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Abstract

Electrical and Magnetic Separation of Particles
by
Lin Li
Doctor of Philosophy in Energy, Environmental, & Chemical Engineering
Washington University in St. Louis, 2010

Professor Da-Ren Chen, Advisor

Particle separation technologies have been utilized in manytiradidields, such
as pigment and filler production, mineral processing, environmentalcpostethe food
and beverage industry, and the chemical industry, as well as in daaheapplication,
such as cell biology, molecular genetics, biotechnological productitinicat
diagnostics, and therapeuticA. lot of particle separation technologies using various
mechanics in terms of the differences in the physical or ptniemical properties of
the particles have been developed. Among these categoriesicaleatrd magnetic
separations are of great interest in recent researches. Thall aigective of this
dissertation is to advance our current knowledge on these two pasépkration
technologies. Accordingly, it has two major parts: (1) Charge @oniig for Particle
Separation, and (2) Magnetic Filtering for Particle Separdiiothe first part, a new DC-
corona-based charge conditioner for critical control of elettcitarges on particles and
a UV aerosol charger for fundamental investigation particle photoclggpgocess were

developed. The chargers’ performances including charging effieerend charge



distributions were evaluated upon different operational conditions suelerasol flow
rates, corona operations, and ion-driving voltages for the charge oaeditparticle
material and irradiation intensity for the UV charger. The kard-death charging model
with the Fuchs limiting sphere theory for calculating the iortigdar combination
coefficient was applied to obtain the charging ion concentratiomlentie charge
conditioner. The UV charging model with the photoemission rely on theleFow
Nordheim law was applied to predict the charging performandeedfV charger. In the
second part, a magnetic filter system has been constructeds graformance has been
investigated. To retrieve the magnetic property of charaetkriarticles from the
measured penetration data, a numerical model was further develsipedtloe finite
element package COMSOL Multiphysics 3.5. The numerical model was fiidtea by
comparing the experimental penetration with the simulation reulthe cases of 100,
150, and 250 nmy-Fe0Os particles having the magnetic susceptibility characterized
Vibrating Sample Magnetometer (VSM). The magnetic suscapébilof other sizes
from 100 to 300 nm were then derived from this model according to tlsunssl
penetration data. To control or remove the lunar dust through a magpetaach, eight
samples (three JSC-1A series lunar dust simulants, two NU-téties lunar dust
simulants, and three minerals) in the size range from 150 to 4%@enencharacterized.
Magnetic susceptibilities were obtained from the differenceparticle penetration

through magnetic mesh filters with and without an applied external magnétic fie
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Chapter 1

I ntroduction and Overview



1.1 Introduction to Particle Separation Technology

Separation processes are widely used in the petroleum, cherfocast,
pharmaceutical, mineral, and materials processing industriese \whgsical or chemical
forces are applied to isolate the selected substances froxtuaemin fact, it is difficult
to find any important engineering corporation that does not use Bese on the energy
analysis by the Department of Energy (DOE ITP Report, 2005), satepatechnologies
account for approximately 4,500 trillion Btu/yr, about 14% of energy ueimdustrial
sector, which is over one-third of the total energy consumption in timedJStates in
2001. Furthermore, 40% to 70% of capital and operating costs in indurstrirom
separation processes every year (Legault and Rivero, 2008). Hemreyement on
separation technologies is essential to energy saving, to operatipenses, and
consequently to corporate profitability of related industries. bl@e the application
and improvement of existing separation technologies, as welesldvelopment of
novel techniques, are necessary to meet the requirement in nawnemmts such as
biomedicine and electronics (Rousseau, 1987).

Based on the phase of the mixture, separation can be categorizedpatation
of homogeneous solids, liquids, gases, or supercritical fluids, and tsmpacd
heterogeneous systems containing any combination (Lu et al., 200%)stamce, mass
transfer operations in the liquid phase, such as absorption, distillatidrextraction, are
typical examples of separation of homogeneous mixtures. The sepgretcesses of
heterogeneous mixtures, such as sedimentation and filtratiombtweehe solid particles

suspended in the fluid, perhaps are even more commonly encountered everywhere.



As particles become key technological components in many maaiéustrial
applications and fundamental research, purification and separatiortiofegaaccording
to their physical or chemical properties are constantly needkd. sblid-particle
separation methods can be further classified into two major gftupst al., 2005): (1)
solid-liquid or solid-gas separation, in which suspended particteiemoved, separated,
or concentrated from the mixture, and (2) solid-solid separatibrerevparticles are
separated according to the differences in the physical orqohgkemical characteristics,
such as size, shape, density, electrical or magnetic pexgyestrface wettability or the
solubility of particles, etc.

Based on their separation mechanisms, particle separation techriguebe
distinguished as sedimentation (settling, flocculation, and cegé)f inertial deposition
(cyclone, scrubber, impingement, and impactor), Brownian diffusioruéildih batteries),
particle migration in an electric or magnetic field (&lestatic precipitator, dynamic
mobility analyzer, magnetic separator), thermophoresis (thgwreaipitator), filtration
(filter and membrane for particle collection by combined mechas)isend others.
Among all these categories, electrical and magnetic dapasaare of great interest in
recent research. These two methods have higher resolution ameheffithan others in
particle separation processes. For example, monodisperse ggaxtah be achieved
through a classification process using a differential mobdialyszer (DMA) as an
electrical separator. A magnetic separator can be consiésred plus to traditional
filtration, in which the attractive magnetic force between plartand filter fiber play an

important role in addition to the inertial impaction, diffusion, andra&ption in particle



filtration process. Moreover, magnetism and electricity ansety related and regarded
by physicists as two expressions of a single force, called "electnatism"”.

The overall objective of this dissertation is to advance our cukrewledge on
these two particle separation technologies: electrical amghatic. Accordingly, it has
two major parts: (1) Charge Conditioning for Particle Separatiod, () Magnetic
Filtering for Particle Separation. The motivation for each parexplained in the

following sections.

1.2 PART |: Charge Conditioning for Particle Separation

Electrically charged patrticles, especially for particles submicrometer and
nanometer size ranges, are often required in many aerosol stodiespplications.
Examples of applications via charged particles are the sstled unagglomerate
particles (Adachi et al., 2003; Jiang et al., 2007a), partigiaragon and removal
(Parker, 1997), particle collection (Cheng et.al.,, 1981), enhanced patisgersion
(Mazumder et. al., 2007), structured patterning (Jacobs and Whitesides FX3aty et
al., 2003; Kim et al.,, 2006), micro-contamination control (Zhuang et2@D0), and
particle instrumentation (Keskinen et. al., 1992; Chen et al., 1998; Kawfimah, 2002;
Friedlander and Pui, 2003; Shin et. al., 2007; Wang et. al., 2010). Parpdsitd® in
the human lung was also found to be dramatically enhanced by aectnarges on
particles (Melandri et al., 1983; Yu, 1985; Cohen et al., 1995, 1998). Usingtiohdta
rapid drug absorption in the lung and subsequently systemic transporbtmagy body
organs can be efficiently achieved by the administration of ctiaagesol medications.

To condition electrical charges on particles for making the preyionsentioned



processes efficient, a particle charge conditioner, often callpdrtcle charger, is
necessary.

On the other hand, the charging efficiency of unipolar corona chalgersases
significantly for particles in the diameters less than 20 mm.further improve the
efficiency of charging nanoparticles, researchers have disedt irradiation methods
such as Ultraviolet (UV) (Burtscher et al., 1982; Hontafién and Kru@8;2lung et al.,
1988; Kogelschatz, 1992; Matter et al., 1995; Maisels et al., 2003; Matlr, 69996,
1997) and soft x-ray irradiation for nanopatrticle charging (Han.,e2@03; Jiang et al.,
2007b; Kulkarni et al., 2002, Shimada et al., 2002). Different from ion diffusion chargers,
the performance of photo chargers strongly depends upon the pesticposition. For
electron escape from the particle surface, the kinetic enégcaping electrons must be
greater than a given threshold, which is the function of the work funofidooth the
particle material and the particle size. Note that most ofique UV charging studies
were focused on metal particles, auto exhaust particulate, andpdteric aerosol. For
the general application of aerosol photocharging, it is thus impodantéstigate its
applicability for particles made of other materials, for eglnorganics, salts, and metal
oxides. Further, after passing through a UV charger, limitedcjgadharge distribution
data has been reported at the present. Finally, the vedficatiexisting photocharging
models in previous studies was primarily done by comparing the mesldts with the
measured charge efficiency of UV chargers. More detailed atsopawith particle
charge distribution data is thus needed to confirm existing photocharging models.

For the first half of the dissertation, charge conditioning for gdarseparation,

there are two major objectives:



1. To develop a unipolar corona charger with high charging efficiencyvatie
adjustable ion concentration for particle charge conditioning.
2. To investigate particle photocharging process, focusing on thet edfec

particle material and irradiation intensity.

1.3 PART II: Magnetic Filter for Particle Separation

Magnetic particles are of great interest in fundamentadareb and industrial
applications. They are used in a wide range of applications atysiat (Noronha et al.,
1997), magneto-cooling (Roy et al., 1993), recording devices (Prinz, 1998i;gtian
of enzymes and other biotical substances (Airapetyan et al., 200®ellagas water
purification devices (Kobe et al., 2001). Many medical applicatioad sabmicron- and
nanometer-sized magnetic particles (Hafeli et al., 1999) farg ddelivery via
biocompatible magnetic substances, cell separation, hyperthemmigerctherapy, and
aneurysm treatment, to name just a few examples.

Fine particles can also display different forms of magnet{3oung and
Freedman, 2003): ferromagnetism, ferrimagnetism, paramagnetiamagnetism, and
superparamagnetism, distinguished by the influence of the exteawietic field on
their magnetic moment, which also depends on the raw mateidakhe generation
conditions. Additionally, in the size range from submicrometer dmmnanometer, the
magnetic properties change very strongly with particle diem®ne key characteristic
of magnetic particles is the magnetic moment. Hence, thendatgion of the particles’
magnetic moment is an important problem from both scientific anshe&ggng point of

view.



As NASA prepares for future exploration on the Moon, it must addresy of
the problems faced by the original Apollo astronauts. One majorgmnoisl controlling
the lunar dust (<2@m) that makes up a large portion of the lunar surface (~20 weight
%). Most lunar dust (60 - 80%) is composed of broken pieces of aggtuglaiss, which
contains abundant nanometer-sized metallic Fe grains QFaylor et al., 2005). To
control or remove the lunar dust, a magnetic approach has thus been promosed. T
determine the feasibility of the proposed method, it is necessangasure the magnetic
properties of lunar dust and related simulants.
For the second half of the dissertation, magnetic filtering farga separation,
there are three objectives:
1. To develop a magnetic filter system for particle magnetioment
measurement.
2. To develop a numerical model to simulate the magnetic pareture
process in the magnetic filter.
3. To obtain the calibration curves for prototype system.

4. To measure the magnetic properties of lunar dust and related simulants.

1.4 Dissertation Structure

In addressing the two major components, the whole dissertation coaigims
chapters. The first part, including chapters 2, 3 and 4, focuses odetiign and
evaluation of a unipolar corona charger and a UV charger. The secdanthglading
chapters 5, 6, and 7, focuses on the performance and model of magtegtisyfitem.

Brief descriptions of each chapter follow.



In chapter 1, an overview of particle control technologies and theads,
applications, and challenges is presented. A general introduction, Gac#gr
information, and research objectives for the charge conditioning agdetna filtering
for particle separation are given.

PART I:

In chapter 2, particle charging mechanics and several unig@egers developed
in the past are reviewed and summarized. The review on the deegibpfithe corona
chargers is followed by a description of the design of the rawana charger in this
work. The review of the previous UV charger studies leads to the rherdal
investigation of dependence the effect of particle material aadiation intensity for
particle photocharging.

In chapter 3, a new DC-corona-based charge conditioner was del/étophe
processes in which electrical charges on particles aieatrio successful operations.
The chargers performance is optimized under different operationaglitions such as
aerosol flow rates, corona operations, and ion-driving voltagesgi@baefficiencies are
measured and compared with the results from other corona dischasge uragolar
chargers. A tandem-DMA technique was utilized to characteeiziginsic charge
distributions of particles with various sizes. The birth-and-delasinging model with the
Fuchs limiting sphere theory for calculating the ion-particle lmwoation coefficient was
applied to obtain the charging ion concentration under the various operafidhe
prototype.

In chapter 4, an aerosol charger utilizing pen-type Hg langss a@nstructed to

investigate the fundamental process of particle charging udderirradiation. The



performance of the prototype UV charger at 5 lpm flow rati¢gh four UV lamps was
evaluated using monodisperse silver (Ag) and various metal oxidelgmrivith
diameters ranging from 7 to 30 nm and from 50 to 200 nm, respectivebvaluate the
effect of irradiation intensity on particle photocharging, the gihgr efficiencies and
charge distributions for Ag particles ranging from 7 to 30 nemencharacterized when
the prototype was operated at an aerosol flow rate of 5 Ipm feates of one, two, and
four lamps turned on. The UV charging model with the photoemission lmasdle
Fowler-Nordheim law was further applied to predict the dngrgerformance of the UV
charger at different operational conditions.

PART II:

In chapter 5, a few characterization techniques of particleneti@gmoment are
reviewed and summarize@oncepts and methods are applied to analyze and model our
experimental data on magnetic filters.

In chapter 6, a magnetic filter system has been constructédi{saperformance
has been investigated. The particle concentrations upstream and damnsfrehe
magnetic filter element were measured by an Ultrafine Quad®mn Particle Counter
(UCPC, TSI model 3025A). To retrieve the magnetic property ofachenized particles
from the measured penetration data, a numerical model was fdaweloped using the
finite element package COMSOL Multiphysics 3.5. The numenmwatel was first
validated by comparing the experimental penetration with the afionlresults for the
cases of 100, 150, and 250 nnFe0Os; particles having the magnetic susceptibility

characterized by a Vibrating Sample Magnetometer (VSM).nfagnetic susceptibilities



of other sizes from 100 to 300 nm were then derived from this modetdang to the
measured penetration data.

In chapter 7, to investigate the control or removal of lunar dusughr a
magnetic approach, eight samples (three JSC-1A series dusarsimulants, two NU-
LHT series lunar dust simulants, and three minerals) in theramge from 150 to 450
nm were characterized using the magnetic filter systesorited in chapter 6. Magnetic
susceptibilities were obtained from the difference in partigémetration through
magnetic mesh filters with and without an applied external magnetic fiel

In chapter 8, the accomplishments of this dissertation are sunechagnd the

issues and challenges that deserve future research efforts arsedidres
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Chapter 2

Review of Unipolar Chargers
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2.1 Introduction

A variety of aerosol charging methods have been studied for differentatjmpis
in the past three decades. The ion-attachment method and the photoeiomzethod
are the two main approaches used for charging particlesn(@nd Pui, 1999), and both
charging processes can be modeled and predicted (Fuchs, 1963; Mais&8Gi#)a The
former charges particles by random collisions with ions in africitnenvironment. The
latter ionizes particles using photons emitted from UV or soft X-ray lightesur

The ion-attachment method attaches ions on particles by usidgofi diffusion
charging processes. Field charging is the dominant mechanispartcies larger than
1.0 um, and diffusion charging is the dominant mechanism for partictestean 0.1um,
even in the presence of an electric field (Hinds, 1999).

In the diffusion charging process, particles can be exposed to biffadar or
unipolar ion environments to accomplish various charging tasks requyiragplications
(Marquard et. al., 2006a, 2006b). Several bipolar chargers have been studied, with bipolar
ions usually produced by radioactive decay of isotope, such®asiKPd®in Scanning
Mobility Particle Sizer (SMPS, TSI model 3936, Wang and Flagan, 1890¢orona
discharge, such as an AC corona with a sonic jet (Stommel abdlR#®05) and dual
electrode corona (Romay et al., 1994), or by soft X-rays (Shietaala 2002). In all the
bipolar chargers, the neutral particles can acquire charge thiilgharged particles may
discharge themselves by capturing ions of the opposite polaritye(Rali, 1988). This
feature makes bipolar chargers more suitable for applicatioat rdmquire the
neutralization of highly charged particles. However, because ofaimpetition of the

two processes, as described earlier, the bipolar chargers give vetydaying efficiency
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for nanoparticles, which limits their applications in aerosol @sees (Adachi et al.,
1985; Reischl et al., 1996). In general, charging particles by unijpoigroffers higher
charging efficiency than by bipolar ions, especially for pkegiean submicrometer and

nanometer sizes.

2.2 Review of Corona Chargers

Unipolar particle chargers can in general be classified waaypes based on the
sources of unipolar ions. One type of charger obtains unipolar ions thitweighparation
of bipolar ions, often produced by either radioactive or soft X-oayces via the use of a
designed DC-electrical field. Recently, however, the use aketlreadiation sources is
undesirable because of more and more stringent safety regulatiomscraading license
costs for the source usage. The other type of charger utilizesacdischarge to directly
generate unipolar ions. For general applications, it is not recodedeto pass aerosol
through the corona-discharge zone (Stommel & Riebel, 2005). Instead, unynglare
often directed to the charging zone in an aerosol charger by aitenic jet flow or a
weak electric field (i.e, ion-driving voltage). Examples of ckasgising the ion-driving
electrical field are the EAA (Electrical Aerosol Analygeharger (Liu & Pui, 1977), the
miniature aerosol charger for a personal particle sizer t(@i.,e2008), and Hewitt-type
chargers (Buscher et al.,, 1994; Kruis & Fissan, 2001; Biskos et al., 2008).
perpendicular arrangement in the directions of ion-driving elettaiod aerosol flow
fields, however, leads to serious electrostatic loss once nanagmraict electrically
charged (Chen & Pui, 1999). Marquard et al. (2006b) further concludedhhagers

employing an AC electrical field to bring ions in contacthwitarticles do not generally
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improve the compromise between the charging efficiency and eleticokiss for
nanoparticles. Whitby (1961) first introduced the concept of applysan& jet flow to
direct unipolar ions out from the corona discharge zone in the develbmhan ion
generator. Medved et al. (2000) used a similar principle in thigrded a unipolar
charger, which was later modified and used in the ElectricalsdéDetector (EAD, TSI
model 3070A; Kaufman et. al., 2002) and Nanoparticle Surface AreatdidNSAM,
TSI model 3550; shin et. al., 2007). The issue of particle loss in iticlpdlow mixing
was often encountered in these chargers. With careful flonnghexirangement, Qi et al
(2007) recently investigated a DC-corona-based, mixing-type unipelassol charger.
As a result, Qi’'s charger provides higher extrinsic chargffigency than other existing
corona-based unipolar chargers. The control of ion concentration in trggnchaone
proved difficult in Qi's chargers. It was further found for Qulsarger that the extrinsic
charging efficiency via negative ions is much lower than ¥rafpositive ions. This is
because of the high electrical mobility of negative ions and @ rmoaller opening of
orifice nozzles used for ion jets in Qi’s charger.

In addition to the charging efficiency for nanoparticles, the issugvefcharge
for large particles in unipolar chargers has not been substardgidtlyessed in the
literature. Particles larger than 20 nm in diameter can easily acquiectinaor one charge
in a unipolar charger. Multiple charges on particles influence thesmeaf particle
separation based on the electrical mobility of particles. pdtential breakup of highly-
charged, liquid droplets may be a disadvantage for some pagjuieations. Vivas et
al. (2008) optimized the performance of an existing corona diffusiarger (Buscher et

al., 1994) with the objective of reducing multiple charges on submiceorpatticles. A
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positive-zero rectangular-wave voltage was applied to the ineetr@dle of the charger,
and the charging ion concentration was controlled by changing thecyltle of pulsed
voltage. In addition to more electrostatic loss for charged nandpayttbe spatial and
temporal variation of ion concentration in the charging region mad#fficult to
estimate the charging efficiency and charge distribution oicpestthrough the unipolar
charger. Moreover, multiple charges on particles with diamktssshan 20 nm are often
encountered in other processes, for example, electrospray ionizatiane article loss
due to the space charge effect of highly charged particlegpesienced during aerosol
transport. The conditioning of charges on patrticles is often needbd above described
scenarios. Laschober et al. (2006) used a DC-corona-based, unipolangharigito
minimize loss of highly charged particle produced by a commaeetectrospray aerosol
generator (TSI, model 3480) for particles with sizes ranfiogn 5 to 18 nm. At the
optimal corona discharge settings, the yield of singly chargedcleartoy the charge
conditioning process was found to be two to four times higher in conc¢enttiaan those

of bipolar charging units.

2.3 Review of UV Chargers

Diffusion charging has been predominantly used for nanoparticle ngaag the
charging dynamics can be accurately predicted by the Fuctigng sphere theory
(Fuchs, 1963). However, the extrinsic charging efficiency of iegisinipolar chargers
significantly decreases as the patrticle size reduces,iakbpéar particles with diameters

less than 20 nm (Chen and Pui, 1999)
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To further improve the efficiency of charging nanoparticleseagshers have
used direct irradiation methods such as Ultraviolet (UV) (Bhescet al., 1982;
Hontafidon and Kruis, 2008; Jung et al., 1988; Kogelschatz, 1992; Matter et al., 1995
Maisels et al., 2003; Mohr et al., 1996, 1997) and soft x-ray irradiadionanoparticle
charging (Han et al., 2003; Jiang et al., 2007b; Kulkarni et al., 2002, Shiehaaa
2002). Under UV exposure, electrons can be emitted from the panidkces once
irradiated, and irradiated particles thus become positively edafghe incident photon
energy exceeds the particle work function potential barrier.ofttXsray irradiation,
carrier gas molecules can be further ionized in addition to dofemtibionization due to
the high incident photon energy (S16V). As a result, diffusion charging rates are
enhanced in soft-X-ray irradiation when compared to UV irradiatiGne{#). However,
the high cost and limited lifetime of soft X-ray light sources make them notywided.

Schmidt-Ott and Siegmann (1978) investigated photoemission from small
particles suspended in a gas due to the irradiation of UV light. different UV light
sources were used later in the research related to ael@sging. One is low pressure
mercury lamps (Burtscher et al., 1982; Jung et al., 1988) and thelathexcimer lamps
(Kogelschatz, 1992; Maisels et al., 2003).

Burtscher et al. (1982) designed an apparatus using a monochrooatic |
pressure Hg arch¢ = 4.9 eV) for the measurement of electric mobility and etadtr
charges of particles in the atmosphere. Three different lgartice., silver particles, auto
exhaust particulate and atmospheric aerosol, were used for thetiewabfaBurtscher’'s
apparatus. Jung et al. (1988) designed a photoelectric chargehni¢veahigh particle

charging efficiency, resulting in the reduction of particsch are not precipitated by
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electrostatic fields due to the charge reduction by reattachofierggative ions to the
positively charged particles. Jung’'s charger consists of gzqtube with two metallic
grids separately laid along the inner wall of the tube. The inm&rmetallic grid is on
the electrical ground, and the outer one is on a DC voltage. Thremtades can be
recognized with the above grid configuration. One is that the photaemigem the
tube walls is eliminated, another that negative ions diffusingritsmhe tube walls can
easily be removed, and the other that the charger core is fa@eeaternal electrical field.
For these existing chargers, the fraction of particles rentpigiectrically neutral was
approximate 2% for the 16 nm and 10% for the 10 nm.

Using the apparatus developed by Kogelschatz (1992), chargbulistrs of
particles were investigated by a tandem differential mobditylyzer (TDMA) as a
function of patrticle size (i.e., 60, 75, 90, and 120 nm in diameter) aatd/ecintensity of
the irradiation (i.e., for two photo energidés:= 5.6 and 6 eV) (Mohr et al., 1996). For
diesel particles with a diameter of 100 nm, an average cludrgp to 25 elementary
units was obtained for each particle. The mean charge and molslityoalion of the
particles after passing through the same device werendetsl experimentally as a
function of particle concentration (Mohr and Burtscher, 1997). Accordingeatudy,
particles can be either unipolarly positive or bipolarly charged rakpg upon the
concentration of ions present in the carrier gas. This is beaatise device, the aerosol
becomes positively charged when electrons are emitted frorpaitiiele surface as a
result of UV irradiation. Meanwhile, negative ions are formed rwplotoelectrons
attach instantaneously to gas molecules. Positively chargedlgmmnay thus have the

chance to be discharged by negative ion attachment and even becotivelyederged.
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Hence, a reduction in charging efficiency is observed when thiglparbncentration is
in the range of 181 #/cnt and the residence time of the ions in the aerosol exceeds a
few tens of milliseconds (Mohr and Burtscher, 1997). Further, the checas be
unipolarly charged when negative ions are removed from the rcgasefaster than the
diffusion of ions to particles. Current studies of UV chargers reduedssue of ion
diffusion discharging by either using diluted aerosol or removingtivegans in the
irradiation-free region by an ion trap (Burtscher, 1992; Madteal., 1995; Mohr et al.,
1996).

Particle charge distribution as a function of particle number camtem and
irradiation intensity was studied using a UV-charger with Xaneec radiators with the
wavelength of 172 nm (Maisels et al., 2003). In the above charger, Ipgklive-
charged aerosols were obtained for the particle number cortaentsalow 5x18 #/cnt,
and approximately symmetrically bipolar charge distributions dfgb@s were measured
for the number concentration of about 2%¥Jcnt. Moreover, the feasibility of UV
photoionization for singly unipolar-charged nanoparticles at flow tgids 100 lpm was
demonstrated using the same device (Hontafion and Kruis, 2008). The chewglnaf
aerosol particles can be varied by adjusting the intensity &f rediation. For
monodisperse particles from 5 to 25 nm and at the number concentration betiveed 10
10° #/cnt, the output aerosol concentration of the above UV photoionizer was better t
that of the radioactive ionizer (B when an increased gas flow rate was used. The
above UV photocharger behaved as a quasi-unipolar charger for polyeliapevsols for

sizes less than 30 nm and at number concentrations ¢1d@.
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The performance of photo-chargers is quite different from ion dffushargers
as the process strongly depends upon the particle compositiorie€tore escape from
the particle surface, the kinetic energy of escaping elecprermsendicular to the particle
surface must be greater than a given threshold, which depends on khiumation of
both the particle material and the particle size. Based on thkef-Nardheim equation
(Fowler, 1931), a theoretical expression for photoionization chargirsgestablished,
which is often incorporated in models describing the evolution of particlrge
distribution. Since ion diffusion charging often occurs in photo-chargysjess,
charging models, including both photoionization and ion diffusion charginganeshs,

were developed in the studies of Maisels et al. (2002) and Jiang et al. (2007a).
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Chapter 3

Particle Charge Conditioning by a Unipolar Corona Char ger
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3.1 Introduction

In this study, we first describe the design of a DC-corona-basgublar aerosol
charge conditioner. We then present the result of the performanceizgpiton of the
prototype by varying the operational parameters such as the canoeatcion-driving
voltage and aerosol flow rate. We further discuss the chagffiggencies and particle
charge distributions at various conditions of conditioner operation for bgpthnd KCI
particles. Last, we apply the birth-and-death charging mod#l tne ion-particle
combination coefficient given by the Fuchs limiting sphere thémgyredict the charging

performance of the prototype (Fuchs, 1963).

