MECHANICS AND CHARGING OF
NANOPARTICLE AGGLOMERATES

A DISSERTATION
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL
OF THE UNIVERSITY OF MINNESOTA
BY

WEON GYU SHIN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Dr. David Y. H. Pui, Adviser

June 2009



© Weon Gyu Shin 2009



Acknowledgements

| would like to express my warmest gratitude to my advisor Dr. David Y. H. Pui
for his patience, support, generosity, and guidance throughout my PhD study at the
University of Minnesota. He is a great scientist, engineer, instrastdrieader. Due to
his supports, the time spent in my pursuit for PhD degree has been the most productive
and learning experience of my life.

| would like to sincerely thank Prof. Heinz Fissan and Prof. George W.
Mulholland for helping me address numerous theoretical and experimental gbsllen
throughout this study. Their consitent supports, insight, knowledge, and expergence ar
invaluable in carrying out this research.

| also would like to sincerely thank Prof. Peter H. McMurry for his allowieg m
to use Aerosol Particle Mass (APM) analyzer for my experimeats. dlso grateful to
the examination committee: Prof. Jeffrey T. Roberts, Prof. Uwe KortshagdrProf.

Trian Dumitrica for their invaluable comments.

Thanks to all my colleagues in the Particle Thechnology Laboratory and
Mechanical engineering for their help. Special thanks go to Drs. Seong Ghadikg
Wang, Chaolong Qi and Kenijiro lida for their help with comments, Jacob Scheckma
for his help with APM, and Nick Stanley for his help with English correction of my
writings. | also thank Bob Nelson and Robin Russell in ME machine shop for their
help, Drs. John Nelson, Ozan Ugurlu, and Bob Hafner in the Characterizatioty Facil
for their helpful comments, and Maynard Havlicek in TSI, Inc for his héip fixing
instruments.

| gratefully acknowledge the Department of Mechanical Engineeritiggat
University of Minnesota, Center for Filtration Research at the UntyesEMinnesota,

TSI, Inc, and the Chemical Company BASF SE, Germany for financial suppany
PhD course. | also acknowledge the University of Minnesota Graduate School for
Doctoral Dissertation Fellowship during 2008-20009.



| am grateful to David Mekala, Daniel Johnson, Chene Malek, and Howard
Reitz for their friendship and prayers while staying in Minnesota. | also tasdung
Choi, Ki-Joong Kim, Jungkeun Lee, and Dr. Young Lae Kim for their cheers.

In addition to these, | cannot thank my family enough for their support, which
has been the best. | would like to express my deepest gratitude to my wifeC|8®|
and my son, Jonghyun for their sacrifice and encouragements. Whether good or bad,
they have always been together with me and a strong motivation for theestiompf
my PhD degree. | also sincerely acknowledge my parents and parentstar-their
continuous prayers and all the supports to complete this course successfutly. 1 als
sincerely thank my two brothers, two brothers-in-law, and four sistdesvinmy

grandmother, and relatives for their cheers and prayers.

Above all, | would like to thank my Lord and Savior, Jesus Christ. He is my

loving God and my fortress, my stronghold and my deliverer, and my shield.






Abstract

This thesis consists of two parts. The first part concerns studies on meabfanic
real agglomerate particles and the second part involves studies on unipolar diffusion

charging of agglomerates.

Understanding mechanics of real agglomerate particles consistingtifien
primary particles is important for aerosol sizing instrumentation usictyiekd
mobility and nanoparticle manufacturing process where coagulation and setionenta
occur. A key guantity determining transport properties of agglomeratesfigction
coefficient. However, quantitative studies for the friction coefficient ofaggrates
are very limited. Transmission Electron Microscopy (TEM) imagéyarsaresults of
silver agglomerates provides a basis for the comparison of experimentaittata w
estimates based on free molecular models. A new quantitative method to wletieni
dynamic shape factor and the two exponen#s)dDs,, which characterize the power
law dependence of friction coefficient on the number of primary spheres andgbe ma
on the mobility diameter, was developed using Differential Mobility Anal{@&tA)-
Aerosol Particle Mass (APM) analyzer. Model predictions indicate tisgindependent
of agglomerate size whilBs, is sensitive to agglomerate size. Experimentally, it
appears the opposite is true. Tandem DMA (TDMA) results also show thabdse
mobility diameter scaling exponent is not dependent on mobility size rangeakesti

of non-ideal effects on the agglomerate dynamics were computed as pertsbathe



Chan-Dahneke agglomerate model. After the corrections, an agreement between

experimental data and model predictions becomes significantly improved.

Unipolar diffusion charging becomes more attractive because it has higher
charging efficiency than bipolar charging as well as important agtjlits in aerosol
sizing instrumentation using electrical mobility, powder coating, and thevadrof
toxic particles from air stream using Electrostatic Precipitdttias been reported that
the particle morphology affects both bipolar and unipolar charging processes
Nevertheless, knowledge about the charging of non-spherical particleassashestos
fibers and fractal agglomerates is still lacking. From this studgstfaund that the
effect of dielectric constant of materials on unipolar diffusion chgrgf nanoparticles
is very small and the experimental results are in a good agreement with Fuchs (1963)
theory. The effect of agglomerate morphology on unipolar charging chasacteras
examined both experimentally and analytically in terms of the mean ghergaurticle.
Both geometric surface area and electrical capacitance are knowa iasportant
parameters to determine the mean charge of non-spherical particles. A newomode
predict the electrical capacitance of loose agglomerate paréisla function of
mobility diameter was developed incorporating electrical mobility amctrelstatics
theories. This study shows that the electrical capacitance contribunesdase the
mean charge per particle of agglomerates more than the geometric sweéace ar
especially in the transition regime. The estimates of geometric suafea and
electrical capacitance were used to predict the mean charge from Cahjqinodel

and the predicted results are reasonably in good agreement with expertatmtal
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Chapter 1 Introduction

Nanoparticle agglomerates are pervasive in atmospheric scienqes|wdion, and
material manufacturing. Combustion processes are used to manufactuetyaofar
materials in agglomerate form including fumed silica (Okuyama, 1986) andutit
dioxide (Pratsinis, 1998). Measurement of agglomerate particles is artamtparea of
current aerosol research (Friedlander and Pui 2004).

This thesis consists of two parts. The first part is on the relationship between
agglomerate structure and transport properties of agglomerates. atdmel part, the
effect of particle morphology on unipolar diffusion charging is investigated.ifidte f
and second parts are related to each other because the mechanics and charging
properties of aerosol particles are correlated with the mobility eqoivdilemeter

(Rogak and Flagan, 1992).

1-1.Mechanics of agglomerates

Physical properties of aerosol particles such as particle mobility arslareas
essential to describe aerosol transport behaviors in the ambient air, aerosol
manufacturing process, and aerosol sizing instrumentation using eletiiaiity.
Aerosol transport mechanics includes the processes of particle diffusionestation,
electrical mobility, thermophoresis, and coagulation. A key quantity in compuiting a
of these properties is the friction coefficieft (t is defined as the drag fordeg|

exerted by the fluid on the particle as it moves at a constant velgcibydugh the
1



fluid divided by the velocity.

For spherical particles with a low Reynolds numBe&< 1), the friction
coefficient is accurately known by the Stokes’s law. Many aerosol instrignfior small
particles, including the Differential Mobility Analyzer (DMA) and diffion battery,
depend upon this expression for the measurement of particle size. Particted @i
spherical shape have pronounced effects on particle sizing methods. An agglomera
has a larger drag force compared to a spherical particle with the same {idhusaka
et al. 1996; Park et al. 2004a; Song et al. 2005; Zelenyuk and Imre 2007).

Previous studies (Park et al., 2004a; Park et al., 2004b, Lall et al., 2008) have
not investigated the relationship between the friction coefficient of an aggitavaand
the number of primary particles on an agglomerate. Park et al. (2004a, 2004b) used
diesel emission particles as their test material for the study o€liationship between
mass and mobility diameter. Diesel emission particles have a volatileooemtpand
they have no intrinsic density. Thus, it is not possible to estimate the number ofyprimar
particles from the measured mass of the diesel emission particles evemdhmirgary
particle size is determined by Transmission Electron Microscopy (TEM)Is thesis,
silver agglomerate is used as a test material. This provides estioh#ite number of
primary particles from the measured mass or volume with a primarylpaitie
determined by TEM.

It is of interest to make use of analytical models to predict structural and
dynamic properties of nanoparticle agglomerates such as dynamic shape,fac
friction coefficientf, number of primary particldd, and mass-mobility diameter scaling
exponenDs,. Chan and Dahneke (1981), Meakin et al. (1989), and Mackowski (2006)

2



have obtained the friction coefficient of agglomerate particle consistinoy
primary spheres by doing numerical simulations. However, there are several
characteristics of real agglomerates that are not incorporated imgxrstdels for
agglomerate dynamics. They include necking between primary particlgdigparsity
of primary particles, and the particle alignment in the electrid 86éDMA. Those
analytical models assume that agglomerates are in the free motegitae. However,
agglomerate particles are more likely to be in the transition regime, i.enothiéty
diameterd,, > 100 nm.

The first objective of this study is to characterize structural properties of
nanoparticle agglomerates and relate the results to a mobility andtysrder to
characterize the silver agglomerates, an intensive TEM analysis is tethduc
The second objective of this study is to obtain quantitative data on the friction
coefficient of nanoparticle agglomerates as a function of the agglomeateith
primary spheres in the free molecular regime. The friction coefficiemggibmerates is
measured by DMA and the mass and volume of the agglomerates are measured using
DMA-Aerosol Particle Mass analyzer (APM) and tandem DMA (TDMA§pectively.
The number of primary particles is estimated from the measured massujpeyalith
the information about the primary particle size. The third objective of this gudy
compare the measured results with free molecular based model predictiorsurithe f
objective of this study is to characterize the non-ideal effects exgmaaity and to
estimate three non-ideal effects as perturbations to a free molbastad model, Chan

and Dahneke model.



1-2.Charging of agglomerates

Diffusion charging has become one of the most commonly used methods for
charging aerosol particles. The phenomenon is of significant interest in aerosol
measurement science when electrical mobility analysis is used. Tdespran be
characterized as unipolar or bipolar depending on the polarity of ions in the gas.
Unipolar diffusion charging has become more attractive than bipolar diffusionmpargi
because the former has a higher charging efficiency than the Giteem @nd Pui,

1999). Also, unipolar diffusion charging of aerosol particles has many applications i
the removal of toxic aerosol particles from aerosol flow stream, powdengoand
aerosol sizing instrumentation using electrical mobility.

The diffusion charging process is determined by the Knudsen number of ions,

Knion, defined as the ratio of the mean free path of iptwsthe particle radius:

Knion — . (1_1)
a

In the continuum regimekfio,n,  0), the diffusion charging is well described by the
diffusion-mobility theory, which is based on the solution of the continuous diffusion
equation for ions in the electric field of a charged particle (Fuchs, 1963). For the
transition regime (0.1 Knjo, < 10) and free molecule regimi€r{on ), the situation
is much more complex. A great number of independent theories have been reported.
Most diffusion charging theories (White 1951; Gunn 1954; Fuchs, 1963; Liu et
al. 1967; Gentry 1972; Pui 1976; Liu and Pui 1977; Pui et al. 1988) assuming spherical
particles has been widely and successfully used to describe the procesgetiowe

several previous studies (Rogak and Flagan, 1992; Laframboise and Chang, 1977;
4



Chang, 1981) showed that both unipolar and bipolar diffusion charging processes can
be affected by particle morphology in both theoretical and experimental wagg.3Js
D Monte-Carlo model Biskos et al. (2004) showed that rectangular shaped and
elongated chain-aggregate particles show different charging behavioam@zhip
theoretical predictions based on Fuchs (1963), Laframboise and Chang (1977), and
Chang (1981). The abovementioned difference between measured charge quantity and
predictions requires a more sophisticated analysis.

The first objective of this study is to examine the material effect on unipolar
diffusion charging of particles. In order to assess this issue, tested rienhepél0 —
200 nm) are selected to cover a wide range of dielectric constant but have émost t
same spherical or compact morphology. The unipolar charger used in this study has
been installed in several commercial aerosol instruments. The chargeghgiblee
particle loss, which enables the measured charging properties in this study to be
compared with existing diffusion charging theory. The second objective ofuligist
to investigate the effect of particle morphology on unipolar diffusion chargibgth
experimental and analytical ways. Laframboise and Chang (1977) and Chang (1981)
indicated that the geometric surface area and electrical cagac#entwo important
morphology-related parameters which determine charging properties-spherical
particles. For the experiments, two different types of particles, i.e., cosydeares and
branched chain agglomerates are used. Also, the geometric surface dareaiscs
from a mobility analysis. A new analytical model based on Lall and @neéf (2006)
and Brown and Hemingway (1995) is developed to estimate the electrical aapacit

of branched chain agglomerates.



1-3. Thesis outline

As mentioned above, the thesis consists of two parts. The first part, regarding
the study of mechanics of agglomerates, consists of Chapters 2, 3, 4, 5, and 6. The
second part, which concerns the study of the effect of agglomerate morphology on the
unipolar diffusion charging of agglomerates, is discussed in Chapters 7 and 8.1Figure

1 shows a schematic diagram for structure of this thesis.

Chapter 2 presents a Transmission Electron Microscopy (TEM) analybis of
structural properties of silver nanoparticle agglomerates generatecausingensation
and evaporation method in an electric tube furnace followed by a coagulation process
The projected area, fractal dimension (or mass-mobility diameter seajoogent), and
number of primary particles obtained from TEM images are compared with a free
molecular model, i.e., Lall and Friedlander (2006). The results in Chapter 2 also show
that silver agglomerates used in this study are cluster-clustenag@gte, which
enables DMA-Aerosol Particle Mass analyzer (APM) data to be compatedwother
free molecular model, Meakin et al. (1989). This analysis is presented in Chapters 3, 4,
and 5.

Dynamic shape factor of agglomerate particle is defined as thietiri
coefficient of an agglomerate divided by that of a volume equivalent sphere. Chapter
presents a quantitative method to measure the dynamic shape factor usingRNIA
method. This method provides characterization of nearly monodisperse agglomerates

and can be used to analyze thousands of particles over a ten minute period. A



guantitative uncertainty analysis is also presented. Chapter 3 also pties@xjsonent

which characterizes the power law dependence of friction coeffiotenthe number

(N) of primary spheres. The power law relationship is expresséd a8, N whereAy

is a constant The experimentally determined dynamic shape factor and the exponent
are compared with those obtained based on free molecular analysis.

Chapter 4 presents mass-mobility diameter scaling expoDgptwhich
characterizes the relationship between mag®(d the mobility diametedg) of

agglomerate particles using DMA-APM method. The power law relationship is

Dfm

expressed am kK j—m , Wherek is a prefactor and, is primary particle diameter.
p

A quantitative uncertainty analysis is also performed. The experimedé&éirmined
mass-mobility diameter scaling exponent is compared with that obtained based on fr
molecular analysis.

In Chapter 5, estimates are made for the following effects: partiglarant in
the electric field, necking between particles, polydispersity of thegpyiparticles, and
variable primary sphere size. These effects are not included in the models used i
Chapters 2-4. The estimates were computed as perturbations to the Chan-Dahneke
agglomerate model.

It is of interest to compare DAM-APM results for agglomerates with anothe
independent method. In Chapter 6, TDMA methods are used to obtain volume and
mass-mobility diameter scaling exponent of agglomerates and comparehith D

APM data. Also, the particle alignment is investigated using TDMA method and the



result is compared with a cross model presented in Chapter 5. Possibilitiesabf part
evaporation and thermal recharging of particles are discussed.

In Chapter 7, the effect of dielectric constant of materials on unipdfasion
charging of nanoparticles is experimentally investigated. The eeahmanoparticles
(20 — 200 nm) cover a wide range of dielectric constants but have almost the same
spherical or compact morphology. Measurement results for both intrinsic charged
fraction and mean charge per particle are compared with the estinasid on Fuchs
(1963)’ theory.

In Chapter 8, the effect of agglomerate morphology on unipolar diffusion
charging of nanopatrticles is presented. The mean charge per particle forvmsth sil
agglomerates and sintered spheres is evaluated and compared with diffuggorgchar
theories. From a diffusion charging theory (Chang, 1981), one can find that the
geometric surface area and electrical capacitance of an aggloarerat® important
key parameters which are related to particle morphology. In this chalpéegstimates
of the geometric surface area and electrical capacitance of ameggte are made
with a newly developed model based on the combination of Lall and Friedlander

(2006)’'s and Brown and Hemingway (1995)’s models.
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Chapter 2 Structural Properties of
Agglomerates Based on TEM Analysis:
Relationship to Mobility Analysis

2-1.Introduction

Agglomerate particles often have a fractal structure which can be repgesent

with Eq. (2-1) given by Mandelbrot (1982):

N k, 2R /d, ", (2-1)

whereN is the number of primary particles in an agglomeidjés the radius of
gyration of the agglomeratd, is the primary particle diameter, ab is fractal
dimension. As one extreme case, one can consider loose agglomerates with a
transparent structure and no necking between primary particles.

In order to describe the properties of agglomerates more in detail, one can
consider several parameters. First of all, one can consider an intrinsreparahe
density (p) of the bulk material. Secondly, one can consider chainlike agglomerate
parameters such as number of primary partidigsQd primary particle diameteaiy
in a fractal agglomerate. Thirdly, one can consider morphology parameterassiine
fractal dimension and dynamic shape factor. Finally, one can take account ofeaquiva

diameters. An equivalent diameter is defined as the diameter of a sphieggetha
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same behavior in a physical process of an agglomerate or having the samty pkeper
mass or surface area as an agglomerate.

Transmission Electron Microscopy (TEM) has been used to image agglomerates
and derive the fractal dimension, projected area, primary particle sizes@ett eatio.
(Cai et al., 1993; Koylu et al., 1995; Neimark et al. 1996; Park et al. 2004a; Rogjak et a
1993; Samson et al., 1987; Wentzel et al., 2003). Rogak et al. (1993) showed that the
projected area equivalent diameters of JJ&Bd Si agglomerates are nearly equal to
mobility diameters for particles with mobility diameters up to 400 nm. Park et al
(2004a) also showed that it applies to diesel agglomerates consisting ofyprimar
particles with the mean diameter of 31.9 nm in the mobility diameter range of 50 to 220
nm. Oh et al. (2004) showed that the projected area equivalent diameter does not change
depending on particle shape if particles have the same mobility diamsiteg. U
numerical simulations, Brasil et al. (1999) showed that the projected area ahdckmg
be overestimated in the 2-D projection depending on the resting position of the
agglomerate and how many contact points the agglomerate has established with the
substrate. Additionally deriving the fractal dimension of 3-D particla® 2-D images
is limited by the inability to distinguish 3-D agglomerates with2;<< 3 (Katrinak et
al., 1993; Tence et al., 1986).

In this chapter, structural properties of silver agglomerates areigatest using
TEM. Silver agglomerates generated by evaporation and condensation followed by
coagulation process are preclassified by a Differential Mobilitylyxes (DMA) and

sampled agglomerates are imaged by TEM.
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This chapter is focused on obtaining structural properties including thetebje
area equivalent diameter, 2-D fractal dimension, and number of primarygsadic
silver agglomerates. For the case of a loose and transparent agglorheratejected

area equivalent diametedyf) can be expressed as:
d,. VNd, romsS, d2/4 N d’/4, (2-2)

whereS,ais theprojected area of an agglomerakbose properties obtained from the
projected image of an agglomerate can be also used to estimate the sadace a
volume, and dynamic shape factor of agglomerates. The projected area equivalent
diameter ¢,), fractal dimensionl¥), and number of primary particlel)(of silver
agglomerates obtained from TEM images is compared with those obtained from
mobility analysis using Lall and Friedlander (2006). The Lall and Fneléia(2006)’s

model is discussed more in detail in the section Results and Discussion.

2-2.Experimental

Silver primary particles were generated by evaporation and conaensati
method developed by Scheibel and Porstendorfer (1983) with silver powder (99.999%,
Johnson Mattney Electronics) within an electric tube furnace. A schedegiam for
experimental set-up is shown in Figure 2-1. Silver agglomerates were pitdnuce
having primary particles pass through an agglomeration chamber to increase the
residence time needed for coagulation. Nitrogen was used as casriéghgaeactor

conditions for the particle generation are summarized in Table 2-1. The particle
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generation system was very stable during the experiments. Peotdentration at the

peak varied within 20 % and the peak location was changed by a few nanometers. The
standard deviation of size distribution varied within 15 %. Silver agglomerates were
classified by DMA (Model 3081, TSI, Inc.) with sheath flow rate of 15 Ipm and aerosol
flow rate of 1.5 Ipm and then sampled with a Nanometer Aerosol Sampler (Model 3089,
TSI, Inc.) which uses electrostatic force for the collection of chargédl|pa leaving

the DMA.

2-3. Results and discussion

2-3-1. Basic properties of projected silver agglomerates

Properties of projected monodisperse silver agglomerates are measured, and
reported here. TEM measurements of agglomerates include the primare sézéc
(dp), maximum projected lengti, maximum projected width/), and derived aspect
ratio (L/W) as shown in Figure 2-2 (a). These measurements were done with the aid of
two pieces of image analysis software, Digital Micrograph 3, Gatan lddnaageJ
with the plug-in FracLac_2003K.

The particle in the Figure 2-2 on the left does not match the several assumptions
made by Lall and Friedlander (2006) which may cause a deviation from expetimenta
result: (1) It is not a chainlike agglomerate (2) It is not a loose (“assk)|
agglomerate. Neck formation can occur in silver agglomerates (Weber adthidier,

1997; Lall et al., 2006). In order to measure primary particle size, a wiaslelrawn on
13



each primary particle with a distinct boundary as shown in Figure 2-2 (a)ir{®rkr
particles are polydisperse as can be seen in Figure 2-2 (b). The measueep:
primary sphere diameter of silver agglomerates is 13.8 nm with a standaaticsheot
2.5 nm as shown in Figure 2-2 (b). It is well fitted with a Gaussian distributiondancti
Previous studies showed that the primary particle size of silver aggleserat

diameter is 15 nm in Schmidt-Ott (1988), 18.5 nm in Lall et al. (2006).

2-3-2. The effect of a tilting angle of TEM specimen holder on TEM analysis

In this section, the effect of a tilting angle of TEM holder on TEM anatgsislt is
investigated. Figure 2-3 shows TEM images of only one agglomerateywtth20 nm
viewed at different tilting angles of the TEM specimen holder. The TEM isndgeand
(d) look strikingly different from each other. The projected area equivalenetigm
maximum length, aspect ratio, and fractal dimension are summarized inZf2lae a
function of the tilting angle.

The projected area equivalent diameter was obtained using the Imagedesditve
original TEM image was binarised by selecting brightness thresholds. keom t
binarised TEM images, the projected area was measured. The projectequavakent
diameter is smaller than the mobility diameter. Due to the diffedéngtangles of the
TEM specimen holder, there is a difference of 10.3 nm in projected area equivalent
diameter between image (b) and image (d). Maximum projected lengtis@exct eatio
of image (b) and image (d) are significantly different from each other vi@te is

almost no difference in fractal dimension measured using a box counting algorithm in
14



ImageJ software for the two images (b) and (d). The method to determine the fracta
dimension is discussed later more in detail. In this study, those biasetd dfie to the
tilting angle were minimized by analyzing many TEM image sampledamly and

taking the average value.

2-3-3. Projected area equivalent diameter vs. mobility diameter

Figure 2-4 shows the projected area equivalent diameter distribution of silve
agglomerates witd,, = 120 nm together with representative TEM images
corresponding to different projected areas. The mobility diameter of doubstyecha
particles corresponding th, = 120 nm is 180 nm. The projected equivalent diameter
was determined from the bin of the maximum count observed in the distribution. The
projected area equivalent diameter is 110 nm for singly charged particles and 160 nm
for doubly charged particles, respectively.

The projected area equivalent diameters corresponding to mobility sizes are
summarized in Table 2-3. The projected area equivalent diameter is sigiatlier
than the mobility diameter for both singly charged and doubly charged as shown in
Table 2-3. Using Lall and Friedlander (2006), one can estimate the pdogeete
equivalent diameter with the information about the primary particle dianugjetll
and Friedlander (2006) related the number of primary partidles, mobility sizedn,

using Stokes-Einstein equation and Chan and Dahneke’s model (1981) as follows:
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d
EoorN 2 jkn 3 VOn (2-3)
2 c(d.)

whereF, isthedrag force exerted on an agglomerateis the dimensionless drag
force, is the viscosity of gay,is the sedimentation velocity in an electric fiekd) is
the Knudsen number, ai@ (d,) is the Cunningham slip correction factor. From Eq.
(2-3), the number of primary particles is given as:

d_ c*d,f
C.(d,) 12

: (2-4)

where is the mean free path of gas.

Figure 2-5 compares the projected area equivalameater obtained from TEM images
for dn = 80 nm, 120 nm, and 150 nm with that predictedfiLall and Friedlander
(2006) for the same mobility sizes with mean priynaarticle diameterg, = 13.8 nm
from TEM measurement. A linear fitting of the exipgental data shows that the
measured projected area equivalent diamdggris equal to 0.92 + 0.0, rather than
dpa = dm. The best fit of predicted projected area diamieten Lall and Friedlander

(2006) is a function ofl,’¢° rather thart,

The average values and standard deviation of thmaan length Lavg), width
(Wavg), and aspect ratid-(W)ayq Of silver agglomerates are summarized in Tablea8-4
a function of mobility diameter. In Table 2-4, ddwbharged particles and fragments
are excluded. The relation between the maximunepted length and projected area
equivalent diameter for silver agglomerates is showFigure 2-6 for only singly

charged particles. The maximum length can be s¢aladd the projected area
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equivalent diameter and the mobility diameter wit same power (1.19) as shown

below:

L~d&e~dbe. (2-5)
Park et al. (2004a) obtained the relation d 2° ~d;* for diesel agglomerates.

Equation (2-5) will be used in the next sectiontfa calculation of a fractal dimension

based on maximum projected lengih().

2-3-4. Fragmentation of agglomerates

Park et al. (2004a) used a Low Pressure Impac#i) (Hering et al., 1978)
consisting of 8 stages with a minimum cut size@h#& for sampling diesel particles.
They found that fragmentation of agglomerate maguoapon impact. In this study, an
electrostatic sampling method was used. The Naremetrosol Sampler (Model 3089,
TSI, Inc.) is based on Dixkens and Fissan (199%9sgn. The LPI makes use of
inertial impaction of particles while the electratst sampling method makes use of
electric field for the collection of particles. Evéhough a different sampling method
was used in this study, there is also a small pealknd 60 nm for agglomerates with
=120 nm as shown in Figure 2-4 and around 80 nradglomerates witd,= 150 nm
similar to Park et al. (2004a)’s observation. Theseilts indicate that the fragmentation
of silver agglomerate may occur when the electtmssampling method is used. The
possibility of fragmentation of agglomerate whee #hectrostatic sampling method is

used was also observed by Weber et al. (1996) agtaieY\and Friedlander (1997). The
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kinetic energy of agglomerate particle was estichétefore the impact on the TEM grid
for both sampling methods using electrostatic ertial force. For the electrostatic
sampling method used in this study the voltageiagmn a copper TEM grid is -9 kV.
Following Weber and Friedlander (1997), it was assa that the agglomerate potential
energy of 1.44 x I8 J (1.6 x 18Cb - 9 kV) is converted to kinetic energy without
friction losses in the gas before impact on thd.gfine can collect agglomerate
particles withd,, =150 nm on the stage 6 of a LPI as described nmglet al. (1978).
The jet velocity and operating pressure of theestags 150 m/s and 106 mmHg,
respectively. It was assumed that particle camfolhe jet flow and neglected friction
losses in the gas. Then, the kinetic energy oéségglomerate with,,= 150 nm is
estimated to be approximately an order ot In the above cases, it appears that the
kinetic energy of particle inside a low pressur@aator is larger compared to
electrostatic sampling method. The average energjadle to break one bond in silver
agglomerate is an order of ¥0J from Weber and Friedlander (1997) and Froesehke
al. (2003). This may indicate that one needs tdyagpelatively low electric voltage in

order to sample agglomerate particles without fraxgtation.

2-3-5. Fractal(-like) dimension

In this section, the fractal dimension of aggloaterare obtained using three
different techniques: (1) derivirig from projected TEM images using a box counting
method, (2) derivindd; from the number of primary particles and the mraxn length

of agglomerates, (3) derivirig theoretically from Lall and Friedlander (2006).
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First, the 2-D fractal dimensidd was derived as the slope on a least square
linear fit of the plot of logh vs. log box size, whem,,x is the number of non-
overlapping equal boxes that would fill the progetsurface area of the agglomerate.

The equation for the slope £1-Dy) is shown in Hinds (1999) as follows:

k P, (2-6)

box

r]box k

box
wherek is a constant and,ox is a box size. This method was previously useHiwpnd
Maynard (2006) and Gwaze et al. (2006). Gwaze. ¢2@06) carried out a detailed
analysis on the effect of the image resolutionrifias the pixels per primary particle
diameter. They found that the fractal dimension ef@nged by 9-18 % depending on
the resolution with the range of 4-50 and poorboteed intricate TEM images may
result in an overestimation of projected surfa@aam this study, a biased result due to
resolution was minimized by using a very high rasoh about 30-118 pixels per
primary particle diameter. It is shown that the Zréirtal dimensions of silver
agglomerate are 1.84 + 0.03 thy=80 nm, 1.75 = 0.06 fak, = 120 nm, and 1.74 +
0.03 fordy = 150 nm. This result is comparable to Ku and Magir(2006)’s result. Ku
and Maynard reported that the 2-D fractal dimensiosilver agglomerate has a range
from 1.58 to 1.94 for differently sintered silvegghomerate particles. From Ku and
Maynard (2006) and Weber and Friedlander (1997)cameexpect that a higher degree
of necking will increase the fractal dimension.

Secondly, the 2-D fractal dimensi@awas obtained from the number of
primary particles and the radius of gyratié)(described by Eq. (2-1). Several studies

suggested the following relationship between tloggoted area and number of primary
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particles (Samson et al. 1987; Meakin et al. 1988garidis and Dobbins 1990; Koylu

et al. 1995; Brasil et al. 1999):
Nk, e (2-7)

whereA; is the projected area of the agglomeratgs the mean projected area of
primary particlesk, is an empirical constant, ands an empirical projected area
exponent. In this study, in order to determije = 1.09 andk,= 1.15 (Koylu et al.,
1995) were used for Eq. (2-7). The radius of ggratian also be extracted from
projected properties. Several studies suggestedidanaximum projected length)(

can be related tBy as follows:L/2R, = constant (Koylu et al., 1995; Oh and Sorensen,
1997; Brasil et al., 1999). Using the relatib/2R, =constant, Park et al. (2004a)
approximated Eqg. (2-1) as follows:

N k. L/d, ", (2-8)
wherek is a prefactor anBy_is a fractal dimension based on the maximum pregect
length ). The relationship between the number of primaiples,N, and the
maximum projected length, normalized with respect to primary particle diaengd,
is shown in Figure 2-7. The fractal dimensi@ | based on the maximum projected
length is 1.47. The square of the correlation ¢oiefiit betweerN andL/d, is 0.81.

Thirdly, a mass-mobility diameter scaling expon@,) was derived based on
the mobility diameter using Lall and Friedlande®@8). It was assumed that mass is
proportional toN and primary particles have the same particle sindar to Park et al.

(2004a). Park et al. (2004a) measured mass ofl giegecles using Aerosol Particle
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Mass analyzer (APM) and defined the relationshigvben mass and mobility diameter

as follows:

m k,-o (2-9)

wherekq, is a prefactor. Using the relation that mass dpprtional toN, Eg. (9) can be

expressed as:

N k, -" (2-10)

wherekq is a prefactor. The number of primary partichdsis given by Eq. (2-4) from
Lall and Friedlander (2006). By combining Eq. (2-%6th Eq. (2-3),Dimof 1.71 and
kn10f 1.69 were obtained for the size rangelgéqual to 80 to 150 nm. Lall and
Friedlander (2006) give us a fixed fractal dimensimdependent of primary particle
size even though it slightly depends on the mghdize range. Since the model by Lall
and Friedlander (2006) assumes a loose and tramgsructureld; less than 2), the
computations oD; based on their model is not likely to giv®alarger than 2.
Schmidt-Ott (1988) obtained a mass-mobility diamstaling exponent of 2.18 for
silver agglomerates in the size range betlyw= 100 nm. In order to derive the 3-D
fractal dimension, Schmidt-Ott (1988) used a sizelase-packed clusters instead of
using the radius of gyration. A recent study (Kinak, 2009; Shin et al., 2009a) shows
that mass-mobility diameter scaling exponent afesibgglomerate measured by DMA-
Aerosol Particle Mass analyzer (APM) method is 2r0the particle size range of 100
to 300 nm. Park et al. (2004a) computed the ratavbenDs, andDy_for diesel

agglomerates and obtainBg, / Dy, =1.26. With the recent results (Kim et al., 2009;
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Shin et al., 2009a) for tHes, of silver agglomerate®), / Dy of 1.19 was obtained.

The value is close to the result by Park et al0420).

2-3-6. Number of primary particles in an agglomerate

In this section, the number of primary particlesagunction of mobility
diameter is obtained from three different methdtisusing Eq. (2-7) with coefficients
from Koylu et al. (1995) with measured projectedaaequivalent diameter (2) using
Eq. (2-2) with a relation between projected araaedent diameter and mobility
diameter, i.e.gdpa = 0.92 + 0.031,(3) using Lall and Friedlander (2006), i.e., Eq4j2
Figure 2-8 shows a comparison of different methtodsbtain the number of primary
particles as a function ofy/d,. The symbols indicate data points thy= 80 nm, 120
nm, 150 nm. The values from the first method argelathan those from the second and
third method. It may be due to a difference inlthsic assumption of individual
methods. The first and third methods make useeafisumption that the agglomerate
has a loose and transparent structure while Kayal. €1995)’s equation reflects some

shielding effects which is more appropriate forl sgylomerates.

2-3-7. Comparison with results in literature

In this section, structural properties of agglonesabtained from this study are

compared with previous data (Schmidt-Ott, 1988; &end Friedlander, 1997; Ku and
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Maynard, 2006; Lall et al., 2006) for the structymaperties of silver agglomerate.
Primary particle sizes of silver agglomerate frénose studies are below 20 nm even
though reactor conditions are different. The fredimension obtained with a box
counting method is larger by 15 % than that obthimg Ku and Maynard (2006) using
the same method. Those 2-D fractal dimensionsmadiex than 3-D fractal dimension
measured by Schmidt-Ott (1988) and Weber and Fameldr (1997). A mass-mobility
diameter scaling exponerid4;) of 1.71 was derived from the mobility analysisllL
and Friedlander, 2006). This value is closer tonleasured 2-D fractal dimension
because the model assumes a loose and transpggéorharate, i.e., 2-D agglomerate.
For the number of primary particles in an agglortegria would be difficult to make a
direct comparison because primary particle sizesaoh study are different. The
number of primary particles estimated using EcR)2¢ith dpa= 0.92 + 0.03ly, for dy, =
80 nm,N = 29 is smaller thaN =34 calculated using Lall and Friedlander (20@8 Xif,
= 80 nm. Schmidt-Ott (1988) and Weber and Friectaritl997) give us a little larger
number of primary particles compared to the metnidg Eq. (2-2) witltp,= 0.92 +
0.03dnbecause the former methods take account of threerdiional effects, i.e.,

shielding between primary particles.

2-4.Conclusions

The objective of this study is to analyze the dtrtad properties of silver

agglomerates based on TEM measurement and retategtlts to mobility analysis.
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Agglomerates with mobility diameters of 80 nm, 120, and 150 nm are sampled
using electrostatic method and then imaged by TEM.

According to the tilting angle of TEM specimen haidthe extent of variation of
structural properties based on TEM measuremerti % for the projected area
equivalent diameter and about a factor of 2 forgtgected maximum length and
aspect ratio of agglomerate. However, 2-D fractiaeshsion using a box counting
algorithm is insensitive to the tilting angle of MESpecimen holder. In order to
minimize those artifacts, a lot of particle sampiegd to be randomly chosen and then
analyzed.

It was observed that silver agglomerates it 120 nm and 150 nm are
fragmentized when they are sampled using electrosteethod similar to previous
studies by Weber et al. (1996) and Weber and Faelir (1997). The kinetic energy of
particle inside a low pressure impactor is one oadenagnitude higher compared to
electrostatic sampling method. This may indicat¢ tme needs to apply a relatively
low electric voltage in order to sample agglomep#icles without fragmentation.

Measured projected area equivalent diamelgrjs slightly smaller than mobility
diameterdy,. The relationship between the two quantitied,is= 0.92 + 0.03},for
silver agglomerates in the size rangelgf 80 nm to 150 nm. Fractal dimensions of
silver agglomerates were obtained using threeréifitemethods: (1) Two-dimensional
fractal dimensions;) = 1.74 to 1.84 from projected TEM images using = tmunting
algorithm, (2) fractal dimensio§ ) = 1.47 based on maximum projected length using
an empirical equation proposed by Koylu et al. @)9€3) mass-mobility diameter
scaling exponent,) = 1.71 theoretically derived from the mobilityadysis proposed
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by Lall and Friedlander (2006). 2-D fractal dimems measured by using a box
counting algorithm are closer to the mass-mobdigmeter scaling exponeridd,) of
1.71 derived from the mobility analysis (Lall andef@lander, 2006) rather than three-
dimensional fractal dimension of 2.18 measured dyn8dt-Ott (1988). The reason
may be that Lall and Friedlander (2006) has anmaption that agglomerate particle is
loose and transparent. Therefore, the model caotmparable to two-dimensional
TEM analysis.

Three different methods were used to obtain thebauraf primary particles in
agglomerate. The number of primary particles ole@ifnom the projected surface area
using an empirical equation from Koylu et al. (1p85larger than those obtained from
the projectedrea measurement directly or from the mobility gsial It is because the
former includes shielding effect while the othesswaned completely transparent
agglomerates. Number of primary particles calcdlatging Lall and Friedlander (2006)
or using the relationship betwedgnandd,, with an assumption that agglomerate is

loose and transparent may be an underestimatedbagglomerates.

With kind permission from Springer Science+Busindsslia: Journal of Nanopatrticle

Research, Structural properties of silver nanoglarigglomerates based on

transmission electron microscopy: relationshipddiple mobility analysis, 11, 2009,

163-173, Shin, W. G. et al., and Copyright 2008e(8ppendix B)
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Type Dimensions Residence time| $emperature, °C
Electric tube furnace Length: 89 cm2.85 1100

I.D. :1.43 cm
Agglomeration chamber| Volume: 2.7 |60 25

[.D.: 15 cm

Table 2-1.Condition of particle generation system
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Image Tilting angle (deg) dpa(Nm) L (nm) L/W D

a 0 99.3 176.9 1.59 1.80
b +22.54 93.3 142.3 1.19 1.80
c -19.42 103.8 2115 2.12 1.81
d -38.71 103.1 246.2 2.56 1.75

Table 2-2 Projected area equivalent diameter, maximum pregelength, aspect ratio,

and fractal dimension vs. tilting angle of TEM sipeen holder for an agglomerate with
dmn= 120 Nnm
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dml dpal dm2 dpaz

(nm) (nm) (nm) (nm)
80 75 119 105
120 110 180 160
150 145 230 215

Table 2-3. Mobility diameter and projected areaiegjent diameter
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dm Number of analyzed Lavg Wayg (L/W) avg
(nm) agglomerates (nm) (nm)

80 122 140.12+25.9283.44+18.91 1.77+0.56
120 120 228.42+48.16138.88+28.51 1.71+0.51
150 60 321.60+£65.77186.39+37.12 1.79+0.51

Table 2-4. The maximum projected length, maximuopjgated width, and aspect ratio
of silver agglomerates fak, = 80 nm, 120 nm, 150 nm
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d, (nm) D¢ N

Schmidt-Ott (1988) 15 2.18 27
Weber and Friedlander (1997) 13 2.03 41°
Ku and Maynard (2006) 20 1.58 +0°02 NA
Lall and Friedlander (2006) 1.71

Lall et al. (2006) 185+ 3.5 19
this study 13.8+25 1.84 + 003 34, 29

@ Three dimensional fractal dimension

P Two dimension fractal dimension obtained using & &munting algorithm in ImageJ
software

¢ for dy, = 80 Nm

4 for dyy = 74 nm

© Calculated using Lall Friedlander (2006) thy= 80 nm

" Calculated using Eq. (2) wiih;=0.92 + 0.03, for d, = 80 nm

Table 2-5.Comparison with results in literature for the stowal properties of
silver agglomerates
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Agglomeration
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Nanometer
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Figure 2-1. Schematic diagram for the experimesg&up
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Figure 2-2. (aParameters measured from TEM image (b) primaryghadize
distribution at the furnace temperature of 1100 °C
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Figure 2-3.TEM images of the same agglomerate witlx 120 nm viewed at different
tilting angles of the TEM specimen holder
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0pa =115.0 nm dpa=122.6 NM
40 | d,,=160.5 nm
[&]
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dp, =62.9 nm . ,_|—|—||_ | _ﬂ_l - dpa = 214.4 nm
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Projected area diameter (d_, nm)
pa

Figure 2-4. Projected equivalent area diameteriligton ford,= 120 nm (The total
number of analyzed agglomerates is 148)
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Figure 2-5. Projected area equivalent diametemadility diameter: comparison of
TEM analysis results with theoretical predictiosuk using Lall and Friedlander
(2006)
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Figure 2-7. Number of primary particles &, from TEM measurement: the three
different clusters of experimental data pointsfared,,= 80 nm, 120 nm, and 150 nm,
respectively
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Chapter 3 Study of Dynamic Shape
Factor and Friction of Coefficients of
Agglomerates Using DMA-APM

3-1.Introduction

The friction coefficienf is a key quantity for describing the motion ofesrosol
particle including its diffusion, electrical moky sedimentation, thermophoresis, and
coagulation rate. It is defined as the force ecelty the fluid on the particle as it
moves at a constant velocity through the fluiddiad by the velocity. For a spherical
particle, the friction coefficient is given by:

3 d

sph Cd = J (3' 1)

sph

wheredspn. is the sphere diameterjs the viscosity of the gas, a@id(dspn) is the
Cunningham slip correction factor, which correctsrion-continuum gas behavior on
the motion of small particles. In the limit of sirenudsen number (continuum limit),

the expression fdkyn reduces to the Stokes expression. In the limimmfe Knudsen

2
sph*

number (free molecular limitjspn..is proportional tal
In this chapter, it is of interest to investigdte friction coefficient of
nanoparticle agglomerates (NP agglomerates), wameltluster or chains of

nanoparticle spherules. Such particles are prodogéuigh temperature processes
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leading to a solid particulate. Combustion isianpry source including diesel
particulate and soot from building fires. Combaistis also used to make a variety of
materials in agglomerate form including fumed ailitttanium dioxide, and carbon
black. A variety of metallic agglomerates incluglisilver, iron, and copper are
produced by the vaporization of the metal and syibsat cooling in a non-oxidative
environment.

The objective of this study is two fold. The firstto obtain quantitative data on
the friction coefficient of NP agglomerates as iaction of the agglomerate size for
agglomerates with fractal dimension less than 2@mmdary sphere size in the free
molecular regime. The second is to compare the uneasesults with model
calculations for agglomerates based on free maeddhavior for the primary spheres.
One topic of interest is whether there is a diffieeebetween experiment and model
predictions with increasing agglomerate size. A elatbes not currently exist that can
account for the effect of the flow interaction beem the primary particles on the
friction coefficient. Existing models assume ttie flow is free-molecular at the
length scale of the entire agglomerate. They daonsider the case where the length
scale of the agglomerate is comparable or sevanaktlarger than the mean free path
of the gas. Quantitative data is needed taestarious predictions for the friction
coefficient of large agglomerates.

Chan and DahneK&981) used a Monte Carlo approach to computertttgoh
coefficient of a straight chain of spherical pdescin the free molecular limit based on
the Knudsen number of the primary particle diamitgr= 2 /d, where is the mean
free path of the gas, awld the diameter of the primary sphere. For randamignted
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straight chain agglomerates, the following expisss obtained for the friction

coefficient:

f oo N 1 c, d2/4

'sph p !

(3-2)
whereN is the number of spheres in the chaithe gas viscosity, the diameter of the

primary sphere(:;ph is the dimensionless friction coefficient for dspe, and is the

mean free path of the gas. The quandjy, is the orientation averaged dimensionless

friction coefficient for a basic chain unit, tworh&pheres touching at their poles.

Assuming 7 % of the collisions to have speculdentions and 93 % diffuse

reflections, Chan and Dahneke (1981) obtained gadi®.17 forc, ., and 11.44 for

Coph *

For N > 12, EqQ. (3-2) can be approximated ttwwi2 % accuracy by the

following:
foceN d2/4 . (3-3)

The linear dependence of the friction coefficienttbe number of primary spheres for
larger chains is a key feature of EqQ. (3-3). Otlesearchers have assumed that this
proportionality is also valid for agglomerates withctal dimension less than 2. For
example, Mountain et gl1986) made this assumption in modeling the kisetic
agglomeration and Lall and Friedlander (2006) ivedigping a methodology for
determining the size distribution of agglomeratasdal on electrical mobility
measurements.

Meakin et al(1989) used computer simulations of collision betwgoint
masses and fractal agglomerates to compute th®fricoefficient of the agglomerate

in the free molecular limit. The agglomerates wggaerated using ballistic cluster-
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cluster aggregation and ranged in size from a fiemgry spheres up to about 8 000

spheres. The dependence of friction coefficienty , on the number of primary

spheres can be expressed as:

f N"4S, N P nmv/3, (3-4)
where S, is the projected area of the agglomerate, is the total momentum transfer,

Ny is the number density of gas moleculegjs the mass of a gas molecule, apnc

the average speed of the gas molecules. Meakn fetund that the momentum
transfer is insensitive td so that the only significam dependence is the projected
area. In computing the orientation averaged @ictoefficient, Meakin et al. assumed

that the average of the produ&,, P was equal to the product of the
averagesS,, P ;thatis, that there was no correlation betweerptiojected area and

the momentum transferred. Nakamura and Hida888) have verified this finding for
the conditions used in this study where the partielocity is small compared to gas
velocity.

Mackowski (2006) used a Monte Carlo method for cotimg the friction
coefficient of fractal agglomerates. He generagglomerates using an algorithm that
satisfied the fractal power law relationship betwiseand the radius of gyration for
each agglomerate generated. The Monte Carlo méthshilar to that used by Chan
and Dahneke except Mackowski’'s treatment was o#strito the aerosol velocity much
less than the gas velocity. Mackowski (2006) fothrat the friction coefficient was
proportional taN>** for fractal dimensions in the range 1.7 to 2.0 fmdN in the range
3 to 3000.
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The friction coefficient is often expressed in dueed form termed the dynamic

shape factor. This quantity is equal to the ratio of the fracticoefficient of the

agglomerate,f to the friction coefficient of a sphere with th@&me condensed

aggl. !
phase volume as the agglomerate.

f

aggl. faggI.Cc dve

f 3 d,

ve

: (3-5)

where the subscripterefers to the volume equivalent sphere. Withrttent
development of the aerosol mass analyzer, it is posgible to accurately measuréor
agglomerates. This study is restricted to agglotasraith the primary sphere size in
the free molecular range.

While there have been a number of studies of timaiyc shape factor of
regular 3-D structures such as prolate ellipsaiiss, and of multiplets with 5 or fewer
spheres (Kousaka et al., 1996; Song et al., 208enyuk and Imre, 2007), there have
been few studies for larger agglomerates produgdddh temperature processes. One
of these was a study by Park et al. (2004a) to unredake dynamic shape factor of
diesel exhaust particles. They used a differemiatbility analyzer (DMA) and electron
microscopy to measure the dynamic shape factoe eldctrical mobility of an
agglomerat&,qq. can be expressed in terms of its friction coefficiey performing a
force balance between the electrical force andlthg force:

_€ (3-6)

\
4 —
aggl.
E faggl.

whereE is the electric field and the drift velocity. The mobility of the aggloméezas

eqgual to the mobility of a sphere with diametgr
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z . Z..d t O (3-7)

" 3 d

aggl. sph

where the second expression is obtained by sutisgjtior the friction coefficient for a
sphere from Eq. (3-1). The valuedyfis computed from Eq. (3-7) where the mobility
is the experimentally obtained value with the DMAIso from Eqgs. (3-6) and (3-7),
one obtains the following expression for the foaticoefficient of an agglomerate:

3 d,

faggl. W .

(3-8)

Finally, substituting Eq. (3-8) into Eq. (3-5), oaktains an expression for the
dynamic shape factor as function of only the mopdiameter and the volume

equivalent sphere diameter (Kasper, 1982; Kelly oMurry, 1992):

ch ve . (3_9)

Note that the Cunningham slip correction factoesfar spherical particles with
diametersl,. anddy, and not the slip correction for the agglomerate.

The volume equivalent diameter was determined égteln microscopy. This
was a labor intensive process. With extensiveyarsabnd correction for particle
overlap, Park et al. (2004a) were able to obtamadyic shape factor measurements of
diesel exhaust particulates with an uncertainty%o to 15 % over a mobility size
range from 50 nm to 220 nm.

The dynamic shape factor of silver agglomeratesaliasen to be measured
using a combination of a DMA and an Aerosol Pagtidlass Analyzer (APMEhara et

al., 1996). The use of an aerosol composed ofraterial allows us to determine the
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volume of the particles from their mass and thesdgof silver. This was not possible
with diesel particulate which contains both carlimoais material and some amount of
lubricating oil. There are two major advantagessihg an APM for determining the
volume equivalent diameter: The APM is an onlingmmment allowing the
measurement of the volume of several mobility setéparticles within an hour
compared to nominally a week of TEM analysis tdltewsame. Secondly the
uncertainty in the volume determined by the APMnsthe order of a factor of 2 to 3
less than that obtained by TEM.

A dynamic shape factoir based on mobility radius was obtained in the
pioneering study (Schmidt-Ott, 1988) for silver bggerates. Schmidt-Ott used two
DMAs: the first to select an agglomerate size @ncheasure the friction coefficient
and the second to measure the diameter of thedultgred agglomerate. The second
measurement allows one to determine the volumevalguit diameter. The mobility

radius dynamic shape factor was defined in Eqo{ Bchmidt-Ott as:

R (3-10)
Rie
(Note that Schmidt Ott used the symBgfor mobility radius while the symb&,used
in this study.)This quantity can be related tas explained in the discussion section.
Experiments in this study include agglomerates tivemobility diameter range from
50 nm to 300 nm compared to a range of about 2%r®0 nm in the Schmidt-Ott
study. One motivation for this study was to obticurate measurements of the

dynamic shape factor for agglomerates with up v@is¢ hundred primary particles and

to compare with theoretical predictions.
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The fundamental dynamic quantity predictedH®y\arious theories (Chan-
Dahneke, Meakin et al., amdackowski)is the friction coefficient. The DMA is used
in this study to select nearly monodisperse aggtatas in terms of the friction
coefficient. The APM measurement of agglomeratesnodshe monodisperse
agglomerates allows one to infer the number of annparticles in the agglomerate
from TEM information on the primary sphere size &odn the known density of silver.
Thus, with these two instruments the friction cmeéht can be accurately determined
as a function of the number of primary spheresx@orowly distributed agglomerates
and then compare with the various theoretical nedAk mentioned, the major interest
in this study to determine at what valud\bfhe theoretical predictions for the friction
coefficient begin to deviate from the experimeiciata.

There have been a number of agglomerate studidseaelationship between
the mobility radius and the radius of gyration &#edwveen the mobility radius and the
number of primary particles in an agglomerate. sehaclude the studies for in-flame
carbonaceous aerosols in the free molecular reffraeand Sorensen, 1994), for BiO
agglomerates witKn in the range 0.02 to 1.3 as well as an insight#fulaw of other
experimental studies covering a wide rang&m(\Wang and Sorensen, 1994), and for
TiO, and Si agglomerates wikn in the range 0.14 to 2.2 (Rogak et al., 1993)this

case the Knudsen number is defined based on thesrafdgyration Kny IRy).

The results for the relation betwedginandN will be compared with these previous

studies along with those of Schmidt-(t®88) in the Discussion section.
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3-2. Experimental

Silver nanoparticles, generated by the evaporattmdensation of silver
powder (99.999%, Johnson Mattney Electronics) witin electric tube furnace, collide
and stick together in an agglomeration chamberihgaid NP agglomerates made up of
a few primary particles up to several hundred.rdgien is used as the carrier gas. Two
sets of data were collected using slightly différeonditions. Two different tube
furnaces were used at slightly different tempeegtand two different volume
agglomeration chambers were used (See Table 3Fhe.average primary sphere size
was 16.2 nm with a standard deviation of 3.4 nntHerfirst experimental dataset
obtained in March 2007 and 19.5 nm with a standardation of 6.1 nm for the second
experimental dataset obtained in January 2008. hhare 200 primary particles was
measured for both datasets. For the primary parsice 19.5 £ 6.1 nm, 254 primary
particles were measured. For the case, the uneriaithe mean size is 0.38 nm. In
the rest of this paper, the first experiments afered to as Set 1 and the second as Set
2. Transmission Electron Microscope (TEM) imagesd@e100 nm and 200 nm are
shown in Figure 3-1. For the Set 1, a second tub®te was located between the
agglomeration chamber and the DMA. In one exparirtiee tube furnace was turned
off and in the second it was set at 280 The measurements in Set 1 were part of an
agglomerate filtration study (Kim et al., 2009)helrgeneral methodology used for
generating agglomerates is similar to that usedtbgrs (Schmidt-Ott, 1988; Lall et al.,

2006; Ku and Maynard, 2006).
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Using TEM Shin et al. (2009b) characterized siwgglomerate particles
generated in the same way as in this study. Agglates with mobility diameters of 80,
120, and 150 nm were sampled using the electrostegthod and then imaged by
TEM. Fractal dimensions of silver agglomerates vwdrined using a box counting
algorithm in Image J software. The fractal dimensiare 1.84+0.03, 1.75+0.06, and
1.74+0.03 fody, = 80, 120, and 150 nm, respectively from projedEM images. The
values are close to 1.78, i.e., the fractal diman$or self-similar aggregates produced
by diffusion limited cluster aggregation (DLCA) @arosols (Jullien and Botet, 1987).
Also, in Meakin (1989)’s study, the fractal dimesss of agglomerates are in the range
1.80 to 1.95. Considering that the fractal dimensiobtained from projections are 10-
15 % lower than the fractal dimensions of the tlth@eensional agglomerates (Samson
et al., 1987), the measured 2-D fractal dimenssatiase to the fractal dimension used
in Meakin et al.’s study. Thus the size dependerfdcke friction coefficient obtained by
the simulations of Meakin et al. is relevant tstbkperimental study. However, the
silver agglomerates show prominent necking whieeNteakin aggregates are
composed of spheres with point contacts. The etiofahe effect of necking on the

friction coefficient of agglomerates is discussehapter 5.

A schematic diagram of the system for generatiegsitver NP agglomerates
together with DMA-APM system is shown in Figure 3¥he NP agglomerates are
classified by mobility diameter using a DMA opengtiwith an aerosol to sheath flow
ratio of 0.1. Only charged particles with a narmange of mobility with a half-width at

half-height of about 5 % pass through the DMA. TIWA was calibrated with NIST
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traceable reference particles and the estimateghiasuncertainty in the mobility
diameter is 4 %.

The charged particles then enter the APM, whiclsists of two cylindrical
electrodes rotating together at the same contrsibeed (~3,000 rpm). A voltage is
applied to the inner electrode with the outer ettt grounded. Patrticles flow into the
small gap between two electrodes and experiendefogal and electrostatic forces.
The APM transmits particles of a known mass (indeeeat of particle shape or
composition), determined by the balance of therdagtl and electrostatic forces (Park
et al., 2004a). The concentration of the trangaiftarticles is measured by a
condensation particle counter (CPC). The relahgnbetween the centroid massof
the particles withg unit charges and the rotation frequengyoltageV, and radii of the
inner and outer electrodesandr; is given (Ehara et al., 1996):

qVv

v 3-11
r2#%Inr, I, (3-11)

wherer. is the average of andr,. The centroid mass is the mass of a particle for

which the net force acting on the particle is z#nq.

3-2-1. Calibration uncertainty of APM

There are a number of factors that contribute éoutficertainty in the mass
measurement. These include measurement repetahii calibration uncertainty,
and the uncertainty in obtaining the size distitnufrom inverting the convolution

integral. The number concentration is plotted &sation of mass passing through the
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APM (Figure 3-3). Repeat measurements of the pesds were obtained using
Gaussian fits and the CVs (coefficient of variatemjual to the standard deviation
divided by the average) were typically less th&@i{Table 3-2).

To assess the calibration uncertainty of the AR, peak in the mass
distribution of 200 nm NIST traceable polystyreatek (PSL) spheres was measured.
A difference of 3.9 % between the measured peaktadass computed from the
certified diameter and the density of PSL spheras ebtained. Ehara et al. (1996)
made a similar comparison for 309 nm diameter Rfblees and obtained a difference
of 6.5 %. McMurry et al. (2002) showed that gsam APM together with PSL
calibration spheres, the density of spherical drtgpirom Fomblin Y-25 and dioctyl
sebacate (DOS) of sizes 107 nm and 309 nm in deroetild be measured within ~ 5
%. This 5 % uncertainty in the density correspaidbe systematic component in the
APM uncertainty. The actual uncertainty could drgér. Based on the above results,
the calibration uncertainty for the APM used irstetudy was approximated as 5.5 %

for the mass range of 0.3 fg to 15 fg.

The peak in APM plot of number versus mass difétightly from the peak in
the number distribution as a function of mass efdggglomerates exiting the DMA. It is
the mass at the peak in the size distributionmexithe DMA, G(n), which is needed so
that both the mobility diameter and the mass aterdened for the same size
distribution. The APM output number concentratavoltageVi, No(V1), is a
convolution of the size distribution exiting the P\Mnd the APM transfer function,

T(m,\V):
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NoVi ,GmT mV,dm. (3-12)

o

The size distribution is obtained based on measemésrof the output APM
number concentration versus voltage using a gradearch optimization to minimize
the Chi-squared f) function (Emery, 2007). This approach also afidghe calculation
of the uncertainty in the mass based on the firagedure and is found to be on
average 3.4 % of the measured mass (see TablelBi2¥ound that the error in
estimating the peak in the mass distribution fro@aaissian fit oNy(m(V1)) is on
average 0.8 % for the range of sizes considered.

The combined relative uncertainty for the maggn), is obtained as the square
root of the sum of squares (RSS) of the CV fordhiération procedure, repeatability,
and inversion. The values af(m) range from 0.061 to 0.090 with a mean value of
0.068. The largest uncertainty is for the smalieass, 2.9x18 g, which corresponds
to a 50 nm mobility diameter.

Using the DMA-APM, the masses of the agglomerateiewdetermined as a
function of the mobility diameter over a range frabout 50 nm up to 300 nm. The

volume equivalent diameter is computed from thowihg equation:

$ de
6

, (3-13)

where is the density of silver (1.0810" kg/nT’). The dynamic shape factois

computed using Eqg. (3-9). The equaifkim et al., 2005) used fdC,(de) is given by
C.d, 1 Kn, A Aexp Al/Kn, |, (3-14)

whereKn,, 2 /d,, A:=1.165,A,=0.483and A;=0.997.

ve?
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3-3. Results and discussion

3-3-1. Dynamic shape factor of silver agglomerates

The results are shown in terms of the dynamic skegier versus the mobility
diameter (Figure 3-4). Itis seen thahcreases to a value of 3 - 4 for a mobility
diameter of 300 nm. The results for silver aggloates obtained by Schmidt-Ott
(1988) are included in Figure 3-4. The resultegiin Figure 7 of his paper are
expressed in terms of, the experimental dynamic shape factor, whicleliated to the
mobility radius dynamic shape factaog (defined by Eq.(3-10) above ) by the

expression:
. F ML 1126 (3-15)
whereF; (=0.7)is the filling factor for a close-packed agglomerat
From Figure 7 of the paper (Schmidt-Ott) and Bel%), bothR,, andR,e were

estimated and thenwas computed by using Eq. (3-9) together with tigec®rrection

formulain Eq. (3-14).

3-3-2. Uncertainty in dynamic shape factor

The uncertainty in the measurement of the dynahmaps factory( ), can be

computed from the uncertainty d, andm using the law of propagation of uncertainty:
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) ( T ? _
u?( ) Eu(olm) (—mu(m) . (3-16a)

Using Eq. (3-9), one obtains the following expreador the relative uncertainty in

2 2
luz m 1 dveC) dve
9" Cd,

2
r2 u . Urz dm 1 dmC) dm
cd,

(3-16b)

In EQ. (3-16b), the primes indicate the differetdia of slip correction factor with
respect tay, or d,e. The relative uncertainty fak, is 0.04 and fomis estimated as the
mean uncertainty equal to 0.068. The value,of ranges from 0.07 to 0.08 for both
the Set 1 data and for the Set 2 data. The repkptaf the 2008 data as defined by
the relative standard deviation of the mean fohaadue ofd,,, ranged fron0.01 to
0.03. Adding this component of uncertainty in qadare tou, increasesu, by

at most 0.005.

3-3-3. Comparison of measured dynamic shape factor wittieinaredictions

In this section, measurement results obtained ftosstudy are compared with
other measurements and model predictions. Itistefest to compare the two model
predictions with the experimental data. The depeand of ond,, for the Chan-
Dahneke modes$ obtained by equating the friction coefficientdg. (3-2) or (3-3) to
the friction coefficient of a sphere with diametigr

& N1 ¢ d?

bcu sph p

3
4 C.

P
dp,
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c.oN d> 3 d

m . N12. (3-17)
4 C. d

m

For a given value dfl and a fixed value of the primary diametigrthe mobility
diameterd,, can be computed from Eq. (3-17). Frbhandd, the volume equivalent
diameterd,c.can also be determined. Then from the valuek, a@ihdd,. the value of
is computedy using Eq. (3-9). In the free molecular limit ahe limit whered,, much
larger than the mean free path, explicit expressava obtained for for the casé*

12:

kdy,/d, 213 free molecular (3-18a)
kdm/dy 2, dn >> (3-18b)

wherek; % :

The Meakin results for the computer simulationbaifistic collisions with
agglomerates are expressed by Eqg. (3-4). Forabe af diffuse reflection, the reduced

projected cross section averaged over three ortfagoientations is given by

S N 0.264N 0519N°%2%  for N +100

pa,r

S. N 0240N 0517N°* for 100, N + 2500. (3-19)

pa,r
The reduced projected area is based on a dianfaterty for the primary sphere so the
actual projected area is given by:

S N diS.. N. (3-20)

p—par
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The slight variation in P for the case of diffuse reflection is estimatexhfrFigure 3-6

(b) of Meakin. The molecular properties are baseditrogen gas at 296.15 K and

1.01339%4.0° Pa.

The experimental results for the dynamic shapefdort silver agglomerates
are plotted vsdy, (Figure 3-4). The value @f, used in the theoretical calculations, Eq.
(3-17) and Eq. (3-20)s 15 nm for comparison with the Schmidt-Ott’s datal 16.2 nm
for Set 1. All of the model predictions approachl at a size of about 15 nm, since the
dynamic shape of the primary sphere with a dianatéb or 16.2 nm is by definition
1. The Meakin predictions exceed the results vfl3® about 10 % for the smaller
values ofd,, and by up to 30 % for the 300 nm agglomerates.Qlen- Dahneke
predictions exceed the results of Set 1 by abowetas much as the Meakin
predictions. The Mackowskredictions, which are not shown, would lie betw#en
other two model predictions. The likely reasontfoe better agreement with the
Meakin prediction is that this model takes intoaatt the shielding of one part of
fractal agglomerate by another part while suchesurg is not present for the straight
chain model of Chan-Dahneke. The orientation avepagjected area for the Meakin
model is proportional td* wherex- 0.90 while theprojected area of an orientation
averaged chain of spheres is proportiond tol' he decrease in the dynamic shape
factor for the larger primary spheres for the Seb@pared to the Set 1 is qualitatively
consistent with the theoretical calculations.

The Chan-Dahnekaredictions appear to agree well with the Schmitis@ata,
which are obtained for smaller agglomerates thenstindy. His measurements of

exceed the measured values with DMA-APM by more thaee times the

55



measurement uncertainty in this study. Possiblsesaf this discrepancy include
errors in the measurement of the primary spheeeasid in the filling factor of 0.7 in
Eq. (3-15). In order to account for the discrepdnetween Schmidt-Ott's
measurements ofand the measurements dbased on primary sphere size effect in
Eq. (3-18a), either the primary sphere measurefidynidt-Ott would have to increase
by 1.7 or the primary sphere size used in thisystigtrease by a factor of 1.7. Such a
large TEM measurement error seems unlikélgr the filling factorf;, one finds that
the decreases by 20-25 % as the filling factor inaedsom 0.7 to 1.0. Thus, using
theF¢ of 1.0 will reduce the discrepancy between measents from this study and

Schmidt-Ott's measurements by about a factor @fethr

3-3-4. Comparison of measured friction coefficient withdebpredictions

It is of interest to compare the experiments andehpredictions in terms of the
friction coefficient as a function of the numbermifmary sphere. This provides the
most direct test of the models for the friction fficeent.

Equations (3-2), (3-4), and (3-20) give the prestiti dependence for the two
model calculations. The experimental friction caadint is computed from the mobility
diameter and the number of primary spheres detedritom the primary sphere
diameter and either the mass of the agglomeratesftumethod) or the diameter of the
fully sintered agglomerates (Schmidt-Ott, 1988Y. &gingle sphere with the size of
16.2 nm, the friction coefficients are 1.99 E-13skipr Chan-DahneKkeased on free
molecular friction coefficient for sphere with 93 diéfuse reflection, 2.17 E-13 kg/s for
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Meakin extrapolated to a single sphere, and 1.98 Eg/s from Cunningham-Stokes'’s
relation in the free molecular limit (Eq. (3-1)).

Figure 3-5 compares the measured and predicttidh coefficients. The
exponent characterizing the power law dependenteedfiction coefficient omN is
defined as .

f AN . (3-21)
From Set 1, the exponentharacterizing the power law dependence of frictio
coefficient onN is 0.751 + 0.020(T=2%) and 0.760 + 0.020 (T=16Q) for N
between 40 and 600, which is equivalendtan the range of 100 nm to 300 nm.
Similar results were obtained in 2008 with a mealue of the six repeat measurements
(See Table 3-3) equal to 0.751. The best estinfates the mean of the eight
measurements, 0.752 with a standard deviationeoiffrtban equal to 0.011. The
uncertainty estimates forare discussed below. The values @&fom the theoretical
studies are 0.999 by Chan-Dahneked 0.908 by Meakin for the same rangBlimhe
mean value of obtained by Mackowski is 0.94 with a variation bbat + 0.03 and the
prefactor varied by about a factor of 2. This ealislightly larger than the value
obtained by Meakin. The difference may result fritw@ different structure of the
agglomerates. The Meakin’s agglomerates are fotmgeadrandom combining of
smaller agglomerates while Mackowslalgorithm for generating agglomerates
constrains the orientation of contact of two aggtoaites so that the resulting radius of

gyration fits the fractal equation.
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3-3-5. Dependence of friction coefficient on number ohpary particles

To obtain a higher resolution comparison of thetii@nd experiment, the ratio
of the measured friction coefficient to the Mea&xpressionf/fyeaxin 1S plotted in
Figure 3-6. The expression for Meakin is obtaifrech a power law fit of the

simulations foN in the range of 2 to 40.

2

d
2.15994.0 *° d—p N 8% kg/s | (3-22)

p,0

f

Meakin

where dy o= 16.2 nm. The data of Schmidt-Ott for smalléresiagglomerates is also
included in Figure 3-6. The constant off-setlodat 0.3 between results from this
study and Schmidt-Ott’s results may be from anrarréhe measurement of the
primary sphere size. The filling factBr has no effect on the friction coefficient ratio.
From Eg. (3-22) one can see thatnincreases witlal, 2. Thus, a 13 % change
results in a 30 % change in the friction coeffitigtio. So in this case, TEM
measurement errors could account for much of therejpancy.

As a point of reference, the reduced data in Fi§u8efor Schmidt-Ott

correspond to the friction coefficient varyinghd&®°

relative to the Meakin exponent
of 0.888. Also, fitting a power law to the firéireée points (50 nm, 80 nm, and 100 nm)
of 100°C data in Set 1 resulted in a slightly largewith a value of 0.87. The
uncertainty in in the case is large because of the small nunflq@siots and because
the smallest mass is near the minimum mass thdteameasured by this APM. Cai

and Sorensen (1994) obtainedqual 0.86X = 0.43) for soot agglomerates in a flame

using a combination of dynamic and static lighteang. In this experiment, both the
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primary particle diameter and the mobility diametss in the free molecular limit,
while Schmidt-Ott's measurements and measuremeiikss study are partly in the
transition region. The agreement may be a bituftwtis considering the experimental
issues and measurement range, but it still suggestast rough agreement with the
Meakin prediction.

The variation in the Set 2 is also likely froifferent primary sphere sizes as a result
of slightly different temperature/vaporization iata the furnace and cooling rates at
the exit of the tube furnace. A 2.5 % change enghmary sphere size would result in
a change in the friction coefficient ratio equathe observed standard deviation of the
ratio, which is about 5.1 % of the mean value. Slight systematic difference in the
friction coefficient ratio between the Set 1 and &es likely a result of using a different
DMA and a different calibration procedure.

The key finding of this study is that in thartsition region witiN between 40
and 600 d., between 100 and 300 nm) the friction coefficiemtr@ases by about 32 %
relative to the free molecular prediction basedh@enMeakin model (Figure 3-6). The
decrease is slightly smaller relative to the polaer behavior based on either the
Schmidt-Ott data (= 0.86) or data from this study for the smalléséé agglomerates
( =0.87). The exponent characterizing thdependence of the friction coefficient
ratio is 0.141, which is equivalent to an exporadr.751 for the friction coefficient
itself compared to the Meakin value of 0.888. sTdecrease is a result of a flow
interaction between the primary particles. A tlydor the flow interaction between
particles for two length scales, one small compéoetie mean free path and the other
large compared to the mean free path, does ndt exis
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An analytic approximation to the behaviorfbficaxin based on the experimental
data plus the smal limit has been obtained as follows:

f/f 10%exp N/182 N <40

Meakin

f/f 1.392N ' 600. N * 40. (3-23)

Meakin
In Figure 3-6, the red short dash line and stiast dot line indicate uncertainty
+ 0.02 in the power exponent, -0.141 in Eq. (3-8 slope of the friction coefficient
ratio may decrease below the expression in Eq3J3¥2h increasing number of
spheres beyond 600. Wang and Sorensen (1994( fbat the ratio of the mobility
radius to the radius of gyration was 0.7 for F&gglomerates with a primary sphere
size of about 35 nm and the average radius of igyraanging from 500 nm to 2000
nm. The range in the Knudsen number based orathes of gyration for the ambient
pressure measurements was 0.03 — 0.13. The conaisg range in the mobility
radiusdn, is 700 nm — 2800 nm. The exponentas estimated based on the
dependence dfon mobility radius and on the fractal relationvioet¢n the radius of

gyration and the number of primary particles in dlgglomerate:

. I R, Ry NV NP (3-24)
C. R,

From a power law fit of vs. R, over the range in the mobility radius, one finds

1.091. Using this value in Eq. (3-24) and a fridtaension of 1.75, one obtains=
0.623. In Figure 3-6, the friction coefficientitafor d, equal to 700 nm and 2800 nm
are plotted. The calculation assumes a fractdhpt@r of 1.3. In this case the power
law has decreased to a value of -0.275, comparad/étue of -0.141 for the expression

in EQ. (3-23). This result is suggestive but noéetly comparable because of different
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primary sphere size of about 35 nm compared t@1I®15 nm used in this study. The
dependence of the friction coefficient on the pmyngphere diameter is known for free
molecular flow, but it is not known for this unset¥flow interaction problem where
there is one length scale smaller than the meapfaéh and one larger. Thus data are
needed for the friction coefficient as functionpofmary sphere size and number.

The key focus in this study is tNedependence of the friction coefficient. This
information may be relevant to Wang and Sorens884)ls concern about the ratio
Rw/Ry undershooting the continuum limit, which is assdrteebeR./Ry equal a
constant of order unity, in the case of agglomeratade up of small primary particles.
It may be that the changimgdependence of the friction coefficient with insiea
agglomerate size prevents the undershooting os lead large agglomerate limit
different thanR,, proportional tdRy.

A deviation plot of the measured versus the fiftedion coefficient for each set
of data is shown in Figure 3-7. It is seen that2d0°C data has a parabolic shape
indicating systematic deviations from a power l#w There is also a slight systematic
trend for the January 12 data of Set 2. For ttaively small number of data points, 4
to 6, and small range, a power law fit provide®adyfit except for the 108 data.
However, there is the caveat that over a wide ramfjeas one goes from the free
molecular to the transition region, one expectgséesnatic decrease in the slope as

suggested in Figure 3-6.
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3-4. Conclusions

A quantitative method for measuringnd the exponentwere developed with
an uncertainty of 6 % to 7 % forand about 3 % for the exponent for agglomerates
with mobility diameter in the range 50 nm to 300.nivhe major contributor to the
uncertainty is from the calibration of the APM. eltmeasured value ofin the size
range less than 100 nm agrees within a few pewinthe predictions of Meakin and
with other measurements in this size range. Fgelaagglomerates witth, from 100
nm to 300 nm, the measuredlecreases by 15 % while the predicted value iseehy
about 1 %. An empirical equation is given for bdependence of the ratio of the
measured friction coefficient to the Meakin freelernlar expression. The observed
decrease in with increasing agglomerate size suggests a fidaraction between the
primary particles not included in the existing misdehich are based on free molecular

dynamics.
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Components Length,cm I.D.,cm  Residence tifhe, Semperature, °C
Generator 89" ¢ 1.43¢ |57 ¢ 1150

(Heated

region) 1169
Agglomeration | 2.7 L° 15° 120° 25" ¢ 100
chamber 6.7 L° 20° 300

% Residence time computed based on a flow of InfirLAt 25 °C and the reactor at
25°C in the particle generation furnace.

P Condition for experiments done in March 2007

¢ Condition for experiments done in January 2008

4 Same conditions as March 2007 except 2nd furhaated to 106C.

Table 3-1. Experimental conditions for generatibagglomerate particles
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Temp. Dm Mass Fitting Mass Repeatability u.(m)

(nm) (fg) Cv  (fg) Cv
Gaussian

R.T. 50 -
100 1.07 0.028 1.08 0.009 0.065
150 256 0.047 2.59 0.001 0.075
200 4.87 0.018 4.89 0.005 0.061
250 7.36 0.031 7.36 0.003 0.066
300 10.40 0.028 10.55 0.003 0.064

100cC 50 0.29 0.069 0.29 0.003 0.090
80 0.77 0.039 0.77 0.002 0.070
100 1.22 0.025 1.22 0.001 0.063
150 2.82 0.028 2.82 0.004 0.065
200 5.09 0.028 5.30 0.021 0.067
300 11.67 0.028 11.77 0.011 0.065

Table 3-2. Difference in two different fitting metths in terms of mass
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Date

03/15/07 f=3.32E-13 N~

03/29/07 f=2.95E-13 N7

50 nm -100 nm | f = 1.86E-13 N®"
= 0.7550.006 (0.004)

01/04/08 f=4.68E-13N"
01/04/08 f=4.38E-13 N"*
01/05/08 f=3.99E-13 N™
01/07/08 f=3.50E-13 }""
01/11/08 f=4.18E-13N"
01/12/08 f=4.27E-13 N7

=0.751+0.0124 (0.008)
r=0.752+0.0109 (0.004)

0 = 100 nm (N=46), 150 nm (N=110), 200 nm (N=208%0) 2m (N=315), 300 nm
(N=445)

®dm = 100 nm (N=33), 150 nm (N=52), 200 nm (N=121)) 20 (N=218), 300 nm
(N=499)

¢ first number is mean value, second is standarcatieni, third is standard deviation of
the mean

4 dy = 100 nm (N=30), 150 nm (N=81), 200 nm (N=130)0 36n (N=320)

®dyn = 100 nm (N=33), 150 nm (N=85), 200 nm (N=159)) 2 (N=229)

" dn = 100 nm (N=36), 150 nm (N=78), 200 nm (N=166)) 280 (N=232)
9dm=100 nm (N=39), 150 nm (N=93), 200 nm (N=161), 260 (N=259)

" O = 80 nm (N=19), 100 nm (N=34), 150 nm (N=81), 200 (N=149), 250 nm

- (N=232), 300 nm (N=317)

"dm = 80 nm (N=20), 150 nm (N=80), 250 nm (N=234), 300 (N=334)

Table 3-3. Power law dependence for friction dogfht vs.N over limited ranges
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Figure 3-1. TEM images of Ag Agglomerateés,= 100 nm (top) and,= 200 nm
(bottom)
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Figure 3-2. Schematic diagram for the measurewfetignamic shape factor using
DMA and APM. For the Set 1 experiments a secobd furnace was inserted between
the agglomeration chamber and the DMA
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Figure 3-3. The number concentration as a funationass passing through the APM
for d= 300 nm at room temperature
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Figure 3-4. Comparison of measured dynamic shaperf{Set 1°Set 2) as a
function ofdy, of silver agglomerates with prediction of Chan-Deke and Meakin
(values ofd, for model comparison: 15 nm for Schmidt-Ott (19868) 16.2 nm for Set
1)
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Figure 3-5. Dependence of friction coefficient e humber of primary sphefSet 1
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Figure 3-6. The ratio of the measured frictionfoent to the Meakin expression:
red short dash line and short dash dot line indigatertainty + 0.02 in the power
exponent, -0.141 in Eq. (3-23)Set 1 Set 2, Schmidt-Ott (1988)° Wang and
Sorensen (1994)
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Figure 3-7. Deviation plot of the measured vetbesfitted friction coefficient for each
set of data:*Set 1,°Set 2
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Chapter 4 Mass and Mass-Mobility
Diameter Scaling Exponent of
Agglomerate Particles in the Transition
Regime

4-1. Dependence of mass on mobility diameter

One other comparison of interest is the fractad-[kot of the agglomerate mass
as a function of the mobility diameter. In Figurd 4nis plotted vsdm, for dy= 16.2 nm
for the two theories. From Egs. (3-3), (3-8), aBd.B) the following expression is

obtained between the mass ahdor the model of Chan-Dahneke (1981):

d, 2 °

$Cc(dm) c

(4-1)

A value of mean free path of nitrogen of 66.3 nr@&iC and 101.3 kPa from the study
by Hirschfelderet al. (1954 was used in the analysis in Eq. (4-1) as wellthsro
eqguations containing the slip correction.

The mass measured by Schmidt-Ott (1988) is1.58stgneater than the
measured mass fdr, = 50 nm, 80 nm. Possible causes include erraifsein
measurement of the primary sphere size and inltimg ffactor of 0.7 in Eq. (3-15). If
there is a 50 % error in the measurement of prirmphere size in Schmidt-Ott’s study
or in this study, the discrepancy would be removiddwever, such a large error in the
TEM measurement is unlikely. One finds that thessmaeasured by Schmidt-Ott

would be increased by about 40 % if the fillingttads increased from 0.7 to 1.0. Thus,
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for F; equal to 1.0, the two mass measurements will agithén the uncertainty range
of mass measurement in this study. Tess-mobility diameter scaling exponént,
characterizing the power law dependence of the imrasise mobility diameter is
defined as

m Kk,dn" . (4-2)
The quantity is obtained for the measurements la@dntodels. The model calculations
are carried out for a primary sphere diameter o2 b6n. The best fit values Bk, are
2.080 at room temperature and 2.055 at 100 °@.fan the range of 100 nm to 300 nm.
This value of 2.08 is 17 % larger than the valué.@R predicted by the Meakin model
and 25 % larger than the prediction based on tteChahneke model based on the
range for the mobility diameter. The best power i for the data obtained in Set 1
and Set 2 are presented in Table 4-1. The avefagethe measurements, 2.103, is
taken as the best estimatelpf,. The results of Set 2 are expected to give a more
accurate average value because of the larger nurhbepeats and because a systematic

effect was observed for the data set collecte®@f@ in Set 1.

4-2. Measurement uncertainty inDgpy,

The difference between the average of all testslamdverage for the Set 2,
0.011, is small compared to the measurement umeria determiningDsm, which is
shown below to be about 0.065. In Figure 4-1, tiwtsdash line and short dot line
indicate the uncertainty, £ 0.065 in the best estnofDsy, 2.103 in room temperature

data of Set 1. The uncertainty in the best estiBl®,, can change mass df, = 300
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nm by £ 7.4 %. Also, horizontal and vertical erbars marked on square symbols
represent calibration uncertainties in DMA, 4 % andPM, 6.8 %.

The measurement uncertaintyDg, arises from fitting the data to a power law
expression, from the propagation of the uncertesnfiom the measured mass and
mobility diameter, and from the repeatability uriagty. The relative uncertainty,

A(Dsm), obtained from a linear least square analyste®ariables Imf) and In@,)
ranges from 0.011 to 0.019 and the larger valueusad as the estimate of the
uncertainty.

The estimated uncertainty a4, given above was 4 % of the value. A constant
percentage change will not affect the slope fagaldg plot. However, a more careful
analysis indicates that the likely error in measyid,, depends slightly on particle size.
A likely source of the error in they, measurement is an error in the flow measurement.
A constant error in the flow measurement will résula constant error in the mobility,
but not quite a constant changealinpand random. For example, a flow decrease of 4.4
% in the DMA will result in 4.4 % decrease in tHeatrical mobility and a 3.0 %
increase irdy, for dy,, equal 200 nm, but this same change in flow waliein a 2.7 %
increase irdy, for dy, equal 100 nm. Using Egs. (3-6) and (3-7), oneestimate the
change in the measured valueslgfesulting from a 4.4 % decrease in the mobility.
The best fit value foDs,, decreases fractionally by 0.005 based on the meodif
mobility diameters. This value is used as thetirstauncertainty componenigi(Dsy).

The last term in the uncertainty analysis is thesnabove the combined
relative mass uncertainty was estimated as 0.@868uncertainty in the mass
proportional to the mass does not affect the slgfein the DMA, there are possible
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systematic effects such as the rotation speedameggical dimensions of the

instrument that could affect the results. Howettsg,calibration results presented
above indicate large changes in the calibratiorstzom as a function of size. The cause
of these changes is not known. An estimate ofrtipact of this variability is obtained

by assuming that the difference between the trussraad the measured mass increases
linearly with mass starting at zero differencehat $mallest size and increasing to a 5.5
% difference at the largest size of 300 nm. THaeevaf 5.5 % is the approximate
calibration measurement uncertainty used in thidyst The fractional change in the
fractal exponentysz (D), is found to be 0.024.

The relative repeatability uncertainty(Dsy), is estimated as the standard
deviation of all the repeat measurementigrdivided by the average value. From
Table 5-1 one finds the value to be 0.005.The tefakive uncertainty iy, is
obtained by taking RSS 0A(Dsm), Us1(Dsm), Us2(Dim), andur(Dsm) with the result
Utot(Dim) = 0.031, which corresponds g, = 2.103 £+ 0.065.

The same general approach is used for estimategrtbertainty in as forDsy,;
however, in this case, a constant error in the fioes not affect the exponent, because
the friction coefficient is inversely proportiortal the flow. The individual components
are found to bea( )=0.005,uss( )=0, ugy( )=0.025, andiz( )=0.005. The value of
Uot( ) computed from the RSS of the components is 0.@R&h corresponds to=
0.752 £ 0.020.

The measured values bf, for the 100°C data of Set 1 are 2.055 for the size
range of 100 nm to 300 nm and 2.074 based on ks sf 50 nm, 80 nm, and 100 nm.
This small change of about 1 % is much less thari % change predicted from the
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Meakin model, 1.722 for the larger size range af@&for the smaller range. In
Chapter 3, it is shown that the Meakin model preedi@ small change inof about 1 %
for these ranges of mobility size. The large cleaindds, results from the slip
correction term in the relation between the frictawefficient and the mobility diameter
as given in Eq. (3-8). Over a small rangélinone can approximate the relationship as
a power law dependence with exponent

f cd, . (4-3)
The value varies by about 15 % from 1.55 to 1.81 for thgéarange ofl,,(100 nm —
300 nmYo the smaller (50 nm to 100 nm). From Egs. (3-28R), and (4-3), one finds
thatDs,= / . Inthe case of the Meakin modB};, increases by about 15 % because
increases about 15 % whilds approximately constant. The experimental sibuaits
different. The exponentincreases by the same amount as in the moddhéut
exponent is increasing by a similar amount so that theorathich is equal t®s, is
relatively constant.

Wang and Sorens€h994) previously reported a similar finding abthe
constancy oD, based on three data sets. They found a valabaft 0.45 for the
exponeni characterizing the power-law dependence of thellihotadius on the
number of primary particles. The exponemiguals 1Dsy, So that the corresponding
value ofDsyis 2.22. The data sets included inflame aggloreesabt (Cai and
Sorensen, 1994), which is in the free moleculaioregsilver agglomerate (Schmidt-
Ott), which extends from free molecular to the &iian region, and Ti@and Si
agglomerates (Rogak et al., 1993), which exterms the transition region to a

minimum Knudsen number based on the radius of igyraif 0.13. The total variation
77



in the exponenbs, was about 6 % across the flow regime from freeacwdbr to near
continuum. Wang and Sorensen focus on the depead#rthe ratio of the mobility
radius to the radius of gyratioR;/Ry, on the Knudsen number for the agglomerate. A
key idea in their explanation of a universal demg of the ratio on the Knudsen
number is the requirement that in all cased\thé limit for the ratio is 1.29. So there
are two independent explanations for the sameteffdore work is needed to assess

whether these approaches are equivalent or, ifvath is correct.

4-3. Multiple charging artifact

Doubly charged particles with different mass torgeaatios than the singly
charged particles will exit the DMA along with thimgly charged particles. The effect
of these patrticles on the mass measured by the isRistimated. Some fraction of the
nanometer-sized agglomerates exiting from the DMIAhave two charges. While
these doubly charged particles have the same ryoadithe singly charged particles,
their mass divided by charge will be different tianthe singly charged patrticles will
be different. The presence of two overlapping dis&ributions for the singly and
doubly charged agglomerates will result in a ddfese between the overall peak in the
measured distribution and the peak in the distidinubf the singly charged
agglomerates. It is the peak in the distributibthe singly charged agglomerates that
is the quantity of interest. To assess this efthet massesy andm, of the singly and

doubly charged agglomerates are first computed.
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From Eq. (4-2), one can expresgmy as a function of the ratio of the mobility

diameters of the doubly and singly charged agglatesid,, anddm;:

M O (4-4)

By equating the mobility of singly and doubly chedgagglomerates using Eq. (3-7),
one obtains the following implicit equation fay, as a function ol

Cc dm2 Cc dml
d 2d

(4-5)

m2
For example, fodn1 equal 300 nm, one finak,; equals 510 nm. So by using Egs. (4-4)
and (4-5), one can compute the ratiorpfm, as a function ofl,,.. The values ofy/my

are given in Table 4-2 for the rangedaf; studied.

The second part of the analysis is to estimateati@ of the number of doubly
charged particles to singly charged particles ftAsize d,;. From measurements of
the number concentratioh andN; of particles exiting the DMA for the voltage
setting corresponding ty,; anddn,, the fractionF; of singly charged particles exiting
for DMA sizedn; is given by:

Fl Nl f21Nz ’ (4-6)
N1

wheref,; is the ratio of the number concentration of doutbigrged to singly charged
particles for agglomerates with mobility diametige exiting a bipolar charger. This
first order estimate is obtained using the relaiop between the number concentration
exiting the DMA and the mobility distribution assumgithat the mobility distribution is

much broader than the transfer function. ANgincludes singly and doubly charged
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particles and\N, only doubly charged particles. Table 4-2 incluthesvalues of,; for
dm2, Which are estimated using Wiedensofil®88)’'s approximation for spheres, and
the values ofF; for all of the patrticle sizes studied.

The APM mass distributions for the singly and doulilgrged species are
approximated as normal distributions, both withgame value of the coefficient of
variation (standard deviation of the mass distrdsutlivided by the peak mass). The
values of coefficient of variation are obtainedablyest fit of the mass distributions to
Gaussians. The peaks for the two Gaussians are e, for my and 1-F; for m,.
The sum of these two normal distributions is fittath a normal distribution and the
modified peak mass along with the reduced standiewdation are given in Table 4-2.
The slight decrease in the peak mass leads toanmxamately constant increase of

about 1 % in and a change of only about 0.2 % iandDsp.

4-4.Conclusions

A quantitative method for measuring the exporignptwas developed with an
uncertainty of about 3 % for the exponent for aggtrates with mobility diameter in
the range 50 nm to 300 nm. The major contribugdhé uncertainty is from the
calibration of the APM. The measured valudgf decreases by about 1 % as the size
range increases while the predicted valuBsgfdecreases by about 15 %. The near
constancy oDy, Which has also been discussed by Wang and Sorgesshown to
result from both the exponentand decreasing with increasirgy  Further work is

needed to determine the connection between thamxjpbn for the constancy bk
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from this study and the earlier explanation by Wand Sorensen of the universal

behavior ofR./Ry.
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Date Dim

03/15/07 m = 7.559E-05¢ **

03/29/07 m = 9.477E-05¢ ***

50 nm -100 nm | m = 8.705E-05¢ #°"
. D= 2.068+0.018 (0.013)

01/04/08 =7 77505 F
01/04/08" m = 6.911E-05¢ 21
01/05/08 m = 9.35E-05 ¢ 20
01/07/08° m = 1.17E-04 ¢ 206
01/11/08 m = 7.73E-05g 2*%°
01/12/08 m = 7.02E-05 g 21

Dim= 2.114+0.030 (0.013)
Dim. tor= 2.1030.032 (0.01%)

& dyn = 100 nm (N=46), 150 nm (N=110), 200 nm (N=20%0) 2m (N=315), 300 nm
(N=445)

®dm = 100 nm (N=33), 150 nm (N=52), 200 nm (N=121)) 25n (N=218), 300 nm
(N=499)

¢ dn = 100 nm (N=30), 150 nm (N=81), 200 nm (N=130)) 3dn (N=320)

9 g = 100 nm (N=33), 150 nm (N=85), 200 nm (N=159)) 2Bn (N=229)

92 g, =100 nm (N=36), 150 nm (N=78), 200 nm (N=166)) 2Bn (N=232)

% dn= 100 nm (N=39), 150 nm (N=93), 200 nm (N=161), 260 (N=259)

€ dn =80 nm (N=19), 100 nm (N=34), 150 nm (N=81), 200 (N=149), 250 nm
(N=232), 300 nm (N=317)

" dm = 80 Nm (N=20), 150 nm (N=80), 250 nm (N=234), 300 (N=334)

9 first number is mean value, second is standardatiew third is standard deviation of
the mean

Table 4-1. Power law dependence for masslysver limited ranges
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dmi(nm) Om; Mmy/my fo1 Fiave | CV* | Mmodifiec/Moriginal

50 73 2.18 0.913| 0.08f 0.2%1 0.992

80 119 2.29 0.191] 0.838 0.1$4  0.978
100 151 2.35 0.259] 0.82l 0.1p5  0.978
150 235 2.54 0.408| 0.86f 0.1p3  0.986
200 324 2.71 0.517| 0.89B 0.183  0.990
250 415 2.86 0.591| 0.90f 0.162  0.989
300 510 3.00 0.639| 0.86p 0.198  0.980

cv* - coefficient of variation. at room temp.

Table 4-2. Modified mass through multiple chargeedion on DMA-APM data at
room temp.
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Figure 4-1. Comparison of measured mass as aidnnetd,, of silver agglomerates
with prediction of Chan-Dahneke and Meakin: slagh line and short dot line
indicate the uncertainty, £ 0.065 in the mass-nitytdiameter scaling exponent, 2.103
and horizontal and vertical error bars marked arasgsymbols represent calibration
uncertainties in DMA, 4 % and in APM, 6.8 %.
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Chapter 5Estimates of Non-ideal Effects
on the Friction Coefficient of
Agglomerates

5-1. Introduction

It is of interest to make use of analytical modelgredict structural and
dynamic properties of nanoparticle agglomeratek sisadynamic shape factqr
friction coefficientf, number of primary particldd, and mass-mobility diameter scaling
exponenDs,. Chan and Dahneke (1981), Meakin et al. (1989) Mackowski (2006)
have obtained the friction coefficient of agglontergarticle consisting of many
primary spheres by doing numerical simulations.

Shin et al. (2009a) experimentally showed thaidénagation between the
predicted and measured value of dynamic shaperflmtsilver agglomeratascreases
with particle size to a value of about 30 %. Aldee dependence of the exponent
which characterizes the friction coefficient on thenber of primary spheres, on
particle size is greater than for mass-mobilityntiééer scaling exponebk,. On the
other hand, model predictions (Chan and Dahnek&l;1deakin et al., 1989) indicate
that is independent of agglomerate size willlg is sensitive to agglomerate size.

The agglomerate particle shown in Figure 5-1 da#smatch the assumptions
for the numerical simulation referenced above Ttig¢ agglomerates may not be

randomly aligned. Studies have shown that agglataesrcan be partially aligned in
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electric fields (Kousaka et al., 1996; Zelenyuk émde, 2007). (2) It is not a loose
(“neckless”) agglomerate. Neck formation can ocousilver agglomerates (Weber
and Friedlander, 1997; Lall et al., 2006). (3) Ruignparticles are not monodisperse.
(4) The primary particle size may vary with theesof the agglomerate. In this study,
perturbations of the Chan and Dahneke’s model adeno estimate these non-ideal
effects on the predicted values of dynamic shag@fa and on the two exponents,
andDxy, for the power law dependence of friction coeédi on the number of primary

spheres and of the mass on the mobility diameter.

5-2. Predictions of non-ideal effects on the friction cefficient
of agglomerates

The simplest of the three models, the Chan-Dahnesael for a straight chain
agglomerate was used as a basic model in this.stQdgn and Dahnek&981) used a
Monte Carlo approach to compute the friction coefic of a straight chain of spherical
particles in the free molecular limit based onkmeidsen number of the primary

particle diameterKn, ~ /d_). The following expression is obtained for ftietion
coefficient:

d2/4

f Cbcu N 1 Csph p ’

(5-1)
wherec,, is the dimensionless friction coefficient for aslzachain unit, two

hemispheres touching at their polééthe number of spheres in the chaithe gas

viscosity,d, the diameter of the primary spherg,, the dimensionless friction
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coefficient for a sphere, andhe mean free path of the gas. Assuming 7 %eof th

collisions to have specular reflections and 93 #fuske reflections, Chan and Dahneke

(1981) obtained values of 9.17 fay,,if the chain is randomly oriented, 6.62 fcff,, if

the chain is aligned in the direction of the chaiotion, and 11.44 foc,,.

The quantities of interest are the dynamic shagiifa, the exponent
characterizing the power law dependence of thaédrniccoefficient orN, and the
exponenDs,. This dynamic shape factor is equal to the ratithe friction coefficient

of the agglomeratef , to the friction coefficient of a sphere with the&me condensed
phase volume as the agglomerate:

f  fc,d, 52)
f. 3 d, !

ve

where the subscripte refers to the volume equivalent sphere @rtie Cunningham

slip correction. The volume equivalent spheredi:iputed fronN andd, as:

1/3
de NY3d,. (5-3)

ve
The following equations define the exponentndDin,.
AN, (5-4)
m k. d>m, (5-5)
whereA is a prefactonm mass of agglomerate, akda prefactor.

The quantitydy, is the diameter of a sphere with the same molaktyhat of the

agglomerate:

- (5-6)



The mass of the agglomerate is computed usingehsity of silver andN :

m Ed§$N : (5-7)

5-2-1. Alignment Effect

The mobility diameter of a nonspherical particlai&inction of the particle shape and
orientation. The electric field in the DMA can causmspherical particles to partially
align. The torques arising from the free chargéhenagglomerate as well as from the
induced polarization causes the alignment. Fgelaagglomerates where the
orientation energy is large compared the particle alignment leads to a reduction in
the friction coefficient. This reduction will iutn result in a reduction of the dynamic
shape factor relative to the value for a randoraraation, which is assumed for the
baseline calculation in this study.

Here an order of magnitude estimate of this chavegemade for an
agglomerate witld, equal to 300 nm. One assumption is that the agglate has a
cross structure with the long chain 1.6 times lorigan the cross chain. Kim et al.
(2009) show that silver agglomerates have the gitthe maximum projected length
divided by the maximum projected width equal towthih6. In the current analysis, a
primary sphere size is assumed to be 16.2 nm.Chla@ and Dahneke’s expression for
the friction coefficient was used for both the ieat and horizontal chain. The two

chains have one sphere in common. Half of thigspls assumed to be associated
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with the longer chain and half with the shortewutasg in the following modification to

Chan and Dahneke expression for each chain:

f o Gou N 1 1/2 cqy

d>r4 (5-8)
wherek = 1, 2 corresponds to the long and short chain.

For a randomly oriented cross with 201 spher2§,in the long direction and
76 in the short direction with one sphere shatael fiction coefficient corresponds to a
mobility size of 300 nm. For an aligned cross vd#td spheres, 136 in the long
direction and 85 in the short direction with onée@ shared, is aligned in the direction
of the longest arm of the cross, the friction coéfht corresponds to a mobility size of
300 nm. The value ofis computed from Egs. (5-2) and (5-3) for both ridwedomly
oriented cross and the aligned cross. It is fahatithe dynamic shape factor is about
5 % smaller for the oriented configuration, 5.7&npared to the random configuration,
6.06. Current method of estimating the alignmdigce is similar to that used by
Rogak et al. (1993).

As the agglomerate size decreases, the tendemrietd decreases. It is
assumed that for a mobility size of 50 nm, whiclregponds to 10 spheres, the
orientation is random. Figure 5-2 shows the eftdé@lignment on the dynamic shape
factor.

Also how this change in orientation would affect ffower law expression for
the friction coefficient versul and for the exponem;,,was estimated. The exponents
were computed based on two points: onéNfer 10 for the cross in a random

orientation and the second fdr= 201, for which both a random orientation and an

aligned orientation are computed. The exponetgcreases by 4.3 % from a value of
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1.00 for the aligned orientation versus a randoientation. The exponel,

increases by 3.9 % from 1.675 to 1.740 as showiiabie 5-1.

5-2-2. Necking of particles

As indicated in Figure 5-1, the primary spheres in@akip the agglomerates are
not distinct spheres touching at one point. Theeneck between the spheres. In
some areas the agglomerate appears more like dahapa chain of spheres. An
extreme version of necking would be the formatida oylinder. It is of interest to
compare the dynamic shape factor and expadgnfor a chain and a cylinder. In this
comparison the sphere diameter and cylinder ungtlteis taken to be 16.2 nm, and the
cylinder diameter is chosen to give the same mastepgth as the sphere. The friction

coefficient for a cylinder with flat ends in thee& molecular limit is given by:

d2
f cylinder Y % o 1 f
S 2

L
) . —ZXsin*8 cos8 % (5-9)
2 4 3

oy oy
whered.y is the diameter of cylindek,y the length of cylinderff, the fraction of

molecules diffusely reflecting from the particlefaice, and the angle between the
polar axis of cylinder and flow direction. Thea®bn between the primary sphere

diametergd,, and the cylinder diametedsy, is given by:

d, 2/3"*(d,). (5-10)

cy
The friction coefficient of a randomly orientedinder can be obtained from
the friction coefficients computed about the thpeaciple axes for the orientation
dependent friction coefficient. These axes cowadpo the cylinder oriented in the
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direction of the field and the two axes orthoganahe aligned direction. The resulting
expression for the friction coefficient of a randgrariented cylindefrangom (Cylinder)
is given by:

3

f
&t8 0 2118 /2

cylinder - (5-11)

random

The two orthogonal axes have identical expressiotiie friction coefficient.

From Egs. (5-9) and (5-11), one can comfist@mas a function of the length
of the cylinder. The ratio of the dynamic shapddator the cylinder to the dynamic
shape factor for a chain of spheres with the samssns shown in Figure 5-2. The
cylinder has the same length and volume as thedfapheres. The ratio is initially
larger than 1.0 and then decreases asymptoticallafgeN or large mobility diameter
to a value of about 0.86. The cylinder and tharchaspheres have nearly identical
values of the friction coefficient for the orthogdmrientation; however, the friction
coefficient in the aligned direction is about 3Gs#oaller for the cylinder compared to
the chain.

It is seen in Egs. (5-1) and (5-9) that the frictamefficient for both the chain of
spheres and the cylinder become proportional tmtimeber of spheres for lar¢\eso
that it is not surprising thatis changed by less than 1 % for a chain versysirader
as indicated in Table 5-1. The mass-mobility disanecaling exponerids, also is only

slightly different for the cylinder compared to ttieain.

5-2-3. Variability in primary sphere size
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In comparing with experiment, the Chan and Dahreygession for the friction
coefficient, Eq. (5-1), was expressed in termBlgfwhich is the ratio of the mass of the
agglomerate to the mass of a primary sphere. &dtisation o is correct if the
primary spheres are monodisperse. In reality thenated standard deviation of the
primary spheres is about 20 % of the mean sizédovwBéhe effect of the polydispersity

was estimated on andDsp,

For a distribution of primary sphere sizeiﬁ,in Eq. (5-1) is replaced with the
projected area diameter of the two touching sphed%rs d§2 /2. Itis assumed that

the value ofc,and ¢, are unchanged. The expressionffgoly) for a polydisperse
distributions of primary spheres is computed as:

f poly o &,d2 c.di d%, 9 c.d’, d cd

sp~ pl sp- pN
dp  dpn

P P!

Pdy9 Pd,yd,9d,/8 , (5-12)
whereP is a normal distribution with meaﬁp, standard deviation, andN is the total
number of primary spheres in the chain. Perforntiirggintegration by making use of
the properties of a normal distribution, one ol#ain

f poly ap21 2/d_p2 c N 1lc_ /4

. o . (5-13)
- Nd,’1 %/d c./4

p
The expression on the RHS, valid to an accura@pofit 2 % folN > 12, is used in
the estimate.

The mobility diameted, corresponding to the friction coefficient givenHn.
(5-13) is expressed implicitly by:

92



Nd °“c 2 2 3 d
LR -~ fmonol —; m . (5-14)
4 d d C.d

p ¢ Y'mp

f poly

The value ofi,is slightly different frondy,, the mobilityof the monodisperse chain of
spheres, because of the term containfng

To compute for the polydisperse aerosol, the volume equivaléarneter for
the polydisperse particled,epis also needed. Using the properties of the normal

distribution, thed,epis obtained as:

1/3 13
2 2

—  d.13—5

p p

d, NYd 1 3

vep

(5-15)

whered, is the volume equivalent diameter of the chairh\tprimary particles all

with diameterap. The expression for the friction coefficient bétvolume equivalent

diameter is then given by:

3 d,,
fle cq (5-16)

vep

From Egs. (5-14) and (5-16), one can compute tinamhyc shape factor as a function of
N, and also using the right hand side of Eq. (5-@4& can express the dynamic shape
factor as a function of the mobility diameter. Tago of the dynamic shape factor of
the polydisperse distribution versus the monodspeistribution is plotted in Fig. 2. It
is seen that the ratio is mostly in the range @97.98.

As seen from Eq. (5-14), the friction coefficieat the polydisperse case is
proportional toN so the exponent remains unchanged with a valdedof The mass of
the polydisperse chain can be expressed in teriNausing Eq. (5-15) and ultimately

be computed as a function of implicitly expresseterms ofd,, using Eq. (5-14). The
93



change in the exponebt,, from the value for the monodisperse case is fdarize
0.003.

The above estimate may break down for distributieitls a large coefficient of

variation ( /Ep). In the Chan and Dahneke analysis for monodispgrkeres, a gas

molecule reflecting from one sphere can only celkdth a neighboring sphere. As the
polydispersity increases, the friction coefficieould be affected by reflected

molecules from a large sphere hitting next nearegthbors.

5-2-4. Dependence of Primary Sphere Size on Agglomerae Si

This analysis assumes that the primary spheegsizonstant independent of the
agglomerate size. This would be the case if tbevtir and shape of the primary
spheres were fixed before the spheres began todggiomerates. In reality, there may
be some growth of primaries as well as sinteringroharies during the agglomeration.
Here the case where the primary sphere size isreskto have a power-law
dependence on the number of primary spheres iagg®merate was considered as:

d, N dN’ . (5-17)

p0

Substituting Eq. (5-17) into the larfjeapproximation for Eq. (5-1) yields:

f CZLd,fONl 2 (5-18)

This is to be compared with the following expreadior a constant primary sphere size,

dpc:

f, CZLdﬁcN . (5-19)
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From this analysis it is seen that the power lapogent increases by an amount 2
for the size dependedg (N) relative to the constauhc.

There is a lack of experimental data on the dependence of,. The
measurement uncertainty of the primary sphereisiaa the order of 10 % for a 16.2
nm sphere. Assuming there is a 10 % increaseeiprimary size as the number of
primary spheres in an agglomerate increases froto 362, from Eq. (5-17) equal to
0.066 was obtained. This range in primary sphieesscorresponds to the range in
mobility diameter from 100 nm to 300 nm, whichhg range studied by Shat al.
(2009a). In this case the exponembcreases by 0.132.

In assessing the effect of size dependencheodyinamic shape factor, it is
convenient to computeandf, for the same value of the mass. In this caseatte of
the dynamic shape of the size dependent to congtamary sphere size,/ o, is equal
to the ratio of the friction coefficients of thegdgmerates. Equating the mass of the
agglomerate with the size dependent primary spéizecto the one with the constant

sphere size leads to the following relationshiptf@ number of primary spheres:

3

d ,
No 5N (5-20)
pc

whereNp is for constant primary siz. andN, for size dependent primary sidge(N)

From Egs. (5-18), (5-19), and (5-20), one obtains:

v PN, (5-21)
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The value ofi, is taken to be 16.2 nm and this value is set empud(N) for N = 36.
This is an arbitrary but convenient choice sindeatls to ,/ (=1 forN = 36, which
corresponds to a mobility diameter of 100 nm. hia $tudy by Shiet al. (2008), the
minimum mobility diameter was typically 100 nm. Ngincreases to 152, the ratio
decreases by 10 %. This ratio can be computedwasaon of the mobility diameter
of the agglomerate for a constant primary sphae $sing Eqgs. (5-19) and (5-6). The
results are shown in Figure 5-2.

For each value d,, one can compute the mass of the agglomerate kingha
use of Eq. (5-17). This together with the caldolabf the mobility diameter enables
one to compute the mass-mobility diameter scalkpprentDs,,. One finds for the size
dependent primary sphere size, the fractal dimensi6.109 larger than the baseline
case.

There is another important experimental issige number of primary spheres
in an agglomerate is the quantMy rather tharN,. From Egs. (5-18) and (5-20), one

obtains the following expression for the dependerid¢en No:

/

3113/ 12/

d
f Cbcu d2 pc N3 | (5_22)
4 7 d, °

To assess the significance of this effect, the ghan the exponent observed by Shin
et al. (2009a) is considered as the agglomerate sizeased. The magnitude of the
decrease was about 0.15. This change was attlibui@ change in flow interaction
with increasing agglomerate size. It is seenttmaeffect of a size dependent primary
sphere size is in the same direction as the fldecef Based on estimatedf 0.066,

the decrease inarising from the variable primary sphere size.858, which is
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significant relative to a decrease of 0.15. Theielarge uncertainty in the estimated
value of and quantitative data are needed on the size depeea of the primary

sphere size.

5-3. Discussion/summary

In summary, four non-ideal effects are estimatepesturbations to the Chan and
Dahneke model. The change in the exponBatsand arising from polydispersity and
from necking are negligible with changes less th&n. Alignment in the electric field
results in about a 4 % change in both exponerttseidirection of the experimental
results relative to the model prediction. Thereate is an upper bound estimate, since
the perturbed case for the 300 nm mobility diamistéully aligned. Partial alignment
is more likely the case unless the agglomerateoierthan a micrometer long.

The case of the variable primary sphere size irdoamatic but also more
uncertain than the other perturbations. Assumih@ &6 increase in the primary sphere
size as the mobility diameter of the chain incredsam 100 nm to 300 nm, one
estimates about a 10 % increase in igthand . In the case of the direction of the
deviation is the opposite of the experimental oletgrn. These estimates are based on
the number of primary spheres in the chain.

Experimentally the number of primary spheres igaeined from the mass of
the agglomerate assuming a constant primary sphemeeter. This leads to an over

estimate by 13.2 % for if there were a variable primary sphere size.sT$a
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significant effect relative to the observed 15 %rdase in observed experimentally
(Shin et al., 2009a) as the agglomerate size iseseilom the free molecular regime
into the transition regime. This change in behaigattributed to a flow interaction
between the primary spheres.

While the magnitude of this effect and its relevatx understanding the flow
effect are significant, the direct experimentaldevice for a systematic variation of the
primary sphere size with the size of the aggloneci@t silver agglomerates does not
exist. The estimated effect is based on the uaicgytin the measurement of the
primary particle size and the uncertainty in thineste is on the order of + 100 % of
the value.

While polydispersity has a negligible effect on ¢hgonents, it has the
dominant effect on the dynamic shape factor. dults in about a 14 % decrease in the
dynamic shape factor for agglomerates with a miytdiameter approaching 300 nm.

It is of interest to apply these corrections todlygaamic shape factor for the prediction
of the model of Meakiet al, since this model includes a more realistic friestracture

of the agglomerate and closer agreement with exygertal results. It is seen in Figure
5-3 that the modified Meakiet al.results are in much better agreement with the
measured results than the original predictionse difect of the variable primary sphere

size is not included because of the large unceytarthis effect.
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Average

Effects after Dom a 2
_ (before D
before
alignment 0.977 1.675° 0.065° 1.0 -0.043
polydispersity 0.975 1.554 0.003 1.0 0.000
necking 0.866 1.554 0.006 1.0 -0.0091
size dependent 0.948 1554 0109 1.0  0.132
primary size
b Dy, after Dy, beforeand after  before

®For the size rangeg= 50 nm to 300 nm.

Table 5-1. Change in dynamic shape factor andxperentD, and for the mobility
diameter of the baseline agglomerates in the rah80 nm to 300 nm
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Figure 5-1. Representative TEM image of silver aggrate particle
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Figure 5-2. The ratio of predicted dynamic shapgdiabefore and after modification
considering non-ideality
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Figure 5-3. Dynamic shape factor as a functiod,gbefore and after adjustment of
Meakin et al. considering non-ideality
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Chapter 6 Determination of Volume,
Mass-Mobility Diameter Scaling
Exponent, and Particle Alignment of
Nanoparticle Agglomerates Using
Tandem Differential Mobility Analyzers

6-1. Introduction

Atmospheric and intentionally produced aerosolipiag are often nonspherical.
Soot particles are agglomerates that are almostyalfound in the ambient aerosol
(Katrinak et al., 1993). Flame and furnace-gendrpteticles such as Tiand Ag
particles with industrial applications also haveglagierate morphologies (Pratsinis,
1998; Ku and Maynard, 2006). The physical and cheahuharacterization of
nonspherical and fractal agglomerate particles isrgportant area of current aerosol
research (Friedlander and Pui, 2004).

There is a need for measuring the mass of aggldenpaaticles because particle
mass is essential to describe aerosol behavianbieat air and when aerosol particles
enter into the human respiratory passage. Nonsyaigrarticles have a larger friction
coefficient compared to spherical particle with saene volume (Kousaka et al., 1996;
Park et al., 2004a; Song et al., 2005; Zelenyuklamd, 2007). For nonspherical
particles, effective density, i.e., mass/volumeeasn mobility diameter, is typically

significantly lower than the inherent material dgnbecause the geometric volume of
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nonspherical particle is smaller than that of sjga¢particle for the same mobility
diameter (Kelly and McMurry, 1992; Hering and Saalberg, 1995; McMurry et al.,
2002). The inherent material density (mass/volumea)so a fundamental property of
aerosol particles that can be used to place boamdsmposition of those patrticles.
Independent measurements of mass and volume gaerfoemed with gas pycnometry
(Hanel, 1977). This approach requires several ttagsquire a sufficient sample and
typically provides no information on size dependenaiperties. Also, conventional
offline filter based gravimetric methods such assthused in emission standard testing
(Burtscher, 2005; Kittelson, 1998) require long pang time. As online instruments,
the Differential Mobility Analyzer (DMA) and the Aesol Particle Mass analyzer
(APM) have been used in tandem to measure the mffsstive density, or intrinsic
density of agglomerate particles (Kelly and McMurt992; Hering and Stolzenberg,
1995; McMurry et al., 2002; Park et al., 2004akRaral., 2004b; Lall et al., 2008; Kim
et al., 2008; Shin et al., 2009a). Park et al. 200Kim et al. (2008), and Shin et al.
(2009a) provided structural properties of aggloreenaterms of mass mobility
diameter scaling exponent and dynamic shape factor.

Physical properties of agglomerates can be estthfeden mathematical models
or be obtained from experiments. There are twaodadilties in using free molecular
based models for estimating the properties of aggtates. Lall et al. (2008) tested the
idealized aggregate (IA) theory (Lall and Friedlean®006) against volume measured
by DMA-APM and showed a good agreement in the singe up to mobility diameter,
dm =120 nm. However, Shin et al. (2009a) showedteakdown of the free molecular
models for the friction coefficient of agglomerateish more than 100 primary spheres
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in the transition regime. The results indicate #&ttmates of physical properties of
agglomerates such as dynamic shape factor, massyass mobility diameter scaling
exponent based on free molecular models can beurate as agglomerate size
becomes larger. Also, there are several charatitsrisf real agglomerates that are not
incorporated in existing models for agglomerateangits (Shin et al., 2009b). These
characteristics includearticle alignment in the electric field, neckingtlveen particles,
polydispersity of the primary particles, and valgaprimary sphere size.

In the previous studies (Ehara et al., 1996; McMetral., 2002; Shin et al.,
2009a) showed that there is a calibration uncegtah5 to 7 % in the mass of NIST
traceable particles measured with DMA-APM. Thuss if interest to use tandem
Differential Mobility Analyzer (TDMA) method as atiger independent experimental
method to study agglomerate dynamics and comparesults with those from DMA-
APM method especially in terms of volume and masebilty diameter scaling
exponent of agglomerate particles. There is an@tieantage of using TDMA method.
Because of limitation in maximum operating rotatspeed of APM, it is very difficult
to use DMA-APM for small nanoparticle agglomeratdsch weigh below 0.3 fg (Shin
et al., 2009a). The smallest weight correspondsiter agglomerates in the size range
of dy, = 50 nm to 80 nm. However, TDMA method can be usedhe small metal
nanoparticle agglomerates. Thus it enables onertbdr investigate the dependence of
the exponent, which characterizes the dependence of the fnataefficient on the
number of primary spheres. Shin et al. (2009a) daiat the exponenthas a greater
dependence on particle size than for mass mobliEmeter scaling exponebt,, from
DMA-APM study.
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Silver particles were chosen as tested partinldss study. One advantage of
choosing agglomerates made composed of silventdile agglomerates can be
sintered at relatively lower temperature compaceother metal nanoparticles such as
gold (Schmidt-Ott, 1988; Shimada et al., 1994; Welrel Friedlander, 1997). The
sintering/coalescence processes have been investigad explained by three stages in
a number of previous studies (Weber and Friedlarid®7; Friedlander and Wu, 1994;
Ku and Maynard, 2006). The first stage is relatethé re-arrangement and sintering of
primary particles, leading to a sintered aggloneedditfewer and larger constituent
particles (Weber and Friedlander, 1997; SchwadeRaitd, 2003). The second stage is
where the curvature between these particles defimatking disappears (Koch and
Friedlander, 1990; Lehtinen et al., 1996) and kel tstage is where the non-spherical
particle coalesces into a sphere (Friedlander and1\894).

The sintering process has been used to charactbezi/namic and structural
properties of agglomerate particles. Schmidt-C@B8@) studied the change of mobility
size of particles with initial mobility diameted;,; up to 100 nm during the sintering
process using TDMA system. The sintering tempeestuange over from room
temperature to around 900 °C. In the study, thedya shape factor and fractal
dimension of silver agglomerates, with a narrowgeaim mobility, were derived by
measuring electrical mobility and aerosol photoeriois (APE) during the sintering
process. For the derivation, the volume equivalgheter ¢.¢) of an agglomerate
particle was estimated from the measured mobilayneter (. of a close-packed

agglomerate induced by the sintering process witlagionship:

d dve Ff 1 ' (6'1)

cl
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whereF; is a filling factor for a close-packed agglomer@dte= 0.7 used in the study).
One disadvantage of Schmidt-Ott’s approach isttiefilling factor may vary
according to the status of sintering or agglomesate. Thus, the uncertainty for the
filling factor can cause an inaccurate estimatibmodume of agglomerate particle.

Ku and Maynard (2006) showed the agglomerate mdoglgachanges from a
loose structure to a compact structure as thersigteurnace temperature increases,
using a Transmission Electron Microscope and arsngmmobility particle sizer
(SMPS). In their experiments, polydisperse parsielere sintered first and
monodisperse particles classified after a sintefimgace. Thus, the mobility size
change of monodisperse particles before and dféesihtering process was not
evaluated in the study.

In this study, mobility size change of monodispgyadicles before and after the
sintering process was also measured. The differbatween this study and Schmidt-
Ott’s study is that the fully coalesced diameteagglomerate particles was used in this
study instead of the mobility diameter of closekstagglomerates. The fully
coalesced diameter of agglomerate particles imdédfas the mobility diameter when
the agglomerate particles become compact with argph shape. One expects the fully
coalesced diameter to be very close to the voluuersalent diameter of the
agglomerate particles. The fully coalesced diamearbe obtained by monitoring
mobility size change with TDMA together with analyg the TEM images.

In this study, the volume of agglomerate partieles determined using two
independent methods: (1) TDMA with a sintering @ss(2) DMA-APM. The DMA-
APM data are presented in the previous study (8hat., 2009a). Silver agglomerates
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have a known bulk density of 10500 kd/fihus, one can determine the volume of
silver agglomerates from the mass measured by DNPAMASIlver agglomerate
particles with a size range of 30 to 300 nm in riighdiameter are investigated in this
study. However, for thd,, of 30 to 50 nm, mass data of silver agglomerateasured
with DMA-APM is not available because of the lindteperation range of APM.

Also, the mass mobility diameter scaling exporedrdilver agglomerates
determined by TDMA was compared with that obtaifrech DMA-APM data. The
extent of particle alignment of large silver aggkrates was evaluated with TDMA. In
addition, measurement results to determine whetheticle evaporating or charging is

occurring during the high temperature sinteringeneported.

6-2. Theory
6-2-1. Theoretical basis of mobility measurement

The electrical mobilityZ,, of a singly charged particle can be determined by
equating the electric field force and the Stokegydorce,

eC,

Z ’
3 d

(6-2)

wheree is the electron charg€, is the slip correction factor,is the viscosity of gas

andd is particle diameter. Knutson and Whitby (1975auied the following
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expressions for the mean electrical mobility oftigées exiting a DMA and for the

mobility bandwidth Z,,:

7 Qo2 (6-33)
P2 VL 1
Q *
7z a7z (6-3b)
P Qsh P

where Qg sheath flow rate of DMAQ,: aerosol flow rate of DMAY : electrical

voltage applied to DMAL : column length of DMA,E; outer radius of annular space,

andr, : inner radius of annular space.

6-2-2. IA theory (Lall and Friedlander, 2006)

Lall and Friedlander (2006) obtained a relatiopdietween primary particle
diameter @,) and mobility diameter using Chan and Dahneke 1)9&xpression for

the friction coefficient of a chain agglomerate:

d cNd;
cd,) 12

: (6-4)

whereN is the number of primary spheres in the chdirnthe diameter of the primary
spherec’ is the dimensionless friction coefficient for nepe, and is the mean free
path of the gas. Lall et al. (2006) determineddize distribution, surface area
distribution, and volume distribution of agglome&sbased on electrical mobility

measurements. In Eq. (6-4), if a primary particte $s known from TEM

109



measurement$y can be computed as a function of the mobility é¢iterd,,. Then, the

volume,v, and volume equivalent diametdye, of agglomerate are given as:

3

v N GP, (6-5)

N%d (6-6)

ve p

6-3. Experimental

Silver nanoparticles are generated by the evaporatbndensation of silver
powder (99.999%, Johnson Mattney Electronics) withe first electric tube furnace
(Lindberg/Blue, Laboratory Tube Furnace STF55438@x. temp 1500 °C). The
primary particles collide and stick together inagglomeration chamber leading to
nanoparticle agglomerates made up of a few prirparticles up to several hundred. In
TDMA experiments, nanoparticle agglomerates wertesed in the second furnace
(Lindberg/Blue, Laboratory Tube Furnace STF55438@x. temp 1200 °C). Nitrogen
was used as a carrier gas and the flowrate ofecayas was 1.5 Ipm. The reactor
conditions are summarized in Table 6-1.

A thermocouple probe made of stainless steel (MdtdXL-316G-RSC36,
OMEGA, Inc) was used to measure temperature digtob inside the generation tube.
The temperature uncertainty specified by the mantufar is at most 2.8 °C for

temperatures up to 1335 °C. The temperature digioib inside the generation tube is
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shown in Figure 6-1. The measured gas temperatsaide the generation tube was
around 1169 °C at the center of the tube and wesramover the central 40 cm region
when the furnace temperature was set to 1150 °€térhperature at the center of the
sintering tube was also measured and it was fooihe tvithin a few percent of the set
temperature.

A schematic diagram in Figure 6-2 shows the expamiad set-ups to measure
fully coalesced mobility diameter with TDMA systeand to measure mass (or volume
equivalent diameter) of silver nanopatrticle aggloates with DMA-APM system.
When the TDMA system was used, the temperaturkeeo$écond furnace was varied in
the range of 200 °C to 900 °C. Transmission Eleciacroscopy (TEM) was used to
determine the primary particle size distributionmesd! as the change in particle
morphology during the sintering process.

In the TDMA experiment, the coalesced diameteys,of agglomerate particles
in the size range of initial mobility diameteéf = 30 nm to 300 nm were obtained by
monitoring mobility size change. For the datasetf,; = 30 nm to 100 nm silver
agglomerate particles were generated without usmggglomeration chamber. Only
charged particles with a narrow range of mobiliagged through the two DMAS. The
two DMAs were calibrated with NIST traceable refere particles (Mean size: 199 nm,
Duke Scientific Corporation). The peak mobilityesiaf the reference particles
measured by the first DMA was 198.5 + 1.04 nm. theertainty of the NIST traceable
reference particles 1.7 % from manufacture spees.peak mobility size of the same
particles measured by the second DMA was outsigl@ticertainty range. The two

parameters in Eq. (6-3a), i.&,andQs; of the second DMA were checked and the error
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in the mobility size measured by the second DMA feasid to be mainly attributed to
the inaccurate sheath flow rate of the second DN&.assumed that the values of the
geometric constants of the two DMAs are identicéihiw the manufacturing tolerances.
Thus, the sheath flow rate of the second DMA waetingly corrected to compensate
for the difference between mobility sizes measimgthe two DMAs. Then, particle
mobility sizes originally obtained from the secddMA were corrected in the
subsequent TDMA data analysis.

The estimated 1 sigma uncertainty in the mobilignteter was 1.7 %, which is
equal to the square root of the sum of squares YB&8e uncertainty of the 199 nm
spheres and repeatability uncertainty with a valu@.2 %. In the TDMA experiments,
monodisperse silver particles were classified lyfitst DMA and then enter the
second furnace, which sintered the agglomeratécfest Then, a new mobility size,
dm2, caused by sintering process was monitored by aignecanning the size
distribution around a roughly found peak size vathigh size resolution of 2 to 4 nm at
each temperature. From these measurements, thenakikty diameters of
monodisperse agglomerate particles were deternsisgéemperature was increased.
Also, in order to assess the change in mobilitg sialy due to sintering process, the
possibility of coagulation of particles in the gnhg tube was minimized by classifying
the monodisperse particles before the second farnaenost of TDMA experiments, a
P0-210 neutralizer was not used in front of thesddMA. But, in one set of
measurements, a Po-210 neutralizer was used tstigate the possibility of small

particles being formed in the sintering furnacéhesresults of partial evaporation of
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silver particles followed by nucleation and condsim. In order to investigate change
in the morphology of particles, TEM analysis waedis

The present work also examines the extent of paricgnment with a TDMA
system ford,, = 300 nm, which is the largest particle size irs gtudy. Silver
agglomerate particle witth, = 300 nm was classified by the first DMAQ@4,= 9.0 Ipm.
The mobility diameter distributions of singly chadysilver agglomerate witth, = 300
nm were obtained by manually scanning the second RM)s,of 9.0 Ipm, 3.0 Ipm,
1.5 Ipm, and 1.0 Ipm. By varying the sheath flotera the second DMA, the average
electric field in the second DMA was changed. la ¢xperiments, th@s,0f 9.0 [pm
corresponds to average electric field in DMA of\@dm andQgs,of 1.0 Ilpm
corresponds to 1 kvV/cm.

Using DMA-APM, the masses of monodisperse agglotesnaere determined
as a function of the mobility diameter over a rafrgen 80 to 300 nm (Shin et al.,
2009a). Typical rotational speeds of APM used is situdy were from 1400 rpm to
3250 rpm depending on mobility sizes from 80 to B0 The volume equivalent

diameterd,, is calculated from particle mass measured by ARBMg Eq. (6-7)

6m

ve $ ' (6'7)

where is the density of silver (1.0810° kg/nt).

6-4.Results and discussion

6-4-1. Mobility size change
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Figure 6-3 shows mobility size distributions oftered agglomerate particles
with dm; = 300 nm at various sintering temperatures. $emsn that the mobility diameter
decreases by about a factor of two as the temperatincreased to 200°C and then
approaches a value of about 140 nm at temperabmse 400 °C. The manually
scanned size distributions were fitted by a Gauassiaction to determine the peak
mobility size.

In Figur 6-4(a), changes in the mobility size meadiby the second DMAd,
are plotted as a function of sintering temperatarel,,, = 30 nm, 80 nm, 150 nm, 250
nm, and 300 nm, respectively. Figure 6-4(b) shdwas agglomerate particles with
initial mobility sizes of 30 nm to 300 nm exhibisharp decrease in size by 20 % to 60
% of the initial sizes. In Figure 6-5, these mabisizes (.., were obtained without
using a neutralizer in front of the second DMA. Tager agglomerates require higher
thermal energy to become compact structures wstpharical form. As shown in Figure
6-5 (a), broad plateau regions (where the moksig change is within few percent of
initial mobility diameter) start from around 200 f@ d,i= 30 nm, 300 °C fodn,; = 80
nm and 150 nm, and 400 °C fdy; = 250 nm and 300 nm. Around those temperatures,
primary particles of agglomerate re-arrange. Teiarangement of weakly bonded
primary particles is driven by the minimization®ibbs free energy (Weber and
Friedlander, 1997). Weber and Friedlander showatdah300 °C the agglomerates with
dmi= 80 nm and 150 nm reached a close packed stathainthere was no change in
mobility diameter above 300 °C. For the cased,pf 80 nm and 150 nm, the results

are in a good agreement with Weber and Friedlafi®€7)’s results. Ku and Maynard
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(2006) found that particles (up ¢k = 100 nm) classified by DMA located at
downstream of the sintering furnace have sphesicapes at 600 °C.

Figure 6-4(b) shows normalized mobility S&g normaiizedS. Sintering
temperature. The quantity2, normaiizedVas obtained by normalizing the value of each
dm2 With respect to the value df,; at 300 °C fody, = 30 nm and 80 nm and to that of
dm2 at 400 °C fody, = 150 nm, 250 nm, and 300 nm. Fgs= 300 nm, the mobility
size decreased by 6 % as the temperature was ch&oge400 °C to 800 °C while for
dmi= 150 nm, the change in the mobility size is l&sstl % for the temperature change
from 400 °C to 700 °C.

TEM images of particles sintered at various terapges were analyzed to better
assess the degree of coalescence. Figure 6-5 sapresentative TEM images of
coalesced silver particles with,; = 80 nm, 150 nm, 250 nm, and 300 nm sintered at
600 °C. Most particles withy,; = 250 nm and 300 nm look ellipsoidal while padgl
with dni = 80 nm and 150 nm look spherical. Figure 6-6 shd#M images of sintered
silver agglomerate particles with initial mobildyameter ofd,,; = 300 nm. As the
temperature of the sintering furnace is increadezishape of particles becomes more
spherical. One expects the mobility size to de@@asparticle morphology changes
from an ellipsoid to a sphere for a fixed masssTfibecause a nonspherical particle
has a larger mobility diameter compared to a sphkparticle with the same volume
(Kousaka et al., 1996; Park et al., 2004a; Sorad. e2005; Zelenyuk and Imre, 2007).
At 800 °C the 300 nm particles are fully coalested spherical form. As discussed

below, this change in particle morphology is thkely cause of most if not all of the 4
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nm decrease in size shown in Figure 6-6 as thedmhype increases from 600 °C to
800 °C.

The possibility of partial sublimation of the ®ivparticles was also considered.
Schmidt-Ott (1988) showed that the peak mobilipef silver particles with initial
mobility sized, smaller than 50 nm can drop down to zero at teatpers above 860
°C. In his study, the possibility of evaporationagfglomerate particles with mobility
diameter larger than 50 nm was not investigatethigstudy, particle evaporation was
modeled with one dataset obtained from a slighffgient experiment set-up: (1)
generation furnace temperature was set at 130@)°€lr(tering furnace temperature
was varied up to 900 °C (3) A neutralizer was usddont of the second DMA. In the
experiments, as temperature is increased from 840 900 °C the peak sizes of
particles withd,= 300 nm andl,,;= 80 nm changed from 151.2 nm to 145.9 nm and
from 61.5 nm to 53.3 nm, respectively.

The predicted particle size decrease was also ctmased on the rate

equation for particle evaporation (Hinds, 1981):

dd) 8DM P, P

-, (6-8a)
d R&d T, T
2 d
i : | (6-8b)
d 533 2/d) 342
d,
142 142 d 249°m(@d 2) SDMR P g0
2 . R§ T, T

whered is particle sizeD, is binary diffusion coefficient for the mixture silver vapor

and nitrogenM is molecular mass of silvaR is gas constanEy is partial pressure of
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vapor at the particle surfacg; is particle temperatur®, is partial pressure of vapor
well away from the particle surfacg, is ambient temperature, and is the Fuchs

correction factor fod <1 m. In the calculations, it was assumed tat 0 andTy=

T .The vapor pressure of silver is found to be 5.1Fa3and 0.094 Pa for 800 °C and
900 °C, respectively from Panish’s study (1961 thim experimental setup, the
residence times around the 40 cm center regionr@nthe gas temperature is almost
eqgual to furnace set temperature) are estimatbd 74 second and 0.64 second for
800 °C and 900 °C, respectively. At 900 °C the d#ftision coefficients of silver

vapor and of nitrogen vapor are estimated to b@ B-@ nf/s and 2.38 E-4 fs using
Biolsi and Holland’s (2007) and Cubley and Masdi'875) results, respectively. The
binary diffusion coefficients of silver vapor intragen gas at 900 °C were estimated to
be 4.97 E-5 fis using simple kinetic theory.

As the temperature changes from 800 °C to 900H€151.2 nm and 61.5 nm
particles are predicted to be decreased by 27.4dbw 45.0 %, respectively during the
residence time. These estimates are qualitativelyes to the observed change.
However, the predicted decreases are larger tleaoltbervations. This may be because
the particle temperature may be higher than theegaperature or there is a significant
vapor pressure of silveP( > 0).

It is of interest to estimate the decrease in garsize at 800 °C based on the
model calculation with the residence time adjustedive the observed decrease in
particle size at 900 °C. For these conditions tiad,;= 300 nm the predicted particle
size change is from 156.8 nm to 156.5 nm at 800T(s indicates that the particle

evaporation is negligible at 800 °C. Thus, the ole=s# size change from 156.8 nm to
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151.2 nm as the temperature changes from 600 80QGC is due to the change in
particle morphology shown in Figure 6-6.

One curious observation from Figure 6-3 is thatahsolute particle
concentration decreased by about a factor of I6eakemperature is increased from
600 °C to 800 °C. Shimada et al. (1993) showetighsdicle loss inside the heating
tube by Brownian diffusion and thermophoresis sslthan 20 % for 20 nm particle and
less than 5 % for larger particle. The observededse is much larger than the expected
thermophoretic loss.

To help resolve the cause of the large decrease;and set of tandem DMA
measurements were carried out with a neutralizéoint of the 2° DMA. In this
experiment, the temperature of generation furnaae set at 1300 °C. The resulting size
distributions are plotted in the Figure 6-7 for ifeEDMA set tody,; = 300 nm for
sintering temperatures in the range 23 °C to 900 @he can see two peaks for
sintered patrticles at around 150 nm for the tempega of 600 °C and 800 °C. Itis
because the sintered particles turned into singlly &nd doubly (+2) charged particles
after passing through the second neutralizer. témperature change from 600 °C to
800 °C, the changes of the peak concentrationifigtyscharged particle in Figure 6-7
are about 25 % while there is a 16 fold decreasagure 6-3. The values observed
with the neutralizer are consistent with the corabon of a drift in the aerosol
generation rate and thermophoretic losses unli&edbults without the neutralizer.

The change in particle concentration without a raizer shown in Figure 6-3 is
most likely a result of an anomalous charging berave., thermal recharging. Under
high temperature conditions inside a tube furnaegatively as well as positively
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charged particles become multiply negatively char@éagnusson et al., 1999).
Thermal ionization can also cause the emissiorostitipe ions from hot metal surfaces,
such as iron, nickel or copper (Barnes, 1934)TDMA experiments without a
neutralizer in front of the second DMA, monodisgepsirticles with a positive charge
after the first furnace were classified and passealigh the sintering furnace. Then, the
particles were classified with a single positivauge in the second DMA. During the
sintering process, if positively charged partiddesome neutralized or negatively
charged, the particle concentration measured bgebend DMA will be decreased.
One surprising feature of Figure 6-7 is the higttipl@ concentration in the
small size range up to 60 nm as sintering tempexatiereases. Two possible causes of
this effect are: (1) silver being deposited onwladis of the second furnace and
reevaporated (2) ceramic material emitting parsielehigh temperature. If the walls
inside the sintering tube are coated with silvet #re vapor pressure corresponding to
the sintering furnace temperature is known, oneeséimate the maximum volume
concentration of silver converted to aerosol fofolume concentrations of silver
vapor at room temperature for sintering furnacepemratures of 800 °C and 900 °C are
found to be 2.16 E10 rittem® and 3.97 E11 nifcm®. Estimated volume concentrations
of silver are two orders of magnitude larger thasm dbserved volume concentrations. In
separate experiments, small particles were four temitted from the inner surface of
a ceramic tube without silver powder present amature around 900 °C. Thus, small
particles were more likely to be emitted from thear surface of a ceramic tube, rather

than formed by evaporation of silver depositedlenwalls.
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6-4-2. Comparison of coalesced diametis) (with volume equivalent diameted,£)

The coalesced diameter obtained from TDMA expenimes compared with
the volume equivalent diameter from DMA-APM measoeat. There are two
available datasets for both TDMA and DMA-APM expeents for the same range of
mobility size. Both experiments were performed loe$ame days with the identical
particle generation and particle classificationdibaons. The coalesced diameter of an
agglomerate is considered as the mobility diamekgl of the agglomerate measured
by the second DMA. TEM image analysis results shibthkat the agglomerates are
fully coalesced at 400 °C fak, below 100 nm, at 600 °C fak, = 150 nm, and at 800
°C for dmi= 250 nm, 300 nm. However, fdgi= 250 nm and 300 nm mobility sizes
were obtained only at 600 °C on the same day as MM data. For this set of tests,
TDMA data were not collected at 800 °C. In thddwing analysis (Figures 6-8, 6-9),
the results were corrected considering a furtheradese in the mobility size at 800 °C.
The fully coalesced diameters of particles vadth= 250 nm, 300 nm were obtained by
decreasing the diameters obtained at 600 °C by 3 %.

Figure 6-8 shows the relationship between coaledizdeter ¢.,) measured
from TDMA and volume equivalent diametekd determined by DMA-APM. The
DMA-APM dataset used in this study includes 01/82/01/05/08 01/11/08, and
01/12/08in the Table 3 of Shin et al. (2009a)’s study wWA®MA experiments were
conducted on the same days as DMA-APM experim@ihgs.results show that the ratio
between the two diameters is in the range 1.0008. Fordn,; = 80 nm and 150 nm, the
ratio is very close to 1.0 while fok, = 250 nm and 300 nm, the ratio exceeds 1.0 by 2

% to 8 % because at 600 °C the shape of the comppaéties is not spherical but
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ellipsoidal as shown in the Figures 6-5 and 6-&er&he corrections for the fully
coalesced diameters fdg; = 250 nm, 300 nm, the ratio is below 1.05.

In TDMA experiments, the uncertainty in the molilitiameter d.,,) of fully
coalesced particles measured by the second DMAgsrttent on the uncertainty of
mobility diameter in theIDMA, i.e., 1.7 % because th&*DMA is calibrated against
the £' DMA with NIST traceable PSL particles. For the DM#M, there are a number
of factors that contribute to the uncertainty ia thass measurement. These include
measurement repeatability, the calibration uncetgaand the uncertainty in obtaining
the size distribution from inverting the convolutimtegral. In the previous study (Shin
et al., 2009a), the relative combined mass unceytés estimated as 6.8 %. So, the

relative combined uncertainty in volume equival@iaimeter is estimated to be 2.2 %.

6-4-3. Comparison of mass-mobility diameter scaérgonents from TDMA and
DMA-APM

Mass-mobility diameter scaling exponelt;, characterizes the power law

dependence of the mass on the mobility diametéollasvs (Park et al., 2004a):

m k. d°, (6-9)
wherekq, is a prefactor. The mass data for TDMA were oadfinconverted from
coalesced diameters determined by TDMA with a i@tahip m = /6 d.o’). The
average value ddq, measured by TDMA is slightly larger than that mead by
DMA-APM method. Corrections were made for fully tesced diameters of,; = 250

nm and 300 nm based on the observationdhafor d; = 250 nm and 300 nm can be
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further reduced by 3 %, as morphology changes fiorallipsoid at 600 °C to a sphere
at 800 °C.

In Figure 6-9, masses of agglomerates obtained baotim DMA-APM and
TDMA experiments are plotted as a function of mibpdliameter. The DMA-APM
dataset includes 01/04/)®1/05/08 01/11/08, and 01/12/08ata shown in Table 3 of
Shin et al. (2009a)’s study when TDMA experimen&ewonducted on the same days
as DMA-APM experiments. The best fit valuedf, were obtained for each dataset
and the best fit curves for each dataset werepdddted in Figure 6-9. For the size
range ofd, = 80 nm to 300 nm the best fit valuelf, is found to be 2.126 from the
DMA-APM dataset and 2.172 from TDMA dataset afterrections for the fully
coalesced diameters @f; = 250 nm, 300 nm, respectively. Before the coroedj the
best fit value oDy, is found to be 2.256 from TDMA dataset.

Following the approach to calculate the uncertam®, (Shin et al., 2009a),
DMA-APM method, we obtained the overall measurenugrertainty irDsm, Uiot(Dim),
of 0.028 for datasets including 01/047081/05/08 01/11/08, and 01/12/0&data
shown in Table 3, of Shin et al. (2009)’s studydtresponds t®s, = 2.126 + 0.061.

In this paper, we only describe the uncertaintyyamafor TDMA method briefly.

For TDMA method, the measurement uncertaint4narises from fitting the
data to a power law expression, from the propagatfdhe uncertainties from mobility
diameter. The relative uncertainty(Dsy), obtained from a linear least square analysis
of the variables Im() and Infl,) is 0.0134. The estimated uncertaintglingiven above
was 1.7 % of the value. A constant percentagegehard,, will not affect the slope for
a log-log plot for the mass and mobility diametdéowever, a more careful analysis
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indicates that the likely error in measurithgdepends slightly on particle size. A likely
source of the error in thi, measurement is an error in the flow measurement. A
constant error in the flow measurement will regukh constant error in the mobility, but
not quite a constant changedn For example, a flow decrease of 5 % in the DMA wi
result in 5 % decrease in the electrical mobilitgd @ 3.8 % increase dh, for dy, equal

to 300 nm, but this same change in flow will resulé 3 % increase id,, for d, equal

to 80 nm. The best fit value f@x,, decreases fractionally by 0.002 based on the
modified mobility diameters. This value is idergii as the relative uncertainty
componentys(Dsm). One needs to consider the relative correctiaretainty,uc(Dsm)
caused by making corrections for the fully coaldsdiameter ofi,, = 250 nm, 300 nm.
The mobility size change of 3 % for the temperatirange from 600 °C to 800 °C has
a uncertainty level of £ 0.5 %. This value is idied as the relative uncertainty
componentuc(Dsm). For TDMA method, the total relative uncertaimtiiich is equal to
the square root of the sum of squares (RSS)(@), Ur(Dsm), anduc(Dsm) is 0.019

and corresponds O, =2.172 + 0.031.

The value oDy, 2.172 + 0.031, measured with TDMA in this studyeses
relatively well with the value dDsy, 2.126 £ 0.061, measured with DMA-APM (Shin et
al., 2009a). But, the uncertainty range for TDMAlightly outside the value by DMA-
APM. In detail, the total relative uncertaintyla, measured with TDMA is smaller by
1.4 % than that with DMA-APM.

The measurement size range was extended downrtm30 order to check the
dependence ddsy, on the mobility diameter as shown in Figure 648stf-it is of
interest to compare our measured valuBggfof 2.123 + 0.012 by TDMA for the size
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range of 30 nm to 100 nm with the previous reditSchmidt-Ott (1988) with TDMA
and by Shin et al. (2009a) with DMA-APM. The vahfeDs,, was found to be 2.18 by
Schmidt-Ott for the size range of 25 nm to 90 s butside our 1 sigma limit.
However, there is a larger difference betweenwterheasured values (2.123 and 2.18)
and the measured valued#, of 2.074 by Shin et al. (2009a) for the size raoigg0

nm to 100 nm (see 50 -100 nm data in Table 3 afi 8hal. (2009a)). It can be
attributed to a systematic effect observed fordéaset for 50 -100 nm (see Fig. 7 of
Shin et al. (2009a)).

Shin et al. (2009a) found that there is a littlpeledence oDs,,on the mobility
size of particles. In the stud@;,, changed from 2.055 to 2.074 as the size range
changes from 100 — 300 nm to 50 -100 nm. In Figu®e the measured value Bf,
with TDMA is 2.123 for the size range of 30 nm @0Inm and 2.172 for the size range
of 80 nm to 300 nm. Thus, the TDMA measurementltesonfirm Shin et al.
(2009a)’s conclusion. Wang and Sorensen (1994)qusly reported a similar finding
about the constancy &k, based on three datasets. They found a valueooft 45
for the exponent characterizing the power law dependence of thelitykadius on
the number of primary particles. The exponeatjuals 1D:,so that the corresponding
value ofDsyis 2.22. The total variation in the expon&it,was about 6 % across the
flow regime from free molecular to near continuum.

In Figure 6-9, there is about 30 % difference nmig of mass of particles in the
range ofd,= 80 nm to 100 nm between TDMA datasetdgr 30 nm to 100 nm and
TDMA dataset fod,,= 80 nm to 300 nm. It can be attributed to sligffedences
between those experimental setups. The two setspafriments were carried out on
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different days. Also, for the dataset fiy= 30 nm to 100 nm silver agglomerate
particles were generated without using an agglotieerahamber. One can expect that
primary particle size may grow inside an agglomerathamber. Shin et al. (2009a)
showed that the mass is roughly proportional tmpry particle size. However,
information about the primary particle size digtitibn is not available for the dataset

for dny=30 nm to 100 nm.

6-4-4. Particle alignment

When Eg. (6-4) is used to determine the numberiafary particles with a
knownd, corresponding to the mobility size of agglomeraties,selection of*
significantly affects the prediction results of wole. Previous studies assumed that the
agglomerates in the size range up to aralyw 150 nm orient parallel to the electric
field due to dipole formation (Lall et al., 2008p8er et al., 1974, Lall et al., 2008) and
thus 6.62 was used as a dimension lesscifrag Eq. (6-4) rather than 9.17. However,
the alignment of realistic agglomerate particlematanches and kinks in electric field
has not been investigated.

In this study, the extent of particle alignmentdgr= 300 nm, which is the
largest particle size in this study, was invesgdatFigure 6-10 indicates that the
alignment of 300 nm silver agglomerate particlenges from the partial alignment at
the higher electric field E = 9 kV/cm correspondin@s,= 9.0 Ilpm towards a random
orientation at lower electric field E = 1 kV/cm.Rbe electric field lower than E =1
kV/cm, the agglomerate particles may be more ramglonented. The results show the

mobility size change of 7 % for the correspondihgrgye of sheath flow rate of the
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second DMA. Kim et al. (2007) indicate that a &aatf 7 increase in the orientational
electrical energy for nanowires results in a chang® a nearly random orientation to a
more aligned orientation with a peak in the angdlatribution at about 12°. The factor
of 9 change in electrical field would result in &8 change in the energy for the free
charge plus a potentially larger contribution frim polarizability of the agglomerate.
So it is reasonable that this 9 fold change inag#tincludes the nearly random motion
to the nearly aligned alignment.

It is of interest to compare the experimental dath the cross model described
in the recent study on the estimates of non-idéetts on the friction coefficient of
silver agglomerates (Shin et al., 2009c¢). The mada designed to estimate the
orientation effect. One can compare the mobilignteter for the case of 220 primary
spheres (136 in the long direction and 85 in treetstirection with one sphere shared)
for the aligned orientation and random orientatidine ratio of the friction coefficient
for the random orientation to that for the aligegntation is about 1.09. The ratio of
the corresponding mobility diameters is about 1T0& estimated mobility size change
is very close to the observed mobility size chaoige % for the factor of 9 change in
electrical field in Figure 6-10.

It is of interest to check how the observed mop8size change of 7 % would
affect the value oD, determined via both methods. In both cases, thé\¥vused to
measure the mobility diameter. For both methodgmthe agglomerates are not
aligned, the mobility size would be equal to 321 nather than to 300 nm. For the
TDMA datasets, coalesced diametersdgr 250 nm, 300 nm were corrected. For the
Jan. 12 datasetsDi, decreases by 3.4 % from 2.139 for the alignechtateon versus
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a random orientation for DMA-APM method. For the NTB method,Ds,, decreases by
2.0 % from 2.104 for the aligned orientation verauandom orientation. Shin et al.
(2009c) estimated how this change in orientationldiaffect theDsnand found that the

exponenDs, decreases by 3.9 % from 1.740 to 1.675.

6-4-5. Modeling for the friction coefficient of nespherical particles

In section 6-4-1, it is seen that the morphologgnde shown in Figure 6-6
induced by the sintering temperature change frot°&to 800 °C is a likely cause for
the change of 3 % for mobility size, i.e., the ap@wf 5 % for the friction coefficient.
One can approximate the non-spherical particle shawigure 6-6(b) as an ellipsoid.
It is of interest to estimate the friction coeféot in the free molecular limit for an
ellipsoid and for a sphere with the same volumtha<llipsoid.

For the free molecular regime, there is an exddatiso for the friction

coefficient of a prolate spheroid in the free malac regime given by Dahneke (1973)

as:
C 4B2 6

sin*8 Apé4 -1 fm§ —gzz P—me
. az: 5 2 2 Bp 4 %
spheroid freemol.  — c 7 1 4 y

cos8 2A f —2gB2(4 2f) 4 3 —= f

Ap m Bﬁg P( m) 2 '.2 mg
(6-10)
where
sin'B,
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andfyis the momentum accommodation coefficient (= Orfg) ais the angle between
the major axis of particle and the flow direction.
For a sphere in the free molecule regime, theidnctoefficient is given by

Dahneke (1973) as:

f 8 f . (6-11)

sphere 6 m Kn

The averaged values of aspect ratiopf the non-spherical particles at 600 °C shown in
Figures 6-5 and 6-6 are found to be 1.38 + 0.8d{p= 250 nm and 1.56 + 0.38 for
dmi = 300 nm, respectively from the TEM image analg$iSO particles for each initial
mobility size. It is assumed that an ellipsoid tlesssame volume as sphere withk

139 nm. Thus, the sphere equivalent average radias ellipsoid with the aspect ratio
of 1.56 fordy, = 300 nm is equal to 60 nm. Kim et al. (2007) assumed that the
ellipsoid is more likely to be randomly orientecchase the aspect ratio is small. The
estimated friction coefficients of an ellipsoid v random orientation and a sphere in
the free molecule regime are 1.50E-11 kg/s andELUbkg/s, respectively. The
estimated ratio of the friction coefficients betwes approximated spheroid and a
sphere is 1.034. This value is less than the gbdamtio of 1.05. The difference could
be from the measurement uncertainty or uncertamtiye approximation of the sintered

particles as an ellipsoid.
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6-5. Conclusions

The agglomerate volume and mass-mobility diametalirsy exponent were
determined using TDMA method together with TEM iraamalysis for the mobility
size of 30 nm to 300 nm. For the flow conditionsdig this study, TEM image
analysis results indicate that the large agglomeraithd,, = 250 nm and 300 nm
require a temperature of 800 °C to form a spheshape compared to 600 °C for a
mobility diameter of 150 nm.

For the mobility size of 80 nm to 300 nm, the vatli®;,, of 2.172 measured
with TDMA in this study agrees with the value®@f, of 2.126 measured with DMA-
APM (Shin et al., 2009a). But, the uncertainty gy TDMA barely overlaps the
value by DMA-APM. The total relative uncertaintya, measured with TDMA is 1.9
% and that measured with DMA-APM is 3.1 %.

TDMA method is more useful than other methods oteoto investigate the
mechanics of metal agglomerate particles in thdlsiza range below 100 nm together
with sintering process. For the small size ranige measure®s, of 2.123 for the size
range of 30 nm to 100 nagrees with Schmidt-Ott’s results (the valu®egfis 2.18 for
the range ofl,, = 25 nm to 90 nm). The Schmidt-Ott’s valueDgf, is outside the 1
sigma limit in this study.

Two TDMA datasets were used to check the dependgiiag, on mobility
diameter. The measured valuelsf, is 2.123 for TDMA dataset in the size range of 30
nm to 100 nm and 2.172 for TDMA dataset with tle=sange of 80 nm to 300 nm.
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Thus, the TDMA measurement results confirm Shialef2009a)’s conclusion, i.e.,
little dependence ddsy,on the mobility size of particles (the valueldf,changes about
1 % for the similar change in the size range). dbgervation from this study is also
consistent with Wang and Sorensen (1994)’s findingut the constancy &, (the
total variation in the exponebt,was about 6 % across the flow regime from free
molecular to near continuum).

Estimates about particle evaporation indicate shatimation for agglomerates
with dmi = 300 nm is negligible (less than 1 % change enpérticle diameter) at 800 °C
compared to at 900 °C (predicted to be 27 % deeneggarticle diameter). Thus, the
observed mobility size change as temperature iseseiom 600 °C to 800 °C is due to
a change in particle morphology. However, the oles®tmobility size change as
temperature changes from 800 °C to 900 °C was damgeartial evaporation of
particles.

Experimental results indicate that silver agglorteeparticle withd,, = 300 nm
can be partially aligned in an electric field irsiDMA and the observation is in a good
agreement with an estimate with a cross chain loésgal particles (Shin, 2009c¢). The
alignment results in a decrease of 7 % in the ntglillameter and a decrease of 2 % in
Dim.

A factor of ten decrease in the peak particle cotraon with increasing
sintering temperature was observed at the exitseicand DMA positioned after the
sintering furnace. There was no bipolar chargacgd before the"2DMA. The large

decrease is likely a result of thermal rechargihgharged patrticles in the sintering tube
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at high temperatures. This observation agreeswidllMagnusson et al. (1999)’s

results.
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Type Dimensions Residence titne Temperature, °C

Generation Length : 89 cm 5.7 1150
tube (£' I.D.:1.43cm

furnace)

Agglomeration Volume: 6.7 L 270 25
chamber

Sintering tube Length : 89 cm 5.7 25 to 900

(2" furnace) I.D.:1.43cm

% Residence time computed based on a flow of InfirLAt 25 °C and the reactor at 25
°C.

Table 6-1. Experimental condition of aerosol reacto
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Figure 6-1. Distribution of gas temperature insagdgeneration tube when the first tube
furnace temperature was set to 1150 °C
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Figure 6-2. Schematic diagram of experimental geta measure fully coalesced
mobility diameter and particle alignment using TDMAnd of volume
equivalent diameter using DMA-APM
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Figure 6-5. Representative TEM images of coalesdedr particles at 600 °C:
(@)dmi=80 nm (b)Ydni= 150 nm (cHmi= 250 nm (d)dyni= 300 nm
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Figure 6-6. Representative TEM images of silverl@uegrate particles with, = 300
nm at various sintering furnace temperatures: @) (b) 600 °C (c) 800 °C
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Figure 6-9. Dependence of mass on mobility diam&er TDMA dataset and DMA-
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the dataset of TDMA fod,,= 80 nm to 300 nm correction was made for fullyleseed
diameters fodm,; = 250 nm, 300 nm. The slop@) is 2.172 by TDMA ford,, = 80 nm
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Chapter 7 The Effect of Dielectric
Constant on Unipolar Diffusion
Charging of Nanoparticles

7-1.Introduction

Diffusion charging has been widely used in manyiappons of aerosol science
and technology, such as sizing particles in aersigel spectrometers (Shah and Cocker,
2005), removing toxic particles with Electrosta®iecipitators (Yang et al., 2007), and
measuring surface area of particles (Fissan 2@0.7; Shin et al., 2007). Unipolar
charging has recently attracted particular attentoe to its higher charging efficiency
than bipolar diffusion charging for nanoparticl€&hén and Pui, 1999), which are
considered as building blocks for nanotechnology.

One of the main advantages of diffusion chargingr @ther charging processes,
such as photoionization, is its smaller materigleshelence, as predicted by diffusion
charging theories (Fuchs, 1963; Marlow and Bro&5t Davidson and Gentry, 1985).
The material dependence described in diffusiongihgrtheories is a weak function of
the dielectric constant of materials, which funetidhrough the image force due to the
interaction between ions and particles. While Futttenry(1963) has been widely
used because of its good agreements with varigusriexental studies (Pui et al., 1988;
Biskos et al., 2005), very few of them (Pui et 8888) explored the material

dependence of unipolar diffusion charging. Furtrmmenmost of these experimental
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studies focused on the measurement of intrinsiogeltfraction only. The intrinsic
charged fraction is defined as the possibility otharged particles entering the charger
to acquire charges in the process independentoffttes (either to penetrate through
the charger or to deposit to the wall of the chgrde transition and continuum regime,
it becomes difficult to study intrinsic chargeddtian for unipolar charging because it
reaches close to 100% for many unipolar chargenneSattempts of measuring the
mean charge and the charge distribution on monedisyparticles in transition and
continuum regime were made and showed reasonably ggreements with Fuchs’
theory under certain conditions (Biskos et al.,208lowever, no material dependence
study has been done for mean charge or chargédisin measurements. In addition,
problems of missing the information of the chargadicle loss in a unipolar charger
and the possible effect of particle morphology rememsolved for these measurements,
which make the comparison with Fuchs’ theory arggidldost unipolar chargers have
an electrical field in the charging zone which ke#a substantial loss of charged
particles. Unlike the measurement of intrinsic glearfraction, which can be accurately
obtained regardless of the charged particle losause uncharged particles are actually
measured (Romay and Pui, 1992), the measurememear charge and charge
distribution can be made only for those chargetigdes that survived through the
charger. However, there is no technique availablEbtain the charge distributions of
the particles lost in the charger. In addition, pnesence of an electrical field in the
charging zone also involves field charging, whibbwd be avoided if the experimental
results need to be compared with Fuchs’ theoryckwvig for diffusion charging only.
When testing particles in the transition and cantim regimes, great care needs to be
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taken of for particle morphology since flame sysihed (Biskos et al., 200&hd
furnace generated aerosols (Shin et al., 2007 oftetain agglomerates. It was
reported that agglomerated particles have larganncbarge than spherical particles
with the same mobility diametar unipolar charging (Oh et al., 2004). Since the
Fuchs’ theory assumes that the particles are sgalettiis desirable to make these
measurements for particles with spherical or compaxphology in a charger with
negligible charged particle loss. In this studyngolar diffusion charger that has been
implemented in three commercial instruments (EleaitrAerosol Detector, TSI 3070A,;
Nanoparticle Surface Area Monitor, TSI 3550 anddeak 9000; UFP Monitor, TSI
3031) was used and proved to have minimized pasticiss by eliminating electrical
field in the charging zone (Medved et al., 2000).

The goal of this work is to examine the effect @ectric constant on unipolar
diffusion charging. Intrinsic charged fraction wasasured for particles with the
electrical mobility diametedl,, = 10-50 nm and mean charge was measured forlpartic

with d,, = 50-200 nm.

7-2. Theory

In Fuchs’ charging theory, the interaction potdrdiaa distance from the

center of a particle with elementary charges, i.e(r) , is a key component of the

combination coefficient of ions and patrticles, i.g.and it is expressed as:

2.3
)  Fdr K, €a , (7-1)

oK T e
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whereF;: the ion particle interaction forcéS. 1/4, , in the Sl unit system with the

vacuum permittivity ,; (' 1)/(; D with the dielectric constant a: the radius

of particle, e: elementary charge. In Eqg. (1), the first term in the plhess
corresponds to Coulomb force, while the second termegponds to image force,
where material dependence functions. Particles of threxrefiff materials were
examined: Ag (= ), NaCl ( =6.1), and Sucrose € 3.3). Hence, the three test

materials cover a wide range of , which is 1.00 for Ag, 0.72 for NaCl and 0.53 for

Sucrose. Particle generation was specially designedstoeeparticles’ spherical or

compact morphology as described in the following section.

7-3.Experimental

The particle generation system is shown in Figure 7-h(sintering process
was used to generate spherical Ag particles. Ag wire (pesigl 99.9 %) was placed in
a ceramic boat which was placed inside a quartz tube @lkatric furnace. Dry
nitrogen was used as carrier gas passing through thiz tuize and the flow rate was
1.5 L/min. Silver was vaporized in the furnace operatind@0*C and primary
particles were formed downstream of the furnace by ecwad®n. The primary
particles then grew to larger agglomerates by coagulation eggiemeration
chamber. The agglomerates were subsequently fully sther600 °C (Ku and
Maynard, 2006) in the second furnace so that the morghalithe particles turned

into spherical. To generate NaCl and Sucrose partidegjens of NaCl and Sucrose
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with 0.1 % volume concentration in deionized water were atahiiza home-made
Collison atomizer and the droplets were passed througlfuaidif dryer to evaporate
the water and leave only solid particles. Silica gels in thesiigffudryer were replaced
frequently with fresh ones to ensure dry particles formatimhthe same low relative
humidity for all the measurements. Silver, NaCl, and Secnasoparticles are size-
classified by a Differential Mobility Analyzer (DMA, Model 308TSI Inc.). The
sheath flow and aerosol flow rates for the DMA were 5 L/amid 0.5 L/min,
respectively, to ensure high monodispersity. ScanningraleMicroscopy (SEM)
images of sintered silver particle, NaCl particle, and Seqasticle are shown in
Figure 7-2. The particle morphologies are all compact andstlapherical.

The monodisperse aerosol from the DMA was sent into 21Pazeutralizer
followed by the test unipolar charger The operational flat® through the test charger
was controlled by an aerosol electrometer (model 3068InEgland a UCPC (model
3025A, TSI Inc.) downstream operating at 1.0 and In&in, respectively. So the total
flow rate through the test charger, i.e., 2.5 L/min, is #mesas those used in the
corresponding commercial instruments. This charger chahgeaerosol particles by
diffusion in a chamber with two colliding turbulent jet flows garg aerosol particles
and positive ions, respectively. Downstream of the claageion trap voltage of 20
Volt was used to completely eliminate the highly mobile resiciune in the aerosol
stream but ensure a negligible charged particle loss in theajon

Schematic diagram for experimental set-up to obtain intringigeld fraction is

shown in Figure 7-1 (b). The intrinsic charged fractipis expressed as:
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1 E” 1 exp( oo N t), (7-2)

.
whereN, is the number concentration of uncharged particles downswéthe charger;
Nr is the total number concentration of particleg;is the combination coefficient
between ions and uncharged partichigs the ion concentration;is the residence time
in the ion environment. In the experiment, singly chargedadisperse particles
exiting the DMA were passed through a Po-210 neutralizétrenfirst electrostatic
precipitator (ESP) to allow only uncharged patrticles to éhtetest charger. The ESP
consists of a metal wire and tube and uses electrostatesftoreliminate charged
particles.NrandN, weremeasured downstream of the charger when it was tuffied o
and on, respectively.

For the test charger, 50 nm particles have intrinsic chdrgetion close to
100% for all the three test materials. Hence, it is not apptegdanvestigate the
material dependence by comparing intrinsic charged fractiamger particles. Instead,
the comparison was made by measuring mean chargeamietep Figure 7-1 (c) shows
the experimental set-up to obtain mean charge per partitie akit of the test charger
by measuring number concentration with the UCRGz£c) and electrical current)(
with the aerosol electrometer in parallel. Mean charge péclgaX,is equal td /

(Nucpc Qe €), whereQg is the flow rate into the electrometer, 1.0 L/min.

7-4.Results and discussion

7-4-1. Intrinsic charged fraction
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Firstly the charged particle loss in the charger was meastitie monodisperse
NaCl particles and it was found that there is a very smeicfgasize dependent loss,
i.e., particles larger thath, = 30 nm have less than 10% loss. This observation is in
agreement with the work of Medved et al (2000). It enablesneaured mean charges
from this study to be compared with estimates based on’Rbhelsy.

The measured intrinsic charged fraction is shown in FigiBeOverall, the
results of intrinsic charged fraction are very close fothihee tested materials. The
small error bars represent the standard deviation gféateneasurements on two
different days for each data point, suggesting a gooctaipiéty of the experiment (the
same for the error bars in Figure 7-4). As shown ir{#&8), intrinsic charged fraction
is determined by bothyandNit. From Fuchs’ theory, the difference afis estimated
to be about 20 % between Ag and Sucrose, and aboutiE2#6éen Ag and NaCl for
particles ranging from 10 to 50 nm. However, most unipdiarging processes usually
have very largd\it value, e.g. larger than 18/cn?, which becomes the dominant factor
of the exponential function in Eq (7-2). Therefore, theedéhce of , for different
materials comes to a diminished difference of intrinsic clobfigetion for the studied

unipolar charging process as observed in Figure 7-3.

7-4-2. Mean charge per particle

Figure 7-4 shows the mean charge per particle for tee thaterials. The
results from modeling based on Fuchs’ theory are akssepted to illustrate the

estimated material dependence. In this study, obtaMirexperimentally for Fuchs’
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modeling is not straightforward because the tested chaagea kignificant turbulent
flow due to two cross jets (Medved et al., 2000), whidghtralso lead to an
inhomogeneous ion distribution and incomplete mixing. Hethed\it value (2.7x160
s/cn?) was obtained by fitting the experimental result of Ag. Ttied Nit was then
used to calculate the mean charge of the other two matittigt the difference can
be compared. The ion properties used in the calculatioipareobility of 1.15 criyVs
and ion mass of 290 amu (Wiedensohler, 1988). In Figuethe results of Fuchs’
modeling indicate that the differences of mean chargegrécle among different
materials in the tested particle size range is very smaliabeut 10.5 % between Ag
and Sucrose; and 5.2 % between Ag and NaCl. The letieé aimall difference
observed from experimental data is consistent with that fraahf=modeling as shown
in Figure 7-4. The results indicate that the material depeedeom experimental data
agrees well with that estimated by Fuchs’ theory. Obviopslisticles with larger
dielectric constant can obtain more charges in unipolar cligr@id this difference
appears to exist consistently for all the sizes studied in thdg,diut not only for
particles smaller than 50 nm as widely believed (Biskos,e2@05). Since the
relationship between mean charge and particle diameter is lihealopes calculated
from both experimental data and Fuchs’ theory were suimethin Table 7-1 so that
the comparison can be quantitatively demonstrated. Besiel&sgiiN;t value for
unipolar charging as explained previously, multiple charggsaaticles also contribute
to the fact that the material dependence is insignificant. AsrshroFigure 7-4,
particles larger than 50 nm obtained multiple charges in thelanipharging process.
Once these particles acquire the first charge during chapgingss, Coulomb force
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becomes the dominant term over image force in Eq (TFBrefore, the material
dependence of unipolar charging, which originates fronintlage force term, becomes

diminished.

7-5. Conclusions

In this chapter, material dependence of unipolar diffusi@angihg was
investigated over a wide range of dielectric constants in tefingrinsic charged
fraction and mean charge per particle. Experimental resuits that the material
dependence of unipolar diffusion charging for particlegireg from 10 to 200 nm is
very small. The level of the small difference is consistent thighestimation from

Fuchs’ theory.
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Materials Experiment
Ag 0.0500+0.0005
NaCl 0.0476+0.0011

Sucrose

0.0452+0.0018

Table 7-1. Comparison of slopes between mean chargepeie and mobility

diameter for different materials
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Figure 7-1. Experimental set-up: (a) particle generationgof¥aCl, and Sucrose (b)
measurement of intrinsic charged fraction (c) measurenfienéan charge per particle
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(b)

(©)

Figure 7-2. SEM images of polydisperse patrticles: (a) gidtdg particles, (b) NaCl
particles, (c) Sucrose particles
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Figure 7-3. Comparison of intrinsic charged fractiondifierent materials
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Figure 7-4. Comparison of measured mean charge pari@dor different materials
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Chapter 8 The Effect of Particle
Morphology on Unipolar Diffusion
Charging of Nanoparticle Agglomerates
In the Transition Regime

8-1.Introduction

Atmospheric and intentionally produced aerosol particlesfega nonspherical.
Soot particles are agglomerates that are almost always fotimel ambient aerosol
(Katrinak et al., 1993). Flame and furnace-generatdttlea such as Tigand Ag
particles with industrial applications also have agglomerate miagbe (Pratsinis,
1998; Ku and Maynard, 2006). The physical and chemicalacterization of
nonspherical and fractal agglomerate particles is an imporeebacurrent aerosol
research (Friedlander and Pui, 2004).

Most diffusion charging theories assume that particles ae¥isph The
diffusion charging process is determined by the ionic KemagimbeKn;,,, defined as

the ratio of the ionic mean free patho the particle radius:

Knion — . (8'1)
a

In the continuum regimefi,,  0), the diffusion charging is well described by the
diffusion-mobility theory, which is based on the solution @f tontinuous diffusion

equation for ions in the electric field of a charged partielels, 1963). This theory
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has been experimentally verified by many researchersqiKend Zagni'tko, 1981; Liu
and Pui, 1977). For the transition regime (OKng,< 10) and free molecule regime
(Knion ), the situation is much more complex. A great numberdgpendent
theories were reported. The complexity comes from thekdmvn of continuous
diffusion theories for distances of the same order amthe mean free path, because
the transport process is controlled by both continuum aedrim@ecular mechanisms.
Among those theories Fuchs’ limiting sphere theory (Fud®3)lhas been the most
widely used. And it has been verified by several expamiad studies (Pui et al., 1988;
Biskos et al., 2004; Qi et al., 2008; Shin et al., 2009d).

It has been reported that the particle morphology affe¢kskbpolar and
unipolar charging processes (Cheng and Yeh, 1981; Wadn &984a, b; Rogak and
Flagan, 1992; Laframboise and Chang, 1977; Chang, ¥881and Gentry, 1994; Oh
et al., 2004, Biskos et al., 2004). Nevertheless, less ismmbllik about the charging of
non-spherical particles such as asbestos fibers and fagglamerates.

There are several previous studies on the bipolar chacargcteristic of non-
spherical particles. Cheng and Yeh (1981) developed aytfmahe equilibrium
bipolar charge distribution on chain aggregates. Wen et384€) introduced the
concept of the charging equivalent diameter for the bipolarsilin charging and Wen
et al. (1984b) found a good agreement of experimentaltsasith the Boltzmann
charge distribution when using the charging equivalent diardetared for conducting
prolate speroids. Rogak and Flagan (1992) showed thahtterged fraction was ~5
% lower for the agglomerates than for spheres with the saability in the size range
of 100 to 800 nm. From previous results, one can findthieae is no much difference
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between non-spherical and spherical particles for bipolarsiifit charging
characteristic.

Most theories of unipolar diffusion charging (White, 1951; Gui954; Liu et
al., 1967; Gentry, 1972; Pui, 1976; Liu and Pui, 1977 ¢Pal., 1988) assume spherical
particles. Laframboise and Chang (1977) developed theytbécharge deposition on
charged aerosol particles of arbitrary shape for the laripbarging process. Chang
(1981) proposed equations for the mean charge ofanilyitshaped particles in
unipolar diffusion charging process. The proposed equatiaicate that in the
continuum regime mean charge per particle is determinéukebsiectrical capacitance
of particle while in the free molecule regime it is determinethbygeometric surface
area as well as the capacitance of the particle. Rogaklagan (1993) and Filippov
(1994) also pointed out that electric capacitance is affectpaibigle morphology
using an analogy between electrostatics and diffusion.aHdrGentry (1994) showed
that large surface area and low electric potential enhancatéhef charge acquisition
using computational method based on population balance etgidiib et al. (2004)
used an indirect photoelectric charger in their experimertsihowed that Ti©
agglomerates with a low fractal dimension have more chéngesspherical particles
by about 30 %. Biskos et al.(2004)’s Monte-Carlo simulatésults indicate that for
non-spherical particles shape and charge distribution onlpate important factors
for unipolar diffusion charging.

From the literature, one can find that geometric surfaceaae&lectrical
capacitance are two important factors, which determine thelanigharging
characteristics of non-spherical particles. For the surf@ase Rogak et al. (1993), Oh
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et al. (2004), Shin et al. (2009b) showed that projectedeaeivalent diameter of
agglomerate particle is close to mobility diameter of the pastitte Si, TiO,, and Ag
agglomerates. Keller et al. (2001) indicated that the geomatfaxce area of particles
increases as the fractal dimension decrease for thersabikty diameter. However, it
may be arguable because the relationship may depend @mgeeof Knudsen number
based on mobility diameter of particle. For the same voldiar@eter one can say that
agglomerate particles have larger geometric surface areaimerical particles not
depending on particle size. During sintering process the obirparticle is kept the
same. For the capacitance of particles, it is known thatiekcapacitance of doublet
particle is higher than that of singlet sphere (Brown and Hgnag, 1995). There is no
exact analytical solution for the capacitance for agglomecatesisting of more than 2
spheres. For the electrical capacitance of loose agglteraeicle consisting of many
primary spheres, Brown and Hemingway (1995)’s apprasing variational method
can be used. The variational calculation gives a betteresitan any of the other
approximate theories. Brown and Hemingway showed thatahelysis results are in a
good agreement with their experimental results and their agpoaen be applied to any
agglomerates of spheres of any size and in any spatigjeation.

This study examines the effect of agglomerate morpholagyngolar charging
characteristic in terms of the mean charge per particlbidrstudy, a unipolar diffusion
charger that has been implemented in three commercial instisi(Egdectrical Aerosol
Detector, TSI 3070A; Nanoparticle Surface Area Monitor, 330 and AeroTrak
9000; UFP Monitor, TSI 3031) was used and proved te nanimized particles loss
by eliminating electrical field in the charging zone (Medved.e2800; Shin et al,
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2009d). This charger allows me to compare experimentalvadgh unipolar charging
theories assuming no particle loss in the charger. The effgeometric surface area
and electrical capacitance on the unipolar diffusion changasginvestigated in more
detail using mobility analysis (Lall and Friedlander, 2006hefv model was developed
to predict the electrical capacitance of loose agglomerate psudile function of
mobility diameter by combining Brown and Hemingway (199&apgroach with Lall
and Friedlander (2006)’s model. In the experiments, riigi@rocess was used to
change agglomerate morphology of silver. Experimentalfdathe mean charge of
silver agglomerate was compared with estimates based o Clg81)’'s model. In the
comparison, the effect of more real morphology, i.eraadh of agglomerates, on
unipolar charging was also investigated. As a baseline, ¢ha charge of silver sphere

was compared with Fuchs’ modeling results (1963).

8-2. Theoretical backgrounds

8-2-1. Diffusion charging theory

The theory of charge deposition on charged aerosol parttkrbitrary shape
was developed by Laframboise and Chang (1977). Tloeytlessumes a stationary (no
flow), constant-property, frozen chemistry environment withmagnetic field, and
only slight ionization, and the electric potent\4l, near a particle obeys Laplace’s
equation. The particle surface is at a uniform potential éeisase if the particle is

conductive. Laframboise and Chang (1977) assumed thaaiosport to the particle is
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governed by the continuum flux equation and also ions aateking probability per
collision with the particle surface. Chang (1981) re-examihedheory of Laframboise
and Chang for arbitrarily shaped particle and providegler equations depending on
theKnion. Chang conducted systematical analysis only for obtateoeolate spheroids.
Chang (1981) proposed that the mean charge per p&Niglerhich arbitrarily shaped
particles obtain from unipolar diffusion charging is goverhg the following
equations:

in continuum regimeKni,,  0),

N, " (C,N,D; )/, (<,, 01)
2C kT e NDt *® , 8-2a
n P2 e_ 1 | 1 1 (<p’ 1) ( )
e KT

and in free molecule regim&ifion ),

2C_ KT e’ N, vS,t
n1 ———P_
p 2
e 4KTC,

: (8-2b)

whereC,is capacitance the permittivity of vacuumb; the ion diffusion coefficienk
the Boltzmann’s constant, is the nondimensional potentialv,/kT (:(eZNp)/(Cp KT),
vis ion mean thermal velocity, aiglis the geometric surface area of particle.

However, for the case of , . 1, the approximate equation (8-2a) cannot be used.

Original equation to relate the electrical potdntitth charger parameters is also shown

in Chang (1981)’s study as follows:

_ 1<, 4 & NDt
=608 (8-3)

i1
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Mean charge per particle can be numerically obtafream Eg. (8-3). Equations (8-2a)
and (8-2b) indicate that in the continuum regimameharge is determined by the
electrical capacitance of particle while in theefraolecule regime it is determined by

the geometric surface area as well as the capaeitafrthe particle.

8-2-2. Mobility theory for loose agglomerates

For the agglomerate particles with open structireetal dimension < 2), many
investigators have approximated drag force on gjghoanerate consisting of primary
particles in the free molecule regime as simplysine of the drag forces on all the
primary particles. In other words, the friction tfazent of loose agglomerate particle is
proportional to the number of primary particlesa@land Dahneke (1981) made Monte
Carlo computations for the drag on the basic chaits (BCU) which consists of two
hemispheres touching at their poles. For a straigain, i.e., a loose agglomerate, Lall
and Friedlander (2006) assumed that an agglomanata sphere trace the same path in
the classifier if their migration velocities areuad|to each other. Then Lall and
Friedlander obtained a relationship between prinparyicle diameterd;) and mobility
diameter using Chan and Dahneke (1981)’s expre$sidhe friction coefficient of a
loose agglomerate as:

12 d
e 8-4
c*d; