuben the filtation

efficiency increasewith anincreasan particle diameterThis U-shaped curve clearly shows

the transition of the dominant particle capture mechanfsom Brownian mdon to direct

interception. At particle diameters belovi5m, electrostatic and Brownian motion forces

dominate. Whenthe particle diameters are abo®25mm, direct interception become

dominant. The particle diameter at which the filtration efficiency reaches the minimum value

is called most penetrating particle size (MPPS).
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Figure 3.11:Single channefiltration efficiency vs. particle diameter
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The simulation puts a bound on the effects of the electrostatic forces when all the particles are
charged, either positively or negativelyhen particles are oppositely charged to the charge

on the filter, the filtration efficiency is enhancatfhen the gin of charge on the patrticles is

the same with the charge on the filter, electrostatic repellence reduced the filtration efficiency.

The effects from electrostatic force is stronger on smaller particles. As we can observe from

figure 3.11, the effects oflextrostatic force for particles with a diametdyout0.3 rmare

fairly weak.

With F u ¢ leduilbrium chargedistribution, the majority of the particles are neuteaid
electrostatic attraction and electrostatic repellemepetes wh eachand thus canceled each

other out, resulting thahé capture efficiencyies within these two extremes

The capture efficiency of one single channel can be comparetherésults ofasingle fiber
which is represented as a cylindricallector According tothe single fiber theory, particle
captureoccurs due to inertial impaction, direct interception,the Brownian motion and
electrostatiattraction.The efficiency is related to the free stream fluid velocity,vibleme
fill fraction of the fibrousfilter, the diameter o& single fiber and the size of the particl&or
apressure drop of 160 Pa, the mean veldaigyde the channés0.1m /s. To determindhe
capture efficiency of one single fihdetthe free stream velocitye 0.1m /s as well andlet
the diameter of the single fibbe2 nm , andassumea volume fill fractiona =0.05. Thena
comparison can be made betweesingle fiber andisingle channelThe comparison igiven

in Table 3.3.
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Table3.3 Comparison between single fiber and single channel capture efficiencies

Particle diameter gm) 0.05 0.1 0.2 0.5

Single fiber efficiency fronHinds® (%) 11.9 5.9 4.3 10.8

Single channel efficiency frombove study%) 62.1 45.6 39.9 52.0

Although the boundary conditions for external and internal flows are quite differentan

seethat the most penetrating particle size is aroQrilzm and that thesingle channetheory

predicts highecapture efficiency thathesingle fibertheory

3.3.3 Captured Particle Deposition

To understand thearticle capturanechanismsn monolith filters it is also important to
investigate the conditionalrgbability of where in the channel a particle will deposit, given
that a particle has been captured. In the limiting case of an infinitely long chtensdpture
efficiency will be 100 percentn an actualmonolith filter, the lengthis restricted taa few

micronsbecaus®f the complexity irmanufacturing these kinas filters.

The simulatiorresultsshow thafor all particles with different sizeander conditions in dble
3.2,more than 20 percent of the particles captured tend to dépdsd frst ten percent of the
channel length. If we draw a histogram to count the number of particles captured in different
sections of the channel, the simulation resultsprdduce a curve shown in Figure 3.1the
channel is divided into tegqualsectiors, and the number of particles deposited in each section

is counted and divided by the number of all captured partitheSigure 3.1Zour histograms
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are shown for particles with sizes of 0,041, 0.2, and 0.Bm . All four curves are based on

simulation resultsvith neutral particlesandthus noelectrostaticforce is considered asma
influencing factor. The probability of capture in a given segment decreases almost

exponentially after the first 10 percent of thachel.
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Figure 3.12Histogram of probablity of particle deposition in each section

The probability of depositiomn the inlet isalso different for differentparticle diameters.
Figure 313 shows a relationship between the particle diameter argkticentagef particles
captured irthe first ten percerdf the channelength From this figureas one moves from the
smallest to largest particletheprobabilityof capture inthefirst ten percent of the chanrisl

first getting smaller whethe particlé s diametergets largerbut afterachieving aninimum
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valug this probability startsincreasingand approachesity for large particle size§ his can

be explained by the effects thfe Brownian motionandthe distance that the particle has to
cover in the radial direction before it gets capturear stmulationswith different particle
sizeswhereall theparticles are releasadich that their centers have the same initial positions

it is expectedhatthelarger particlesvill have to covern smaller distance in the radial direction
before they getaptured. For smaler particles,the Brownian motionhas more impact, but

these particles have to overcome a larger distance in the radial direction before they get

captured.
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Figure 313: Probability of capture in the first ten percent of the channel length vs. particle
diameter
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The initial decrease of the particle captefficiency observed in Figure 3.12due to the fact
that thedecrease of the Brownian motion effectisrgerthanthe increase of captuedficiency

due to the particle size-or example, imaginthat aparticle is released fromositionnear
thewall. If the particleis very small it will be captured quicklaround thenlet due tothe
strongerBrownian motionand the electrostatic attraction (if the charge on the particle is the
oppositeof the chargeon the wall.) When tle particlebecomedarge, the Brownian motion
effects become negligiblebut the particle has less distance to travel to the wall in thd radia
direction. So, generally, smadl particles and largeparticles tend to accumulate at the intent
region of a single channel. Figure 8.Figure 3.5 and Figure 3.4 illustrate the captured

particl e’ s defpadide diammetenequalse ®044m , 6.H0 7m and0.17/7m.

«

Figure 3.4: Particledepositiondistribution of 0.047m partifcles
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3.4 A preliminarydimensionless studyf single channel model

Particle transportis a typical transport processfor which it is common to performa
dimensionless analyst® further investigatgarticle motion mechanism# dimensionless
analysisusually provides dimensionless parameters that characterizes spégidics. A
preliminary study about thalimensionless parametengas perforned in this section. The
objective was to find which dimensionless parameters characterize the dompaatitle
capture mechanisrg and how filtration efficiencyis affected bythose dimensionless

parameters.

3.4.1 Dimensionless parameteexived from particle motion equation

From section 3.3t was established hat particle’s direct interc
electrostatic force are the major capture mechanisms for particle capture through a single
channel.Studies about filtration witka cylindrical fiber providedthat above mechanisms can

be charactézed by interception parameter, Peclet number and dimensionless electrostatic
forces. Each dimensionless parametedésived based on different approachiésr example,

The nterception parameter smply the quotient of particle size atige charactestic length

of the filter, which is the diameter of the cylinder for a fibrous filter; wthikedimensionless

electrostatic force is the quotient of the drift velocity toward to the filter to the convective

velocity (flow velocity). A more detailed desptionis covered in Browr?!.

Particle capture deito direct interception isstraight forward mechanismhencompared to

othercapture mechanisms. The dimensionless parameter used to characterize interception
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could be chosen as the ratio of partai@meter to the diameter of the channel, as:

o

Ninterception = d_p (3 10)
f

It is selfevident that largerinterception parametevill result in moreparticles capturel due

to direct interceptionFor particleflow through a sigle channel, once thearticle enter a
channel there is no interceptionTherefore interception only happens when the particle
contacsthe inlet of a channeln the following studies, the situation outside a channel was not
considered, thus it was assumed all the partexdsr the channel, and direct interception was

neglected.

When a capture mechanism is expressed as an externalofortee particle a general
procedure is taalculatethe drift velocity due to this external force. This drift velocity is
defined as the product of the force acting

defined in equation 2.1%L

Udrift = IEexternal (31])

Then the quotient of this velocity to convective velotity can be treated &ise dimensionless

parameter that characterize this mechanism. In such manner, with equation of particle motion,
equation2.17, electrostatic force anBrownian motion are modeled as external forces, and

thus thedrift velocity due to Coulomliforce is:

U =Eq 8 (3.12)

drift,electrostatic
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And the drift velocity due to Brownian motion is:

- ~ f 2167k, T s = [2D
U, =G —B G|—
drift,Brownian rnp EI,U /f.dpsszcc [I (313

And thus the dimensionleggmrameters that characterize electrostatic force and Brownian

motion are
EqB
Nelectrostatic: U (314)
0
NBrownian = é 2D2 =é\/2Du éﬂ (313
DtU; U, U, t

wherex . =+2D Dis the rootmeansquare displacement of a particle due to diffud¥n
And we can interpret thad ,Dt is the displacement due to convective mechauisring time

stepDt . Parametersdefined in equation 3.14 and 3.Hse calledthe ®* Di mensi onl e:¢

el ectrost athhef Di MensebdnhedbsiedPeactvelyni an f or ce

Another way to perforna dimensionless analysis is to reform the equation of particle motion
into dimensionless formlhe dimensionless form of particle motionuwadion is shown in

equation 3.1pandthederivationof this equation is shown in Appendix B.

di, E G A
”p:EqB%; L (6 o)

(3.16

T

erS

where Pe is Peclet numbedefinedas:
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P= (3.17)

The dimensionless form of particle motion equation essentipilyvided the same
dimensionless parameteobtained by dividing drift velocity with convective velocifjhe

second term in the right side of equation 3.16 is just another form of dimensionless Brownian

force.We can either usthe dimensionless BrowniaforceN or the Peclet numbepPe

Brownian

to characterize particle motion due to Brownian motion.

The d&ove two dimensionless parametars useful to physically understanow electrostatic

attraction and Brownian forcgfect particle motionBot h par amet er s i ncr eas
mechanical mobilityg . However, the dimensionless electrostatic force is proportiongl to

while dmensionless Brownian force is proportitmBY?, thusthe change of electrostatic
mechanism due to the change of particle mobility is faster than the change of Brownian motion.
Also, by comparing these twparameters, we catetermine which mechanism is dominant

for particle motion.

The correlations betwedhe filtration efficiency and those parameter carstoeliedwith the
particle tracking techniques used in this thesis. Fi§ule shows thdiltration efficiency vs.

Peclet number in a simulation with a single channel model.
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Figure 3.7: Filtration efficiency vs. Peclet number (Channel diaméter 2/mm; Channel
length L =10/7m, Particle diametedl, =50nm )

In this simulation, the channel diamete2ian; thechannel length i$0/7m; particle diameter
is50nm. Peclet number was changed by changing the pressure drop through the channel, which
results with different filtratiovelocityU,, . As shown irfigure 3.17, with the increase of Peclet

number, the filtration efficiency sharply decsea due to the weakening of Brownian motion.

Also, we can investigate how filtration efficiency changes with dimensionless electrostatic

force. Assuming a uniformly charged channel with a constant channel diathet@rm and

lengthL =10/7m, with the same particleiameted, =50nm, we can change the value of
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dimensionless electrostatic forée, ,...... PY changing the pressudrop as well. Figure 3.18

shows filtration efficiency vs. dimensionless electrostatic force with a single channel model.

Capture Efficiency
1
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0.001 0.01 0.1 1

Log,(Dimensionless Electrostatic force)

Figure 3.B: Filtration efficiency vs. Dimensionless Electrostatic force (Channel diameter
d; =2/mm; Channel length. =10/m, Particle diameted , =50nm)

From figure 3.8, it can be observed that with the increase of dimensionless electrostatic force,
the filtration eficiency increases accordingly because the effects thamelectrostatic force

get stronger.

Although thedimensionless Brownian for¢er Peclet numbegnd dimensionless electrostatic
force characterize particle motidane to Brownian motion and electrostatic force respectively

these two dimensionlessnumbers do not determine the particle filtration efficiency
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guantitatively by themselves. The filtration efficiency of a monolith félsodepends on the

geometry of the filter.

A simple case can be analyzed to explain above statement. Imaginedhargedhannels
with the same diameter but different channel lesgi¥hen the flow rateare the same in both

channels, the floyprofile inside these two channels are also the same, which results with the
same filtration velocity,. Also, assume the particles injected into both channels have the

same diametethen the particles hatbe samevalue ofdiffusion coefficienD . Based on the
definition of dimensionless Brownidorce and Peclet number, one wowdbtained the same
dimensionless parameters for both channels. However, it ie\8diént that the filtration
efficiency wound be different due to the different channel lengkie @&ove observation
suggested that the filtration efficiencgnnotbe detemined bythe dimensionless Brownian
forceor Peclet numbealone asother factors such as the length of a channel must be included

in a certain way to completely characterize the filtration due to Brownian motion quantitatively.

Two simulationswere performed teoerify that thedimensionlesglectrostatic force obtained
from the analysis dheparticle motion equation also cannot determine the filtration efficiency
due tothe electrostatic forcdoy itself. Two simulationswere set up with the sse channel
geometry, the same charge distribution on the filter ansktime samplparticles. B changing

the particle diameter and filtration velocity properly, we can obtain the same dimensionless

electrostatic forcél In bothsimulations, the diameter of tlethannelis2/7m, and the

electrostatic*

length of the channel 19/7m, the channel is uniformly charged with the same surface charge

densityl.32 10°C /nt.
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The filtration efficiency due to electrostatic attraction is calculatéil equation 3.18:

C:Eoverall = l -(1 G:Ediffusion) ( l GEeIectrostati) (3 1&

where CE, ., is the overall filtration efficiencyCE,, .., iS the filtration efficiency due to

Brownian diffusion, andCE,, .S the filtration efficiency due to electrostatic force.

In this simulatiorthe particle diameterassonm, the filtration velocitywasl.om /s, andthe

filtration efficiency due to electrostatic force was 8.6f@notherrunt he parti cl e’ s
wasset talo0nm, and the filtration velocity wa®.5m / s, while the dimensionless electrostatic

force waskept the same. However, the filtration efficiency due to electrostatice was
calculated as 7.5%. The abasimulationssuggestedhat the filtration efficiency depends not

only on the dimensionless electrogtdbrce obtained from the analysis of particletian

equation, but also on other conditions.
3.4.2Particle depositioparameters for Brownian motion

As showed in section 34 adirect dimensionless analysis of particle motion equalimes

not provide the dimensionless parameters thgiiantitatively characterize the filtration
efficiency. However, the diffusion of particles can be studied in a different way by treating the
particles as @ontinuousphase in the flowWhen aerosol particles flow through a circular
channel withn agaseous medium, Brownian diffusion of the particles may bring the particles
to the wall of the channelkhen they caradhereto the wall on contact This soecalled

“di f f usi o rphaebregnas sviddlyiuged ih diffusion batteries that usedreasure
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particle sizeand is a dominant transport mechanisnmatmosolparticles in many problems of

interest, and thus has been studied theoretically by many previous resd&réHers

When treated as a concentration, the transport of partislesormally characterized as
convection diffusion problems. Theoretical studies about diffusion deposition were performed
on different types of flow profile, such as flow through a cylindrical chiaranesctangular

channel, and flow through two parallel plates.

In general the study of particle transport is described wlithconvection diffusion equation

[17.

%m Onb D=2nD &n Ex (3.19)

Wheren is theparticlesconcentrationd is the flow field; D is the diffusion coefficient of

the particles;Cc is the particle velocityresulting from the external forcej is particle

production. When we consider flow in a cylindrical channel, and given the following

assumptions:

1. Steady flow

2. Fully developed laminar flow (entrance effect is neglected)
3. Diffusion in the direction of the flow is neglected

4. No production and redon of the particles

5. Sticking coefftient is 100% for the particles.
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Equation 3.19 can be simplified in a cylindrical coordinate systetf:as

Du
rw

Q{0

p ny
3.20
n 90— (3.20)

O 8‘930

wherer is the radal direction,z is the axial direction, and(r) is the velocity profile in

the axial direction.

The general asgptotic solution of equation 3.2n be expressed &9:

P="tw 5 Aexp( b, ) (3.21)

n n=1
where P is the penetration, andn, is the particle concentration at the outlet and iofet

a channel b, are eigenvalues; anflis dimensionless deposition parameter, which is provided

as

_ 4DL DL
“pdU, Q (3.22)

where L is the length of the channel, ai@@is the volume flow rate of the flow.

Equation 3.21 indicates that the filtration (or penetration) of particles through a circular
channel is dependent on a dimensionless paramebety. This parameter is determined by

the particle diffusion coefficient, volume flow rate through the channel and the length of the
channel.This solution indicatet h a t the particle capture doe
diameter for a given volume florate. The extra distance that particldiffer in a wider channel

is just offset by longer time for diffusion permitted by the wider channel.
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Generally, the convergence of the solution depends on the magnitudmogmallervalues

of f, more terms are required, while for larger values,déss terms are required. Previous
researchers achieved different solutions based on the selection of the number of the terms.
Different resarchers provided a few different asymptotic solwioased on slightly different
coefficient calculation results. Gormley & Kenndéf provided a solution of the penetration

of particles through a channel. They have given the solution in two truncated ceeidsr

small values off and one for larger values 6f

P=1 -5.46%° B.77f 6.814'F for f &0
P =0.819exp(- 11.489 ) +0.0976exp(-70.G7 ) (3.23)
+0.0325exp(- 17 ) forf 26 %0

Ingham®®*?lv er i fi ed Gormley and Kennedy’'s solutio

which is applicable for the entire range ofas:

P=0.819exp(-11.49 ) +0.0976exp(-70.G7 )

3.24
+0.0325exp( 178.9483 ¥ 0.0509exp( 207?) (3.24)

Yung-Sung Chend'® included another solution based on the solutivos1 Gromley and
Kennedy Sidemarf?d, Davis and Parking¥, Tan and Hsl?¥, and Lekhtmakhelf®. They
claim the followingsolution is accurate by comparitige numerical solution obtained by

Bowen efal. 12,

P=1 -5.4994%® 8.77f ©.831F for R<03
P =0.81905exp(- 11.4882 )+0.09753exp(- 70.07 ) (3.25)
+0.0325exp( 178.9483 } 0.01544exp( 338 for F 2 10°
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Soderholm*¥ included above solution with a slightly difference that makes7.22 310° as

the critical value.And Hinds™ included a solution as:

P=1 550% 3.77f for f & 1@

3.26
P=0.819exp(-11.6 ) +0.0975exp(-70f1 ) or f 9 210* ( )

Equation3.23 throughequation 3.2@re similarin thatthey are based ahe same equation
and assumptioa A numericalcomparison between equations 3.23 to equation 3.26 was

performed, as shown in figure 3.19

Based on above studies, the effects frondiffasion of flow direction, which is neglected in
above solutions, were studied by Tan and R8uThey investigated thsituation when the
diffusion inflow direction is considexd. They found out that whé&e¢ 100, the diffusion of
flow direction is significant. However, in most of our studies for submiesrosolparticles,
due to the fact that the diffusion coefficient is very snih# Peclet number is normally more

than 1000.
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Figure 319: Comparison between Equations 3t@&quation 3.26

As shownin figure 319, the penetration values predicted by different formulas are almost
identical. Thusjt was believed thathe deposition of particle in a cylindrical tuban be
predictedby the asymptotic solution dhe convecton diffusion equatiorandthe deposition

parametef .

However, when particles are considereiddependently instead of as aontinuum with
concentration.The convection of particles is considered as the drag force caused by the
surrounding flowthe Brownian diffusion is modetl as an external force acting on particles.
Instead of studying the distribution of particles, we studied the trajectories olgsastith

particle tracking techniques. To investig if particle tracking methqarovidessimilar
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conclusioms that the filtration of particle through a circular channel depends on this deposition

parameter. Two groups of simulations were performed to viedBposition parametef can

guantitatively characterize the particle capture ugrownian motion

Based orthe definition off in equation 3.22, two group of simulations were performed with

the same deposition parameters. The simulation parameters were listed in Tahe 3ing
needs to be noticed is that the initial positions of sample paniees completely within the

inlet of the channel. In such manner the particles are captured only by Brownian motion.

Table 3.4: Simulation parameters used for verificatiodepfosition parameter

Simulation Group one Simulation Group two
Particle Diameterfim ] 50-500 50-500
Channel length fm ] 15 5
Channel diameterAqm] 4 4
Volume Flow rate fr’/ s] 6.863 10% 2.288 10"

With the parameters listed in Table 3.4, these two groups of simulation have the same
deposition parametér. The capture efficiency results is shownfigure 320. As we can
observethere two curves are reasonably close to each other, stggestshatthe particle
capture efficiency due to Brownian diffusion agly dependent orthe particle deposition

parameterf only.
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Figure 3.20 Comparison betweeBimulation group one and group two

Since it was verified that deposition parametes the only dependent variable of particle

filtration efficiency, it would be significant to investigate if both approaches provide the same
guantitative correlations between deposition patamand filtration efficiency. The results
from simulation grop one byparticle tracking methodologwas comparedwith solution
provided by equation 3.26. However, it was observed that there is an obisotespancy
between filtration efficiency predicted by two different approaches. The comparison is shown

in Figure 3.21.
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Figure 3.21 Comparison between merical simulation and solution fromquation 3.26

The possible reason of thigsscrepancys that thechannel studied in this thesis is very small,
while the researches that treated the particles as a camgimexdium were usually performed

in millimeter-sized channel. The possibility that current numerical model has a significant
deficiency also exits. A scientific explanation requires a further research about this problem.
However, with the knowledge thatntiale tracking methodology still provides a relationship
between particle filtration efficiency and particle deposition parametere can propose a
different asymptotic function that fits the results obtained by numerical simulations with the
particle tracking model used in this thesis. Based on resuiguire 3.21, figure 3.22 shows

the filtration efficiency vs. particle depasih parametef with the calculation from numerical

models.
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Figure 3.22: Filtration efficiency vs. Deposition parameter

Using a simple logarithmic approximation, it suggested that the filtraificiency can be

calculated as:

CE=0.0601%Ir(f) #.592 (3.27)

Equation 3.27 requires an improvement based on more simulation. The verification and

improvement are considered as future work in this thesis.
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Chapter 4. Single unit model and experimentatomparison

The channels oh monolith filter are not the onl surfacethat effectively captures passing
particlesduring the filtration procesPDue to diffusion, some particles will impaanto the
front surface of the filter when they approach thefili® improve the model of monolith
filters, the frontand backsurface of the filterwere includedn the numericamodel. In this
chapter, pdicle transport and filtratiosimulationswere performedvith a single unit model,
using the same particleracking methodologyescribedfor a single channel modelThe
numerical results were compared with experimental resultstt@diodel was modified
accordingly.The improved model is considered to be a pr@malyzingtool to predict the
performance of aonolith filter. Also, with he improved modegimulationsvereperformed
to investigate other factors that affect filtration efficiency, anthmorove the design of this
class of filter.Firstly the geometry of a single unit model is introducdeknthe experimental
configuration andhenumerical model configuratiearedescribedThe simulation resultsre
compared with the experimental results and the model was modified basedaoalifsesof
experimental results. The improved modelsed toperform more studies about filtration

efficiency dependence on different parameters.

4.1 Model description

As described in chapter & monolith filteris comprised of many channdbricatedfrom a
single piece of polymer aterial, as shown in figu# 1. The front face and back surface were

included in the model to improve on prediction of filtration efficiency.
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Figure 4.1: SEM image of a monolith filter

Based on the regularity of the geometry, each retiennel can be thought as representative

of the whole filter, an@ single unibr channel washosen as shown in figure 4.2.

00000000
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00000000

00000009

Hole diameter: 1um
The single unit

Figure 4.2: lllustration of a single unit model
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If the filter is chargedt is possible foa particle to be captureshthe back surface of the filter
due to electrostatiattraction.Based on such considerat®nwo types of modesl can be
considerednewith andonewithout theback surface of the filterFigure 4.3 shows a single
unit model without including the flow domain outside the outlet of the chaasgjpe Iwhile
Figure 4.4 shows a single unit modk&tincludes a simulation domain outside the outlet of
the channelas type Il Both models inlude a channel and a flow domain fiont of the

c hannel ' single anit mddel type hhas asimpler geometry compared to type Il.

0 2.5e-006 5e-006 (m)
J

1,25e-006 3.75e-006

Figure4.3: Single unit model: type |
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Figure 4.4: Single unit model: type Il

A single piece of monolith filter can be treated as a combination of many singleTurats.
mathematicatiescriptionof a single unit requireknowledge ofthe diameter of the channel,

the length of the channel, and the dimension of the cubic domains.

4.2 Experimentconfigurations

Experiments were performed widim actual monolith filterThe objective othe experiments
were to establish aexperimental aerosol filtration efficiency response of two samples of a
polypropylene monolith filter over a range of particle diametéhese experimental results
wereto provide validation to the numerical model. Experimental testiggradnolith filter is

very challenging foribmicron aerosol particles because hmlticle generation and particle
detection are very difficult tachieve Inthe experimental studiesSaanning Mobility Particle
Spectrometer (SMPS) system was used to generate-digpeyse aerosol particles. An

Electrostatic @Gssifier (ESCand ndensatiofParticle @unter (CPCyvere used to segregate
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and count thepstream and downstregrarticlesrelative to each filter sampl&he full list of
experimental equipment givenin Table4.1. The setup othis equipment is represented as

the following flow chart in Figire 4.5. The details of design ofxperiments (DOE), data
collection and statistics mvered in JohnsdH work. Following the flow direction irfFigure

45, particles in asolution of sodium chloride andeionized water were atomized with
pressurized air. The stream of atomized particles then passed thaoddfusion dyer
containing a desiccant material in its outer annulus. The dried partadesgint@ plenum

that allowsthe pressure to equalize with the atmosphere. The plenummitadiet port open

to the atmosphere as well as a second port for particle sampling via a suction pressure from the
Condensation Particle Counter (CPSampled particles we drawn into the Electrostatic
Classifier(ESC)which was set to output a moxgsperse particle stream of a user determined
size and range to the inlet of the filter. In the absence of a filter sample in the filter holder,
particles counted were considdrto be upstream or unfiltered counts while particles counted
with a filter sample in place were considered to be downstream or filtered counts. The particle
capture efficiency was determined by dividing the difference in upstream and downstream
particlecounts into the upstream particle counts at a particular size range and fixed volumetric

flow rate through the filter.
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Figure 4.5: Flow chart of experimental apparatus

Table4.1: Experimental equipment

Numb Name

1 ConstanOutput Atomizer

2 Diffusion Dryer

Functi on Product I
At omi ze s ol TSI® model 3076

Obt ain dry TSI®model 3062

3 Electrostatic Classifier (ESC) Cl assi f y t h TSI®model 3080

Condensation Particle Counte

4 (cpo)

5 25mm InLine Filter Holder
6 Micromanometer

7 Plenum

8 Computer

Coumdrti cl e TSI® model 3785

Hol d t he f i Gelman Sciences¢

Pressure drop TSI Alnor®
measurement AXD620
Equal i ze pr Fabricated

Control and Data
Acquisition
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Two monolith filter samples made with polypropylene were tested in the experimental study.
Both samples were one square centimeter, #M® 100( channels equally arrangedXn

andY directions totaling one million channels. The thickness of these two samp&2ane
andL3.5mm. In theory, thedesireddiameter of the channels on a monolith filtedégermined

by the fabrication process. Howary theeffectivediameter of the channels is normally smaller

than the designed diameter due to the shrinkage of polymer matédamore accurately

model thetesting processes, ig important to know the effective diametetowever, direct
measurement of the channel diameter using scanning electron microscope (SEM) renders the
film unusable, so the actuahannel diameters wesvaluated by using the Dardyeisbach
relationship with slip wall boundary condition given by edprat4.1, assuming Hagen

Poiseuille fully developed flow. The derivation of equation 4.1 is given in Appendix C.

_ 128mQ 1
p(1+8.84Kn)d?

(4.1)

where DP is the pressure drop through a chani@glis the volumetric flow ratepis the
dynamic viscosity of the fluidL is the length of the channetl, is the diameter of the channel;

Kn is theKnudsen numbedefined as in equation 3.2.

In order to estimate the diameter of channels, pressure drop and volume flow rate in each
channel need to be measured or calculafednicromanometer accurate to OHa was
attached to the ports on either side of the filter holder to record an average value of the pressure
drop. Pressure drop measurements were usedhtoateheactualchannel diameteandalso

to calculatethe quality factor of a monolith filtetn the experiments, the circular filter holder

86



covers a portion of the filter. For this reason, the effective area of the filter is reduced to give
an estimated number of channels of @B6 10, and the value o) in theabove equation

was calculated by dividing the overall flow ratgy the number of channel§he nominal
channeldiameterwas 5//:m for both samples during fabricatiofhe measuredverage
pressure drop recorded was4.8Pa for the 8.2/7m thick filter, and 657.8 Pa for the
13.57m thick filter, for the sameverallflow rate of 05 liter per minute for both filters. Based

on the above parameters and equatbh) (theeffectivechannel diameter igbout4.177m

for the 8.2/mm thick filter, and is3.64/mm for the 13.5m thick filter.

Experimental testing provided the dimensions and flow conditions for the numerical model.
However, due to technical challenges, the filters were not electrostatically charged during the
testing. Thus, the electroitamechanism was excluded from the numerical model in order to
compare experimental results with numerical restilig. effects from electrostatic foragere

addedby assuming certain charge distributiamsthe filter

4.3 Numerical model an&imulation setups

Basedonthe general procedudd performing Lagrangian particle trackinghree forces need

to be modeled and calculated. Brownian motion is modeled as a white noise process in the
same way used for a single channel model, while theletion of flow field and electric field

are required to estimate the drag force and electrostatic force on the parkisieeld and

electric field were calculated with either actual conditions or assumptions in the simulation

domain.
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4.3.1 Flow fiet

The geometry and flow boundary conditifmm a type Il single unit mode$ shown in figure

4.6. The flow is assumed to be air flow under room temper2&i@.

0 56006 1€-005 (m)
]

2.5e-006 7.5e-006

Figure 46: Geometry and flow boundary conditions for a single clit

The @ovemodelincludesthreedomains: thénlet domain the channeland the outlet domain

In front of the channethe inlet domain isanimaginary cubic domain to model the condition

when particlegpproach the filteirom theupstreanflow field, and to consider the possibility

of i mpaction on t. Areoutletidbntaie is also preser cdansiderahe f a ¢ e

possibilityof electrostatic attractioand capture on theack surface of the filter.
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Figure4.6shows the geometgndas well as th8ow boundary conditions used in tmsde]
wherethe green surfacés thefront faceof the inlet domain, which is the plane where the
particles are initially distributednd the flow starts the red arrows indicate the symmetry
condtion, and the black arrows represent the flow direcfidre four side faces of thalet

andoutlet domaisareimaginary surfaces used to bound the simulation domain. For continuity,

symmetric boundary conditions are applied on those four faces.

At theinner wall of the channgé slip-wall boundary conditioimcorporatingMaxwell’s first

order model? is imposed as:

(4.2

§=,-I-O: (@}

£

|

<

~

S
O g o
-5 =

wherelU, is thevelocity of thewall, whichis zero assuming the filter is not mog; s, isthe

tangentialmomentumaccommodatiortoefficient assumedo be0.95 A no-slip boundary
condition is assumed at thrent and the back surfasef the filter. The flow field iscalculated

by using the commercial package ANSYS GEXFigure 47 showsair streamlines immodel

whose channel lengik 8.2/7/m and mass flow rate is equall.553 10''kg /s.
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Figure 4.7: Flow filed represented blyeamlines

4.3.2 Electric field

The dectric field was calculated based oroGi | o laws, acsording to the charghstribution

on the filter and givesharge densitieg.wo kinds of charge distribution werassumed for the

studies of a single unit moddlhefirst one assumed that all the surfaoéthe filter, including

the front face, the back face and the inner wall of the chareeiniformly charged This

charge distributiorresuled in the electostatic force producing the largest efft on the
paticles. The secondlistribution assumetha all the charge on the filter waconcentrated

around the inlet and the outlet edgéthe channelwh i ¢ h can b eringloechacge i be d &

These two cases are illustrated in Figi8 where the hle areas represent the charge on the
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filter. The surface charge densftyr case onavasassumed to He32 10°C /nt, which is
half of thetheoreticalmaximum surface charge density aminsulatingsurfacé®. The line
charge densityor case twowas1.32 10°C /m, which is based on above surface charge

density, andheassunptionthatthe charge is distributed on a @inh wide band.

O

\\\
v
N
] |

Figure 4.8 Two cases of the electrostatic charge orfitter

For a uniformly distributed chargm a hollow channel, there is a singularitiythe electric
field at the channadurfacel®. To avoidthe singularity when calculating electric field the
numerical models, the boundary of the simulation donsassumed to be located 2On
away from t he a €iguresadl9and 410shosva crosssestionmalfviawcos the
electricfield strength magnitudie ther - Z plane for each charghstribution The strongest
electric field is calculated to be on the orde6fN /C and is located on tHdter’s front and

back surfacg, andn the domain around the axis of the channéhainlet and outlet of the
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channel For a ring of charge, the electric fielthagnitudeis of an order of0'N /C. The

strongestield is locatedat the edge of the channel.

Electric field magnitude Contour (Uniform charge on all filter surfaces)

5E08 [—

r{m)

s
I

Figure 4.9: Electric field magnitude contaarther - Z plane Case onetniform charge on
the filter surface)
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Electric field magnitude Contour (Ring of charge along the channel edges}
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Figure 4.10: Electric fiel magnitude contour in the- Z plane Case twoRing of charge
on the edges of filter channels)

4.4 Experimental comparison and Model improvement

In this section, a model validation was performed basdtexsingle unit model type I, where
the back surface of the filter is not includédter, simulations were rerun dhe single unit
modeltype Il. The comparison between numerical simulatich@xperimental results suggest
on a modification otthe numerical modelThe model was modified by revising the model of
Brownian motion and taking Van Der Waals force into accolime. modified model showed

a better agreement with experimental resuliterfrquality factor was discussed as a concern

of industrial use of monolith filter® the end of this section
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4.4.1 Model validation

Model validation is important for numerical studies. Compared to a sthgleneimodel, the
calculation of electric field and flow field for a single unit model is more complicated, as well
as one particle’”s behavior when i napmtideed i nt

is released from the inleibomain,there are foupossible outcomes:

I. A particle is capturedn the front surface of the filter;
ii. A particle iscaptured inside thehannel;
iii. A particleflowsout of the channel;

Iv. A particle is attractetb the back surface of the filter.

To make sure the modeling of flowefd, electric field and Brownian motiomere reasonable,

a validation othe single unit model is necessatyvalidation simulation was performed with

thesingle unit model of type I, the channel diameter equdlsrm, thechannel length equaled
10 /7m, the particle diameter equaledXtd /7m, and thevolume flow ratevasl.0® 10*m® /s.

Particle density waassumetb bel00&kg / .

For a single unit model of type I, in which the back surface of the filter is not included, only
the first threescenariosare possibleFigure 4.11, figure 4.12, and figure 4.13 showedé¢he

three scenarios of a partitgpeke’ s behavior in
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Figure 4.11: Particle captured on the front fé&eenario i)

Figure 4.12: Particle captured on the inside surface of the ch@usalario ii)
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Figure 4.13: Particle exiting the chan(®tenario iii)

Another validation was performed to meet the conesrtowhether a single unit model is
representative for a monolith filtewhichis comprised o& large number afhannels. Aour-
unit model was built by combining four single unit cells, as showngsé&4.14to compare

the simulation results under the same flow condition with the same particle sample.

X
iy
i 5
L 2
H 1 T z
0 4e-006 8¢-006  (m) ‘T’
| EEaaaa——  SS—
2¢-006 6e-006 v

Figure 4.14: Geometry and Boundary condition of a Four channel model
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Two simulations were run separatetyewith a single unit model (Type nd another with
a four-unit model. Theflow conditionswere set upwith the same volume flow rate in each

channelParticles with a diameter of 0.4m and 0.2 /rmparticle were tested, and the filtration

efficiencies from each model were comparg¢eids observed the capture efficiencies are very
close to each other, which indicates that the single unit cell can effectively predict the overall

capture efficiency of the entire monolith filtekVith 0.1/7m diameter particles, the capture

efficiency based on four channel model is 26.7%, and the capture efficiency based on one

single unit cell from this model is 27.5%Vith 0.2/7m diameter particles, the capture

efficiency based on four channel model is 24.7%, and the capture efficiency based on one
single unit cell from this model is 24.5%. Above simulatsoiggestd that asingle unit cell

is representativid estimate the filtration efficiency of a piece of modith filter.

4.4.2 Comparison between numerical and experimental results

Experiments were conducted for a narrower parameter range than simulations. A subset of
experimental dateould beused for model validation and model improvement. The numerical
mode] in another way, could bhgsed as a predictive tool to explore different configurations,
charge distributions, and boundary conditions that are difficult to test experimentally.
Experimental studies of filtration with monolith filter are limited with only a few samples and

a relatively smaller range of particle size, while numerical studies are much more flexible and
feasible. Howevelthe experimental study is crucial to verify if a nuneal study sufficiently

described the problephysically and mathematicallfy analyzing and interpreting
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experimental results, a numerical model can be improved essermralybecome more
dependable for further extended studies. Table 4.2 shows axdearpbetween experimental

and numerical studies in this thesis.

Table 4.2 Comparison between Experimental study and Modeling study in this paper

Exper i me Model i ng
Number of 1016 Single unit wit
Particle 5B 0Am 1da 0 O0ntn
Channel ¢ Abouam 4 Any di amet er
Filter t 8.2 ameh I anyampl e’ s thi
El ectrost N o Yes

4.4.2.1Experimental results

With the experimental configuration described in secti@y dxperimental testing with two
filters samples were performdearametersised in experiments aseown in Table 4.3Based

on the parameters in Tabie8, a full designof experimentdDOE) was set up with two filter
thicknesses and seven particle diametere.six main particle diameters are 50, 100, 150, 200,
250, 300m. 175nm(which is themidpoint between the minimum and ra@um particle

diameteyis chosen to verify the statistical model of experimental data withr@.2hick filter

sample For each filter thickness, a data set with six particle diameters allows for up to a fifth
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order polynomial approximation. One assumptiontio$ statisticalmodel is a normally
distributed error about a given particle diameter. This aggamwas verified by repeating
the experimentaluns at particle diameters of 50, 175 and 30Q and running the Shapio
Wilk test [6], which is commonly used for testing normality on the collected data at each of

the above particle sizes.

Table 4.3: Parameters for experiments and simulations

Filter mpml]ickness | 8. 2/
Di stance betwemh two cha 5.
Solution concentrg@/tcjion o 0. 0O
Overal/l abL/mnfil ow rate [ 0.
Esti mated number of <chan 6. 36
Air d&g/siijty | 1.1
Air dynamikg/mbd]scosity [ 1.8
Air fl ow tKgmperature | 30
Sodium chloridkg/nglarticl e 216

Sodium chloridemparticl e 5630

Bol t zmannnkgbik]t ant | 1. 3 8%

Overall, 40 runs at different particle diameters and different filter thickness were perfiarmed

collect experimental data, which wasalyzed by multiple regression analyses with statistical
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package JMP!. Therelationship between the capture efficiency and the particléssstown

in Figure 4.1%ndFigure 4.16
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Figure 4.15:Experimental results: Particle Diameter Gapture efficiency for 8.2 thick
filter
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Figure 4.16: Experimental results: Particle Diameter vs. Capture efficiency forh3.5
thick filter

In Figures 4.15 and 416, the solid line betweenthe two dotted lines is the predicted mean
curve for capturefficiencyversugarticle diameterThe o dotedlines in the plotepresent

the estimation with individual 95% confidence. The 95% upper and laomddvidual
confidence curvearededuced based onglassumption acinormally distributed errdior each
particle diameterError bas on the mean curve show the estimation for the individual standard
errorfor each particle diameter. Each plot athsplaystwo ses of confirmation runs, shomw

as trianglar dots in the figures, which were performed to validate the fitted cuiives.

confirmation run resultaremostly locatedvithin the 95% confidence interval, which validates
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the predicted mean curve and the analytical model for experimental rBswitstion from the
predicted values is thought to be mainly due to fouling of the filter and insufficient cleaning

between runs.

4.4.2.2 Numerical resulend compeason with experimental results

Numerical simulations werperformedto calculate the capture efficiency undbe same
conditions thatwere used in the experimentsith single unit model type lIBased on the

parameters shown in Tabie3, forthe8.2 »m thick and 13.5/7m thick filters, the mass flow

rate through the flow domain @fsingle unit model i$.553 10"kg /s. Capture efficiency

wascalculatedor the seven particle diameteused inthe experiments

Besides the parameters in table thg,time step is required for the numerical simulatime
way couplingrequiresthat the time step used for particle trackingpe more than the particle

relaxation time.Due toa particle relaxation time ranging from 0.1 to 0% for sample

particles inthe experimentghe time step sed in the simulations was setltos.

Numerical simulationgverebased on the statistics of particle trajectories, thus the sample size
andthe initial positions of theampleparticleswere requiredo be defined beforehantested
particles are released from thent faceof the inlet domairfgreen surface in Figure 4.@he

initial positions of the particles adestributeduniformly in the area bound lilieblue linesas
shown in Figure 4.17 As this figure shows, due to symmetry, one fourth of the inlet domain

surfacewas chosen, and sample particles are distributed uniformly inside this area.
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Area covering initial positions gfarticles

——
(A quarter of the whole area)

I S

Front face of thénlet domain

Figure 4.17A diagram showing initial positions of the injected particles

For each numerical run, 624 (225) particleswere distributed on the smaller square area
shownin green colorin Figure 4.17 This numbemwas chosen based on a division of the
injecting area with 0.27m spatialstep. To verifythatthis sample size isufficientfor data
collection, twomorerefined divisiors of theinjecting area with 0.m and 0.057m spatial
steps wergerformed The first refinement offers 2499 ¥®1) nodes, while the second one
offers 9999 (92101) nodesthese nodewereused ashe initial positions fosampleparticles.

A verification run for the sample size validatieasperformed oran8.2 /m thick filter with

100 nm particles.The casewith 624 sample particles gatlee capture efficiencgf 28.4%

the casewith 2499 particles gve the capture efficiency of&1% and the case with 9999
particlesgavethe capture efficiency of@6%. Considering the results are also affected by the
Brownian motion for each casad to save computational time from unnecessalgulation,

the sample with 624 particles was considered large enough to be representative, and thus used

for othersimulationspresentedh the following studies
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One way coupling was assumed, avelassumed that the particle is captured once it touches

the surface of the filter; that is to assutinatthe critical distance for particle captusehalf of

particle diameter0.5d , whered is the diameter of particles.

A numerical simulation was performagth 8.2 /7m thick filter to produce the dependence of

capture efficiency on particle size, as measured by experimeiigsire 4.15 And the results

were compared with experimental results in Figure 4.18.

Comparison with 8.2 micron- thick filter (CB=1)
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Figure 4.18: Comparison with 8/#n thick filter, critical digance for particle capture =
0.Xd
p
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4.4.3 Model modificatiorand esultsdiscussion

From Figure 4.18, we observe an obvious underestimatidiiitration efficiency for all
particles sizesThe discrepancy between numerical and experimental results suggested that the
numerical model should be modified/ith the knowledgeof results froma single channels
model, two empirical approaches were used to improve the predictive numerical model. One
is to strengthen the diffusion of particles and the other is to take Van der Waals force into

account.

Brownian motion force is modeled:a

£ =mn® and n()=G \/ 2167k, T (4.3)

Do 5d °S’C,
Mathematically, Brownian motion increases as the square root of the particle diameter, while
particle mass increases as the cube of its diameter. Based on the above relations, the effect of
Brownian motion is proportional to the partide&meter to the power of minus 2.5, and thus
decreases quickly for larger particles. The drag fomiéalways have the same scale as the
dominating external force. Therefore, during the particle tracking process, particles with
smaller diameters are nmly captured due to Brownian motion. For larger particles, with the
sharp decrease of Brownian diffusion, interception becomes the dominating capture
mechanism.Therefore, to improve the numerical prediction of the capture efficiency for
smaller particlespne applicable way was to improve the Brownian motion model to generate

stronger diffusion effects on smaller particles. The original Brownian motion model (equation
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(4.3)) was revised by a correctioaefficientC,, which resultedhe Brownian motion force to

be:

(4.4)

F=Cmi{t and n(t)=G LKSBE
’ Do £d,"S°C

A particular valueof constantC, selected as 4.5 based arcomparison witlexperimental

results This modification changes the magnitude of Brownian motion force linearly.

However, the improvement of Brownian diffusion model is insufficient to improve the
underestimation of capture efficiency for large particles, for which the effect from Brownian
diffusion is quite limited.To optimize the numerical model for particlestwlidrger diameters,

the effect from Van der Waals force is considered.

The Van der Waals forcis an importanforce for particle captureHowever,the Van der
Waals force is ahort range force, whicis significantonly when the particle is close toe

surface® ®. The interaction energy between tharticleand a flat surface i8”:

Ad
E 0 —" 45
P 12H (43

whereE; i s the interaction ener gy, Abisd thhezema k eare  p

const atnitds t he di stance bet weleme trhaen gearafi cd pee |

the Van der Waals forceEmaiyt hbeheembl mahedghy

k,T.GivenaH a ma &omstant ofL0*°J for polypropylene!! 1213 ard anenvironmental
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temperature as 300 , the operatiomlistanceH, is calculated as

H = Ad, °0.2d 4.6
ST B (4.6)

Within the operation distancthe Van der Waals force is considered tothe dominantforce
thatattracts nearby particlek numericalstudies, thismplementatiorof the Van der Waals
force was utilized for determiningwhen particle captureccurs A common assumption in
aerosol particle filtration study is thaparticle is capturednly when it directly contastthe
surface ofa particle collectof®* 19; however simulations with this assumptioesultin a
consistenunderestimatiorof particle capturdor particleslargerthan200nm . Taking into
accountthe Van der Waals forceemoved this discrepancy with experiments. From equation

(4.6), particles experience Van der Wagsces when their dtance from the surfaceabout

O.de. Therefore the criticaligtance for particle capture (which measures the distance from

the particle center to the surface of the filter) was increfised0.5d ) t00.7d .

A much better agreement with experimental resu#is obtained when the constdnt=4.5

andthe particle capture distan'(so.?dp. Figure 4.1%hows a comparison witkperimental

results for 8.2//m thick filter.
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Comparison with 8.2 micron-thick filter, CB=4.5
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Figrue 4.19 Comparison with 8.27m thick filter, Brownian motion model constant
C, = 4.5 critical distance for particle captufe7d,

Figure4.20shows the relation betwedne particle diameter and the capture efficiencydor
13.5 nm thick filter. Again, he comparisonshows a reasonable match between the

experimentahnd simulatiomresuls.
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Comparison with 13.5 micron-thick filter (CB=4.5)
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Figrue 4.20 Comparison with 13.57m thick filter, Brownian motion model constant
C, = 4.5 critical distance for particle captufe7d,

The resultoobtained inmodel validation also clearlyevealthe relation betweethe particle

size andthe capture efficiency. From Figuse4.19 and figure 4.2Q the highestcapture
efficiencyoccurs withthe smallestiameterparticles.As theparticle diametemcreasesthe
capture efficiency decreases urgiound 250im, the most penetrating particle siZghis
minimum can be explained as corresponding to the transition region of the dominatimg captu
mechanism from Brownian motion to interceptiome$e three regienare characterized in

Figure 421 denotingthe differentdominating mechanisms
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Figure 4.21 Simulation results: comparison between 8.2 and 18rbthick filter

Figure 421 also show the effectsof filter thickness.Theoretically a thicker filter with the
same channeliametemprovideshighercapture efficiency. However, filter thickneasdimited
by our manufacturing process to an aspect ratio of aroundl4®, in practie, athinner
monolith filter is more desirable dueite smallerpressure dropcrosghe filter. From Figure
421, we observethat the effect of filter thickness iglatively irsignificant Thae is only a

modest 5 perceimicreasen capture efficiency froran8.2 nm thick filter to a 13.5/2m thick

filter.
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Another way to visualize the small increase in capture efficiency due to channel thickness is
to plot the final positions of the captured partickegure4.22showsthe final position®f 50

nm particles in one numerical run witlan 8.27m thick filter. This figure shows thanany

particles are captured on the front surface and near the enoaheechannelAs thechannel

length is increasednost particleswill still be captured at the frd surface, preiding an
explanation as to why capture efficiency is not very sensitive to the filter thickhless.
observation of particle deposition locations also validated the necessity of including the front

surface of the filter into to numerical model.

Y
Captured particle final position Distribution (8.2 micron filter) \@/ z

Figure4.22 Final positions of captured particles in an &#h thick filter (particle diameter
=50 nm)
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4.4.4 Discussion about qualitsctor

The quality factor isausefulmetricthatdescribesherelative importance of capture efficiency
and breathing resistance, asdlefinedin equation 1. Figure 4.23 showa comparison of

the quality factas for8.2 nm and 13.57,/mt h ifiltets for the same flowate The quality
factoris significantly higher foan8.2 nmt h ifileek which indicateghat an8.2 nmt hi c k
filter is a better filter compadto a 13.5 /mt h ifileek due almost entirely to the reduced

pressure drop in the thinner filter.

Quality Factor comparison between 8.2 and 13.5 micron thick filters

3
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Figure 4.23Quality factor comparison between an 8rdand 13.5mmthick filters
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4.5 Extended studies with one single unit model

Besides the particle size, the filtration efficigns dependent on other factors. In this section,
the dependenaoyf capture efficiencies difow rates, channel diameter, apdrticlecapturein
the presencef an appliectlectric fieldwere studied in this section as extended studies with a

single unit model type II, where the flow domain outside of the channel outlet is included.

4 5.1 Effects from Flow rates

Figure 4.24 shows simulation results ftifferent flow ratesacross ar8.2 /»m thick filter,

namely,0.4, 0.5 and 0.6 litsiper minute

Capture efficiency comparison under different flow rates (8.2 micron filter)

~
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Figrue 4.24: Capture efficiency of 8/2mthick filter for different flow rates
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As expected, decreasing tllew rate increases the capture efficiency, especially for small

particles as they have more time to dwell in the channel.

4.5.2 Effects from Channel diameters

Keeping the size of the inlet and outlet domsaionstantn the single unit modedndchanging
only the diameter of the channel, we can investigate the @féice channel siz&nd opening
factor on particle capture efficiencyFigure 425 showsthe captureefficiency for channel

diametes rangingfrom 1 to 7/2im . Four curves represent three different partidlameters

which are 50, @0, 150and 300nm for a constant flow ratélhe curves for th&0 nm and

100 nm patrticles are different than curves for 150 and 800 particles Theoretically, with

the increase of the chanriametey the interception mechanism is weakened so the capture

of particles decreaseslowever, in this case, undéne same flow ratesas predicted by
equation 41, when the channel diameter increases, the pressure drop decreases sharply, and
provides asmallerfiltration velocity, which leads to a longer residence time of particle and
larger filtration efficiencydueto Brownian diffusionThereforewhen the channel diameter is
larger, the decreasinfiow velocity increases the capture efficiency while the smaller
interceptionmechanismdecreass the captureefficiency. These two competinfactorsare

responsible for the shape of the curve50mm and 100nm particles.

For 300 nm patrticles, the capture efficiency goes dowonsistently This is becausehe
interception isthe dominating effect for large particle8Vhen the channel diameter is very
small, the larger particles tend to have a high capture efficiency due to intercaption

impaction
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Capture Efficiency vs. Channel Diameter (Under the same flow rate)
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Figure 4.25Capture efficiency vs. channel diameter (under the same flow fratall
channel diameters)

Another way tovisualizethe effects from chanhéiameter is shown in Figure2s, which
displayssevencurves dgicting the relation betweethe capture efficiency and partickize

for different channel diameters. For atvencurves, from the smallegarticles, the capture
efficiencystarts to decrease when particle gets larger, due to the decrease of Brownian motion;
and for channel diameter equal tal12, 1.4, 2, 3and 6/7m , the capture efficiency increases
whenthe particle diameter is larger than the most penetrating Isiaisoshould be noted that

the most penetrating particle size is different for different chathagletersFor the smallest
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channel diametesf 1 7m , the mospenetratingparticle size is 100hm among seven sample
particle sizes. The most penetrating particle sizé&s®&rim for the channel diameteof 1.2

and 1.4/7m ; 175 nm for the channel diametesf 2 and 3//m ; and 250nm for the channel
diameter of 6zm. For thelargestchannel diameter tested ihis research, 75rm, the most
penetrating particle size is nattainedfor the particle diameters test&200 nm patrticles are

still in thetransitionregion, when interceptials not strong enough to start increase the capture

efficiency.

Capture Efficiency vs. Particle diameter (Under the same flow rates with different channel diameter)
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Figure 4.26 Capture efficiency vs. particle diameter (Under the same flow rate with different
channel diameters)
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One conclusion fronthe above is thathe most penetrating particle sidecreases as the
channel diameter decreagggven the distance between the channels is the saifit) a
smaller channel diameteinterception starts to bemethe dominatingcapture mechanism
and thus, the filtration mogaguickly from the Brownian m@in dominating region to the
transition region, and to thaterceptiondominatingregion, from smaller particles to larger

particles.

4.5.3 Effects from electrical charge on the filter

The effect of theslectrostatic force depends on tblearge distribubn on the filter and the
particles.The simulations with the two kinds of charge distributbonthefilter, and with the
three different cases of chargitige particleswereperformedio compare with the case when

there is neelectrostatidorce (all particles areeutra).

Two kinds of electric charge distribution on the filter were assumed. The first one assumed

electric charges are uniformly distributed on all surfaces, the second one assumed the charges

are concentrated on the edggohi e c hannel ' dheielactriefield gemethtedbby t | e t .

the two kind of charge distribution was calculated in section 4.3.2.

Given the negative charges on the filter, three cafstige chargedistributionon the particles
wereconsideredThe first case isvhen eaclparticle is charged with oredementarypositive
chargethesecond isvhen eactparticle is charged with oredementarynegative chargeand

thethirdiswhen Fuch’ s charge di st r whicliassumethathen t he

charge on the patrticle is related to the sizthe particleFuc h’ s char gehecki st ri b
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is the same to the charge distributiased for a single channel modebse 4) The charge
distribution follows the function described in equation 3.9. [@nger the particle, the higher
the likelihood is that the particle containsanetchdfgec h’ s di st ri buti on

a natural electric charge distribution on sutnom particles.

Firstly, we onsideedrings of charge atheinlet and outlet of the channeh this situation

with the line charge densityf1.32 10"C /m, the simulatiorresultsshow that the effects

from the electrostatic forcaretoo small to observanobvious difference. When the particle
diameterbecomeslarger, the effects fronthe electrostatidorce becomesmaller, so the
strongest effect fronhe electrostatic force should be on the particles with the smallest
diameter, agsmingaunit charge on all particles with different size. However, for the smallest,
50 nm particles the change of capture efficiency is no more than 1 percent. This can also be
understoody compamg the electrostatic force with the Brownian motfonce On a50 nm
particle, Brownian motion wilinducea forceof aboutl0 **N ; assuminga unit chargeof

1.6 10™°C onaparticle, the electrostia force is aboul0 **N in most flow domaisexcept

very close to the ringf charge. Thugheelectrostatic force is much smaller titheBrownian

motionforcewhen the charge on the filter is assumedtbbei ng of char ge” .

However,a different scenariof charge distribution on the filteshowsa stronger effect on
capture efficiencyAssuming the charge on the filterriegative;four curvesin Figure4.27
represent the caseavith all neutral particles; all positively charggarticleswith one unit
charge; alhegativelychargedarticleswith one unit charge; artie case where charge on

the particles obey F s ahdrde distribution. The simulations pegformedwith an 8.2 /7im
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thick filter, and the flow rate i4.553 10"kg /sin the single unit flow domain.

From Figure4.27, a noticeableincreasein the capture efficiencyis observeddue to the
electrostatic attraction when the particles are positivetharged The FuchHs charge

distribution on the particleslignsvery closéy with the case oéll neutralparticles

Capture Efficiency Vs. Particle size with electrostatic force

80 —

——+=—— All nuetral Particles
—=A—— All Positively Charged
—&—— All negatively Charged
——<&—— Fuch's Charge distribution

60 —

40 —

Capture Efficiency (%)

20 —

50 100 150 200 250 300
Particle Diameter (nm)

Figure 4.27 Capture efficiency vs. particle diameter with electrostatic force opahles
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Chapter 5: Conclusionand future work
5.1 Conclusions

Particle transport andiltration with monolith filters were studiedhumerically with the
Lagrangian particle tracking methodology. A single channel model and a single unit model
were developed based on the geometric structure of a monolithBitemnian motionStokes

drag force, antheelectiostdic forcewere modeledb calculate the trajectoriestbieparticles.
Numerical studies were performedinvestigate the filtration mechanisms of electrostatically

charged monolith filters.

It is established that submicron peles ranging from 50 t600 nm in diameter are captured

by a monolith filter mainly due to Brownian motion and interception. The results from both
experiments and numerical simulations show Bratvnian motion is thelominantcapture
mechanism for small particles, and interception igittrainantmechanisnior large particles.
Electrostatic attraction is also important if the charge distribution on the filter generates a
strong electric field, such as when all surfaces ofiliee have a uniform charg&he transition

of thedominant filtration mechanism from Brownian motion to interceptiocurs athe most
penetrating particle siaghich range fronLOOnm to 250nm. Whenthepatrticle size increases,

the effects from Brownian motion and electrostatic force diminishes quickly.

Numerical results from a single unit model were compared with experimental resziétssis

white noise model for Brownian motion force showed a daficy whercomparedvith
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experiment and so the model was revigeldo, Vander Waals forcevas incorporategvhen

a particleapproachecDJdp of the surface since neglecting this force underestimates the

capture efficiency for particles larger than 20. Threeother mainfactorsthataffectthe
capture efficiencyre thefilter thicknesstheflow rate, and the channel diamef€he @pture
efficiency isquitesensitive tdhechannel diameter, which controls the transitiothetapture
mechanism from diffusion to interceptioas well as the effective pressure drop across the
filter. A smaller channel diameter causes a tramsitf the capture mechanism atsmaller
particle size. Based on theeresults thefilter sample used in thexperimentss characterized

by themost penetratig particle diameter at arou2&0nm, which was predicted by tmeodel.

The modified single unit modelis considered taaccuratelypredict the performance of a

monolith filter.

It was established that the filtration of particlaside a circular channelue to Brownian

motion and electrostatic force depends on dimensionlessrigan force and dimensionless
electrostatic force. However, above two dimensionless parameterstuaiesl and considered

to benot sufficient to quantitatively characterize particles filtratefficiency. For particles

diffusion through a circular chaanl , previous studies establis

depends on a particle deposition parameteNumerical simulationsvith particle tracking

methodologyprovidesas i mi | ar concl usion that particle’
channel depends on this deposition parameter only. Howeveffjltthéon efficiencies

predicted by twapproachearedifferent. Based on the results from particle tracking method,

an aymptotic function was proposed to calculate particle capture due to diffusion inside a

circular channel.
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5.2 Ruture work

Studies in this thesis essentially are preliminary studies about electrostatically charged

monolith filter. There are a few aspects that need to be further investigated and researched.

First of all, model optimization. Despite the most importaarticle capture mechanisms were
included in the studies of this thesis, thereaher forces might be significant for filtration

with monolith filter as wellFor example, the particles were assumed to carry no more than
two unit charges in this thesisowever, if the particles are poharged by unipolar ions, the

actual charge on a particle could be much higher, and thus the image force caused by charged
particles can bring additional attraction to the filtdhe effects from a few parameters used

to define current model, such as tivee stepchosen forBrownian motionmodel and the

length of the inlet flow domain of a single unit model, has not been investigated thoroughly. A
model sensitivity study isecessaryo find out howadjustablefactors #ect the simulation

results.

Secondly, for all the studies about difference types of filters, particle deposition and particle
loading on the filter is always an interesting and important topic. For fibrous filters, the particle
loading and the growth gfarticle dendrite has been studied widelyheTauthomperformed

preliminarystudies about particle loading inside the channel with the particle tracking analysis

tool. Howeverdue t o the randomness of particte’s
from deposited particle on internal flow condition, particle loading and particle coagulation
can be extremely complex. Further studies of particle loading inside a filter and clogging

mechanism are appreciated.
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Appendix A:Calculation of Eectric field inside a hollow
cylinder

The position of a generic poim on the inner surface of a cylinder is describelas

P =Rcosgi Rsing zk  ¢(i0,2],2 [ DY (A1)
wherenr is the radius of the channel, ands the length of the channel. Due to symmetry, a

generic point inside the cylinder is given in the XZ plane as

K (A2)

r=‘ﬁ'-|6‘ 3/(Rcosq f)° R sid q(z+ Z')2

(A3)
W\ 2
=\/R2 42 (42- z) BR cog
So, the electric potential at the poip{r, z) is
Rri & 2 dqdi
f(I’,Z) = (A4)

2, o1 o .
awp e \/R2+r2 (z- z)2 2rR cosy

where r_is the surface charge on the hollow cylinder.

Letp =2~ andy = z- z; thendg= 2d tanddy= -dz. Then the electric potential is thus
2

given as:
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gg dbdz
\iR +1? 4 21R(1 2sirf b)

~

F(X,, Z)—

rr ,,Ieln(z+\/z2 R 241 23inzb)) (A5)
i
P& }-In((z -L) \-’[(z )° P+ R +2rR% Zsmzb))

b

< e o

From the electric potential, and the relationship between the electeict@al and the electric

field:
. Wt N v
E(r,z)= - B =—i1 —k E([2) +E(,2)k A6
(r,2) url ¥1 (=) +E (r,2) (A6)
We can get:
e (r2)= 2] = = E
eUGNZ R HRQ 28iMh) (- L)F R 20 2sifh)
: 0
_ Rr* 1 ﬁg db 1t db L
PeiNag 1. Ry Vo 0” Rsit o 1
T G 9 v
R BK(k) K(k) 8
_ R (A7)
pet o Ja §
e (r,2) R/ BF(Z +r° R HRQ1 Zsirfb))'j/z(r R(+1 2sii @)d b
r,z)= 2
’ pgﬁl[ z()+\fzc)2 +X,? R 2% Rl 2sinb)
(z- L) #* R 2#R(1 ZSirfb))']/z(r R(# 2sid @)d% "8)
(z- L) 4-\/(2 1)° A R+2rRL 2sirtb) %,
when
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k= — (A9)
Q,

K, = 4rR
g,

where K (k)is the complete elliptic integral of the first kifél.
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Appendix B: Deivation of dimensionless form of particle
motion equation

This appendix is to show the deduction of dimensionless form of equation of particle motion.
The equation of particle motion basically describes the force balance on a single particle. With
the dimensional form of this equation, we can further understandehkanisms that control
particle motion. Also, by comparing two terms in the dimensioniggatmsn, we can perform
dimensionless analysis and determine which mechanism is dominant. From the deduction in
this appendix, we can find out thBeclet number characterizes the particle motion due to
diffusion, and dimensionless electric force characterizes the particle motion due to electrostatic

force.

Starting from equatioof particle motion (EOM)substitute the numerical models for the three

terms on the right hand side.

du, - - | 216k, T 3o m

m —> = Eq +mG B + P(G. - G

o \/ Dtp 4d,°’SC,  C, (g-4,) (B1)

1
m, :gpd‘z r (B2)
Dividing m, from both sides of the equation.

dui, Eq = 3o o
% _Ea, s 2167':81- i ° (g, - u,)

dt m, Dip sd°SC Cm -

_ B6Eq | < | 2167k, T 18m .
=—7—+G 52 + 2(uf B up)
pdor, Dior d)S°G  C, rd]
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Using the filtration velocityl, asthe characteristic velocity for both velocity of fluid and the
velocity of the particlevelocity terms in equatioB3 can be replaced with dimensionless
velocities by dividing the equation wittJ, . All dimensionless variables are denoted by

superscript *.

dd, _  6Eq 2167k, T _18m (6 ) au
dt  prdU, \Dt gSCQUZ C dp (B4
Introducing the relaxation time of the particle as characteristicastte
C.r d? ,
to=="2%  and t =L (B5)
18m .
Multiplying ¢, on both sides of equation B4:
du; 6Eq 2167k, T 18m (. .
P -t +{G B +.£ u, U-
dt  "prdy, \/Dt AES QU TG pdpzr( - )
EqC , 2167k, T I
= Bt B Y. U
3p mU, \/RDt QS GU; (e 55) (86)
-6 o2 SET (4 )
3p U, 3 /Mo, U
Particlediffusion coefficientD and particle mechanical mobility are defined as:
k., TC
D=_>—" (B7)
3o i,
C
B=——=
3 (B8)

If we include particle diffusion coefficield and particle mobilityB into equation B6.
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du, EqB 2k T ;. .\ EgB 2D (. .
—>r = G [B—2 - Gl|+—— +
d U, DtU? (6 %) U, BU2 (4 +4) (B9)

We can define Peclet number based on the channel diameter as:

P= (B10)

The second terran the right side of equation B®uld be reformed as:

. . d> G [2d> 2G
G|2L -2 1% & / r26d |1 (B11)
DV pP°D PV\DD P V2Dt

In the theories of Brownian motion, the raneansquare net displacement of a particle along

any axis during a time stepx is:

x..=\2D B (B12)

Thus, we gothe dimensionless parameters for electrostatecBrownian motion diffusion as:

du, EqgB 2k, T (. .\ EgB 2Gd, .
_f = £ |B=—E - — T4+
dt U0 DtUg ( f ) UO Pe ers ( Uf +LL) (813)
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AppendixC: Pressure loss iafully developed circular
micro-channel flow

The gener@aif wlollyutdeome Ifoped i i rge wleamr boyhannel

u,(r)=—=—r? €,Inr G, (C1)

wheCan@are integr,Ptiisomn rceosrssutradnitasred i ¢ vi scosi

The requilbemehirsac hamptiCi=ds t hat

Knudsen number is defined as:
/
Kn=—
] (2)

wheves the mean fredipatheotli amewWelt hod heamea

free pamfhormasai6ml aCR)d, etghueatkKinound slen number i s aprg
Knudsen numbers ranging from 0.01 to 0.1, |
momentum transport 4iSs$ okescrigbhadiyst hdHoWaewiee
at the flow beundaatedeakky dti gii ogh &rlafl,o He2 Jwe U
t hbeoundarydesodi wmdniom HBq 2

_ 2-5s

o - \
uf wall uW S Kn

\

(8

3OO

O g e
gl_ﬂ

whemfies the nor mal unit vector .R,Asas lsmiang otnhaer )
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channél=Owtadtt he waRl wherslip wall condition

2-s, &u 6 2-5, B| 62 -5,1dP
“Knge—=2 |§g =——/ o I——R C
|Rc Sy QHn ERC L _§rf\’c+ ~) 2 dm ( 4

wh eSyies t he

t angermnctcioarimonocamea mtnum oef fi ci ent, Th

2-s5,, 1dP_ 1dP

C = v, ——R ——R?
Y. AR ©3
The solWwits otnhdorgi ven as:
w(n)= - R Z2TR (o
4mdz 2S5 mz
The mean velocity in the channel i s
1 Rk i}
U= =7 (1) Eoralr
PR
1dP_, 2-s,6dP
= + Vv -/
8mdzR 23 mlzR €7
1dP_a 2= S
= H o
8msz%gR°
The Dwericsyp@dcmti onship for [8lhannel flow is gi

L ru?
op =f & ey C3
D, 2
whebRi s t he

pressure fdiropthehrDamgdhdylLdafsrcitatrancen

l ength of tkdaomenndlabrkFecmiadfohma piece of
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dp, DP

& L CH

So the Darcy friction factor becomes:

f_@PH)q o 64
- 2 ) _
(ruZae/2)  re+s & 5 k) (C1)c
SV
For an air fl ow, the tangent i an o rmmoanelnyt ubme tawce

0.85¢Aepending on the roudhenewasl otfo tth.ed Swafldr

sol uti otnlsesiiBgub i istuting this value into abov
f = 64
Re1+8.842Kn) (C1)1

Si mifloamul as wer e rlédpnddi t €@l raya dXdii teit o ma:l

2

Qz%méﬁi (C1)2

whe@Qies the volumetric flow rate t(hg8u),h t he

an@€l) gi ves:

P = 64 y ru%yg 32 tm,,,, 12871.Q
Re1+8.842Kn) I 2 (1+8.84Xn Jj (1 +8.84Rnp) 0}

(C 1)3
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