3.2 Experimental Apparatusand Procedure

3.2.1 Design of the Unipolar Corona Charger
The schematic diagram of the prototype DC-corona-based, unipolaclgarti

charge conditioner is shown in Fig. 3.1. The dimensions of the proteingpelso
included in the same figure. The construction of the prototype conditionsists of (1)
a cylindrical metal case with two aerosol inlet tubes at opppsisitions of the case wall
close to one end, and a single aerosol outlet at the other end o$¢hamd (2) a corona
discharge tube module plugged in the prototype from the case entth@earosol inlets.
The corona discharge tube module, i.e., a metal tube with one end cappe fumie
metal screen, is electrically insulated from the outer cAspointed, solid tungsten
needle is coaxially aligned with and electrically insulatednfthe tube module. The tip
of the corona needle faces the center of the metal screen. A positivenbagsit voltage

is applied to the tungsten needle, producing positive/negative ionsrfmigpaharging.
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The corona discharge tube module case is on the ion-driving voltagé, lower than
that applied to the needle. When the electrical field strendtreateedle tip is raised to a
sufficiently high level (e.g., approximately 2.5 kV for 2 nA), sumding air molecules
are ionized, resulting in corona discharge. lons produced in thartabele are driven
through the metal screen by a weak electrical field (i.e., inAdr field) into the
charging zone, the space defined by the metal screen (atiwimgdvoltage) and the
charger case (electrically ground). Generally, the chargmage is a cylindrical shape
with the diameter of 5/16 in. and height of 1/2 in.. The geometicahgement of the
tube module and the aerosol exit section allows establishing thdrivamg field
approximately in the longitudinal direction. The charging ion concentratiothe
charging zone can be controlled by varying the strength of thdrieimg field. The
arrangement of the ion-driving field and the aerosol exit seatidhe charger allows
particles to quickly exit once they are electrically chdrgdus reducing the loss of
charged particles. No sheath air is used in this conditionera@iwesol flow is directed
into the charger via the aerosol inlet tubes. The annular spacingdretive prototype
body and tube module cases and the opposite injection of split aeresoh gnable the
flow to be uniformly distributed in the circumferential direction upemering the
prototype. The aerosol flow is then converged to the particle ilgazgne at a 45angle
relative to the conditioner axis. The design of aerosol transpothe conditioner
minimizes the possibility of particles entering the tube modwdsulting in a long

lifetime of the corona needle used.
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Figure 3.1 Schematic diagram of prototype DC-corona-based, unipaiacle charge

conditioner (units in inch)

3.2.2 Experimental Setup for Evaluating the Unipolar Corona Charger

The experiment to characterize the performance of the ppetotharge
conditioner includes measuring the charging efficiency and chasgebdtion. Both
intrinsic and extrinsic charging efficiencies are key patamse for performance
evaluation of aerosol charge conditioners. The definition and measurseetaps for
charging efficiency vary in the literature, which was relyer@viewed by Marquard et al.
(2006a). In our study, the intrinsic charging efficiency is defiredha percentage of
neutral particles entering the conditioner acquiring electraterges in the process
disregarding their final fates (either penetrating throughosing in the charger).

Extrinsic charging efficiency describes the percentage of aleparticles which acquire
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charges in the conditioner and make the exit. The difference betheantrinsic and
extrinsic charging efficiencies represents the loss of chapgeticle in the conditioner
(Qi et al., 2007).

As shown in Fig. 3.2, two different aerosol techniques were used to prtahice
aerosols. In one technique, polydisperse silver (Ag) particles Wattirieal mobility
sizes ranging from 5 to 50 nm were generated by the evapeeatitbnondensation
method (Scheibel and Porstendérfer, 1983). Ag powder was placed in accboat)
located in a high temperature tube furnace (Lindberg/Blue Modeb8C14A-1).
Nitrogen at the flow rate of 1.5 lpm (liters per minute) wasduas the vapor carrier gas
in the tube furnace. The flow rate of the carrier gas was atgllnd monitored by a
needle valve and a laminar flowmeter prior to its introductioheoceramic tube used in
the furnace. The Ag powder in the ceramic boat was evaporateghaemperature, and
its vapor was carried out by the nitrogen flow. At the exit of thke furnace,
polydisperse nanoparticles were produced by mixing the hot, vaporarncarayas with
particle-free air at room temperature. A constant-output, home-atadezer was used
in the other technique to produce monodisperse KCI particles withriedanobility
sizes from 50 to 120 nm (Liu and Pui, 1974a). The operational flow rake @tomizer
was 4.0 Ipm when the compressed air pressure was at 30 pgdet®mproduced by the
atomizer were directed through a“Poradioactive neutralizer to remove electrical
charges on the particles, and diffusion dryer with silicone g#leaslesiccant to remove
the solvent in droplets.

At the downstream of the above described polydisperse aerosol gmmerati

systems, a differential mobility analyzer (DMAs, eithe3lTModel 3081 or 3085) was
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used to classify monodisperse particles with the desired. skex to the DMA
classification a K radioactive particle charger was used to achieve a wehetbfi
charge distribution for input polydisperse particles (Knutson and Whit@y5). The
DMA was operated at the aerosol flow rate of 1.5 Ipm and slieathrate of 15.0 Ipm.
To obtain electrically-neutral particles for the experimemibA-classified particles

were directed through a P98 radioactive particle neutralizer and an electrostatic

condenser.
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Figure 3.2 Aerosol generation systems to produce neutral monodispersetigsspar

Shown in Fig. 3.3 is the experimental setup for the performanceatioal of the
prototype. For the charging efficiency measurement, the alhdrgetion of particles
exiting the prototype was then measured via passing the aerosahflough a second
electrostatic condenser to remove all charged particles, andliteeted to an ultrafine

condensation particle counter (UCPC TSI model 3025A) for counting the numbe
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concentration of neutral particles in the flow. During the measemgnthe aerosol flow
rate through the prototype was controlled by both the UCPC pumptegpeatahigh flow
mode (i.e., 1.5 Ipm) and the house vacuum line in which the flow rateegralaited by a
laminar flow meter and a needle valve.
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Figure 3.3 Experimental setup for the performance evaluation of the prototype

3.2.3 Charging Efficiency and Charge Distribution
The intrinsic charging efficiency was calculated by thehm@tof Romay and Pui
(1992):

N
. =1——1 y 3'1
Tin N, (3-1)

where 7, is the intrinsic charging efficiencylN; and N, are the particle number
concentrations measured at the downstream of the second electrostatenser with
applied high voltage turned on and off, respectively. The extrinsic dggsificiency

was evaluated by the method described by Chen and Pui (1999):
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N.—-N,/P
Ny = 3 1/ Fec
N4

: (3-2)
whereey IS the extrinsic charging efficienci; the number concentration of particles
exiting the prototype when it is turned oN; the number concentration of particles
entering the prototype; ané.. the penetration of neutral particles through the second
electrostatic condenser.

Particle charge distribution after they passed through the ypetatas further
characterized in this study. The tandem DMA technique was usadasure the particle
charge distribution of monodisperse test particles at differexgs.siThe particle
generation systems for this part of the experiment were ahee sas those described
previously. The electrical mobility distribution of particles leayithe charger was
directly measured by SMPS without the®Kparticle neutralizer in place. For the
measurement of negatively charged patrticles, the DMA was ctathéo an external
high voltage power supply. Since test particles entering the ppet@tre monodisperse
in size, the electrical mobility distribution of the particlesgasured by the SMPS,
indicates the charge distribution of test particles exiting pitzeotype. Note that the
charge distribution measured in our study is for particles aexiteof the prototype

charge conditioner, not in the charging zone of the prototype.

3.3 Unipolar Charging Model

To solve the problem of unipolar diffusion charging, a birth-and-death medel
developed, which consists of an infinite set of differential equatetisthe assumption

that ion concentratiol; is constant and much higher than the total particle concentration
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(Boisdron and Brock, 1970). The solution of the equations provides the charging

efficiency and charge distribution for a givéht condition.

dN

dto = _,BoNoNi ) (3'3)
dN

dtl = ﬂoNoNi _:BlNlNi ) (3'4)
ddNtn = ﬂn—an—lNi _ﬁnNnNi ) (3'5)

where N, is the particle number concentration with n elementary chargethe particle

residence time, angl, is the combination coefficient between particles with n elemgnta
charges and ions, which can be calculated by Fuchs limiting spieeng {(Fuchs, 1963)
in the transition regime. It assumes that the space around @depertseparated into two
regions by an imaginary sphere concentric to the particle. Oubsdaniting sphere, the
motion of ion is determined by the macroscopic diffusion mobility theloeyween the
sphere and the particle, ion movement is described by the theye® and interaction
potential with the particle. Matching of the flux of ions at thefasig of the limiting

sphere, the combination coefficient is calculated.

e 5° exp(—@)

ﬂ=1+0c expl (/’(5) J‘ (&)dr &0
4D P &P KT
Where§=a—2[1(1+£j —1(1 i—i](l+£j +£(1+/1—iJ } (3-7)
A5 a 3 a a 15 a
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pr)=[ Fdr =K, e

a3

2r2(r2—a2) '

(3-8)

Here, 6 is the probability of an ion entering the limiting sphere to colade
transfer its charge to particles,is the limiting-sphere radius, which is a function of
particle radiusa and the ion mean free pathc andD; are the mean thermal velocities
and the diffusion coefficients of the ion, respectivélis the Boltzmann’s constank,is
the temperature of the system, asfd) is the potential energy at the distamdeom the
center of particle, in whick is the ion-particle interaction force (the Coulomb force and

the image force)Ke is coulomb constant in the form &f. =1/4ze, with the vacuum
permittivitye,, € is the elementary unit of chargejs the image force parameter in the

(e-1)

form of x = == e*with particle dielectric constant.
(e¢+D)

Without the electrical force, the collision probabilitys the square of the ratio of
a2
the particle radius to the limiting sphere radit&&(y). For a charged particld, is
calculated by the minimum collision parameter (Natanson, 1960),
o = 7|1 2o160) 000 | (3-9)
3KT
By settingdb® /dr = 0, the collision probability is calculated as

g=—m (3-10)

whereby, is the minimum collision parameter.
In equation (3-6) and (3-7), to calculate the combinataefficient 5 the mean

thermal velocityg, diffusivity of ionsD;, andmean free path; are used, which can be
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estimated based on the electrical mobifityand molecular weightl; of ions as follows,

(Kennard, 1938; Einstein, 1956)

- [8KTN, | (3.11)
™,

p = K14 (3-12)
€
z [ KTMM,
4 =13205 | T %s (3-13)
e (M, +M )N,

whereN, is Avogadro’s number anil ;is the molecular weight of background gas.

3.4 Resultsand Discussion

3.4.1 Optimization of the Operational Condition for the Prototype

First, the penetration of uncharged particles ughothe prototype without any
applied voltage was measured and shown in Fig. Bldnodisperse Ag patrticles in the
diameters ranging from 5 to 20 nm were used fornieasurement at different aerosol
flow rates. The standard deviation for each datatpocludes the UCPC fluctuation. As
expected the loss of uncharged patrticles in theofyjoe increases as the particle size and
aerosol flow rate decrease. At the aerosol flove @t 3 Ipm, the uncharged particle
penetration of the prototype reduces to 75% at 5 Tine loss of uncharged particles

larger than 20 nm is less than 5% and negligibl@évosol flow rate higher than 3 Ipm.
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Figure 3.4 Penetration of uncharged particles tjindhe prototype

The optimization of operational settings is regdito maximize the performance
of an aerosol charge conditioner. Practical apptina using the charge conditioners will
benefit the most when such optimization is focusedhe extrinsic charging efficiency.
For an aerosol charger based on the ion attachteehhique, the intrinsic charging
efficiency is affected mainly by thiit (N; is the ion concentration arids the particle
residence time) value when the charging mecharssdominated by ion diffusion (Liu
and Pui, 1974b), especially for particles in thbrsicron and nanometer range. For the
prototype, the particle residence time in the cimargzone can be controlled by the
aerosol flow rate. The ion concentration in therghm zone can be controlled by either
the corona current or ion-driving voltage. With igher corona current or higher ion-

voltage, the ion concentration in the charging zointhe charger can be increased, which

31



leads to the increase of intrinsic charging effice However, the increase in ion
concentration results in more charged particle ssause of the space charge effects.
Thus, the extrinsic charging efficiency of the ptgpe would not be continuously
increased if we simply increased the ion conceptran the charger charging zone. A
decrease of the ion-driving voltage reduces the lois charged particles due to the
electrostatic effect. Unfortunately, it also redutie intrinsic charging efficiency of the
prototype, resulting in the decrease in extringiarging efficiency. An experiment was
thus conducted to optimize the operational settihthe prototype with respect to the
extrinsic charging efficiency.

We selected monodisperse Ag patrticles in the dieamaf 10 nm as our test
aerosol. Fig. 3.5(a, b) shows the intrinsic andriesic charging efficiencies of the
prototype charger at various corona discharge wotgrend ion-driving voltages,
respectively. The aerosol flow rate was fixed #br8. It is evident in Fig. 3.5a that the
intrinsic charging efficiency increases with thergase of the ion-driving voltage and/or
corona current. However, the data given in Figh3hows that the effect of corona
current on the extrinsic charging efficiency is maiticeable for the prototype. This
implies that the ion-driving voltage is the mainrgraeter for the control of ion
concentration in the charging zone. For steadyatjoer, the corona current is thus fixed
at 2pA in the following experiment. Further, the extimsharging efficiency increases
with an increase of the ion-driving voltage, andhains constant after an ion-driving

voltage of 600 V.
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Fig. 3.6(a, b) shows the intrinsic and extrinsltarging efficiencies of the
prototype at different aerosol flow rates and ioividg voltages, respectively. The
corona discharge current was fixed atuA. As expected, the intrinsic charging
efficiencies decrease with the increase of aerfisnl rate. For the extrinsic charging
efficiency, a higher aerosol flow rate requiresighir ion-driving voltage to achieve the
maximum. In the 1 KV ion-driving voltage range, theaximal extrinsic charging

efficiency occurred at a 3 Ipm aerosol flow ratd an ion-driving voltage of 600 V.
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Figure 3.6 Intrinsic and extrinsic positive chaggiefficiencies of the prototype charger

for 10 nm particles at different aerosol flow rasesl ion-driving voltages

3.4.2 Charging Efficiency for the Prototype

The intrinsic and extrinsic charging efficienciektbe prototype at an aerosol
flow rate of 3 I[pm and an ion-driving voltage of06U for particles in the size range from
5 to 50 nm are shown in Table 3.1 and Fig. 3.7 a-dr the comparison, we also include
the experimental charging efficiency data of Bussheharger (Buscher et al., 1994), the
twin Hewitt charger (Kruis and Fissan, 2001), theing-type charger (Qi et al., 2007),
and the miniature charger (Qi et al., 2008) in Bd.(a, b). For the intrinsic charging
efficiency (shown in Fig. 3.7a), the prototype dwr gives better performance than
mixing-type and miniature chargers. The intrindiarging efficiency of the prototype is

higher than 80% for particles with diameters larf@mn 15 nm. Among all the corona-
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based unipolar chargers, the prototype shows netay same extrinsic charging
efficiency as twin Hewitt and mixing-type chargesser the studied size range, and better
than Buscher's and the miniature chargers. Theinsitr charging efficiency of the
prototype is higher than 60% for particles of ditenelarger than 15 nm.

Table 3.1 Charging efficiency data for the protetyp

Dp Intrinsic charging Standard Extrinsic charging Standard
(nm) efficiency (%) deviation (%) efficiency (%) deviation (%)
5 31.76 2.33 7.14 0.67
7 43.99 1.92 17.85 1.05
10 59.63 3.40 34.53 2.55
15 79.71 5.06 56.32 4.79
20 90.80 6.45 68.85 4.72
30 98.49 6.60 82.08 5.48
40 100.00 - 83.33 3.71
50 100.00 - 88.26 5.39
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3.4.3 Control of lon Concentration in the Prototype

As discussed above, the ion concentration in tla¢ofype is controlled by the
ion-driving voltage. Fig. 3.8 shows the intrinsicacging efficiency of the prototype at
various ion-driving voltages when particle concatitms were on the order of 110" #/
cm3. The aerosol flow rate and corona current efpitototype were fixed at 3 Ipm and 2
uA, respectively. Further included in Fig. 3.8 dne turves calculated by the birth-and-
death particle charging model (Boisdron & Brock,7@p with the ion-particle
combination coefficient calculated by the Fuchstimy sphere model (Fuchs, 1963). For
positive ions, the values of the most probablen@ss and mobility used were 109 amu
and 1.4 cfiV-s, corresponding to the hydrated protof(H$O)s (Pui et al., 1988). The
Nit value listed for each ion-driving voltage was atd by varyingNit to best fit the
experimental data. The calculatBit values were on the order of 40’ s/cn?, 100
times larger than particle concentration. This s$ias the birth-and-death model
assumption that the ion concentration should behniigher than that of particles. The
charging model assumes that the ion concentratidhe charging zone is constant. The
discrepancy between the experimental and calcutidmight be because of the spatial

non-uniformity of the ion concentration in the ajiag zone of the prototype.
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Figure 3.8 Intrinsic positive charging efficiencigisthe prototype at different ion-driving
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To experimentally estimate the ion number conedioin in the charging zone,
the charger case was grounded via a resistor. dltege on the resistor was measured by
a multimeter to further obtain the curréntvhich are 17.76, 9.09 and 2.93 nA at the ion-
driving voltage of 600, 400, and 200V, respectivélgcording to the deposition of ions

on the charger case, the currenén also be calculated as
| —eSyN, , (3-14)
where S is the deposition area of ions\l_i is the average ion concentration in the

charging zone, and is the ion travelling velocity as a function oéefrical fieldE with
the expressiom=ZE. Since it is difficult to directly obtain the degiton areas from the

structure of the charger, we assume that it iséatcat the corner between the contraction
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part and the charger outlet tube. So the depositiea S can be calculated $s2xrl,
wherer is the inner radius of the outlet tube drid the length of the deposition area at
the corner. Due to the non-uniform of the electredd in the charging zone, there is no
simple solution to describe the electrical fiela. Simplify the calculation, the electrical
field is expressed d&s=V,/d, whereV;, is the voltage applied on the corona moduleand
is the distance between the screen and the corner.

The average particle residence time in the chgrgone is calculated as

t= (3-15)

\%
61
where Q is the aerosol flow rate and is the volume of the charging zone with the
expressionV=xr’d, which is defined as the space between the sapédhe corona
module and the corner. At the aerosol flow rate3ofpm, the residence time is

estimated to be 12.6ms.

Based on the above description, the produdﬁ_@fis expressed as

_ 2
N IV Ird

i T . (3'16)
eSyQ 2ezV.,Ql

The unknown variablé can be estimated by matching k& values from the unipolar
charging model. At the lengthof 0.76 mm, the products (N_,t are 1.11E7, 8.52E6, and

5.49E6 s/crat the ion-driving voltage of 600, 400, and 20@&5pectively. The small
value ofl means that most of ions are deposited at the coeteeen the contraction and
the outlet tube, which also confirms our assumption

The unipolar ion charging increases the percentaigeslectrically charged

nanoparticles for the size distribution measureméne information of multiple charges
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on particles becomes critical from the viewpoint§ pmarticle size distribution
measurement and classification. In the experimerdsuring the charge distribution on
particles, the prototype was operated at 3 Ipmsa¢iftow rate and 2A corona current.
Table 3.2 and Fig. 3.9(a-d) show the positive chatigtributions of test particles with
diameter of 60 nm and at the concentration of apprately 1.3x160 #/cn? for various
ion-driving voltages. Note that the experimentaidshown in Table 3.2 and Fig. 3.9 is
the extrinsic charge distribution of particles, tilo¢ intrinsic one. As a reference, the
intrinsic charge distributions calculated by thetand-death charging model with the
Fuchs limiting sphere theory are also given in Bi§. TheNit values best fitted in the
prediction of intrinsic charging efficiency (i.eoptained in Fig. 3.8) were used in this
calculation. The agreement between the experimanthlcalculated charge distributions
is very reasonable. The discrepancy between batgehdistributions can be attributed
to the loss of charged particles and the non-umif@n concentration in the charging
zone. As expected, particle charge distributiongertowards singly charged status with
the decrease of ion-driving voltage. By varying ithe-driving voltage, we can adjust the
ion concentration in the charging zone to conth@ tharge distribution or the mean

charges on particles.
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Table 3.2 Extrinsic positive charge distributiofigest particles with diameter of 60 nm at a comeion of about 1.3xTQ#/cnt for

different ion-driving voltages

Fraction (%)

Number of Model Model Mode Model
Experiment Experiment Experiment Experiment
elementary charges (Nit=1.2E7 (Nit=8E6 (Nit=5E6 (Nit=1.7E6
(600V) (400V) (200V) (ov)

s/cnt) s/cnt) s/cnt) s/cnt)
1 8.67 4.33 12.87 13.90 31.09 32.30 52.52 58.85
2 44.82 52.38 49.29 60.62 44.41 55.26 20.49 19.78

3 26.45 39.51 20.52 24.08 10.81 11.17 2.90 1.03

4 7.95 3.72 5.96 1.33 1.65 0.34 0.00 0.01

5 1.77 0.05 1.37 0.01 0.06 0.00 0.00 0.00
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Figure 3.9 Extrinsic positive charge distributiarfgest particles with diameter of 60 nm

at a concentration of about 1.3%¥#dcn? for different ion-driving voltages

Note that the particle concentration and initialtss of charges on particles are
also important in the particle charge conditiongmgcess (Adachi et. al., 1989; Qi et. al.,
2009). Particle charge distribution may be varieddarticles with high concentrations
and/or at different initial charge statuses wheingighe same operational setting for the
prototype. Nonetheless, one can always reach thieedecharge distribution on particles

with the feature of controllable ion concentratmrilt in the prototype.



3.4.4 Comparison of Positive and Negative Charging

In our study, we further evaluated the performamicthe prototype for negative
charge conditioning. Via the same optimization pescas described in section 3.4.1, the
optimal operation condition for the prototype viegative ions is the same as that via
positive ions. The positive and negative extrirgiarging efficiencies for the prototype
in particle sizes ranging from 5 to 50 nm are shanwiiable 3.3 and Fig. 3.10. For the
comparison, we also include the experimental datde mixing-type charger and the
miniature charger in Fig. 3.10. Note that the openal conditions of the mixing-type
and miniature chargers for negative charging wergmized at 5 Ipm and 1.5 Ipm,
respectively. The prototype shows equivalent egitircharging efficiencies for both
positive and negative charging, which are highantthe other two chargers. Also note
that the negative charging efficiency for the mg¢iype charger is far lower than its
positive one. This is because of much smallerca#fiused to limit the sonic jet flow rate
for delivering charging ions in the mixing-type cger. With high electrical mobility of
negative ions and the presence of a strong cofelak it is difficulty for negative ions to
survive through the orifices with much smaller si@sulting in low ion concentration in
the charging region of the mixing-type charger. e miniature charger, the negative
charging efficiency is slightly higher than the jpioe one because of higher electrical
mobility of negative ions. However, the negativarging efficiency of the miniature
charger remains less than that of the prototypeause the tight charging zone and ion-
driving field design of the miniature charger leadsmore charged particle loss in the

exiting process.
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Table 3.3 Comparison of extrinsic charging efficigof the prototype between positive

and negative charging for particles in the sizgeainom 5 to 50 nm

Standard Standard
Dp Positive extrinsic Negative extrinsic
deviation deviation
(nm) charging efficiency (%) charging efficiency (%)
(%) (%)
5 7.14 0.67 8.53 0.74
7 17.85 1.05 16.91 1.38
10 34.53 2.55 32.81 3.05
15 56.32 4.79 59.63 5.21
20 68.85 4.72 71.62 8.56
30 82.08 5.48 81.74 2.10
40 83.33 3.71 86.98 6.10

50 88.26 5.39 92.30 6.39
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Figure 3.10 Comparison of extrinsic charging effidy between positive and negative

charging for particles in the size range from S@am

3.5 Summary

The performance of a prototype corona-based, lariperosol charge conditioner
has been experimentally investigated. The construcif the prototype consists of an
outer metal case and a corona discharge tube mudglihieone end capped with a metal
screen. lons produced by the corona discharge raoah@ driven through the metal
screen by a weak, biased electrical field betwéenstreen and conditioner case (i.e.,
ion-driving voltage). The ion concentration in tfearging zone can thus be controlled by
varying ion-driving electrical field strength. Tharticle charging zone in the prototype is
defined as the space between the metal screenhan@erosol exit channel of the

prototype case. The nearly longitudinal electrfed in the charging zone is established
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by the geometrical arrangement of outer case am$a@leexit tube (both on the electrical
ground), and the tube module (on the ion-drivinfage). The design of the charging
zone in the charger also enables the quick expanficles once they are electrically
charged, thus reducing the loss of charged pastidi® sheath air was used in this
prototype. The aerosol flow is directed into thetptype by two inlets located at
opposite positions, and then flown to the chargioge in a 45direction to the prototype
axis. The flow design minimizes the potential comtztion of the corona needle tip by
particles, thus prolonging the needle’s lifetime.

The performance of the prototype was optimized @rying operational
parameters (i.e., aerosol flow rate, corona curi@mi ion-driving voltage) to achieve its
maximal extrinsic charging efficiency. The optintipa experiment was done with
monodisperse Ag particles of 10 nm in diametereBam our finding, the corona current
had negligible effect on the charging performanicine prototype. The corona current of
2 uA was thus used in the rest of our study. Our staldp found that operating the
prototype at a 3 Ipm aerosol flow and an ion-digwmoltage of 600 V offers the maximal
extrinsic charging efficiency.

Both intrinsic and extrinsic charging efficiencigisparticles in diameters ranging
from 5 to 50 nm were measured at the optimal oeratondition. This prototype
provides higher extrinsic efficiency than otherama-based unipolar chargers for both
positive and negative charging. Charge distribitioh monodisperse particles at the
downstream of the prototype, operating at a 3 l@rosol flow rate, a 21A corona
current and various ion-driving voltages, were meas by the tandem-DMA technique.

The charge distribution measurement confirmed ttnatcharge distribution of particles
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after passing through the prototype is variable th& control of charging ion
concentration with changing the ion-driving voltagée birth-and-death charging model
with the Fuchs limiting sphere theory was used Ibtaio theNit values at different
operation conditions via best fitting to the measumtrinsic charging efficiency. The
same Njt values obtained were also used in the birth-amthdeharging model to
calculate the charge distribution of particles. $emble agreement was achieved when
the calculated charge distributions of particleseneompared with the extrinsic charge
distributions measured. The result implies the lless of charged particles in the
prototype than existing unipolar chargers in whitte aerosol flow direction is

perpendicular to the electrical field direction.
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Chapter 4

| nvestigation of Aerosol Charging Using Pen-type UV Lamps



4.1 Introduction

In this study, a simple UV aerosol charger using-type UV lamps was
constructed. DMA-classified silver (Ag) and metalide particles were used as test
particles and the effect of light intensity on paet photocharging was investigated by
varying the number of lamps used in the chargerallyi, we applied the existing UV
charging model to predict the charging performantehe studied UV charger and

verified it by comparing its result with experimahtlata.

4.2 Experimental Setup and Procedures

4.2.1 Description of Studied UV Charger and Experimental Evaluation

Fig. 4.1 shows the schematic diagram of the ingattd UV aerosol charger. The
basic configuration of the prototype is a quartbetwf about 7 in. long, which is
surrounded by four low pressure Hg lamps (UVP mo@@0004-7). We used a
cylindrical aluminum case having aerosol inlet antlet at the ends to enclose the quartz
tube and lamps for preventing operators from beexgosed to UV light and for
transporting aerosol through the quartz tube witlbammtacting with the lamps. We also
designed an ion trap at the quartz tube exit tamae the recombination of positively
charged particles and negative ions.

The experiments to characterize the performanceéhefUV aerosol charger
include the measurements of the charging efficieammy charge distribution of particles
existing from the charger. For the particle chagggfficiency, both intrinsic and extrinsic
efficiencies are key parameters for the performanaduation of an aerosol charger. In

this study, we define the intrinsic charging effiety as the percentage of entering
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neutral particles acquiring electrical chargeshi@ tharger disregarding their final fates
(i.e., either exiting or lost in the charger), aheé extrinsic charging efficiency as the
percentage of entering neutral particles which meqelectrical charges in the charger
and make their exit. The difference between thensit and extrinsic particle charging
efficiencies thus represents the loss of chargetitfes in the charger (Qi et al., 2007).

Al case Quartz tube

lon trap

[i )

| L

Aerosol inlet =l
0_331,’, SRR N o o - - -

i 1«
0.38
Aerosol

outlet

Pen-Ray Hg lamps (185/254 nm)
with 6 in. lighted length

Figure 4.1 Schematic diagram of the studied UV gadunits in inch)

4.2.2 Experimental Setups

The aerosol dispersion system with two generatemhriiques is the same as
shown in Fig. 3.2. In one technique, polydispergg particles with electrical mobility
sizes ranging from 7 to 30 nm were generated byetregporation-and-condensation
method (Scheibel and Porstenddrfer, 1983). A conhstatput, home-made atomizer was
used in the other technique to produce monodispeetal oxide particles with electrical
mobility sizes from 50 to 200 nm (Liu and Pui, 18y4Downstream of the above
described polydisperse aerosol generation systemdifferential mobility analyzer
(DMAs, either TSI Model 3081 or 3085) operatingiwihe aerosol flow rate of 1.5 lpm

and sheath flow rate of 15.0 Ipm was used to dlassonodisperse particles into the
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desired sizes. To obtain electric-neutral particles for the experiments, D-classified

particles were directed through a**°

radioactive particle neutralizer and an electras
condenser.

Shown in Fig 4.Z is the experimental setup for the performance exan of the
UV charger.For the particle charging efficiency measuremem,measured the charg
fraction of particles exiting the UV charger by giag the aerosol stream througt
second electrostaticondenser to remove all charged particles, and thescted the
particles to an ultrafine condensation particlentetu(UCPC TSI model 3025A) to col
the number concentration of neutral particles smgstream. In the measurement, both
UCPC vacuum pmp operated at high flow mode (i.e., 1.5 Ipm) #mel house vacuul

controlled the aerosol flow rate through the UVrgea. We used a laminar flow me

and a needle valve in the gas line to control liv fate of the vacuum sourc

2 Electrostatic M N,
Ceomdenser
UCPC (TSI 225A) Ny 4
S ! __l-"
C— ; np
R W W !
™
-
| Electstatic
| Precipitaior

Figure 4.2Experimental setup for the performance evaluatiah® UV charge
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We then calculated the intrinsic particle chargafiiciency using the method of
Romay and Pui (1992):

N
N P 4-1
in N, (4-1)

where 7, is the intrinsic charging efficiencyN; and N, the particle number
concentrations measured downstream of the secectradtatic condenser with applied
high voltage turned on and off, respectively. Waleated the extrinsic particle charging
efficiency using the method described by Chen and199):

g = Na =N /P (4-2)
N,

whererey is the extrinsic charging efficiencii; the number concentration of particles
exiting the UV charger when it is turned di; the number concentration of particles
entering the UV charger; ari®l. the penetration of neutral particles through theosd
electrostatic condenser.

This study further characterized particle charggridution after particles passed
through the UV charger. The particle generatioriesys for this part of the experiment
were the same as those described previously. Dtieethigh charge level on particles, it
is difficult to use the TDMA technique to directiyeasure the charge distribution of
particles with high resolution. Instead, we useckkattrostatic precipitator technique in
this study for the charge distribution measurenf@alachi et al., 1991; Forsyth et al.,
1998). The characteristic curve of charge partp@etration through an electrostatic
precipitator can be, in general, expressed as

P=1-5, =1-KZ,V, (4-3)
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whereK is a function of precipitator dimensiod;the applied voltage on the precipitator;

C

. : . : _ ne
and Z, the particle electrical mobility with the expressiZ, = 7"[

, In whichn, is
p

the particle electrical charge&l. the Cunningham correction factor, apdthe gas
Viscosity.

Assuming the total charge fraction is equal tOEFn,j =1 (whereF,; is the

fraction of particles witim charges), the particle penetratiB(d,, Vm) with diameterd,

at rod voltage/m, is calculated a®,(d,V,,) =1- Kvmz FoiZon -

In the electrostatic precipitator technique, thengiration of charged particles
through the precipitator at different applied vgita was measured with a UCPC. We
thus retrieved the electrical mobility distributiad particles leaving the charger by
comparing the calculated penetration with colleeeperimental data using the Bayesian
statistic analysis (Ramachandran and Kandlikar,61%®%gan et al., 2009). We then
derived the charge distribution of particles frdme tlectrical mobility distribution of the
particles. Note that the derived charge distributbtained in our study is for particles at
the charger exit (i.e., extrinsic particle chargertbution), not in the UV irradiation zone

(i.e., intrinsic charge distribution).

4.3 Photocharging Model

Previous works have addressed modeling of aerdsaiging by simultaneous
photoionization and gaseous ion diffusion (Maisetsal. 2002; Jiang et al. 2007a;

Hontafion and Kruis, 2008). The evolution with timiethe concentration of ions and
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particles in a gas flow under the exposure of Udation is governed by the population
balance equations:

dN

d_ti:ZZ[O,‘H*‘*_ﬂqﬂ*qu]Nprq—Ai : (4-4)
R, d
dN Ry.q g-1-q q—qg+l g+loq g—q-1
T:[a’ Ng g1~ NRp,q]+Ni[lB Ng qu—a NRp,q]_ANRp,q
1(4_5)

where N; is the concentration of negative ions in the g&g; 4 the concentration of
particles with the size d&,, 4; the particle loss to the charger wafisthe ion-to-particle
attachment coefficient; andphotoionization rate.

The ion-to-particle attachment coefficients arkewated based on the theory of

the limiting sphere by Fuchs (1963)

w52 exp20))
P s B liT ). (4-6)
i  PON( L awp®P\)
1+Hexp( T )5 r2exp(‘ak_l_ )dr

whered is the probability of an ion entering the limitisghere to collide and transfer its
charge to particlesj is the limiting-sphere radius, which is a functiohparticle radius
and the ion mean free patt;andD; are the mean thermal velocities and the diffusion
coefficients of the ion, respectively(r) is the potential energy at the distandeom the
center of particlek is the Boltzmann’s constant; aiids the temperature of the system.
The photoionization rate is the photoelectric yield coefficient (the phdemxtron

yield per time for given particles)

o =Y(hu)h|—7sz2; (4-7)
D
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whereY (hv) denotes the electron yield per incident photois,the Planck’s constant,is
the frequency of UV irradiation, arids the intensity of the radiation. Current modsfls
photoelectric aerosol charging rely on the Fowlerdiieim law for photoemission from
clean surfaces

Y(hv) =K, (hv-®)™ (Fowler 1931), (4-8)
whereK.: andm are material-dependent constants @wstands for the photothreshold, for

metallic spheres, with the form

2
D=+ e (q+1_
dre, R

5 ) _
SR ) (Wood 1981); (4-9)

p p
where @,, denotes the work function, i.e., the photothreghigr an infinite planar
surface, which is a characteristic of the mateaald ¢, ande are the permeability of
vacuum and elementary charge, respectively.

The current data related to the photoemission abparticles is rather limited
and mostly on metal nanopatrticles. The Fowler-NemHaw has been successfully used
to predict the photoemission yield of a varietynoétallic particles (Ag, Cu, Pd, Au),
PbS, and SnO witm = 2. However, the photoemission constiénis a major unknown
of the model. From experimental observation, thiiesaf K. is in general larger for
particles than for flat surfaces (Burtscher etE82; Schleicher et al., 1993). It has been
found that the photoemission constant of Ag pasich air increased by a factor of 4
when the particle diameter decreased from 6 to 4 (Bechmidt-Ott et al. 1980).
Moreover, the photoemission constant was approeiyaonstant in experiments with
Ag particles of diameters between 5.4 and 10.8 mineiium (Mduller et al. 1988a) and

with SnO particles of diameters ranging from 8 t rm in nitrogen (Hontafién and
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Kruis, 2008). In experiments where particles of agl sucrose were exposed to soft X-
ray radiation in the presence of nitrogen, the eatK. increased by a factor of 2 when
the particle diameter was reduced from 15 to 6 dian@ et al., 2007b). In experimental
studies for aerosol charging by light irradiatitth the photoemission constatt and
the intensity of incident lightt are often difficult to characterize, and are tHatermined
empirically (Maisels et al., 2002, 2003; Jiang let 2007a, 2007b; Hontafion and Kruis,
2008).
After substituting in Equation (4-7), the photoination ratex is then expressed

as

2 2

ho—®, ——& @+ (4-10)

a=K,
ho 4re,R 8

This equation shows that, whéan > @, a sphere can be photoionized up to a maximum
charge level at which the process saturates. Théman can be derived from Equation
(4-10):

Amey (hu—(Dw)R—g. (4-11)
€

qmax =

The limiting aerosol charging case in which thetplonization dominates the ion
attachment to particles (i.ex,>> fN;) is analyzed herein. The ion balance equation is
irrelevant in such a case. We assume for simplibi#éy the aerosol is monodisperse and
electrically neutral. We further assume the wadislof particles is negligible. Using the
birth-and-death theory as proposed by Boisdron Biatk (1970), the particle balance

equations can be solved and the result is as fellow

expa®t) for q=0
N :{ - qi K o lepal ) —expea ] for 0<q<g
< j.g-1 o7 g aat e
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with

P

\

,(4-12)

1 for j=q=0
AR .
_kJ,CI—l ajej+l_aqaq+1 for 1 <¢
g-1 _
—_ij,q for j=q=#0
j=
0 for j>q

(4-13)

Table 4.1 lists the values of the parameters tqgteared in the particle

photoionization rate: used in our study. The low-pressure Hg lamps usexir study

emit light with the wavelength of 185 nm in additito that at the 254 nm rated by the

vendor. From our study we conclude that the phaaghg process in the studied UV

charger is in fact dominated by the irradiationhwtite wavelength of 185 nm, not 254

nm. The detailed explanation for the above conclus given in the next section.

Table 4.1 Model parameters used in the simulations

Photon energyh

6.72 eV

Particle work function®_ (AQ)
Fowler law powem
Elementary charge
Permittivity of airgg

Simulation timet

4.26 eV
2

1.6 * 10 C
8.85*10™* C*/N/m’

0.45s
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44 Resultsand Discussion

4.4.1 Charging Efficiency for the UV Charger

The intrinsic and extrinsic charging efficiency thie UV charger at an aerosol
flow rate of 5 Ipm for four UV lamps and evaluatiwgh monodisperse Ag particles with
diameters ranging from 5 to 30 nm are shown in @4 and Fig. 4.3. For comparison,
we also include the experimental charging efficient the twin Hewitt charger (Kruis
and Fissan, 2001), the mixing-type charger (Qilet2807), the min-charger (Qi et al.,
2008), and the charge conditioner. The standaratien for each data point includes the
UCPC fluctuation. For the intrinsic charging eféioty (shown in Fig 4.3a), the UV
charger performs better than the mixing-type chaeyel the charge conditioner. The
intrinsic charging efficiency is higher than 90% frarticles with diameters larger than
15 nm. For the extrinsic charging efficiency (givie Fig 4.3b), the prototype achieves
higher than 80% for particles of diameter largamti5 nm. Over 90% of the charged
particles exit the UV charger, showing negligibktizle loss in the aerosol transport
process. Further, the UV charger performs muchebdtian existing corona-based
aerosol chargers. The above observation couldtbbuaéd to different aerosol charging
mechanisms used in photo- and corona-based chaegetsthe ability of the aerosol to

exit directly after the charging zone designedtirdied UV charger.
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Table 4.2 Charging efficiency data of the UV charfge Ag particles in the size range

from 7 to 30 nm at an aerosol flow rate of 5 Ipnthwour UV lamps

Dp Intrinsic charging Standard Extrinsic charging Standard

(nm) efficiency (%) deviation (%) efficiency (%) deviation (%)
7 44.73 2.15 38.42 1.64
10 74.33 6.15 61.18 4.67
15 96.11 8.30 82.37 6.07
20 99.19 4.57 87.08 3.70
25 99.90 5.21 87.15 4.00
30 99.81 7.14 87.87 8.09
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5 10 15 20 25 30 35

Particle size (nm)

60



100

(b)
S sot
3
c N
Q0 '/
8
= 60}
LLl
=)
£
2
& awf
O .
[3)
‘@ 7/ -
£ / ’ 4 —e—— UV Charger (4 lamps, 5 Ipm)
< 20t // ~X o [N Corona Charger (2 uA, 3 Ipm, 600 V)
w V/ ——-%——  Mixing-type Charger ( Qi et al., 2007)
——A.—--- Mini-charger (Qi et al., 2008)
— —& —  Twin Hewitt Charger (Kruis and Fissan, 2001)
0 1 1 : : : :
5 10 15 20 25 30 35

Particle size (nm)
Figure 4.3 Comparison of intrinsic and extrinsiaiging efficiency among different

chargers for Ag particles in the size range frota 30 nm

A DMA connected to an external positive high-vgitiagpower supply was used
downstream of the UV charger to find out if therere&vany negative ions or particles in
the aerosol stream. The absence of negatively etigrgrticles observed indicates that
diffusion charging played no role in altering etexzl charges on particles after their
leaving the irradiation zone in the studied chartjée attribute the above observation to
the low ion production in the UV charger becaus#heflow particle concentrations used
in our evaluation. Further, in the experiment theartg tube was in fact heated by the
absorption of UV light. The temperature of the tulas higher than that of the test
aerosol stream. Thermophoretic forces resultingftioe temperature difference between

aerosol stream and tube wall may keep particléisariube core region.
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To investigate the material dependence of partdietocharging in the UV
charger, monodisperse metal oxide particles eQs, TiO,, ZnO, and CgD,) were
generated using the second aerosol generation igeehmescribed in Fig 3.2. We
obtained the former two powders used in this stiudgn Sigma-Aldrich and the latter
two from Nanostructured & Amorphous Materials, Iitie suspension of metal oxide
powders was prepared by using the ultrasonic psoceBom Cole-Parmer for 20
minutes. Fig. 4.4 shows the intrinsic charging ogdficies of the UV charger at the
aerosol flow rate of 5 Ipm with four UV lamps foested metal oxide particles in
diameters ranging from 50 to 200 nm. The materggdethdence on the photocharging
process is very obvious. The collected efficienatadcan be classified into two groups:
(1) FeOs; and C@Oy particles and (2) ZnO and Ti(particles. In the former group,
particles are all electrically charged after the ONarger for particle diameters larger
than 100nm. For the latter group, nearly 30% clmgrgefficiency was achieved for
particles of the same diameters as those in thaeiogroup. Furthermore, the intrinsic
charging efficiencies of metal oxide particles amech lower than those for Ag particles.
Other than the different work functions for varioparticle materials and sizes, the
material dependence for particle photochargingamiy attributed to the photoemission
constan.. To explain this phenomenon, theoretical modeleweveloped to calculate
the photoelectron emissions from small particleardEi el at., 1988; Miuller et al.,
1988b). The possible reasons may be among thet effesurface Plasmon (Aers and
Inglesfield, 1983), excitation of electron-hole mgai(Penn and Rendell, 1982),
geometrical factors (Chen and Bates, 1986), andpeséunction (Faraci et al., 1989).

Particle shape may also affect the photochargionggss. Fig. 4.5 shows the TEM and
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SEM pictures of 150 nm metal oxide particles, whadnsist of primary particles of
diameters around 20~30 nm. Generally, the agglameretal oxide particles are not
perfect spherical. The surface roughness may atiegbhoto absorption and the electron

emission during particle photocharging process.

S 801
>
[&]
% —e— Fe,0,
g 604 e O-ee C0304
w ——-v—— ZnO
2 — = —.  TiO,
=
& 40
(@)
7 Fr=rmmm X
= T
£ 201 BT
s
¥
0 T T T T
50 100 150 200 250
Dp (nm)

Figure 4.4 Comparison of intrinsic charging effiiees of the UV charger for different
metal oxide particles in the size range from 5@@0 nm at an aerosol flow

rate of 5 Ipm with four UV lamps
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Figure 4.5 TEM and SEM pictures of 150 nm metatiexparticles
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4.4.2 Charging Distribution for the UV Charger

We performed the experiment measuring the charggildition on particles
exiting the UV charger with the four UV lamps tudnen and operated at 5 Ipm aerosol
flow rate. Figs. 4.6 and 4.7 are the measured ehdigributions for Ag particles with

diameters from 7 to 25 nm, and for,Be particles with diameters from 50 to 150 nm,
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respectively, after their passing through the U\arger. The concentrations of test

particles were kept at the level of 12202x1d #/cn?. Note that the experimental data

shown in Figs. 4.6 and 4.7 are in fact the extrigiarge distribution of particles, not the

intrinsic one. As expected, the particle chargéridistions move towards the regime of

high charges as particle size increases. Notetligatharge distribution of 25 nm Ag

particles is similar to that of 100 nm J&g particles, again showing the significant

material dependence of the photocharging process.
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Figure 4.6 Extrinsic charge distributions of Agtpaes with diameter from 7 to 25 nm at

an aerosol flow rate of 5 lpm with four UV lamps
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Figure 4.7 Extrinsic charge distributions of,©g particles with diameter from 50 to 150

nm at an aerosol flow rate of 5 I[pm with four Unps

4.4.3 Effect of Irradiation I ntensity

Fig. 4.8 shows the intrinsic charging efficiencies Ag particles of diameters
ranging from 5 to 30 nm, when the UV charger wasrated at an aerosol flow rate of 5
Ipm with one, two, or four lamps turned on. In thése cases, the diffusion charging is
negligible because the ratio of the photionizatrate to the diffusion charging rate
al(fN;) is greater than 100. As reference, the intricsiarge efficiencies calculated by

the above discussed photocharging model are atsteglin Fig 4.8. The calculated
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curves shown in Fig 4.8 represent the analytickitiem to best fit the experimental data
by varying the value dk.l. The best fitted value &l is also given in the legend of the
figure. In this calculation, the wavelength of fhen-type UV lamps was set at 185 nm.
However, when the wavelength was set at 254 nmméeeémum charge level of 15 and
25 nm Ag particles were 3 and 5 charges, respégtiaecording to Equation (4-11).

However, from Figs 4.5(c) and 4.5(d), the chargéustof 15 and 25 nm Ag particles are
higher than those calculated using 254 nm wavethengius the photocharging process

in the studied UV charger is dominated by the iaon with the wavelength of 185 nm.
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Figure 4.8 Comparison of intrinsic charging effimees of the UV charger for Ag
particles in the size range from 7 to 30 nm at emosol flow rate of 5 lpm

with one, two, and four UV lamps
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For a given irradiation condition, a constant eatiK.l enables us to get a good
fit to the corresponding intrinsic charging efficty measured for test particles between 7
and 30 nm. We thus concluded that no dependentieegihotoemission constalkg on
the particle size was observed for Ag particleshe tested size range. The aerosol
photocharging model assumes that the light intgnsithe irradiation zone of the UV
charger is uniform. The discrepancy between theex@ntal and calculated efficiency
data might be because of the spatial non-uniforofitye light intensity in the irradiation
zone. Further, the ratio of til values at the three light intensity condition8.i85:2:1,
close to the number ratio of UV lamps (i.e., 4:21%¢d in the corresponding cases. It is
thus evident that the photoionization rateis most likely proportional to the light
intensityl.

Table 4.3 and Fig. 4.9(a-c) show the charge 8igtions of Ag particles with the
diameter of 15 nm and at the concentration of apprately 2x16 #/cn? under the
irradiation of various numbers of UV lamps. As refece, the intrinsic charge
distributions calculated by the photocharging maatel also given in Table 4.3 and Fig
4.9. The best-fitted | values obtained from the intrinsic charging effi@y data were
used in this calculation of particle charge disttibn. As expected, particle charge
distributions move towards the status of singleghavith the decrease of light intensity.
Reasonable agreement between the experimentaladmdated charge distributions was
obtained in our study. The discrepancy between umedsand calculated charge
distributions can be attributed to the loss of ghdrparticles in the charger and the non-

uniform light intensity in the irradiation zone.
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Table 4.3 Comparison of extrinsic charge distritngiof 15 nm Ag particles at the concentrationpgfraximately 2x10#/cn? with

one, two, and four UV lamps

Number of Fraction (%)
elementary Experiment Model Experiment Model Experiment Model
charges (one lamp)  (Kc=0.8x1G") (two lamps)  (Kcl=1.2x16) (four lamps)  (K=3x10")

1 32.85 38.93 30.17 35.25 15.25 16.57
2 13.25 15.10 22.97 29.17 26.63 28.88
3 491 3.24 10.73 13.30 18.98 27.51
4 1.84 0.43 5.10 3.69 10.26 15.82
5 0.53 0.03 1.95 0.65 5.82 5.72

6 0.00 0.00 0.14 0.08 2.46 1.32




15 nm 15 nm

100 100

(a ) I One lamp ( b) I Two lamps
[ K J=0.8*10% [ K =1.6*10%

80 80

60 - 60

40

Fraction (%)
Fraction (%)

40+

20 F 20 I I H
o | | I‘H | Kl - . L 0 J‘H A | I‘H |
2 3 3 4 5 6

0 1 4 5 6 0 1 2
Number of elementary charges Number of elementary charges
15 nm
100
I Four lamps
[ K =3*10%
(c)

80

60

Fraction (%)

40 +

1 2 3 4 5 6

Number of elementary charges

Figure 4.9 Comparison of extrinsic charge distiing of 15 nm Ag particles at the

concentration of approximately 2X1@/cnt with one, two, and four UV

lamps

45 Summary

Particle photocharging for particles of various enals (i.e., Ag, F€s, Ca;0,,
ZnO and TiQ) has been investigated through a simple UV changér pen-type UV
lamps. The studied UV charger consists of a quatiz about 7 in. long as the aerosol

irradiation zone, four low-pressure Hg lamps lodagound the quartz tube, and an outer



cylindrical aluminum case with aerosol inlet at el and outlet at the other end. The
charger also has an ion trap section at the exiteofuartz tube to remove free ions.

We experimentally evaluated the performance ofMecharger operated at 5
Ipm flow rate and with four UV lamps using monodisge Ag with diameters from 7 to
30 nm and metal oxide particles with sizes ran@iom 50 to 200 nm. We characterized
both extrinsic and extrinsic charging efficiencafsthe UV charger, and measured the
charge distributions of particles passing through WV charger using the electrostatic
precipitation technique for particles of sizes &r¢han those studied in previous work.
We also compared the performance of the UV chamekisting corona-based chargers.
The studied UV charger provides higher extrinsiarging efficiencies than corona-based
unipolar chargers for Ag particles. The extrindiamging efficiency of the prototype is
higher than 80% for particles of diameters lar¢gant15 nm. Depending on the material
of test particles, the charging efficiency of th&/ W@Gharger varies much, showing
significant material dependence for the photocimgrgi Charge distributions of
monodisperse Ag and #&; particles at the exit of the UV charger, operatn@ 5 Ipm
aerosol flow rate and with four UV lamps turned were measured by the electrostatic
precipitation technique. The charge distributior26fnm Ag particles is similar to that of
100 nm FeOs particles, which further concludes the materiapedelence of the
photocharging process.

To evaluate the effect of irradiation intensity particle photocharging, we
measured the charging efficiencies and chargeiluisivns for Ag particles with sizes
from 7 to 30 nm at an aerosol flow rate of 5 Ipnithvone, two, or four lamps turned on.

This study used the UV charging model with the pbotission following the Fowler-
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Nordheim law to obtain thK.l values at various operational conditions by bigstd to

the measured intrinsic charging efficiency. The esd¢d values obtained above were
then used in the charging model to calculate thergeh distribution of particles. The
study achieved reasonable agreement between daltuland measured charge

distributions of particles.
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Chapter 5

Review of Characterization of Particle Magnetic Moment
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5.1 Instrument for Magnetic Moment Measur ement

Particle magnetic moments are measured by diffengregs of magnetometers,
which are categorized into two groups (Czichod.e2806):

e The induction method, where a voltage is inducednirelectrical circuit by

the motion of the sample, e.g., the vibrating sampagnetometer (VSM), or
a superconducting quantum interference device (SQuiagnetometer for
highest sensitivity;

e The force method, where the magnetic force on dmepte is measured in a
non-uniform magnetic field, e.g., the Faraday bedaror a magnetic force
microscope (MFM).

The operations of VSM and SQUID magnetometers asedb on the principle of
Faraday's Law: any change in the magnetic fieldradta coil will create a corresponding
electric field, which we can measure as an indwigual in the coil. The change can be
produced by changing the magnetic field strendthriag the coil position by moving or
rotating it in the magnetic field generated by anmment magnetic material or
electromagnetic coil. According to the induced signve can retrieve the information
about the changing magnetic field.

The VSM is a widely used scientific instrument tetefmine the magnetic
properties of various materials since its inventignFoner (1959). Generally, the VSM
uses a stationary pick-up coil and a vibrating dapiput researchers have also proposed
the reverse arrangement. A sample is placed inifarom magnetic field between the
poles of the electromagnet and vibrates in sinadomdotion vertically to the field

direction through the use of piezoelectricity, sashan electric motor or a transducer
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similar to a loudspeaker system. The induced sigh#he frequency of vibration in the

suitably placed pick-up coil is proportional to theample's magnetic moment,

independent of the magnetic field (Czichos et28l(06). Using the VSM, we can measure
the magnetic properties of powders, bulk materiatsl thin films, and study them as a
function of magnetic field (hysteresis curve), temgture (thermomagnetic analysis),
angle (anisotropy) and time.

Different from the VSM, the SQUID magnetometer bhae superconductors, a
superconducting pick-up coil and a superconductingantum interference device
(SQUID), separated by thin insulating layers tarfdawo parallel Josephson junctions as
the flux detector. Base on the DC Josephson etieetinput current is equally separated
into the two branches without a magnetic fieldtHére is an external magnetic flux
through the superconducting loop, the device vaherate a biasing current to provide a
magnetic field to compensate for the flux chanfiéhd induced current is larger than the
critical current for the Josephson junction, theesaonductor becomes resistive, and a
voltage is produced. With further increase of themal flux, the measured voltage
oscillates with changes in direction at the twocjions. If the original input current is
higher than the critical current, the SQUID is a@/én the resistive mode, and the output
signal is proportional to the current, which isumdtion of the external magnetic field
(Clarke, 1994). The SQUID magnetomter is about 1@@s more sensitive than the
VSM for the magnetic moment measurement. For exangpkcommercial VSM system
offers measuring capabilities down to approximatély’ Am? while the SQUID
magnetometer with a SQUID sensor rather than aygickoil reached a detection limit

of 102 Am? (Czichos et al., 2006). Similar to the VSM, the SQUnagnetometer can
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measure the magnetic moment of a sample, from whighmagnetization and magnetic
susceptibility can be further retrieved. Moreovers definitely a better choice than the
VSM when high sensitivity is required for the measnent, e.g., a sample with a low
magnetic moment or a low mass.

In the force method, the magnetic force on the sanmmpa magnetic field, which
is a function of the magnetic moment or suscejiybdf the sample, is measured by a
sensitive balance or a force transducer.

Faraday balance and Gouy balance are similar to @her. A pair of magnets is
placed at one end of a balanced system, which g&sea magnetic field strengkth
When a sample is suspended between the poles ofapeets, the magnetic force acting

on the sample is proportional to its magnetic spisicéity x. In the Faraday balance, the

force is expressed ds =VyH c(ij_H whereV is the volume of the sample. Since the pole

caps of the magnets are shaped so that the pradiati/dz) is constant over a
considerable range wertical directiorz on the symmetry axis of the magnet, it is easy to
evaluate the magnetic susceptibility of a sampdenfthe measured force. The Faraday
method is suitable for all kinds of materials, «spiéy ferro- and ferrimagentic
specimens (Czichos et al., 2006). In the Gouy lealathe sample with long cylindrical
shape is suspended from a balance, so that onés déochted between the poles of an
electromagnet. The other end, outside the poleafféxted by the stray field strength

much less than that between the poles. The magnetie exerted on the sample is in the
form of F z%A}(HZ, where A is the cross-sectional area of the sample. TheyGou

method is mainly used for para- and diamagneti@rs including liquids and gases.
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Recently, magnetic moment per unit mass of magmetioparticles was found
by using the atomic force microscope (AFM) (Parlalet2008). A microfabricated force

transducer measured the magnetic force of thedtesienple by with the expression
F=M (H)mc:j—t', whereM(H) is the magnetization per unit mass of the matemak
Z

the mass of sample determined from the resonaremudncy shift of the particle-
attached AFM probe, amtH/dzis the magnetic field gradient. The magnetizatiarve
of the nanoparticles was determined as a functionagnetic field strength.

All these methods are used for off-line analysikicly means it takes significant
time to collect samples of sufficient material blefthe measurements can be performed.

The first measurement technique allowing on-lineasueement of particle
magnetic properties was introduced by Kauffeldt adt (1993). It responds to
micromagnetism of non-interacting particles ratifi@n the collective magnetization of a
powder. This method used a set of wire mesh Niskedens to establish a high gradient
magnetic field for removing magnetic nanoparticlesn their carry gas stream. The
particle number concentration upstream and dowenstref the filter was measured by an
Ultrafine Condensation Particle Counter (UCPC). $imgle fiber efficiency was derived
directly from the measured data as a function ofigda size, particle magnetic moment
and fiber magnetization. A numerical model usingtipie trajectory analysis was
developed, and the magnetic moments of iron/iradeogarticles ranging from 40 to 170
nm with single magnetic domain were obtained (Keldffet al., 1996).

The magnetic filter provides new opportunities b@sic research of magnetic
particles and is a tool to optimize magnetic p&tgeneration combined with aerosol

methods of size classification (Kauffeldt et al99T). Agglomerates of oxidized iron
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particles were produced in the size range frono1200 nm and investigated with respect
to particle size, shape and particle magnetic morgrhe above method and scanning
transmission electron microscopy (Kauffeldt et 4995). The magnetic moment is
increased by formation of more chain-like agglortesalue to the aligned coagulation,
in which the primary magnetic moments are alignedenin parallel.

This method of using a set of wire mesh magnelieré to remove nanometer-
sized magnetic particles is called high gradiengmesic separation (HGMS). Coupled
with novel techniques, e.g., magnetic seeding irclvinagnetic particles as a coagulant
flocculate with non-magnetic materials, and funadiized particles in which magnetic
particles have a strong binding to non-magnetictutrtes, HGMS is widely used in the
treatment of biological fluids, of industrial fllsdand of wastewater (Rembaum et al.,
1982; Miltenyiet al., 1990; Moeser et al., 2002;cBki et al., 2003; Chen et al., 2007a;
Anand, 1985; Shaikh and Dixit, 1992; Nedelcu andtdsta 2002, Newns and Pascoe

2002, Karapinar 2003).

5.2 Modeling of Magnetic Filters

Significant effort has been made to simulate thetigha capture process in the
magnetic filters since the introduction of HGMS.eTtechnique makes use of small
magnetic wires as filter elements, which generatallgradients in a uniform magnetic
field. By increasing the magnetic field gradierdward the fiber, particles with very weak
magnetization can be attracted to its surface tiirabe magnetic force from the carrier

fluids, which is impossible in the traditional fation and magnetic separation methods.
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Particle trajectory models, consisting of partiaffedential equations that
dynamically simulate the influence of various fara the motion of a single particle
toward a single fiber, have been use to calcuteecapture cross section. In this kind of
system, the capture cross section is the maximuipepdicular distance in which the
released particles can pass through the fiber @lhde retained. It depends on many
factors, e.g., the size and magnetic propertiagbesuspended particle and the wire, the
flow and magnetic field, and the physical properteé the liquid, such as density and
viscosity. Most of the trajectory models only emgikad two particular configurations:
longitudinal when the magnetic field and fluid floave perpendicular to the fiber and
both parallel to each other and transverse whemnidignetic field, fluid flow, and fiber
are perpendicular to each other (Cowen et al., 1&&ber, 1994; Gerber and Birss,
1983; Luborsky and Drummond, 1975; Watson, 19738b% With the accumulation of
particles on the surface of the fiber, the flow andgnetic field may be changed.
Moreover, the inter-particle forces may also neelde considered to simulate the loading
behavior of the filter (Akoto, 1977; Chen et al00Zb; Cowen and Friedlaender, 1977;
Cowen et al., 1976; Gerber, 1994; Gerber and Law$889; Gerber and Birss, 1983;
Luborsky and Drummond, 1975; Watson, 1978a, Ying.e2000).

Watson (1973) developed a trajectory model andddhe capture cross section
as a function of the ratio of the particle faceoeély to the magnetic velocity. It is valid
at low magnetic field conditions over a clean wioeboth the longitudinal configuration
and the transverse configuration (Gerber, 1994b&eand Birss, 1983). Later, Luborsky
and Drummond (1975) extended this model by conisigeribbon and rod-like wires

instead of cylindrical ones. Clarkson et al. (19#6proved this model by adding the
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gravitational and the inertial forces. Howeversttrajectory model overlooks the effect
of the short-range ternM/2H) of the radial component of the magnetic forceeretvi
and H are the fiber magnetization and applied externagmetic field, respectively.
Cowen et al. (1976) made adjustments to this lioita but only when the fiber and the
particles are of equal size. Gerber et al. (Geder Birss, 1983; Gerber, 1994) further
improved the correlations for a wider spectrum ainditions from analytical
approximations of trajectory models for both theansverse and longitudinal
configurations. However, the main restriction oésl correlations is only suitable for
extreme values of the magnetic field (i.e., onljoat and high values), and therefore lack
the continuity in the middle. Ebner and Ritter (2P0esolved this problem with the
introduction of a new parameter. The new correltiovered much wider ranges of
operation conditions and physical properties fothbthe longitudinal and transverse
configurations. However, it only considered theiatton where the fiber was clean and
was appropriate for the early stages of the magfiitation process.

For the magnetic filter developed by Kauffeldt &t(E96), particle trajectory
models were developed to retrieve the magnetic mowieparticles from the measured
penetration difference between the case that appieexternal magnetic field and the
case that did not (Kauffeldt et al., 1996; Zaruyskand Shapiro, 2000). These models
assumed that the particle magnetic moment is indbpe of the applied external
magnetic field. The combined effect of the Brownmation and particle rotation on the
particle capture efficiency does not exceed moemn th few percent. Accordingly, in
modeling the magnetically assisted capture, we @ff@gtively assume the particles to be

diffusionless and to have their magnetic momenttorscoriented along the local
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magnetic field. The influence of filtration operajiconditions and particle diameters on
the particles’ behavior and magnetic capture efficy was investigated numerically.
Strong dependence of the capture efficiency onpiaicle diameter was found for
particles with the diameter less than 200 nm.

However, these models were not experimentally asid prior to their use. The
actual magnetic moment of the test particles useldda experiment was not characterized
by other reference methods (for example, VSM or AFRMr was it compared with that
obtained via the models themselves. Furthermomsethmodels did not consider the
effects of flow and magnetic field variation duethe presence of woven wires, although

in reality the magnetic filter is constructed ofllgefined mesh screens.

81



Chapter 6

Calibration and Modeling of a Magnetic Filter
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6.1 Introduction

In this study, a magnetic filter consisting of 88 430 screens with 200 mesh
was designed and tested using monodispes®0; particles ranging in size from 100
to 300 nm at different flow rates. To obtain thetiges’ magnetic susceptibility, we
developed a particle trajectory model to descritgeliehavior and collection of magnetic
particles from carry gas in the magnetic filter. Validate the proposed model, we
compared the magnetic susceptibility of particletamed from the proposed model to
that obtained from VSM. Further, the effects otrdition operation conditions and
particle diameters on their behavior and magnedutwre efficiency were numerically

investigated.

6.2 Design and Evaluation of Magnetic Filter System

Fig. 6.1 shows the schematic diagram of the studiadnetic filter system, in
which a set of parallel screens were used asIthetibn element, similar to that used in a
screen-type diffusion battery (Cheng and Yeh, 1988 dimensions of the magnetic
filter system are also included in the same figlilee metal mesh screens were made of
SS 430 magnetic wires. The carrier gas loaded milgnetic particles flowed through
the filter element in the direction perpendicularthe screens. The screens were then
magnetized by an external magnetic field, alsohia direction perpendicular to the
screens. The external magnetic field was genetateah electric coil wound around the
case of the filter element holder. With the systeamfiguration, the deposition of
particles in the magnetic filter element is goveriby the magnetic force experienced by

particles when moving nearby the magnetized wifeth® screens. The magnetic force
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experienced by particles is, in general, a functbithe particle size, particle magnetic

property, and wire magnetization.

Insulated
ﬂ copper coil
. P o d ] o d
Aerosol inlet i | oo o Aerosol outlet
; ' 575 Magnetic filter .
—i] 025 [
element
B n KXXD n [s

Figure 6.1 Schematic diagram of the studied magfiégr system

Fig. 6.2 shows the experimental setup for the fpatien measurement of the
magnetic filter element. Magnetig-Fe,0O3; particles (Sigma-Aldrich 544884) were
aerosolized with a home-made Collison atomizer @nd Lee, 1974a). The output flow
rate from the atomizer was 4.0 Ipm at 30 psig fidetiair pressure. Droplets produced by
the atomizer were passed first through &'Pmdioactive neutralizer to minimize the
electrical charges on the particles, and then tilvaudiffusion dryer with silicone gel as

the desiccant to remove the solvent in the droplets
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Figure 6.2 Schematic diagram of the experimentaipsér the evaluation of magnetic

filter system

A differential mobility analyzer (DMA, TSI Model 0B1) was used in the
downstream of the above-described polydispersesakgeneration system to classify
monodisperse particles ranging in size from 108a0 nm. A K radioactive particle
charger was used to place a well-defined chargeiliison on polydisperse particles
prior to the introduction of the DMA. The DMA wagerated at an aerosol flow rate of
1.5 Ipm and a sheath flow rate of 10.0 Ipm. Siteedarticles exiting from the DMA are
electrically charged, a P8 neutralizer and an electrostatic precipitator wetitzed at
the DMA exit to obtain electrically neutral pargsl for testing. The total flow rate
through the magnetic filter element was controllsdboth the pump of the Ultrafine
Condensation Particle Counter (UCPC, TSI model B)26perated at a flow rate of 1.5
Ipm, and a separate vacuum pump with a needle waladjust the desired flow rate. The

aerosol stream from the three way valve to the URRES equally separated into two
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pathways: one with the magnetic filter and one eouth The tubing length of each
pathway was about 20 cm. The particle number cdratgns upstream and downstream
of the magnetic filter were measured by UCPC. Tipstream concentrations of
monodisperse test particles were on the order Bf110 #/cn?. Particle coagulation can
be neglected during the transportation process.tirmsmission efficiency, defined as
the ratio of downstream concentration to the upstrene without the filter element, was
around 98% or even higher. So particle transpag In the duct wall is negligible. The
particle penetratio® through the magnetic filter with the element waent obtained by a

ratio of the particle downstream concentrafiynpto the upstream orfe,p:

Penetratia = Nop . (6-1)
N

up

6.3 Modeling of Magnetic Filter Element

The measured penetrati®rthrough the studied magnetic filter element, whih
a function of particle size, particle magnetic gdp, and wire magnetization, could be
predicted by calculating the fate of individual fpaes, and hence the capture of particles
in the magnetic filter element. To determine thetipe fate in the filter element, the
flow and magnetic fields must be first calculated.
6.3.1 Calculation of Flow and Magnetic Fields

The finite element package COMSOL Multiphysics ®&s used to numerically
solve the flow and magnetic fields in the magndtiter element. To reduce the
geometrical complexity of the filter element, wes@se that a single metal screen can be
represented by the replica of unit cells, as showkig. 6.3. According to the SEM

micrograph, the wire diameter and spacing for ihgls 200 mesh SS 430 screen are
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about 40.5 and 86.pm, respectively. A wire cross with the diamegrof 41 um was
used in a standard cell. Since the spacing bettfe=two adjacent mesh screens in the

filter element was set at 0.5 mm, the volume ofuthié cell was set at 130*130*550n°.

Unit cells

& be-%

Figure 6.3 Computational domain for a unit celttes basic elements for a single mesh

screen
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The flow field in the unit cell was calculated bglving the continuity and 3D
Navier-Stokes equations with the assumption of nma@ssible fluid having densify
and viscosity;:

V.0=0 (6-2)
8L(J” 2@
p[5+(v€$-lﬂ=—vp+w g (6-3)

The inlet flow velocity was probably constant, wnth and equal to the face
velocity fﬂ of the filter element, entering the cell in thalixection. No slip boundary
conditions were applied at the wire surface. Symimebnditions were applied to the
surrounding boundaries due to the replica of uelisc The detail settings of boundary
conditions in COMSOL are shown in Table 6.1. A tgbiexample of the calculated flow
field in a unit cell is given in Fig. 6.4.

Table 6.1 Settings of boundary conditions in COMSOL

Boundary Flow field condition Magnetic fietondition
Inlet Velocity(’= . Magnetic insulation
Outlet Pressure, No Viscous Stress Magnetic insualat
Wire surface Wall No Slipi’=0 Continuous

Surrounding Symmetry boundary Magnetic liaison
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Arrow: Velocity field
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L —

Figure 6.4 Flow field in the unit cell at the aesbow rate of 0.06 m/s

The magnetic force upon magnetic particles wasra@ted by evaluating the
magnetic fieldH in the unit cell. To calculate the magnetic fisdda unit cell, the
computational domain was divided into two regionghwery distinct magnetic
behaviors. One is the non-magnetizable region, wisiznoccupied by the wires, and the
other is the magnetized region occupied by the swifhe Maxwell equations for
conservative magnetic fields were used within thegeregions:

Vig =0 (6-4)

Vi, =0, (6-5)
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where ¢; and ¢. are the scalar magnetic potentials for wire-ocedipand non-
magnetizable regions, respectively, and are relatélde magnetic field strength&ﬁ and
I—T’e according to
H, =-Vg (6-6)
I—Te =-Vog,. (6-7)
Considering the demagnetization factor, when tppli@d magnetic fieldl—T’O

measured by AlphaLab DC magnetometer is perperatitolthe wire principle axis, the

internal magnetic field—‘f’i could be expressed as (Watson, 1978b):
H =H,-M, /24, (6-8)

whereyy is the magnetic permeability of free space. Thgmatc inductionB is then

expressed as

w w w

B =(H +My), (6-9)
where I\}I“f is the wire magnetization, measured by VSM, asretfon of the external

magnetic field, e.g., the wire magnetization aré6&®hd 160.8 kA/m at the magnetic field
of 20 and 40 kA/m, respectively.

At the wire surface, the continuities of magneiatentials (i.e.p; and ¢e) and
normal magnetic fluxes (i.eEt,’:: and I‘S*;) in wire-occupied and un-magnetizable regions
were applied. The symmetric conditions were appieethe surrounding boundaries due
to cell replication. The detail settings of boundeonditions in COMSOL are shown in

Table 6.1. Fig. 6.5 shows a typical example ofrtbenal magnetic field in a unit cell.
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Arrow: Magnetic field
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Figure 6.5 Magnetic field in the unit at the exedmmagnetic field strength of 20 KA/m

6.3.2 Calculation of Individual Particle Trajectories

Particle penetration through a unit cell can bkuated by indentifying the
limiting trajectory of approaching particles, whichn be divided into those that end by
colliding on the wire cross surface and those $iraply pass the wire cross surface. The

above modeling idea is illustrated in Fig. 6.6.
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Figure 6.6 lllustration of limiting particle trajewy idea for particle penetration

calculation

The following assumptions were used to calcul&iadividual particle trajectory:

a)

b)

According to the previous study of Zarutskaya ahd@@o (2000), particles
are spherical in shape, and their rotational effece negligible. Particles’
magnetic susceptibility is assumed to be constant] their magnetic
moments are assumed to be oriented in the direcfitme magnetic field.

Under a low Reynolds number flow system, the plarticajectory can be

calculated by the force balance equation, includgrgvitational (Ig; ),

magnetic £.,), drag (,), and randomE.,) forces.

92



c) No particle re-entrainment occurs, and depositetigies do not significantly
alter the flow and magnetic fields in the unit cell
The trajectory of a submicron particle moving igas with velocity” under the
action of gravitational, magnetic, drag, and randomces is determined by the force

balance equations based on the Newton’s second law.

p m

)
m%zl%ﬂézﬂ?ﬂ% (6-10)

Particle drag forceFL: is expressed as
F, = f (7. (6-11)
Here,m, is the particle massithe time variable(’ the flow velocity vector; anti
the particle friction coefficient given by the Sesklaw asf = 3zudy/C (Friedlander,
2000), whereC is the Cunningham slip correction factexpressed as

0.99d
C=1+ 3—/1 (1.142+ 0.558% exp(- 2 ), (6-12)
p

wherel is the mean free path.
Because of the small size of particles, the magfietd in the particle is assumed
to be approximately uniform. Further, the magnefiteraction between particles is

neglected due to the low concentration of testiadigles. The following expression was

then used to evaluate the magnetic deLE;@n a magnetic particle:

w w

Fo= V(M - H), (6-13)
wherepug is the magnetic permeability of free spabué,the magnetic field strength, and

M the particle magnetic moment, whose scale isa@ltd the magnetization of particle

by
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M= £ ZHY,, (6-14)
+x

wherey is the particle magnetic susceptibility, aviglthe particle volume (O'Handley,
2000).

In Brownian motion, a particle at time t and pasitip will make a random
displacement r from its previous point with regéodtime and position. The resulting
distribution of r is expected to be (1) Gaussiaorifral with a mean of zero and a

standard deviation of one), (2) to be independand (3) have a root mean square

displacement o#/2Dt in its X, y, and z coordinates. The random dispizentr in one

coordinate can be calculated as

e ?, (6-15)

whereg is a random number.

The trajectory for a given particle was determibgdolving Eq. (6-10) using the
Runge-Kutta method of the™4order. As shown in Fig 6.7, the uniform particle
concentration profile was assumed at the cell eograwhich was divided into 130*130
squares. A single particle was released from timeceof each square up to 100 times.
The cell collection efficienc¥ is the ratio of the number of particlsscaptured by the

wire cross to the number of particldgentering the cell:

E =— (6-16)
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Figure 6.7 Particle release profile at the celfamte

Since cell efficiency represents the presence single mesh screen, the overall
penetratiorP throughn screens can then be calculated by (Brown, 1993):
P = exg-nE). (6-17)
As a summary of all the modeled cases, the values damensions of the

parameters used in our numerical study are givdrabie 6.2.
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Table 6.2 Values and dimensions of the paramegzd im the modeling

Parameters Units Values
Fluid density Kg rv 1.2
Fluid viscosity Kg(ms} 1.81E-5
Fluid temperature T 298
Mean fluid velocity m/s 0.06~0.22
Reynolds number of system 91~332
Reynolds number of wire 0.16~0.6
Fiber diameter um 41
Magnetic field strength kA/m 20, 40
5242 (-Fe05)
Particle density Kg m
1.98 (KCI)
100~300 {-Fe03)
Particle size nm

50~300 (KCI)

6.4 Mode Validation and Analysis

To verify the numerical model, we first compared talculated penetration with
the experimental one for the case of potassiumridelo KCI, particles, in which the
particle magnetic force is negligible. Fig. 6.8 qares of the calculated and the
experimental penetrations through the magnetierfédlement at different carry gas flow
rates for KCI particles ranging in size from 503@0. The standard deviation for each
data point includes the UCPC fluctuation. Good egrent between numerical and

experimental penetration data was obtained in tindies] size range. For the case of 50

96



nm particles, the calculated penetration is shghigher than the experimental. It may be
attributed to the pre-set time step for the partichjectory calculation. The pre-set time
step for marching a particle in the unit cell maylarge enough that particle collection

on the wire cross may be underestimated due tpatele diffusion process.
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A Experiment 0.18 m/s
] Experiment 0.22 m/s
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Figure 6.8 Comparison of calculated and experinhgr@aetration through the magnetic

filter element at different flow rates for KCI pigtes in the size range from 50

nm to 300 nm

Before the validation of numerical model with matia force, we measured the
magnetic susceptibility of 100, 150, and 250 nmFeO; particles by VSM.
Monodispersey-Fe,0O; particles downstream of the DMA were collectedngsia
precipitator and filled into a small sealed glasbet for the characterization. Fig. 6.9

shows the magnetization curve of 150 pReOs particles as an example. The magnetic
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susceptibility is defined as the slope of the @hithagnetization curve as a function of
magnetic field, e.g., 2.6 for 150 nyFe0; particles at the magnetic field of 20 and 40

kA/m.

o.o10

0.004 +
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Figure 6.9 Characterization of 150 nyAre,O3 particles by VSM

To further verify the numerical model with magnefiorce, we compared
numerical penetration with experimental penetrattmough the magnetic filter element
at different flow rates for 100, 150, and 250 nAreO; particles in the estimated
external magnetic fields of both 20 and 40 kA/mshewn in Fig. 6.10. The numerical
penetration was calculated using the proposed mibais® on the measured magnetic

susceptibility data by VSM. We found that partipknetration increases with an increase
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in aerosol flow velocity and decreases with anaase in external magnetic field strength
as well as patrticle size. The good agreement betteecalculated and the experimental
penetrations validates our numerical model. In ganehe discrepancy between the

experimental and the calculated penetration isthess 10%.
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(b) 40 KA/m
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Figure 6.10 Comparison of calculated and experiaigr@netration through the magnetic
filter element for 100, 150, and 250 nrre,03 particles at estimated 20 and

40 kA/m external magnetic field and different floates

With this model, the particle penetration curvesotigh the magnetic filter
element as a function of magnetic susceptibilityenfest calculated foy-Fe,O3 particles
in size ranging from 100 to 300 nm at differentfloates and in the external magnetic
fields of 20 and 40 kA/m. From the above-calculatenives, the correlated particle
magnetic susceptibility was then retrieved from theasured particle penetration data.
The derived magnetic susceptibility of studieBie,O3 particles as a function of particle
size is shown in Fig. 6.11. According to the cadbted curve, the standard deviation of
the magnetic susceptibility was determined front thiathe penetration data, which

includes the flow fluctuation of the UCPC. Generalhe derived magnetic susceptibility
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of y-Fe0Os particles is in the same order of magnitude. Harew slight difference
between the external magnetic field of 20 kA/m &mel external magnetic field of 40
kA/m are observed, especially in the smaller plartisizes. Note that the particle
magnetic susceptibility was assumed constant in our model even thougltlpartay
experience different magnetic field strengths ia particle trajectory calculation. For
ferrimagnetic materials, the theoretical relatiopdbetween magnetization and magnetic
field strength is not linear, indicating that matinesusceptibility is a function of
magnetic field strength. It may be why a small d&on is observed between the two

different magnetic field strengths.
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Figure 6.11 Derived magnetic susceptibilityyeFe, O3 particles in the size range from

100 to 300 nm at the estimated external magnegidgiof both 20 and 40

kA/m
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A gradual decrease of the magnetic susceptibilitgtadied y-FeO; particles
with increasing particle size is also observed ig. B.11, which shows that particle
magnetic susceptibility has a minor dependenceizm But the variation of magnetic

susceptibility fory-FeO3 particles in general remains small in the studied range.

6.5 Summary

A magnetic filter system has been constructed amdoerformance has been
evaluated to measure particles’ magnetic propestyubing monodispersg-Fe03
particles ranging in size from 100 to 300 nm. la fystem, SS 430 screens were placed
in the magnetic filter element and exposed to d@ereal magnetic field generated by an
electric coil. Under the exposure of an externagmegic field, mesh screens were then
magnetized and the high magnetic field gradieratesk by magnetized wires facilitated
the collection of magnetic particles when they weassed through the filter element.
The particle concentrations at the upstream anddtivenstream of the magnetic filter
element were measured by an UCPC. Particle peiogtr@ibtained in the experiment was
found to be a function of particle size, particlagnetic property and wire magnetization
in general. In this study, a numerical model wa aleveloped via the finite element
package COMSOL Multiphysics 3.5. In the modeling,simgle mesh screen is
represented by an assembly of unit cells. The mibedel solved the flow, the magnetic
fields, and the particle trajectory in a represeéveaunit cell. The relationship between
the particle penetration and the magnetic propiertya given particle size, aerosol flow
rate, and external magnetic field was obtainedhegyrhodel. The numerical model was

validated by comparing the calculated penetratigh the experimental data, the former
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being calculated with the measured magnetic subdégtof 100, 150 and 250 nm-
Fe0s particles via VSM. The magnetic susceptibilitié®ther sizes from 100 to 300 nm
were also obtained by this model, according tontleasured penetration data. In general,
the magnetic susceptibility gfFe,O; particles is in the same order of magnitude. We
observed that particle magnetic susceptibility &dasinor dependence on the particle size

and applied external magnetic field strength.
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Chapter 7
M agnetic Susceptibility Characterization of Lunar Dust

Simulants
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7.1 Introduction

NASA's present plans for space exploration inciderning human beings to the
Moon, then to Mars and beyond. Many problems fdnethe original Apollo astronauts
must be addressed to enable missions of extendaglexity and duration. One of the
most significant ones encountered is the contrdheflunar dust (< 20m) that makes up
a large portion of the lunar surface (~ 20 weight Zturing the Apollo missions, the
ubiquitous, clinging, sharp, abrasive, glassy dasised serious problems for exploration
activities. The complications arising from the mmse of lunar dust can be sorted into
nine categories: vision obscuration, false instmimeeadings, dust coating and
contamination, loss of traction, clogging of medbars, abrasion, thermal control
problems, seal failures, and inhalation and iiotat Although simple dust mitigation
measures were adequate for some problems (e.g.pldsaction), these measures were
ineffective against many more serious problems,(elggging, abrasion, and diminished
heat rejection by radiators) (Gaier, 2005).

Lunar dust adhered to spacesuits both mechanicatly electrostatically.
Mechanical adhesion was affected by the barbedeshap the dust grains, making
removal difficult once the dust had worked into faéric. Electrostatic adhesion was
promoted by charging due to solar wind plasma, gibotzation and triboelectric effects.
During the Apollo missions, it was observed tha #brasivity of adhered dust caused
significant wear on spacesuit fabrics, drasticadigucing their useful lifetime (Subbs et
al., 2007). Problems were also experienced durkagrsions of the Lunar Rover, with
considerable quantities of dust being kicked upedag exposed areas, and leading to

increased friction at mechanical surfaces.
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The majority of lunar dust (60-80%) is composedafken pieces of agglutinitic
glass, which contains abundant nanometer-sizedliodta grains (np-F8 that impart a
distinct magnetic susceptibility to the lunar sélkecent experimentation with the 10~20
um fraction of mature hi-Ti mare soil, 79221, haswh that a hand magnet will easily
attract practically all the grains, even for thdisat are plagioclase with a thin patina of
np-F€ (Taylor et al., 2005). Motivated by such resukswamoto (2005) developed a
cleaning device using magnetic force to remove rludast adhered to astronaut
spacesuits. The total cleaning rate reported byatltbor was 40%. The possibility of
improving the performance of magnetic mitigationtinogls requires a more complete
understanding of the magnetic properties of thé padicles themselves.

Before proceeding to the measurement of relatigeigrce Apollo lunar dust
samples, the magnetic property of lunar dust simslavere characterized using the
magnetic filter system described above. Simulargfien named after the places where
they were developed (e.g., JSC from Johnson Spaceef}, and/or by the type of
geologic feature that they are designed to rep®deq., NU-LHT simulant was created
by NASA and the USGS, and is a Lunar Highlands Tsgugolith simulant). Further
designation by the maximum particle size may aksoded (e.g., D = dust, F =fine, M =
medium, and C = coarse). These designations aem @ftcompanied by a number
indicating the version of the simulant. The JSCslulant manufactured by ORBITEC
was intended to replicate many properties of ldantum lunar mare regolith, matching
the composition of the Apollo 14 regolith samplel@3 (which is a mixture between
highlands and mare compositions). The NU-LHT seokgighland regolith simulants

models the normative mineralogy of Apollo 16 retio(Edmunson et al., 2010).
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In this study eight samples (three JSA-1A serias, NU-LHT series, and three
minerals which are the building-block materials tloe NU-LHT series) in the size range
from 150 to 450 nm were characterized by the magfider system in Chapter 6. The
magnetic susceptibilities were obtained from theep&tion difference with and without
the external magnetic field, using the correlatattulated by the verified model. In this
article, we report the measured magnetic suscéptibf lunar dust simulants in this test

size range.

7.2 Experimental Setup and Procedure

The experimental setup was the same as Fig. @&arLdust simulants were
aerosolized using a custom Collision atomizer (bind Pui, 1974). A differential
mobility analyzer (DMA, TSI Model 3081) downstreairom the aerosol generation
system classified singly charged, monodispersdctestin the size range from 150 to
450 nm. In principle, a DMA classifies particles thie desired size based on their
electrical mobilities (Knutson and Whitby, 1975nrkparticles with diameters below 300
nm, the DMA was operated at an aerosol flow rat&é.6flpm and a sheath flow rate of
10.0 lpm. For particles larger than 300 nm, the Dids operated at a sheath flow rate
of 6.0 Ipm while maintaining the same aerosol fiate of 1.5 I[pm. Since the classified
particles exiting the DMA were electrically charged P&™ neutralizer and an
electrostatic condenser were used downstream tonoblectrically neutral test particles
of the desired size. The total flow rate through thagnetic filter was controlled by an
UCPC operated at a flow rate of 0.3 lpm. The plartitumber concentrations both

upstream and downstream of the magnetic filteresyst.e.,N,, andNgy,, were measured
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by the UCPC, respectively. The particle penetraRowas then derived by the ratio of

Ngn andNyy:

Penetratia = Noy . (7-1)
up

7.3 Resultsand Discussion

Fig. 7.1 shows the SEM pictures of two lunar dashgants (JSC-1Af and NU-
LHT-1D) and three minerals with the diameters dd 206d 400 nm. Generally, the shapes
of two lunar dust stimulants and three minerals regarly spherical, especially at the

smaller size.

200 nm 400 nm
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Figure 7.1 SEM pictures of two lunar dust stimusaauid three minerals

As found in the results and discussion section lbpter 6, the magnetic
susceptibility of particles can be directly obtaineom the measured penetration data

when a specific external magnetic field is appliddwever, the magnetic susceptibilities
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of the samples tested here are observed to beaigneery low, resulting in a small
absolute number of trapped particles under theepeesof the applied magnetic field. For
this reason we did not use the same direct apprdaghinstead used the penetration
difference with and without the applied field toride the magnetic susceptibility values
of DMA-classified lunar dust particles.

Table 7.1 shows the magnetic susceptibility valoe®MA-classified lunar dust
simulants at the estimated 56 kA/m external magnéld. In general terms, the
measured magnetic susceptibilities are on the atié0°*~10*. Further, in the studied
size range the bigger the particle, the smallemtiagnetic susceptibility. The magnetic
susceptibilities of the JSC-1A series are highantthose of the NU-LHT series and of
the minerals, likely due to the composition diffeces. The JSC-1A #1 and #6 simulants
were produced using a two-step process. The fiegi was to create a mature lunar
regolith simulant that contains a high proportidnagglutinate-like particles and glass
spherules, both of which contain metallic iron gles (including nanophase %eThe
second step was an industrial milling process iodgthe feedstock material to the
appropriate PSD (Gustafson et al., 2009). The LINTskries are completely composed
of rock materials from the Stillwater Complex, whics a mafic layered intrusion
consisting of hartzburgite, orthopyroxenite, nqritgabbro-norite, gabbro, and
anorthosite. limenite, obtained courtesy of llulesBurces, is added. A high temperature,
remotely coupled plasma melter was used to genbritehigh quality and agglutinitic
glasses that simulate the glassy components afetjaith (Stoeser et al., 2007; 2008).
According to the characterization and simulatioofifes (JSC-1AF Characterization,

LHT-1M Certificate of Information, available fromhé In Situ Resource Utilization
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(ISRU) at NASANttp://isru.msfc.nasa.gpBchrader et. al., 2008), the JSC-1Af simulants

have more Fe (FeO) component than the NU-LHT semdsch do not include
nanophase-Be This may represent the principal factor causife tmagnetic
susceptibilities of the JSC-1A series to be gehetlatger than those of the NU-LHT

series.

111



Table 7.1 Magnetic susceptibility of lunar dust giamts

Dp (nm) JSC-1A #6 Standard deviation JSC-1A #1 Standard deviation JSC-1Af Standard deviation

150 1.57*10° 1.0*10" 1.13*10° 7.0¥10° 1.63*10° 7.0¥10°

200 1.77*10° 1.0*10" 1.35*10° 9.0*10° 1.88*10° 1.2*10*

250 1.67*10° 1.0*10" 1.69*10° 1.4*10" 1.38*10° 7.0*10°

300 1.08*10° 8.0*10° 1.62*10° 1.7*10" 1.15*10° 8.0*10°

350 7.50*10" 5.0*10° 7.80*10* 5.0*10° 8.50*10" 5.0*10°

400 5.40*10* 7.0%10° 9.60*10" 9.0*10° 1.11*10° 1.0*10*

450 8.00*10" 9.0*10° 8.30*10" 9.0*10° 8.70*10" 5.0*10°
Dp NU-LHT Standard NU- Standard  Anorthos Standard _ Standard  Harzburgi Standard

700-1x o o _ o Norite o o
(nm) 48 deviation LHT-1D deviation ite deviation deviation te deviation
150 8.80*1d" 1.0*10" 6.30*10° 5.0*10° <5*10* 5.60*10" 3.0*10° <5*10™
200 1.36*1¢  1.3*10* 9.90*10* 7.0*10° <2*10* 2.0010" 2.0*10° 4.90*10*  6.0*10°

250 1.08*10° 9.0*10° 7.50*10* 6.0*10° 3.70*10* 1.0*10° 4.20%10" 3.0*10° 6.60*10"  5.0*10°
300 6.60*10 6.0*10° 7.70*10* 8.0*10° 2.90*10* 1.0*10° 3.70*10* 3.0*10° 2.60*10"  1.1*10"
350 5.50*1¢ 3.0*10° 4.80*10" 3.0*10° <1*10* 2.00*10° 3.0*10° 1.50*10*  3.0*10°
400 4.1071¢  3.0*10° 4.40%10" 4.0*10° 1.60*10° 1.0*10° <1*10* 1.60*10*  1.0*10°
450 3.90*11¢ 3.0*10° 7.50*10* 6.0*10° 2.70*10* 2.0*10° <1*10* <1*10*
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74  Summary

In this investigation we characterized eight lugsianulant samples (three JSA-1A
series, two NU-LHT series, and three mineralshimgize range from 150 to 450 nm via
a magnetic filter system. The magnetic suscepidsliof DMA-classified lunar dust
simulant particles were obtained from the diffeeema particle penetration through a
screen filter with and without an external magnégtd using the correlation calculated
in the previously developed model. In general,whkies of magnetic susceptibilities of
tested samples were all on the order of<lD*. The magnetic susceptibility values
decreased with increasing particle diameter in shalied size range. Further, the
magnetic susceptibilities of the JSC-1A series tagher than those of the NU-LHT
series and the minerals, a result which is attetwb the composition difference between

two simulant series.
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Chapter 8
Dissertation Accomplishments and Recommendations for

Future Work
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8.1 Summary of Accomplishments

In this dissertation, two physical properties oftjgées were studied, electrical
and magnetic. . For particle electrical propertyingolar corona charger was designed
and evaluated for particle charge conditioning; \& ¢tharger was also constructed for
fundamental investigation of the particle photogiray process. For particle magnetic
property, a magnetic filter system has been coo®dy and its performance has been
investigated. The studies accomplished within tHissertation -- particle charge
conditioning by a unipolar corona charger, fundat@ennvestigation of particle
photocharging, calibration and modeling of a maigrfdter, and magnetic susceptibility
characterization of lunar dust simulants -- arersanized as follows.

8.1.1 Particle Charge Conditioning by a Unipolar Corona Charger

The performance of a prototype corona-based, lariperosol charge conditioner
has been experimentally investigated. The construcif the prototype consists of an
outer metal case and a corona discharge tube mudglihieone end capped with a metal
screen. lons produced by the corona discharge raoah@ driven through the metal
screen by a weak, biased electric field betweerstheen and conditioner case (i.e., ion-
driving voltage). The ion concentration in the g zone can thus be controlled by
varying ion-driving electrical field strength. Tharticle charging zone in the prototype is
defined as the space between the metal screenhan@erosol exit channel of the
prototype case. The nearly longitudinal electrfed in the charging zone is established
by the geometric arrangement of the outer caseaarmbsol exit tube (both of which are
grounded, and the tube module with the ion-driviniage). The design of the charging

zone in the charger also enables the quick expanficles once they are electrically
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charged, thus reducing the loss of charged pastidi® sheath air was used in this
prototype. The aerosol is directed into the prgietpy two inlets located at opposite
positions, and then flows into the charging zona 4 angle to the center axis. The
flow design minimizes the potential contaminatidrttee corona needle tip by particles,
thus prolonging the needle’s lifetime.

The performance of the prototype was optimized @rying operational
parameters (i.e., aerosol flow rate, corona curi@mi ion-driving voltage) to achieve its
maximum extrinsic charging efficiency. The optiniea experiment was done with
monodisperse Ag particles 10 nm in diameter. Basedur finding, the corona current
had negligible effect on the charging performanicine prototype. The corona current of
2 uA was thus used in the rest of our study. Our staldp found that operating the
prototype at a 3 Ipm aerosol flow and an ion-dgvivoltage of 600 V offers the
maximum extrinsic charging efficiency.

Both intrinsic and extrinsic charging efficiencigisparticles in diameters ranging
from 5 to 50 nm were measured at the optimal operatonditions. This prototype
provides higher extrinsic efficiency than otherama-based unipolar chargers for both
positive and negative charging. Charge distribioof monodisperse particles
downstream of the prototype, operating at a 3 l@rosol flow rate, a 21A corona
current and various ion-driving voltages, were meas by the tandem-DMA technique.
The experimental data of particle charging efficies and charge distributions agree
reasonably with the calculated results. The chaigiibution measurement confirmed
that after passing through the prototype the chdigibution of particles is variable

through the control of the charging ion concentratby changing the ion-driving
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voltage. The birth-and-death charging model with Buchs limiting sphere theory was
used to obtain th&\it values at different operation conditions via bfising to the
measured intrinsic charging efficiency. The saxtevalues obtained were also used in
the birth-and-death charging model to calculate ¢harge distribution of particles.
Reasonable agreement was achieved when the celtwula&rge distributions of particles
were compared with the extrinsic charge distrimgioneasured. The result implies a
reduced loss of charged particles in the prototyaa existing unipolar chargers in
which the aerosol flow direction is perpendiculathe electric field direction.
8.1.2 Investigation of Aerosol Charging Using Pen-type UV Lamps

Particle photocharging for particles of various enatls (i.e., Ag, F€s;, Ca;0,,
ZnO and TiQ) has been investigated through a simple UV changér pen-type UV
lamps. The studied UV charger consists of a quatiz about 7 in. long as the aerosol
irradiation zone, four low-pressure Hg lamps lodagound the quartz tube, and an outer
cylindrical aluminum case with aerosol inlet at el and outlet at the other end. The
charger also has an ion trap section at the exiteofuartz tube to remove free ions.

We experimentally evaluated the performance ofMecharger operated at 5
Ipm flow rate and with four UV lamps using monodisge Ag with diameters from 7 to
30 nm and metal oxide particles with sizes ran@iom 50 to 200 nm. We characterized
both extrinsic and extrinsic charging efficiencedsthe UV charger, and measured the
charge distributions of particles passing through WV charger using the electrostatic
precipitation technique for particles of sizes &r¢han those studied in previous work.
We also compared the performance of the UV chamekisting corona-based chargers.

The studied UV charger provides higher extrinsiarging efficiencies than corona-based
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unipolar chargers for Ag particles. The extrindramging efficiency of the prototype is
higher than 80% for particles of diameters lar¢ggant15 nm. Depending on the material
of test particles, the charging efficiency of th&/ W@Gharger varies much, showing
significant material dependence for the photoclmgrgi Charge distributions of
monodisperse Ag and #@&; particles at the exit of the UV charger, operatn@ 5 Ipm
aerosol flow rate and with four UV lamps turned were measured by the electrostatic
precipitation technique. The charge distributior26fnm Ag particles is similar to that of
100 nm FeOs; particles, which further concludes the materiapetelence of the
photocharging process.

To evaluate the effect of irradiation intensity particle photocharging, we
measured the charging efficiencies and chargeiluisivns for Ag particles with sizes
from 7 to 30 nm at an aerosol flow rate of 5 Ipnithvone, two, or four lamps turned on.
This study used the UV charging model with the pbotission following the Fowler-
Nordheim law to obtain thK.l values at various operational conditions by bigstd to
the measured intrinsic charging efficiency. The esd¢d values obtained above were
then used in the charging model to calculate thergeh distribution of particles. The
study achieved reasonable agreement between daltuland measured charge
distributions of particles.

8.1.3 Calibration and Modeling of a Magnetic Filter

A magnetic filter system has been constructed amdoerformance has been
evaluated to measure particles’ magnetic propetigsusing monodisperse-Fe0O;
particles ranging in size from 100 to 300 nm. la fystem, SS 430 screens were placed

in the magnetic filter element and exposed to d@ereal magnetic field generated by an
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electric coil. Under the exposure of an externagmeic field, mesh screens were then
magnetized and the high magnetic field gradieratesk by magnetized wires facilitated
the collection of magnetic particles when they weassed through the filter element.
The particle concentrations upstream and downstdahe magnetic filter element were
measured by an UCPC. Particle penetration obtam#te experiment was found to be a
function of particle size, particle magnetic prapemd wire magnetization in general. In
this study, a numerical model was also developed thie finite element package
COMSOL Multiphysics 3.5. In the modeling, a singiesh screen is represented by an
assembly of unit cells. The model then solved tbe fand magnetic fields, and the
particle trajectory in a representative unit cdlhe relationship between the particle
penetration and the magnetic property for a givartigge size, aerosol flow rate, and
external magnetic field were obtained by the mo@lee numerical model was validated
by comparing the calculated penetration with thpeexnental data, the former being
calculated with the measured magnetic susceptillit100, 150, and 250 nmFe0;
particles via VSM. The magnetic susceptibilitiesotier sizes from 100 to 300 nm were
also obtained by this model, according to the mregispenetration data. In general, the
magnetic susceptibility of-FeOs particles is in the same order of magnitude. We
observed that particle magnetic susceptibility &dasinor dependence on the particle size
and applied external magnetic field strength.
8.1.4 Magnetic Susceptibility Characterization of Lunar Dust Simulants

In this investigation we characterized eight lugsianulant samples (three JSA-1A
series, two NU-LHT series, and three mineralshimgize range from 150 to 450 nm via

a magnetic filter system. The magnetic suscepidsliof DMA-classified lunar dust
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simulant particles were obtained from the diffeeeme particle penetration through a
screen filter with and without an external magnégtd using the correlation calculated
in the previously developed model. In general,whkies of magnetic susceptibilities of
tested samples were all on the order of<D*. The magnetic susceptibility values
decreased with increasing particle diameter in shealied size range. Further, the
magnetic susceptibilities of the JSC-1A series lagher than those of the NU-LHT

series and the minerals, a result which is attetwb the composition difference between

two simulant series.

8.2 Recommendationsfor Future Research

The unipolar charge conditioner developed in thislyg has the design of parallel
directions of electrical and aerosol flow fieldgyiable control of ion concentration in the
charging zone, and direct particle exit once theigas are electrically charged, thus
reducing the loss of charged particles. Howeverstil has space to improve by
optimizing the charger structure, such as the dsienof the charging zone and the
angle of the aerosol stream into the charging z8imee multiple charges of particles is
always an issue in the data analysis when usingr@na charger as a component of a
particle sizer, the charge conditioner may be adgwmuation in this area. It can provide
high charging efficiency when measuring small jgéeti, and reduce multiple charges for
large particles by altering the ion-driving voltag®¥e use the birth-and-death charging
model with the Fuchs limiting sphere theory to abthe Nit values and calculate the
charging efficiency and charge distribution. Thecdepancy between the experimental

data and modeling results can be attributed tdase of charged particles and the non-
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uniform ion concentration in the charging zone. ¢tgndetailed simulation on the
charging process is needed to consider these ttar$a

Although metal and metal oxide particles have bésrestigated, for the
fundamental study of aerosol photocharging, otletigles, e.g., salt and organics, also
should be tested to further explore material depeoel. The effect of light intensity has
been experimentally evaluated by varying the numbkrlamps and theoretically
represented by the parameltén the model. A light intensity meter is neededrteasure
the intensity value so that th€&. value can be further retrieved from the model and
compared among different particles. In fact, redeans have proposed the theoretical
models to calculate th€. values among different elements. The differenew/den the
modeling results and experiment data require farthevestigations on particle
photocharging process in both theoretical and éxyeital ways. Moreover, other factors
of aerosol photocharging, e.g., particle conceioinatnd ion recombination, can be
studied in the future.

For the magnetic filter, the lower detection limdf particle magnetic
susceptibility was on the order of 40limited by the field strength that is presently
available with this apparatus. For particles witagnetic susceptibility lower than 10
the resultant magnetic force acting on particlegeanthey pass through the screen filter is
so small that it could not enhance the particlpgnag in the filter element in addition to
diffusion. The induced magnetic force is a functidithe external magnetic field strength
and magnetic field gradient. Thus the detectionitliof the system can be further

improved by optimizing the system operating paramsetsuch as applying a stronger
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external magnetic field strength or using screeitis stronger magnetic properties and/or

with finer mesh.
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Abstract

We have developed a miniature disk electrostatrosamé classifier (mini-disk
EAC) for use in electrical mobility-based persomanoparticle instrumentation for
measurement of personal exposures to nanoaerdHws.prototype consists of two
parallel disk electrodes separated by an eledyidakulating spacer, to create the
particle classification zone. The aerosol enters efits the classification zone along the
bottom disk electrode. An additional, particle-frelgeath flow is used to improve the
measurement resolution. The transmission measutavhéme mini-disk EAC for DMA-
classified particles shows that particle lossestdudiffusion and electrical image forces
were low. The particle penetration at 10 nm diamétee designed lower size limit for
the classifier) was 67% when the prototype wasaipdrat the aerosol and sheath flow
rates of 0.5 and 1.0 | mifn respectively. The performance of the mini-disk@Emas
experimentally characterized using the particleoffutcurves that describe their
penetration through the classifier as a functiorapplied voltage across the two disk
electrodes. Based on the measurement of particietyagion at different aerosol and
sheath flows, it was found that the aerosol anctshiow rates of 0.5 and 1.5 | riin
were optimal for classifier operation. Finally,ens-empirical model was also developed

to describe the transfer function of the mini-dt&SkC for non-diffusive particles.

Keywords:miniature mobility classifier, nanopatrticle sizpersonal aerosol exposure

135



1. Introduction

Particles in the submicron and nanometer rangeofiem encountered in the
exhaust of combustion sources, chemical processgserosol reactors (Hildemann et
al., 1991). Examples of combustion sources andegs®s include waste incinerators,
welding processes, cooking ovens, smelters, nuoéaator accidents, utility boilers, and
the exhaust from automobile, trucks, and jet adit¢Biswas and Wu, 1998). Meanwhile,
nanoparticles of different physical and chemicabparties - the building bocks for
Nanotechnology - have been synthesized in chem@adttors for modern industrial
applications. Examples of such nano-materials arbon black, pigments, and other
nano-materials for technological applications sashoptical waveguides and advanced
ceramic powders (Biswas and Wu, 2005). While unifyuretionalities of nanoparticles
make them attractive for technological applicatjotisee very same properties may
possibly create adverse health effects. As a rethdte is a growing concern over the
potential health risks from exposure to these rna$ein industrial environments. Recent
toxicological studies of fibrous and tubular nantipkes (Lam et al. 2004; Poland et al.
2008; Shvedova et al. 2003; Shvedova et al. 200drhéit et al. 2004; Warheit 2006)
have shown that at extremely high doses these ialatare associated with fibrotic lung
responses and result in inflammation and an ineckask of carcinogenesis. Data on
personal exposure to engineered nanomaterialsryslivaited, partially due to lack of
suitable instrumentation. Therefore, miniature, -mgt instrumentation to monitor
personal exposure to nanoparticles in the workphaligolay an important role in design

and implementation mitigation strategies.
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Existing personal particle samplers are primardgused on particles larger than
0.1 um. In these devices, particles are inertially saigal and then collected at different
stages within the personal impactors or cyclondsee Tanual measurement for the
particle mass collected on each impactor/cycloagestafter the exposure is necessary
(Lee et al., 2006, Misra et al., 2002, Koch et99; Chen et al., 1999). These samplers
have been widely applied for particle measuremientifferent environments (Liu et al.,
2002, Mader et al., 2001). While the inertial-sepian-based devices work well in
separating particles in the supermicrometer aneuppbmicrometer range, they are not
effective for collecting particles in lower subnoaneter and nanometer size range.

Electrical mobility-based particle sizing techniguen the other hand, are ideal
for measuring nanometer sized particles down tanl A typical electrical mobility-
based particle sizer consists of three essentiaipooents: a particle charger to
electrically charge the sampled particles to a kmasharge distribution, a particle
electrical mobility-based classifier, and an aerastector to measure the concentration
of the classified particles. Widely used mobilitgded instruments that measure particle
size distributions in the lower submicron and naetanrange, such as the scanning
mobility particle sizer (SMPS; TSI model 3936), anere suitable for laboratory and
scientific studies. Their size, weight, and cost prohibitive for their use as personal
exposure monitors.

To develop the miniature version of electrical nhiopiparticle sizer, it is
necessary to significantly reduce the size of tw®sol charger, the particle classifier,
and the detector. To address these concerns, &i €008) have recently developed a

miniature, low-cost disk-type electrostatic aerga@cipitator. Despite its compact size,
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the prototype device provides satisfactory penetrator charged particles. Qi et al.
further developed a semi-empirical model to desctiie penetration curves of charged
particles through the precipitator. While the milisk precipitator performs well for the
task of altering the size distribution of sampleattigles, it can not separate charged
particle via selected electrical mobility, conseauaflye making it difficult to retrieve more
precise particle size distribution.

For use in personal nanoaerosol sizer, we havegrssiand evaluated a new
miniature disk electrostatic aerosol classifier nrdisk EAC). The prototype used
parallel disk geometry and is described in detailthe following section. A similar
electrostatic aerosol analyzer (EAA) that uses atadlow configuration has been
developed before (Pourprix and Daval, 1990). Thacjpal difference between the
previous designs and our current prototype is éndésign of the aerosol and the sheath
flow directions. The device developed by Pourpnd ®aval (1990), introduced a design
where both the aerosol and sheath flows come fhenotiter edge of parallel disks while
ours reverses the direction of both flows. Morepwie size of our prototype is
significantly smaller compared to the earlier desigDifferential mobility analyzers
(DMAs) with the radial configuration, i.e., the Sp@meétre de Mobilité Electrique
Circulaire (SMEC) and the Radial Differential Matyl Analyzer (RDMA), have also
been developed (Pourprix, 1994; Zhang et al, 1996¢ inclusion of monodisperse
aerosol flow channels in these radial flow DMAsaptially increases the manufacturing
cost for personal particle sizers. Low cost is phienary reason for adopting an EAA-

type scheme in this work compared to DMA-type défgial classification scheme.
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In the following sections, we report on the desigrthe mini-disk EAC and on
the experimental evaluation of its performance. &/aluated the performance of our
prototype by measuring the penetration efficientyarticles with a specific electrical
mobility as a function of applied voltage at a tixaerosol flow rate. A critical electrical
mobility Z,., defined as the electrical mobility of particleaving 50% penetration as
they pass through the prototype for a given voltage then be determined from the
penetration measurement. A simple model was fudbéwed in this study to predict the
performance of the prototype. Furthermore, the ewxmmntal transfer function of the
mini-disk EAC was retrieved based on the deconimiuscheme assuming non-diffusive
transfer function for DMA and compared with thedtetical transfer function from the

proposed model.

2. Design of theMiniaturedisk Electrical Aerosol Classifier
The schematic diagram of mini-disk EAC with critichmensions is shown in

Fig. 1. The prototype consists of a top metal ditdctrode and a bottom metal disk
electrode, which is embedded in the delrin cavigec The particle classification region
in the miniature classifier is created by the sgaetsveen the top disk electrode plate and
the bottom disk electrode; the gap between the dlextrodes is controlled by an
electrically insulating spacer of 1.6 mm heightedifically charged particles are
introduced into the classification region throudje tircular entrance slit, formed by a
flange centrally attached to the aerosol entranbe tand the cave-in at the center of the
bottom disk electrode. The spacing and aerosol figection angle of the entrance slit is

controlled by the contours of the tube flange ahthe cave-in. The particle-free sheath
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flow is delivered to the classification region bylew entrance, formed by the annular
space between central aerosol tube and an outerThle sheath flow is supplied through
a side tube as shown in Fig. 1. Three annular,dlotated close to the outer edge the
bottom disk electrode, allow aerosol to exit frohe tclassification region. Classified

particles, after passing through the annular sloexge together and then leave through

the central tube at the bottom.

Aerosol flow
J, in
| -
=3 Metal |
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Unit: mm 1% Sheath
| )
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3
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Figure 1 Schematic diagram of prototype miniatus& dlectrical aerosol classifier

High electrical potential is applied to the bottalisk electrode. The top metal
disk electrode plate is electrically grounded. 8iice aerosol enters the classification
region along the bottom electrode, it will be nesegg to maintain the polarity of the
bottom electrode same as that of the aerosol femtin order to classify the particles.
When a uniform electrical field is established bew the electrodes, the trajectories of

charged particles in the classification region vd#éflect towards the top disk plate.
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Particles with sufficiently high electrical mobylitvill deposit on the top metal disk, and
those with less mobility will exit the classifier.

Compared with the miniature disk-type electrostagoosol precipitator designed
by Qi et al., a sheath flow is introduced into tthie mini-disk EAC, which could provide
the opportunity to separate charged particle basetheir electrical mobility and give

more precise information for retrieving particleesdistribution.

3. Experimental Setup for the Evaluation of Miniature disk Electrical Aerosol
Classifier

Shown in Fig. 2 is the schematic diagram of theeeirpental setup used for the
performance evaluation of mini-disk EAC. Two di#fat techniques were used to
generate test aerosols. Polydisperse Ag particlils @lectrical mobility diameters
ranging from 10 to 50 nm were generated by the @ejon-condensation technique
(Scheibel and Porstenddrfer, 1983). Ag powder viasepl in a ceramic boat located in a
high temperature tube furnace (Lindberg/Blue MaZi€b8114A-1). Nitrogen at the flow
rate of 1.5 | mift was used as the vapor carrier gas, passing thmugihe placed in the
furnace. The flow rate of the carrier gas was ratgal and monitored by a needle valve
and a laminar flow meter prior to its introductiém the furnace tube. The powder
material in the ceramic boat was evaporated at keghperature, and its vapor was
carried out by the nitrogen gas flow. At the exittbe furnace tube, polydisperse
nanoparticles were formed by mixing the vapor eargas with particle-free air at room
temperature. A constant-output, custom-made atomzas used to produce KCI

particles with electrical mobility sizes from 50 1@0 nm (Liu and Pui, 1974). The flow
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rate output from the atomizer was 4.0 | thivhen the compressed air pressure was at 30
psig. Droplets produced by the atomizer were pagbedugh a P3° radioactive
neutralizer to remove electrical charges on thdighes, and also through a diffusion

dryer to remove the solvent in droplets.

Compressed Air  ~ oIl R@ZM .
Laminar
Flow Meter Electrostatic
2 Classifier with
Compr Kr® charger —H22F
sed Air& - (TSI 3080)
Laminar
Flow Meter

Furnace
Dilutor

Laminar
Flow Meter

L aminar ] Compressed || A
Flow Meter Ty |Air >
T -
Dryer [eics UCPC ]
(TSI 3025A) Laminar
Hv  Flow Meter

Compr essed
Air >

Figure 2 Experimental setup for the measuremenpasficle penetration and cutoff

curves

A differential mobility analyzer (DMA, TSI Model 31) was used downstream
from the polydisperse aerosol generation systenabtain near-monodisperse particles
of desired sizes. Prior to introducing into the DMAe polydisperse aerosol was passed
through a K¥ radioactive bipolar charger to impart a steadyestharge distribution
(Knutson and Whitby 1975). The DMA was operatedraterosol flow rate of 1.0 | min
and at the sheath flow rate of 10.0 | fhitSince the mini-disk EAC can be operated at

different aerosol and sheath flow rates, clean cesged air was used as the sheath flow
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regulated and monitored by a needle valve and am&rflow meter. The total flow rate
of the mini-disk EAC was controlled by an Ultrafif@ndensation Particle Counter
(UCPC, TSI model 3025A), operated at a high flokerand a vacuum pump with a
needle valve.

The transmission efficiency of singly charged et through the prototype was
first measured at different particle sizés.this part of the experimenparticle number
concentrations both upstream and downstream ofrtimé-disk EAC, Ny, and Ngn(0)
respectively, were measured by a UCPC. The patiiatessmission efficiency was then

obtained by the ratio df4n(0) andNyp:

Ndn (0)

up

Transmissin=

(1)

To measure the particle cutoff curves of the miskdEAC, DMA-classified
aerosol were directly introduced into the classiffeor each electrical mobility of the
DMA-classified aerosol, we first measured the petconcentration downstream from
the mini-disk EAC with no voltage applied, i.eNgy(0). Downstream particle
concentrations at different voltage settingk,(V), were then measured. As applied
voltage was gradually increased from zero, morebirof particles precipitated on the
top electrode. All charged patrticles eventuallycppated when sufficiently high voltage
was applied. The particle cutoff curve for a givelectrical mobility of the DMA-
classified aerosol was obtained by the measurdctleapenetration®) as a function of

applied voltage:

— Ndn(v)

- Ndn(o) . (2)
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4. Resultsand Discussion
4.1 Particle Transmission Efficiency

Fig. 3 shows the measured transmission efficierfcgirggly charged particles
through the mini-disk EAC operated at an aerosmkftate Q) of 0.5 | min' and the
sheath flow rate @) of 1.0 | mir'. Monodisperse particles in the diameters ranging
from 10 to 120 nm were used for the measuremerg.dvident that the particle loss is
not significant despite the narrow spacing of thassification region. The loss of
particles larger than 60 nm is negligible. As expddhe loss of singly charged particles
in the prototype increases as the particle sizeedses. The singly charged particle
penetration of the prototype reduces to 67% atrh0More, the data-fitted equation in
Fig. 3 can be used in the data reduction schenredover the size distributions for

particles larger than 10 nm in diameter.

100

80
y = 0.3326+ 0.6569% (L— exp(-0.0740x x))

40

Transmission efficiency (%)

20

® Q,=0.5Imin"Qu=11min™*

0 1 1 1 1
5 10 20 50 100 150

Dp (nm)

Figure 3 Transmission efficiency of singly chargedticles in the mini-disk EAC
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4.2 Penetration curves of Miniaturedisk Electrical Aerosol Classifier

The performance of mini-disk EAC is characterized the so-called particle
cutoff or penetration curve, which describes thetiigla penetration as a function of
applied voltage. During the performance characéon, the top disk electrode of the
disk classifier was electrically grounded, and higiitage was applied at the bottom
electrode.

Shown in Fig. 4 are the cutoff curves of particB®&nm in diameter that have
different aerosol flow rates but a constant td@lfrate Q) of 1.5 | miri* (i.e., Qa+Qsp).
The measured particle penetration at voltAgevas normalized with transmission
efficiency atV=0 and the applied voltage was normalized usigg the voltage at 50%
particle penetration. The standard deviation fochedata point includes the UCPC
fluctuation. As expected, the slope of particleofiuturves, defined as the slope of lines

tangential to the 50% normalized particle penairgtincreases with the decreasing ratio

of the aerosol to the sheath flow ratgs=(

gah ). The results also show that sharpness of

cut-off couldn’t be significantly improved when ttig was reduced below 0.5 | miinlt

is worth noting that a lowef also means greater dilution of the aerosol flowtirx the
classifier. Dilute particle concentration may preséifficulties in aerosol concentration
measurement, particularly if one is using Faradegecelectrical detectors. Therefore it is
desirable to operate the classifier at the higphessible aerosol flow rate and the lowest
acceptable aerosol-to-sheath flow rate ratio. Withabove consideration, the prototype
was operated at th€,=0.5 andQ= 1.5 | min', respectively, for the subsequent

experiments.
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Figure 4 Particle cutoff curves of the disk classiffor 80 nm particles at different

aerosol flow rate while keeping the total flow rate1.5 | mirn*: Normalized

penetration vs. normalized voltage

Shown in Fig. 5(a) ar¥so for 80 nm particles when the classifier was opsetatt
different values o€); but at constar, of 0.5 | miri*. The results demonstrate that higher
voltage is required to achieve the same particleetation efficiency a€); increases,
keeping theQ, constant. Shown in Fig. 5(b) are the particle futoirves with the
normalized voltage abscissa for 80 nm particlesnwtiee classifier was operated at
different values ofQ; but at constan®, of 0.5 | miri'. In the figure, the measured
penetration is normalized with respect to transimisefficiency atv=0. All the data at
different applied voltages collapse into one cuiMais indicates that the effect gfon

the characteristics of penetration curves of theiqaisk EAC is negligible whep<0.5.
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Since lower voltages are preferable for personatrumentation applications, it is
desirable to maintain lower sheath flow rates malassifier. Therefore, it is desirable to

operate the mini-disk EAC at@ < 1.5 | mir* andg= 0.5.

3500

3000 - {
2500 A {

2000 - E
1500 A E

1000 A

Vo (V)

500 -
® Q,=05Imin*

O T T T T
1.0 15 2.0 25 3.0 3.5

Q, (Imin)

Figure 5(a) Voltages at a 50% penetrati¥g) for 80 nm particles when the classifier
was operated at different total flow rate while ieg the aerosol flow rate

of 0.5 | mint
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20
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Figure 5(b) Particle cutoff curves of 80 nm padsgclvhen the classifier was operated at
the aerosol flow rate of 0.5 | minwhile varying the total flow rate:

Normalized penetration vs. normalized voltage

Shown in Fig. 6(a) are particle cutoff or penetmatcurves for different DMA-
classified particle diameters when the prototypepisrated aQ.= 0.5 andQ=1.5 | min’,
respectively. Y-axis represents the measured paietr efficiency normalized with
transmission efficiency at=0. As expected, théso increased with the increasing particle
diameter. The critical electrical mobiliB., defined as the electrical mobility of particles
having 50% penetration as they pass through thetype for any given voltage, can
thus be determined from the particle cutoff cunkeg. 6(b) shows the same data shown

in Fig. 6(a) except that the normalized voltage wased as the abscissa. The curves
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collapse into one curve in Fig. 6(b). This showat the penetration characteristics, or the

transfer function of the classifier, are relativebnstant over the size range of interest.
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Figure 6 Particle cutoff curves of different paeisizes when the classifier was operated
at the aerosol and total flow rates of 0.5 and I1rBin™, respectively: (a)
Normalized penetration vs. applied voltage; (b) Nalized penetration vs.

normalized voltage

5. Semi-empirical Model to Describe the Transfer Function of the Mini-disk EAC

The transfer function is defined as the probabilitst an aerosol particle which
enters the mobility analyzer via the aerosol imdt leave via the aerosol outlet. The
difference between the transfer function and theftaurve of the mini-disk EAC is that
the cutoff curve is actually the convolution ofrtséer functions of both the DMA and the
mini-disk EAC. There are three reasons for develp@ model to describe the particle
transfer function of the prototype. One is to usthrd the fundamental precipitation
mechanism governing the prototype. Another is thatdeveloped model can be used to
predict the particle transfer functions of differeizes when the operational condition of
the prototype is varied. The third reason is thehsa model will be necessary for data

inversion scheme to recover particle size distidnst

ground

!
S R A i
B ~

< o1 >

< o2

\ 4
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Figure 7 lllustration of the particle classificatigegion in the prototype used in the
modeling. Included in the illustration are flow esimlines for defining

polydisperse aerosol, sheath and total flow rates.

Shown in Fig. 7 is the simplified particle classdfiion region of the classifier.
Due to the axisymmetric geometry of the prototygdy half of the classification region
is shown. Cylindrical coordinate system, with thand z denoting the radial and axial
coordinates, respectively, is used in the followohgrivation. Neglecting the particle
inertial and diffusion effects on the particle sport behavior in the classification region,
we find that the trajectory of a charged partislgoverned by the following equations:

dr

azur-l‘ZpEr, (3)
g—tZ:uZ+ZpEZ, 4)

where,Z, is the electrical mobility of the particle, calatdd as

_ neG
Zp = 3, ®)

in whichn is the number of elemental electrical chargesantigtes,C. the Cunningham
correction factory the gas viscosityy: and u, the radial and axial components of the
flow velocity; andE, and E, the respective components of the electrical fiédthis
derivation, we also assume that the electricadl fthstortion at the aerosol entrance and
outlet is negligible because of the narrow slitcapg. The electrical field is thus constant
in the axial direction and zero in the radial dil@e. Similarly, we assume the flow

distortion at the aerosol inlet and outlet to beligéble. The flow velocity in the
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classification region of mini-disk EAC is therefaaesumed to be in the radial direction
only.

With the above assumptions, the particle streanctimm formulation for non-
diffusive particles is used (Knutson and Whitby7%9

r(r,2)=y(r,2)+Z,0(r,2) (6)
which is expressed in terms of the fluid streantcfiom y and the corresponding electric
flux function @. Assuming that the flow is incompressible, lamiaad axisymmetric,

one can define the stream function and electricfilunction by Egs. (7, 8) as follows:

w(r,z) = rf[rurdz— ru,dr], (7)

O(r, 2) = T[rE,dz— (E,dr] = rj.z[—rEZdr] . 8)

Since it is assumed that the particles are nomliffy, the particle stream
function remains constant along the particle ttajgc Therefore the following equation
applies for the trajectory of particles with a giveectrical mobility:

Ay =-Z AD . (9)

Three key streamlinesy, y», andys can be defined in the classification region
and are shown in Fig 7. The streamlingesand y» bound the aerosol flow entering
through the entrance slit. The streamlipgsandys bound the sheath flow. Since both
aerosol flowQ, and sheath floWQs, exit the device from the same slot, the strearaline
and w3 form the boundaries of the total flow. The flovtes of Q, and Qs, can be then

described as:

Q. =27y, —vy), (10)
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Qun=27(y;—v,) . (11)

When charged particles having electrical mobily enter the classification
region and the voltag¥ applied to the bottom electrode, some particlesattracted to
the upper ground plate by the electrical field.rdical streamlingy. can thus be defined.
Particles entering the classification region betwebe streamlinesy, and y. are

precipitated, whergy, <y _<y,, while the others exit the region. Therefore, ipbe$

entering at streamling. move to streamlings; when they exit, and it can be described by

the following equation:

Ve=VYs3+ ZpACD ' (12)
fo2 I,.2 _r-2 V
AD = j—rEzdr:—%a, (13)

fic
whereric is the radial coordinate of the critical streamakn at the entrance slity; is the
radius of the streamling; at the exit slot .
Assuming the particle concentration at the aerasutance is uniform, the

particle penetration is give by:

le_‘//z_‘//c_ (14)
V,—-y,

Submitting Egs (10) - (13) into Eq. (14), we get:

P:1+%—KV, (15a)
where,

7l
K=35 g oz =1ic). (15b)
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The boundary condition v, Sw. <y, then implies

Qud < (Q Y +5)0 Q.)d Qg d :
—=h <7 If < e, Z, <——="—-), all particles pass
ﬂv(rOZZ_rif) P 7ZV(02 |c) l//c l//l( ”V(oz |c)) p p
through the device (i.eR = 1). If v, <y, (i.e., 7(235(" Q. )d) <Z,), all particles are

02 |c

precipitated in the device (i.€,= 0).

In general, Eq. (15) is rather less useful siAdg a function ofi.- a quantity that
is not knowna priori. As an approximatiorr,. can be replaced by an average;ptind
rig [i.e., r, =(r, +1,,)/2]. This error is estimated to be very small for puototype; the

relative difference between the valuesr@f—r? andr?, —r2 is about 5%. It is estimated

that the maximum error introduced by this approsiarain Eq. (15) is less than 3%. To
take into account the non-ideal conditions sucthaslectrical field and flow distortion

at the aerosol entrance and exit, an empiricafficteit o is introduced in Eq. (15b):

7l
K =Q—d"a(roé -1, (16)

The particle transfer function as a function of lsggpvoltage for a certain particle size
can then be modeled using Egs (15a) and 16.

Fig. 8 shows the comparison of the experimental @ldulated voltages at the
50% particle penetration as a function of electnability for the prototype operated at
the aerosol and total flow rates of 0.5 and 1.5 mrespectively. The value of was
assumed to be 1 in these calculations. The exteleement between the experimental
and the theoreticalso at all tested electrical mobility demonstrates #ueuracy and

usefulness of this simple model.
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Figure 8 Comparison of the experimental and prediatoltages at a 50% penetration

(Vs0) as a function of test particle electrical molilit

Since the experimental data is a result of coniaiubf transfer functions of both
the DMA and the mini-disk EAC, the theoretical ndiffusive response of the mini-disk
EAC, obtained by convoluting the DMA and the cléssitransfer functions is also
calculated and shown in Fig. 9(a) as a functiomaimalized voltage for the mini-disk
EAC operated at th®,=0.5 andQ=1.5 | miri*. In this study, the DMA was operated at a
flow rate ratio of 1:10, and the prototype was aped at the flow rate ratif=0.5.
Overall, the slope of the theoretical non-diffusiverve is slightly steeper than that
obtained experimentally. However, the agreemenwéenh theoretical and experimental

values is excellent for penetrations in the rar@&3%.
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Fig. 9(b) shows the comparison of experimental thedretical transfer function
as function of normalized voltage for the mini-diEKRC operated at th€,=0.5 and
Q=1.5 | min*. The experimental transfer function is retrievedda on the deconvolution
scheme assuming non-diffusive transfer functiondiMA (Li et al., 2006). Overall, the
slope of the theoretical non-diffusive curve isoaddlightly steeper than that obtained by
using the experimental data. We also considered pthesible experimental errors,
possibly both a 10% and a 2% variation for the fi@ates of the UCPCQ) and the
laminar flow meters Qs through the classifier. The worst-case scenaiotlie disk
classifier transfer function of the non-diffusivarficles is also shown in Fig. 9(b). The
plot shows that the experimental transfer functioth a penetration efficiency ranging
from 20 to 70% is close to the theoretical worsteceOther possible reasons for the
deviation from the theoretical response could banBian diffusion and flow distortion,
which could lead to smearing of particle trajeaesriThe experimental transfer function
of the mini-disk EAC can be used in the data-reddacscheme to retrieve a more

accurate particle size distribution from the rawadaeasured by the mini-disk EAC.
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voltage when the classifier was operated at thesaéiand total flow rates of

0.5 and 1.5 | mit}, respectively: (a) cutoff curves; (b) transferdtion curves.
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6. Conclusion

We report design and development of an electricability-based prototype of a
miniature disk electrostatic aerosol classifieemted for use in miniature nanoparticle
sizer. This new miniature prototype provides a lmgt solution for miniature
nanoparticle sizers, much needed in spatially iigied particle size measurement or
personal exposure monitoring. Performance of thetoprpe was experimentally
characterized in the laboratory using DMA-classifeerosols. Despite its compact size,
the prototype has satisfactory penetration forlgiobarged particles, as is evidenced by
the penetration measurement of singly chargedgestiwith sizes ranging from 10 to
120 nm. The singly charged particle penetratiothataerosol and sheath flow rates of
0.5 and 1.0 | mit}, respectively, was close to 100% for particledwgizes larger than 60
nm. The penetration decreases as the particladsizeases. The penetration of charged
particles through the prototype was at 67% at dgbasize of 10 nm (i.e., the lower limit
of a particle size targeted for the prototype). eeformance of the prototype was
experimentally characterized by so-called the prttutoff curves, i.e., the normalized
penetration vs. the normalized voltage. The partiolitoff curves were obtained at
different combinations of aerosol and sheath flates in the experimental evaluation of
prototype performance. From the experimental da&recommend the prototype to be
operated at the aerosol and sheath flow ratesSof0d 1.0 | mif, respectively. The
recommended flow rate operation for the prototypddtermined by the facts that (1) the
slope of the prototype’s particle cutoff curves Vaonot be further improved with the
aerosol-to-sheath flow rate ratio less than 0.%;tli2 aerosol concentration would be

further diluted when a lower aerosol-to-sheath fiatio is used—a drawback is one is
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using electrical detectors downstream. In additiorthe experimental evaluation, the
methodology used by Knutson and Whitby (1975) favAD analysis was applied to
develop a semi-empirical model for the descriptbthe particle transfer function of the
prototype. The comparison between the experimelatia and the prediction shows that
the model successfully predicts the voltages at0% %Ppenetration of particles with
different electrical mobilties. However, a comparibetween the experimental and the
calculated cutoff curves shows that the slope efttieoretical particle cutoff curve is
slight larger than experimental curve. The sligiftecence in the experimental and
theoretical slopes may be attributed to particlfusion and flow distortion in the
classification region which leads to smearing efeictories. Nonetheless, the developed
model can be used to optimize the mini-disk EACfqearance. The experimental
particle transfer function of the mini-disk EAC walso obtained by the deconvolution
scheme. The experimental transfer function of tlsk dassifier can be used in the data-
reduction scheme to retrieve more accurate parsizie distribution from the raw data
collected by miniature nanoparticle sizers utilizgihe mini-disk EAC as the size altering

component.
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Abstract

The performance of an Electrical Aerosol DeteckkD; TSI Model 3070A) was
experimentally evaluated for measuring the integialameters of particles (i.e., total
length concentration of particles, and the totafeme area concentrations of particles
deposited in a human lung). The EAD consists ofigalar diffusion charger with an
ion-trap, and aerosol electrometer. We first evaldiathe performance of the EAD
charger. Both polydisperse and monodisperse pestmi Ag, NaCl, and oleic acid (with
the dielectric constants of infinite, 6.1 and 2végre then generated to evaluate the

particle material effect on the EAD readout.

Key words: Electrical Aerosol Detector (EAD); Particle tofaingth; Particle surface

area; Material dependence; Unipolar charger evaluat
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1. Introduction

Nanoparticles are encountered in many industnatesns utilizing aerosol
reactors. Such reactors are used in industry toenmkwvide variety of particulate
commodities, such as carbon black, pigments, anterra for high technology
applications such as optical waveguides and powd@rsadvanced ceramics [1].
Nanoparticles of different physical and chemicabparties are synthesized through
different methods for these new applications. Ailsinscenario is encountered in many
other systems, where a large quantity of the seatalindesirable” aerosols is produced.
Biswas and Wu [2] cite as examples municipal wastenerators, hazardous waste
incinerators, welding systems, exhausts, coke owanslters, nuclear reactor accidents,
utility boilers, and the exhausts from automobiliesel engine, and jet aircraft. As more
studies reveal that nanoparticles may be assoandtbdleleterious health effects [3-6], it
will be necessary to monitor them in closed or anbenvironments where workers or
the public are potentially to be exposed. This setdthe increasing demand/need for a
simple device capable of monitoring the integralapzeters (i.e., total number, length,
surface area concentration) of nanoparticle sig&ibutions. Electrical aerosol detector
(EAD) techniques are thus proposed for the abowvetioreed tasks. A typical EAD
consists of two key components: one for electycalharging aerosols and one that
measures the current/charges on charged aerodwésrebdout of an EAD strongly
depends on the charging technique used.

The measurement of aerosol number concentratiang uEADs can be
accomplished by imparting electronic charges tdiggas and measuring the resulting

charges with an aerosol electrometer. Liu and @euged unipolar diffusion charging
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and electrometer detection to measure the electritarges on particles for aerosol
concentration measurements. John [8] used coniactribcation coupled with an
aerosol electrometer for the monitoring of par@telmatter. In general, the techniques
can be used for precise concentration measuremahtdf the charging characteristics
on particles are constant and measured aerosoks tmev same or very close size
distributions. Further, ion interception by pae&lhas been used by investigators to

determine the number concentration and mean diaroétaerosol systems [9]. In this

method, bipolar ions are produced b??@o source in a cylindrical chamber. As particles
passing through the chamber, the ions are intezdepind the ion current is attenuated.
The measurement of particle number concentratiorthen deduced through the
comparison of the attenuated ion current to thamnfia parallel chamber in which all
particles are filtered. The principle of monitoriran attenuation due to the presence of
aerosol has been applied to smoke detectors corgmnostalled in all the office
buildings and residential houses [10].

The EAD technique had also been proposed to ghelydiameters of particles
[11]. In an aerosol flame ionization detector, aetgarticles passing through a ftame
alter the dielectric properties of the flame regidMith appropriate dilution, aerosol
particles pass through the flame one by one, amdhtlgrated response is simply related
to the particle diameter for a given substance. él@r, the response of the aerosol flame
ionization detector depends significantly upongheticle composition.

More recently, the EAD technique has been proposedonitor the total length
concentration of nanoparticles. Renewed interestainsimple integral parameter

measurement of particles prompted the completesigal@nd introduction of the Model
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3070A Electrical Aerosol Detector (EAD). The EAD aseres a unique aerosol
parameter called total aerosol length concentrdtiom/cn?), which can be thought of as
the product of the number concentration and avepagegcle diameter, or simply as the
first moment of particle size distribution (i.ehetintegral of the size-weighted particle
size distribution). Fig. 1 shows the schematic @iagof an EAD. Sampled particles are
first passed through a small cyclone to removeiglest with diameters larger than 1.0
um. The sampled aerosol flow of 2.5 Ipm is thentspiequally: one portion of the flow
(1.5 Ipm) is directly introduced into the aerosblrging chamber and the other portion
(2.0 Ipm) is used as the carrier for unipolar iogesnerated in the corona discharging
region. The 1.0 Ipm portion of the flow is firstgs@d through HEPA and active carbon
filters to remove particles and vapor contaminantthe stream, then serves as an ion
carry flow. The two split flow streams are combiretd mixed in the aerosol charging
chamber. Particles exiting from the mixing chamdner passed through an ion-trap, with
the voltage set at 20V to remove excess ions. Tdarieal charges carried by particles
are measured in an aerosol electrometer of thel&arage type downstream of the ion-
trap. The output of diffusion charger with ions yided by corona discharge in the EAD
has a linear relationship between particle diamater the number of elementary charge
acquired by particles in the diameters ranging fddhmm to 1 um [12]. The overall EAD
response, which includes internal particle loskdkws a nearly linear power law, with
the net electrometer current proportional to thetigga diameter raised to the 1.133

power [12].
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Figure 1 Schematic Diagram of the Electrical Aef&etector (EAD) under this study

For the surface area measurement of particlesytagrated system consisting of
a condensation particle counter (CPC), mass coratemt monitor (MCM), and
electrical aerosol detector (EAD) were used to attarize the integral parameters (i.e.,
the total number, surface area, and mass condenjrabf sampled particle size
distributions [13]. Recent study using the integdasystem and atmospheric field data
has shown that the EAD readout can be a usefulcatmli of the surface area
concentration of particles deposited in human Iuydg$. It has further been found that
the response of the EAD with the ion-trap voltag&Q@0V correlates with the calculated
surface area concentration of particles depositedhe tracheobronchial (TB) lung
region, and that with an ion-trap voltage set d\2@orrelates with that deposited in the
alveolar (AL) region [15]. Based on this observatithe TSI Nanoparticle Surface Area
Monitor (NSAM, Model 3550) has thus been made concially available to measure
the surface area concentration of nanoparticlessitgal in the TB and AL regions of a
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human lung by adjusting the ion-trap voltage of B8T0A EAD. A portable version of
the NSAM (TSI Model 9000) is also available on tharket.

Due to the unipolar diffusion charger used in E&D, the concern of particle
material dependence on the EAD readout has besedrfl6, 17]. The electrical image
force resulting from unipolar ions moving in thest proximity of particles plays an

important role in the diffusion charging proces$ieTdielectric constant effect on the
resulting image force can be quantified by a faco‘o(K—_i), whereg is the dielectric
K+

constant of the particle material. To investigdte ¢ffect of the particle material on the
EAD readout, calibration factors (i.e., a constemtconvert the EAD readout to the
sampled particle surface area concentration) haen measured using monodisperse
(Ag agglomerates and NaCl, 7 - 100 nm) and polwisp particles (Ag agglomerates,
number count mean diameter below 50 nm) [18]. Nmiicant dependence of the
calibration factors on particle material was codeldi in the study. Both Ag and NaCl test
particles used in the study mostly in the rangs ksn 100 nm have relatively high
dielectric constants: infinite and 6.1, resultimythe image force factor of 1 and 0.71,
respectively. Furthermore, although the configoratand performance of the EAD
charger have been studied previously [19], the ftates used in this investigation are
different. It is thus important to characterize 88D aerosol charger under its current
operational flow rate setting to understand theafbf particle material on the EAD
readout in more detail.

In this work, we first measured the charging éfficy and charge distribution of
particles after the EAD charger using monodispéteystyrene latex (PSL) and Ag

particles (with the dielectric constants of 2.5 amithite, respectively) in the diameter
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range of 4 - 105 nm. We then evaluated the perfocemaf the EAD with the ion-trap
voltages set at 20, 100, and 200 V, using polydsspand monodisperse particles of oleic
acid, NaCl, and Ag (with the dielectric constant2d, 6.1 and infinite, respectively)

with the mean sizes ranging from 20 to 200 nm.

2. Experimental Evaluation of EAD Charger
2.1. Experimental Setup

To investigate the performance of the EAD chargeztustom-made adaptor was
made to sample all particles downstream from th® E#n-trap. In this experiment, no
voltage was applied on the EAD ion-trap. The studycharacterize the charger’s
performance consists of two parts: measuring chgrgificiency and charge distribution
of particles.

Two different techniques were used to generatea@sisols. The setups for two
aerosol generation techniques are shown in FigPdydisperse Ag particles with
electrical mobility sizes ranging from 5 to 50 nreres generated by the evaporation-and-
condensation technique [20]. In this setup, Ag pemwas placed in a ceramic boat
located in a high temperature tube furnace (CM &cenl730-20HT). Nitrogen at a rate
of 2.0 Ipm was the vapor carrier gas, passing tiraa tube placed in the furnace. The
flow rate of the carrier gas was regulated and toogil by a needle valve and laminar
flow meter prior to its introduction through therfiace tube. The powder material in the
ceramic boat was evaporated at high temperatuckjtarvapor was carried out by the
nitrogen gas flow. At the exit of the furnace tupelydisperse nanoparticles were formed

by mixing the vapor carrier gas with particle-fraie at room temperature. To vary the
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mean sizes of generated patrticles, the tube furteacperature was varied from 1000 °C
to 1200 °C for Ag particles. A constant-output, emade atomizer was used to produce
PSL patrticles with electrical mobility sizes frord & 105 nm. The flow rate output from
the atomizer was 4.0 lpm when the pressure of cesspd gas was at 30 psig. Droplets
produced by the atomizer were passed througt& Ralioactive neutralizer and silicon-
gel diffusion dryer before they were used as testsols to remove the electrical charges

and the solvent in droplets.
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(TSI 3080)

Pk

Laminar
Flow Meter
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Figure 2 Diagram of the experimental setup for geformance evaluation of the

unipolar diffusion charger used in the EAD

171



To produce monodisperse test particles, a diffedemobility analyzer (DMA,
TSI Model 3081) was used downstream of both popetise aerosol generation systems
to classify the particles with desired diametemsorPo their introduction to the DMA,
generated particles were electrically charged Kr% particle charger [21]. The DMA
was operated at aerosol and sheath flow ratesOofrid 8.0 Ipm, respectively. A B8
radioactive neutralizer at the DMA monodisperseosalr exit reduced the electrical
charges on classified particles. Neutral test gasiwere needed for this part of the
experiment. To remove all the charged particleadrosol flow stream, an electrostatic
condenser (EC) was installed at the exit of thes®@meutralizer, located downstream of
the DMA monodisperse aerosol exit.

For the extrinsic charging efficiency measuremehe charged fraction of
particles exiting the EAD charger was measured. Tdsk was accomplished by
installing a 2% EC at the downstream of the EAD charger to rentbeecharged fraction
of particles in the flowstream, and then measutirggnumber concentration of neutral
particles after the™ EC by an Ultrafine Condensation Particle Count¢é€RC, TSI
model 3025A). For the charge distribution measurgmée particles leaving the EAD
charger were directly sampled by a Scanning MgbHiarticle Sizer (SMPS, TSI Model
3936) without the K¥ neutralizer in place. The SMPS scanned the etattrobility
distribution of particles exiting the EAD chargdrom which the particle charge

distribution was obtained.

2.2 Calculation of EAD Charging Efficiencies
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In this part of the experiment, the intrinsic ajing efficiency was measured by
the method used by Romay and Pui [22], calculaged a

N
77|n N2 ( )

whereri, is the intrinsic charging efficiency, amd is the particle number concentration
measured with both the charger and EC on, whédgasmeasured with both the charger

and EC off. The extrinsic charging efficiency wasleated by the method described by

Chen and Pui [23], defined as

— (Ns_ Nl/Pec)Qt _
> N4 in

)

Here 7ex IS the extrinsic charging efficienciy; the number concentration of particles
exiting the EAD charger when the EAD charger is Npthe number concentration of
particles entering the chargé;. the penetration of neutral particles through tHeEL.
The total volumetric flow rate exiting the EAD char Q; and the volumetric flow rate of

aerosol entering the mixing chamber in the EAD gbe®;, relates tdQ; as
Q=Q,+Q, 3)

whereQ; is the volumetric flow rate of the ion carrier gas.

2.3 Results on the Performance of EAD Diffusion Char ger

To study the performance of the EAD charger, weasueed the intrinsic and
extrinsic charging efficiencies as well as chargptridbutions of particles exiting from the
EAD diffusion charger using monodisperse Ag pagscin the size range of 5 - 50 nm
and PSL patrticles in the size range of 85 - 105Fig.3 shows the intrinsic and extrinsic

charging efficiencies for the EAD diffusion charggrerated at the designed flow rates
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(i.e., 1.5 Ipm aerosol and 2.5 Ipm total flow ratess expected, the intrinsic charging

efficiency curve is higher than the extrinsic a#fitcy, because of the loss of particles in

the EAD unipolar charger as they become electyicetlarged. The intrinsic charging

efficiency is higher than 95% for particle sizegykx than 40 nm. For sizes less than 40

nm, the charging efficiency decreases as the pmardize decreases. The extrinsic

charging efficiency remains constant at 90% fottiplar sizes larger than 50 nm. The

extrinsic charging efficiency decreases with p&ttiameter below 50 nm.
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Figure 3 Measured intrinsic and extrinsic chargefficiencies for the unipolar EAD

charger used in the EAD. Monodisperse PSL and Aticpes were used in the

experiment

Fig. 4 shows the measured charge distributionsgopd¥ticles in the size range of

15 - 50 nm, and of PSL particles in the range of-8®5 nm. It was found that for
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particles less than 20 nm in diameter, the eladtcbarge on particles exiting the EAD
charger is mostly single. The mean electrical ahang the charge distribution increases
as the particle size increases. If there is obvimegerial dependence, the charge
distribution of PSL particle with large size migh¢ very close or equal to that of Ag
particle with small size. In our case, particlergeadistribution smoothly transit toward
the multiple charges direction from Ag to PSL whecreasing particle size. Therefore,
the smooth transition between Ag and PSL partioledoth charging efficiency curves
and charge distribution implicitly indicates minparticle material dependence on the

EAD readout for the case of monodisperse partesarng.

(a) Ag
100
HEl 15nm
/1 20nm
80 I 30nm
1 50nm
S 60f
5 I
K=l
2 T
LL 40 +
20
0 | | H -ﬂl =1 L O
0 1 2 3 4 5

Number of Elementary Charges

175



(b) PSL
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Figure 4 Measured charge distribution of parti@deging the EAD unipolar diffusion

charger: (a) Ag particles and (b) PSL particles

3. Evaluation of EAD for the Aerosol Integral Parameter M easurements
3.1 Experimental Setupsfor Material Dependence Testing

Fig. 5 shows a schematic of the experimental sétugvaluate the particle
material effect on the EAD readout. The particlegration systems are the same as
described in the section 2.1. For particles widtteical mobility sizes ranging from 20
to 40nm, the high temperature tube furnace was tsquoduce polydisperse Ag and
NaCl particles. To vary the mean sizes of genergiadicles, the tube furnace
temperature was varied from 1000 °C to 1200 °CAfpiparticles, and 650 °C to 750 °C
for NaCl particles. For particles with electricabbility sizes ranging from 80 to 200nm,

a constant-output, home-made atomizer was usetluge polydisperse NaCl and oleic
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acid particles. The mean sizes of test particlewaried by changing the solutions of

NaCl or oleic acid volume concentration from 0.0tt94.%.
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Figure 5 Schematic diagram of the experimentalps&iuthe performance evaluation of

EAD

Different experimental arrangements were used taluate the EAD’s
performance with monodisperse and polydispersécfest For the monodisperse particle
testing, particles were simultaneously introducedooth a UCPC and the EAD (TSI
model 3070A). The particle number concentration aleictrometer current were
simultaneously measured from the UCPC and EAD Hoex@eriments using Ag, NacCl,

and oleic acid particles. For the polydisperseiglartesting, challenge particles were
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simultaneously introduced to the EAD and a SMPS &lel 3936) to measure particle
size distributions after passing through a dilutorboth testing cases, the concentration

of test aerosol was varied in the aerosol dilutor.

3.2 Data Analysis
3.2.1 Calculation of average electrical chargeson individual particles

For monodisperse particle testing, the conceotatdf test particles was
measured by a UCPC, while the electrical currenthef charged test particles was
measured by the EAD. The average chayggon the test particles was thus calculated
as

N )eQ, “

qavg =

where | is the charged particle current measured by EADg,) is the particle
concentration measured by the UCPC; aiglthe charge on an electron e, 1.6*YD.
3.2.2 Calculation of thetotal particle length concentration

For the polydisperse testing, the size distrimgiof test particles were measured
by SMPS and fit to a log-normal distribution, whilee electrical current of the charged
test particles were measured by the EAD. The {oaaicle length concentratioh) is

calculated by
L=>'N;(d,)d,, (5)
i=1

where N(g) is the number of particles in each size bin &f dstribution, measured by

SMPS; and n the number of size bins used in eatitlpasize distribution.
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3.2.3 Calculation of the surface area concentration of particles deposited in the TB
and AL lungregions

Fig. 6 shows the deposition curves for tracheolt@hdTB) and alveolar (AL)
deposition in a typical human lung. The depositionves were obtained using the UK
National Radiological Protection Board's (NRPB’'d)DEP Software [24], based on the
recommendations of ICRP Publication 66 [25]. Thealining and lung conditions of a
reference worker were used in the calculation elected as the follows [15]:

- Breathing type: nose only

- Functional lung residual capacity: 3301 cc

- Breathing rate (Breath/min): 20

- Ventilation rate: 1.5 fhr

- Activity level: light exercise.

Using the particle size distribution measured byPSMand the particle lung
deposition curves, the surface area concentratfopadicles deposited in different

regions of a human lung (DS) is calculated by
DS=>'N,(d,)zd?27,(d,) (6)
i=1

where(dp) is the particle lung deposition efficiency in thB or AL region of a human
lung. The SMPS particle size distributions werdfitthe log-normal distribution prior to

the calculation using Eq. (6).
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Figure 6 Calculated particle deposition curves afurection of particle size for the
tracheobronchial (TB) and alveolar (AL) regionsaohuman lung (based on

the model given in ICRP, 1994)

3.3 Results and Discussion
3.3.1 Average chargeson particles

Fig. 7 shows the average electrical charges onNag;l, and oleic acid particles
as a function of particle size with the ion-trapltages set at 20, 100 and 200 V,
respectively. The EAD readout was typically belowA for the cases of monodisperse
Ag and NaCl particles with the sizes ranging fro@ ® 50 nm and the number
concentrations ranging from 4*i@ 9*1¢* #/cn?, as well as monodisperse NaCl and
oleic acid particles with the diameters of 80 - 200 and the concentrations from 4*10

to 6*10*#/cnt. Near linear relationships between the partickerage charge and particle
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size are observed for all the test ion-trap voltsgitings. Particles with a high dielectric
constant have slightly more average electric clsafgethe same particle size. Although
the combination coefficient between neutral pagcand ions significantly depends on
the dielectric constant of particles [26], it isushbelieved that the effect on the EAD

readout is considered minor but detectable in @ses of particles acquiring multiple

charges.
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Figure 7 Measured average charges on monodisp&sel&Cl, and oleic acidparticles

when the EAD ion-trap voltages were set at (a) 20y 100V; and (3) 200V
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Based on the near linear relationship betweencpaeverage charge and particle
size, it is not surprising that the EAD readoutpi®portional to the total length
concentration of sampled particles. In fact, tredorit of an EAD test can be correlated
to any integral variables if the variables aredig proportional to the particle size. As
an example, Fig. 8 shows the curves of the sudaea of a particle deposited in the TB
and AL region of a human lung as a function of ipkatsize. The curves were created
based on ICRP lung model [25]. There is a neaatfimelationship between the particle
surface area and patrticle size in the range frorto ¥D0 nm. Based on this observation,
the EAD readout can be correlated to the surfae@ eoncentration of particles deposited
in TB and AL regions of a human lung for particiardeter in the range of 10 - 400 nm.
Therefore, with the proper calibration, the EADd®eat can be used as an indicator of
surface area concentration of particles deposite@iB and AL regions. Note that the
curve of deposited particle surface area may ndtnearly proportional to the particle
size due to, for example, the hygroscopic propeftparticles. The size of hydrophilic
particles entering a human lung will increase, dgfly in high relative humidity,
resulting in increased particle deposition. Thelitranal ICRP deposition curve may be
altered and become non-linear in the entire singaaln such cases it will be hard to
correlate the EAD readout to the surface area curateon of particles deposited in a

human lung.
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Figure 8 Calculated surface area of particles deggbs the tracheobronchial (TB) and
alveolar (AL) regions of a human lung. The data wasved from the curves

given in Figure 6

3.2.2 Effect of particle material

Polydisperse Ag, NaCl, and oleic acid particles evesed to test the EAD
performance at high concentration (i.e., up to BGopan EAD readout; compared with
up-to-1-pA EAD readout in monodisperse particldaibgg. Fig. 9 shows the correlation
curves between the calculated total particle leragttit EAD readouts for polydisperse
Ag, NaCl, and oleic acid particles with the iongineoltage set at 20 V. For Ag and NaCl
particles generated by the furnace, the particlamszes, number concentrations, and
geometrical standard deviations range from 20 tar80from 3*16 to 9*1C #/cn?, and
from 1.5 to 1.6, respectively. For the cases of INa@ oleic acid particles generated by
atomizer, the particle mean sizes, number condens and geometrical standard
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deviations are ranging from 80 to 200 nm, from 2*05*1¢ #/cn?, and from 1.65 to
1.8, respectively. The linear relationship betwéles EAD reading and the calculated
total particle length are evident in all the curvieimear regression analysis was applied
to identify the slopes of all the curves. It wasirid that in general the slopes of the
correlation curves decrease with the increase iticfadielectric constant. The minor
particle material dependence observed in monodispearticle testing is amplified
herein by the compound effect of particle mategiad polydispersity in this testing. For
the correlation curves at 20V ion-trap voltage (ghan Fig.9a), the variation of line
slopes is about 15% when changing the dielectmstamt of the particles’ material from
2.5 to infinite. It is important to notice that tiséope difference between the cases of
NaCl and Ag particles is in fact negligible. Thep variation of the correlation lines at
20V ion-trap voltage between the cases of NaCl Agdparticles is about 3%. The
observation of the negligible material dependenctéhe correlation curves for NaCl and
Ag particles agrees with what reported by Shinl.dtl8]. The most prominent difference
in the correlation line slope occurs between tremsaf NaCl and oleic acid particles.
Figs. 9b and 9c show the correlation curves betwkercalculated surface area
concentration of particles deposited in the TB Ahdung regions and EAD readouts for
polydisperse Ag, NaCl, and oleic acid particleshvitie EAD ion-trap voltage set at 100
and 200 V. The general trends of correlation cufeesdeposited particle surface area
testing are the same as those for the cases bptotecle length testing. The slope of the
correlation line decreases with an increase ingbardielectric constant. The variation of
the line slopes for TB and AL correlation curves about 13% and 5%, respectively,

which is less than that observed in the case af fi#tirticle length testing. Based on the
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experiment evaluating the EAD charger, particlehwiigh dielectric constant acquire
more charges in the EAD charger; however, the cpresd loss of charged particles in
the ion-trap dwarfs the particle material effechisToffsetting loss is reflected in the
observation that the particle material effect oa HAD readout is less detectable at

higher ion-trap voltage in the cases of monodisparsl polydisperse particle testing.
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Figure 9 EAD Correlation curves (a) between theudated total particle length and
EAD readouts with 20V ion-trap voltage; (b) betwdbe calculated particle

deposited surface area in TB region and EAD cumegdouts with 100V ion-
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trap voltages; and (c) between the calculatedghantieposited surface area in
AL region and EAD readout with 200V ion-trap voleagThe data were
obtained by using polydisperse oleic acid, NaCl &au particles with the

dielectric constants of 2.5, 6.1 and infinite, esyvely.

4 Conclusion

In summary we have (;haracterized the intrinsic andrinsic charging
efficiencies, and charge distribution of partidesthe unipolar diffusion charger used in
the studied EAD. The charger characterization vaaedy using monodisperse PSL and
Ag particles with the dielectric constants of 2s#&dainfinite, respectively. Both the
intrinsic and extrinsic charging efficiencies dexge as the particle size decreases. The
intrinsic charging efficiency was higher than 9586 particles in the diameters larger
than 40 nm. The extrinsic charging efficiency rematonstant at 90% for particle sizes
larger than 50 nm. At the exit of the EAD chargbg charge distribution measurement
indicates that, the number of electrical chargepanicles with the diameters less than
20 nm is mostly single.

We have evaluated the performance of the EAD wighion-trap voltage settings
at 20, 100, and 200 V. Polydisperse and monodispeasticles of Ag, NaCl, and oleic
acid (with the dielectric constants of infinite,LGand 2.5, respectively) were generated
and used as test aerosols. For the mean eleatheafjes on Ag, NaCl, and oleic acid
particles, a nearly linear relationship betweendterage electrical charges on particles
and particle size was observed. As expected, femtiwith high dielectric constant

acquire more electrical charges than those with ¢i@lectric constant for the same
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particle size. In spite of the fact that the comalion coefficient between neutral particles
and ions is a strong function of particle matefiam the aerosol charging theory, the
particle material effect on the diffusion chargipgocess is considered minor but
measureable when particles acquire multiple charfj@s main reason might be that the
Nit (Ni: ion concentrationt: residence time) value is too large to make thaklipation
coefficient less important in the process. Physic#ihere are so many ions that particle
material is less dependent in the combination o iand particles.

Correlation curves for the calculated total pagtidngth and deposited particle
surface area concentrations v.s. the EAD readowdifegrent ion-trap voltages were
obtained for different polydisperse test particlesgeneral, the correlation curves are
linear in all the test conditions. The EAD readoan thus be used to correlate any
integral parameter that varies linearly with paetisize (i.e., total particle length and
surface area of particles deposited in TB and Adiars of a human lung). For the
correlation curves between the EAD readout at 2itiap voltage and the calculated
total particle length, the correlation line slop@sy about around 15%, when varying the
dielectric constant of particle material from 2.6 infinite. The most significant
difference in correlation line slopes occurs betwélge cases of NaCl and oleic acid
particles (with the dielectric constants of 6.1 @08, respectively). The correlation line
slope difference between the cases of NaCl andakticfes is in fact negligible. For the
correlation between the EAD readout and the cdedlaparticle surface area
concentration deposited in TB and AL regions, tagation of line slopes are about 13%

and 5%, respectively, when varying the dielectdnstant of the particles’ material from
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2.5 to infinite. The dielectric constant effect BAD readouts is less detectable with the

increase of ion-trap voltage.
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Abstract

Recently, Nanoparticle Surface Area Monitor (NSAVEI model 3550) and
EAD (EAD, TSI Model 3070A) have been commerciallyadable to measure the
integral parameters (i.e., total particle surfaceaaand total particle length) of
nanoparticles. By comparison, the configuratiorthef EAD or NSAM is similar to that
of electrical mobility analyzer of the early gerteya for particle size distribution
measurement. It is therefore possible to use thB BANSAM as a particle sizer. To
realize the objective of using the EAD as a sinar,characterized the average electrical
charges of monodisperse particles passing thrauglEAD particle charger and ion trap
set at voltages ranging from 20 to 2500 V. The ayercharge data collected at different
ion-trap voltages were then summarized by the e@ogpicorrelation using the parameter
of Zp*V, whereZp is the particle electrical mobility and V is thenitrap voltage. A data-
reduction scheme was further proposed to retriéwe dize distribution of sampled
particles from the EAD readout at different ionptraoltages. In the scheme, the
functional format of each mode in a number sizé&ibistion of particles was assumed as
log-normal, but the number of modes in an entize slistribution is not limited. A
criterion was used to best fit the simulated EARd@uts with experimental ones by
varying the count median diameter (CMD), geomedtandard deviations@), and total
particle number (Nt) of each mode in a particlee sdlistribution. Experiments were

performed to verify the proposed scheme.

Key words: Nanopatrticle sizer, Electrical aerosetector (EAD), Nanoparticle surface

area monitor (NSAM), EAD unipolar charger
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I ntroduction

Two types of instruments are currently availabbe measuring of physical
properties of aerosol. One type measures the ailtegyments of the size distributions of
particles to be investigated. Examples of suchadsvinclude the QCM (Quartz Crystal
Microbalance) or TEOM (Tapered Element Oscillatikticrobalance) for measuring
particle mass concentration (Martin et al. 199kaBfanick and Rupprecht 1991); NSAM
(Nanoparticle Surface Area Monitor) for measurihg surface area concentration of
particles deposited in human lungs (Fissan et @72 and the CPC (Condensation
Particle Counter) for detecting particle numberasariration (Stoltzenburg and McMurry
1991). The other type of aerosol instrument measpagticle size distribution. The
particle size distribution instruments offer morgtailled insight into the particles to be
sampled. Particle size distributions are often seamey to study particle behaviors in
different environments, to identify potential peldi sources, and to interpret the data
collected by integral-moment-type aerosol instrutserExamples of particle-size
distribution-type aerosol instruments are the ScanMobility Particle Sizer (SMPS),
Electrostatic Low Pressure Impactor (ELPI), andi€éptParticle Counter (OPC).

To measure the size distribution of particlestrumaents based on the particle
electrical mobility technique are more suitable foarticles in the submicron and
nanometer diameter ranges. The technique requarepled particles to be electrically
charged prior to their introduction to an electricissifier. In the classifier the particle
size distribution can be altered by the presencanoélectrical field in the device. The
concentration of particles after passing througé thassifier is then counted by an

aerosol concentration detector (i.e., CPC or a¢mleotrometer). The size distribution of
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sampled particles can be reconstructed from thateoueadouts collected at different
electrical field strengths in the classifier (Kmutsand Whitby 1975). The Electrical
Aerosol Analyzer (EAA) and SMPS are examples ofos@r instruments using this
technique. Both instruments are however designegdntific research, and they are
larger and more expensive, respectively, than dsvicsed for industrial hygiene and
exposure studies.

For industrial hygiene and epidemiologic studies) assessment approaches can
be used to determine the particle exposure levelarkers: personal and site sampling.
The site sampling is performed by using manual $iagplevices and offline analyzing
collected samples, and/or by real-time particlelyamma devices. The latter are always
preferred in modern studies, because the quickorsgpof devices makes feasible the
collection of time-dependent data. Many real-tineogol mass monitors used in the
workplace are based on a particle light scattetexhnique; photometers and laser
particle counters are examples. The techniques usepghotometers are generally
insensitive for particles with diameters smallearth100 nm (Hinds 1999). Optical
instruments that size individual particles and @hvthe measured number size
distribution to the mass distribution (i.e., lag@rticle counters, LPCs) are similarly
limited to particles larger than 100 nm in diamet@ther real-time monitors using the
vibration techniques, i.e., Quartz crystal micrapae (QCM) and Tapered element
osscilation microscope (TEOM), are typically lindtefor measuring particle mass
concentration in the level higher thamud/cn?, making them difficult in measuring the
mass concentration of nanoparticles (except at pagticle concentration). The SMPS is

widely used as a research tool for characterizifgrscron-sized aerosols, although its
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applicability for use in the workplace is limite¢y the size and cost of the instrument,
and its inclusion of a radioactive source as theigb@ charger. The Electrical Low
Pressure Impactor (ELPI) is an alternative instnoimbat combines a cascade impactor
with real-time aerosol charge measurements to measze distributions (Keskinen et al.
1992). The low size resolution and expensive cb8teELPI again make its use difficult
in industrial hygiene studies. Thus, there is adnedevelop a low-cost and portable
device capable of measuring of size distributiohsparticles in the submicron and
nanometer range.

As indicated by recent works (Oberdorster et ab612005; Donaldson et al.
1998) the surface area concentration seems to peod metric for the toxicity of
particles in the submicron and nanometer size ranbeeh leads to the development of
instruments capable of measuring the surface ameeeatration of particles. A system
integrating a condensation particle counter (CP@ss concentration monitor (MCM),
and electrical aerosol detector (EAD) has been tséafer the aerosol size distribution
having a lognormal distribution functional forma¥@o et al. 2001). The methodology
works well for measuring the surface area of plgian the ambient environment. Given
the lung deposition curves for a typical workeg surface area concentration of particles
deposited in human lungs is then obtained fromutation. In the course of field testing
the integrated system for particle surface arex@mmnation, it has been found that the
response function curve of the EAD of the latessiom (to be described in the next
paragraph) correlates well with the area conceatrabf particles deposited in the
tracheobronchial (TB) and alveolar (AL) regionsadiuman lung (Wlison et al. 2004). A

later study by Fissan et al. (2007) found thatatwelation curve of the EAD signal v.s.
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the area concentration of particles deposited eénhthman lung can be established by
setting the ion-trap voltage at 100 V for partiatieposited in the TB lung region and by
setting the ion-trap voltage at 200 V for partidleshe AL region. Based on Fissan et al.
(2007), the TSI Nanoparticle Surface Area MonithiSAM, Model 3550) has been
commercially introduced to measure the surface ameentration of nanoparticles
deposited in the TB and AL regions of a human lahg typical worker by adjusting the
ion-trap voltage of the EAD.

Fig. 1 shows a schematic diagram of the EAD. Sathpéaticles are first passed
through a small cyclone to remove particles witdiameter larger than 1.0m. The
sampled aerosol flow (i.e., 2.5 Ipm) is then gplib two: one portion of the flow (i.e., 1.5
Ipm) is directly introduced into the aerosol chaggichamber, and the other portion of
sampled flow (i.e., 1.0 Ipm) is used as the carfeerunipolar ions, generated in the
corona discharging chamber, after the particles\ambr contaminants are removed by
HEPA and active carbon filters. The two split floase impinged and mixed in the
aerosol charging chamber. Particles exited fronch@ging chamber are passed through
an ion trap, with the voltage set at 20 V, beftwe ¢lectrical charges carried by particles
are measured in an aerosol electrometer of Fareatsy/ type downstream of the ion trap.
Different from the EAD, the NSAM has the built-iedture of adjusting the applied ion-
trap voltage to correlate the NSAM readouts with tibtal surface area concentration of
nanoparticles deposited in TB and AL regions oluean lung of a typical worker. It is
worth noting that the functions of components usetthe EAD or NSAM are essentially
the same as those used in the early generatiofedfastatic devices for particle size

measurement.
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Figure 1 Schematic diagram of the Electrical Aerd3etector (EAD) or Nanoparticle

Surface Area Monitor (NSAM)

It is thus possible to convert an EAD or NSAM irdoparticle sizer with the
feature of variable ion-trap voltage. Such a sigey not offer a size distribution
measurement with high size resolution, but it wiket the demands of the applications
of industrial hygiene and exposure studies. Seweffakts in a similar direction have
been reported recently for the application of maaguparticulate emission from diesel
engines.

A system consisting of a unipolar diffusion chargamilar to that used in an
EAD, with an aerosol electrometer (TSI model 306&AQ an Ultrafine Condensation
Particle Counter (UCPC, TSI model 3025A) has beepgsed to obtain particle size
distributions (Park et al. 2007a). The group prepos method for predicting the particle
mean diameter and size distribution, providinggizes of particles are in unimodal and

lognormal distribution. The total number concemratof particles was given by the

199



UCPC measurement. The geometric standard deviafidhe particle size distribution
was further assumed as 1.5, which may be variediffierent measurements. The
proposed technique requires pre-knowledge of themegéric standard deviation of
sampled particles. Further, the use of the bulkyPGGnay be not convenient for the
industrial hygiene and exposure studies, and thpgsed method could retrieve the size
distributions of sampled particles only in the uadal, log-normal distribution functional
format. Following the same strategy, a recent s{irdyk et al. 2007b) further proposed
to use a system consisting of two unipolar chargetis two aerosol electrometers to
obtain the size distributions of sampled particldse proposed method has the benefit of
not using a UCPC and consequently reduces theofdsiving one aerosol system for
particle size distribution measurement. The linotad of the proposed system are the
same as those mentioned for the former study. Toygoged methodology further limits
the lower size detection limit to 70 nm due to faet that the dominant charging
mechanism of both chargers is diffusional as thiégba size is reduced.

In this study we explored the idea of using an EADNSAM) for nanoparticle
size distribution measurement without the limitaoinherent in the above-reviewed
studies. We first evaluated the average electdoalges of particles passing through the
EAD charger, using monodisperse particles with trap- voltages varying from 20 to
2500 V. We also proposed an empirical model toetate the measured average charges
on test particles with the parameterZgfV, wherez, is the particle electrical mobility
andV is the ion-trap voltage. A data reduction sche&mse then proposed to retrieve the
particle size distribution from the EAD readoutslas ion-trap voltage stepped from 100

to 2500 V. In the scheme, the functional formapaiticle size distribution was assumed
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to be log-normal for each mode in an entire sistrithution but the number of the modes
in a particle size distribution was not limited.rd&imerical criterion was used to best fit
the simulated EAD readouts to experimental onemetiy obtaining the count median
diameter CMD), geometric standard deviatios), and total particle numbey{) of each

mode in an entire size distribution.

Experimental Setups and Procedures

Setup for average charge evaluation

Fig. 2 is a schematic diagram of the experimen&lps to characterize the
average electrical charges on monodisperse partafier passing through the EAD
charger. A constant-output, home-made atomizerusad to produce polydisperse NacCl
particles with sizes ranging from 20 to 200 nm. fiean size of test particles was varied
by using the NaCl aqueous solutions with volumeceoirations ranging from 0.01% to
1%. The flow rate output from the atomizer waslgr@ when the compressed air was at
30 psig. Droplets produced by the atomizer weresezhshrough a B radioactive
neutralizer to minimize electrical charges on theptets, and through a silicon-gel
diffusion dryer to remove water from the droplefs.differential mobility analyzer
(DMA, TSI Model 3081) was used downstream of théygisperse aerosol generation
system to classify particles with test diametergrRo being introduced to the DMA the
produced particles were passed through & Kadioactive particle charger, ensuring a
well-defined charge distribution on particles todessified (Knutson and Whitby 1975).
The DMA was operated at the aerosol flow rate 8flpm and sheath flow rate of 8.0

Ipm. To reduce the electrical charge level on diesk particles, a second P8
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radioactive neutralizer was used at the DMA monuefise aerosol exit. The prepared
monodisperse particle stream was then split int@ wne stream was introduced to an
Ultrafine Condensation Particle Counter (UCPC, fdldel 3025A) for particle number
concentration measurement; the other was introdiecdte EAD (TSI model 3070A) for

obtaining the EAD readout at different ion-traptegke settings.

Electrostatic
Classifier with s
Kr® charger

Laminar (TSI 3080)
Flow Meter - %

UCPC
(TSI 3025A)

Laminar
Flow Meter

Figure 2 Experimental setup for the measurementiarage electrical charge on

monodisperse particles after passing through EA®gdr and ion trap

Experimental setup for verifying the use of the EAD asa sizer

Fig. 3 shows the experimental setup for collectiatp to verify the feasibility of
using the EAD as a nanoparticle sizer. For unimquiaticle size distributions, the
particle-generation system described in the abeegon was used. For bimodal particle
size distributions, a second particle generatiostesy was added into the setup. The
second system consisted of a high-temperature ftuhace (CM Furnace 1730-20HT)
and a temperature-quenching chamber. Particle mmlateas placed in a ceramic boat,

located in the middle of the furnace tube. At ahhigmperature setting on the furnace,
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the particle material in the ceramic boat evapaorated its vapor was carried by the
carrier gas. At the furnace tube exit the carrigs was cooled by mixing it with gas at
room temperature. The evaporation-and-condensgirogess generates polydisperse
nanoparticles with mean electrical mobility sizasging from 10 to 30 nm (Scheibel and
Porstendorfer 1983; Gleiter 1989). In the aerosolegation system nitrogen gas with a
flow rate of 2.0 Ilpm was used as vapor carrier. Tlhe rate of the carrier gas was
controlled by a needle valve and laminar flow mei@or to its introduction into the tube
furnace. To vary the mean size of generated parside distribution, the tube furnace
temperature was varied from 1000 °C to 1200 °CAigiparticles. Particles produced by
the two generation systems were well mixed befoeeuse as challenge particles. After
passing through a mixing-type dilutor, the challermmarticle stream was split into two:
one stream was introduced to the EAD and the dthan SMPS (TSI Model 3936) to
measure the size distribution of test particlestii@uthe course of SMPS measurement,
the EAD ion-trap voltage setting was stepped fr@® tb 2500 V, with a step size of 100
V. At each ion-trap voltage step the EAD readoués \averaged for 10 seconds. One
shall notice that the averaging time for each gadtaetting can be varied, depending on
the signal-to-noise ratio. The selection of 10-selcaveraging time for all the ion-trap
voltage steps was set for the cases of low sigrabtse ratio and for the experimental
convenience. For both unimodal and bimodal parside distributions, the concentration

of the test aerosol was varied in the mixing-typetalr.
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Figure 3 Experimental setup for the verification usfing EAD as a submicron-sized

particle sizer

Average Charge Calculation and Data Reduction Scheme
Calculation of average electrical charges on monodisper se particles

For obtaining the average charges on monodisparsielps, the concentration of
test monodisperse particles was measured by a UGRI(@, the electrical current carried
by test particles after the EAD charger and iop tnaas measured by the EAD. The

average charge after ion trgpq on test particles was then calculated as

|
d)=—
Qg (d,) N(d)eQ, "

where | is the charged particle current measured by the ER(@) is the particle
concentration measured by the UCRJ,, is the volumetric flow rate of aerosol entering

the mixing chamber in the EAD charger, arid the charge on an electron (1.6*2C).
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Size distribution reduction scheme

With the data of average electrical charges onigbest passing through EAD
charger, we could set up the relationship betweenparticle size distribution and the
EAD readout. In the data reduction scheme, thetimmal format of the number size
distribution of sampled particles was assumed tdolgenormal for each mode in an
entire size distribution. In the case of unimodaesdistributions, they can be

mathematically expressed as

N, —(Indp—InCMD)2
exp( 5
N2 4l oy 2In o,

N(Ind,) =
, (2)

whereN(Ind,) is the number of particles with a diameteiraf,, entering the EADN; is
the total number concentratio@MD is the geometric mean diameter; andis the
geometric standard deviation, assumed to be less3l0. In the calculation, particles in
the size range from 1 nm touIn were divided into 48 size channels (32 channets p
decade in log scale). The total electrical curremtried by the particles (C) is then

calculated as

1um

C=eQ, Y N(d,)d,,(d,). ©)

dp=1nm
The best-fit values of three parameters (GMD, o4, andN;) in the log-normal

distribution function are obtained by minimizingetfollowing function.

m

Z|C| _Mi|
2(CMD, o, N,) =1T (4)

where M; is the EAD readout at a specific ion-trap voltaggating, pA; C; is the

corresponsive calculated valdm is the number of data points.
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For the cases of bimodal size distribution, théofeing mathematical expression

was used:

rN, ~(Ind, —-InCMD)?  (1-1)N, ox /—(Indp—InCMDZ)2

N(Ind ex
(Indy) = J2rine Pt 2In oy, \/Zlndg2 ' 2In® o,

®)
wherer is the ratio of the total particle number concatndn in the first mode to that in
an entire bimodal size distributioN; is the total number concentration of particleshie
entire size distributionlCMD; andCMD, are the geometric mean diameters of two modes
in a bimodal size distributiorsg:and oy, are the geometric standard deviations of two
modes. The convergent criterion for the best-fittof particle current at different ion-
trap voltages is the same as that used for uninmgidal distribution. It is worth noting
that the scheme can be easily generalized fordke when the number of modes in an
entire size distribution is more than two, althougthy the expressions for unimodel and

bimodal size distributions are presented herein.

Results and Discussion

The average electrical chargeson individual particles

Fig. 4a shows the average electrical charge of NaClicles at an ion-trap
voltage of 20 V. The size and number concentrabibtest particles range from 20 to
200 nm and from 1.6*T0o 3.2*1¢ #/cn?, respectively. The linear relationship between
average charge and patrticle size is evident in4agA linear curve was then applied to
best fit the collected data. The average chargeesuat several other selected ion-trap

voltage settings are shown in Fig. 4b. For a gil@mtrap voltage, the relationship
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between average electrical charge and particledsize not seem to be linear. In general
the curve slope for particles with diameters smathan 100 nm is lower than that for
large particles at a given ion-trap voltage. Fromn dverage charge data shown in Fig. 4b
it is difficult to retrieve the average electricetharges on particles of an arbitrarily
selected particle size when an EAD ion-trap voltaggiven. To overcome the difficulty,
we attempted to collapse the average electricafgehaurves at different ion-trap

voltages into one.

(a)

Average Charge
N

1 50 100 150 200 250

Dp, nm
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Figure 4 Average charges of NaCl particles, pasgimqugh both EAD charger and ion
trap, as a function of particle size for the casfe@) 20 V ion-trap voltage; and

(b) other selected ion-trap voltage settings

To accomplish the task, we normalized the averégsrieal charges at different
ion-trap voltages with the data when the ion trags wet at 20 V. Instead of using the
particle size, we used,*V as the abscissa, wheveis the ion-trap voltage and, the

particle electrical mobility, given by

2= g ©)

in whichn is the particle electrical chargg,; the Cunningham correction factgrthe gas
viscosity.
Fig. 5 shows the normalized average charge ofgbestas a function d*V. Z,

was calculated by assuming the particles carrieavenage electrical charge the same as
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that at the ion-trap voltage of 20 V. As shown ig./, all the average electrical charge
curves at different ion-trap voltages collapse ioe. The result is expected because the
operational principle of the ion trap in the EADdssentially the same as that of an
electrical precipitator. Using the particle traggtanalysis given by Knutson and Whitby
(1975), the penetration of charged particles thinoaig electrical precipitator should be a
function of Z,*V. Moreover, the relationship between the parti@deqtration and;*V
should be linear for an ideal electrical precigitatHowever, as shown in Fig. 5, the
relation of normalized average charges vs A& parameter is not perfectly linear. This
finding may be due to the imperfect constructionhaf ion trap as compared with that of
ideal precipitator. Nonetheless, the monotonic ti@tahip between the normalized
average charges argy*V is clearly evidenced. To best fit the normalizedve of
average charge, we divided the enHg&V range into two segments and used a different
equation for each segment: for valuesZgfV less than 1.0*16, the normalized average
charge was fitted with a linear function of th¢'V parameter; for values @,*V larger

than 1.0*10%, the data were fitted with an exponential curve.
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Figure 5 Normalized average charge of NaCl padjgbast through the EAD charger and
ion trap, as a function of the parameter @f\Z where 7, is the electrical
mobility of particles carrying electrical chargég tsame as those at the ion-trap

voltage of 20 V, and V is the ion-trap voltage

With Figs. 4 and 5 the following calculation prooeel was used to retrieve the
average electric charges of particles at a specifidrap voltage and particle size: for a
given particle sizel,, the average electrical charges of particles & 26n-trap voltage
was first obtained from Fig. 4. The electric mdyiliZ,, of the particles was calculated
based on Eg. (6). With the calculated valuggl the normalized average charges of
particles was then obtained from Fig. 5 for a given-trap voltage. The average
electrical charges of particles of the given sind at the given ion-trap voltage was
finally calculated by multiplying the average efeml charges at 20 V ion-trap voltage

with the normalized average charges.
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Verification of the proposed data-reduction scheme

Figs. 6 - 8 compare the unimodal particle sizerithistions measured by the
SMPS and recovered by the proposed data-reductioense for three different cases.
The SMPS data are NaCl particles having geometeamdiameters of 103.2, 59.7, and
39.6 nm, geometric standard deviations of 1.672,1a@d 1.69, and total concentrations
of, 8.08*1C0, 1.48*10, and 2.97*18 #/cn?, respectively. For NaCl particles with a
geometric mean diameter of 103.2 nm (shown in Bjg.the retrieved particle size
distribution withgy of 1.8 agrees well with that measured by the SMR1f. retrieved
geometric mean diameters of particle size distidmst for the other two cases (i.e., Figs.
7 and 8) are slightly smaller than those measuyethd SMPS. They for particle size
distributions, obtained by the proposed EAD metharg, 1.6 and 1.9 for test particles
with o4 of 1.67 and 1.69, respectively. Thg difference is probably because of
inaccuracy of average charge data for particlestlegn 40 nm. The lowest particle size
used in the experimental for measuring averagegeaon monodisperse particles was
20 nm. However, the geometric mean diameter ofdisperse NaCl particles, produced
from our aerosol generator, was about 40 nm fasdigng test monodisperse particles
with a diameter less than 40 nm. Using the DMAIl&ssify particles with diameters less
than 40 nm with the above-mentioned polydisperseiges can result in the non-
negligible portion of classified particles havingrder particle sizes and multiple
electrical charges. As a result, the derived averd@arges on classified particles may be
higher than those in reality. Consequently, themyticle size of the retrieved particle
size distribution has the tendency to move to allsmparticle size when a significant

portion of sampled particles has diameters less 48anm.
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Figure 6 Comparison of unimodal particle size stions measured by SMPS and
retrieved by the proposed data-reduction scheméhéocase of particles with

geometric mean diameters of 103.2 nm
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Figure 7 Comparison of particle size distributionsasured by SMPS and retrieved by
the proposed data-reduction scheme for the cagmmitles with geometric

mean diameters of 59.7 nm
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Figure 8 Comparison of unimodal particle size dhstions measured by SMPS and
retrieved by the proposed data-reduction scheméhéocase of particles with

geometric mean diameters of 39.6 nm

Fig. 9 shows the comparison of bimodal particlee siistributions measured by
SMPS and recovered by the proposed data-reductbense. The proposed scheme
could in general retrieve the characteristics a@i@cparticle size distribution, although
the number concentration of particles in each SR8 bin is lower than that obtained
by the proposed scheme. In this case, the smalisizode in the bimodal test particle
size distribution was Ag particles, generated bg #waporation-and-condensation
process, and the large-sized mode of the distdbwtias NaCl particles, generated by the
home-made atomizer. In the data-reduction schelmeeaverage electrical charge curve

used was for NaCl particles. The average electdeafge of Ag particles is expected to
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be higher than that of NaCl particles because @htlch larger dielectric constant of Ag
particles. It may be the key reason leading tagadri number of particles in each size bin
of the recovered particle size distribution sinte aiverage charge curve used in data

reduction scheme is for NaCl particles.

1.8e+6

[ SMPS
1.6e+6 —&— simulation

Concentration, #/cc

1 10 100 1000

Dp, nm
Figure 9 Comparison of bimodal particle size dmsttions measured by SMPS and

retrieved by the proposed data-reduction scheme

To distinguish the unimodal from bimodal size dmition of particles to be
analyzed one could use the geometric standardta®vig as an indicator, suggested by
Woo et al. (2001). The particle size distributianmost likely to be bimodal if the
geometric standard deviatiof,, retrieved from the data-reduction scheme with the
assumption of unimodal size distribution, is mdnant 2.5. The minimal numbers of

voltage steps needed for unimodal and bimodal digibution measurements by the
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proposed EAD method are at least three and sewspectively. We however
recommend to step at least four ion-trap voltagengefor unimodal size distribution and
at least eight voltages for bimodal size distribntmeasurements. The total scan time for
each size distribution measurement is thereforeriin2ites, assuming the 10-second data

averaging for each ion-trap voltage step.

Summary

In conclusion, we have proposed a new and simpégegly to measure the size
distributions of submicron-sized particles usingcammercially available EAD or
NSAM. The proposed strategy was inspired by tietfaat the configuration of the EAD
is similar to that of an electrical mobility anagéyzof the early generation. To explore the
feasibility of the strategy, we first characterizédte average electrical charges on
particles exiting the EAD charger, using monodispeNaCl particles with diameters
ranging from 20 to 200 nm. In this experiment, itre-trap voltage was set at 20 V for
excess ion removal. The linear relationship betwéenaverage electrical charges on
particles and the particle size was found experiaign The experiment also measured
the average electrical charges on particles aeréifit ion-trap voltage settings. The
average charge curves were then summarized intbynermalizing average charges at
different ion-trap voltages by those at the iomptneoltage of 20 V and using the
parameter oZ,*V as the abscissa, whefgis the electrical mobility of particles carrying
average charges the same as those at the iondl@ges of 20 V, and/ is the ion-trap

voltage. A curve fitting was proposed to bestt# hormalized average charge curve.
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A simple data-reduction scheme was also proposeaettieve the particle size
distribution from the EAD readouts as a functiontled ion-trap voltage, stepped from
100 to 2500 V. In the data-reduction scheme, timetfanal format of the number size
distribution of particles was assumed to be logyadrfor each mode in an entire size
distribution. The number of the modes in a partgilee distribution was not limited. A
criterion was also proposed to best fit the sinmddAD readouts to experimental ones
by varying the count median diamet&MD), geometric standard deviatioag), and
total particle numberN,) of each mode in the presumed lognormal particke s
distribution. By comparing particle size distritoris measured by SMPS with those
recovered from the EAD readouts, the proposed ahaction scheme can quantitatively
recover the unimodal particle size distributiongafticles, and qualitatively retrieve the
characteristics of bimodal particle size distribo8. From the comparison, it is also
concluded that the proposed strategy can be fumigroved by better measurement of
average charges on particles with diameters leaa #0 nm and by taking into
consideration the particle material.

At last one shall notice that the proposed mettmes not intend to replace those
based on the DMA techniques. The accuracy andtsgnsif particle size measurement
by the proposed method can not compete with thasored by scanning mobility
particle sizers (SMPSSs). It is because of the n@tdependence of aerosol charging and
the sensitivity of aerosol electrometer used in E&id NSAM. The proposed technique
merely offers an economical way to roughly meagheesize distribution of particles

when SMPSs are not available and the general ifoom on the size distribution of
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particles is critical for the interpretation of tparticle integral parameters monitored by

EAD or NSAM.
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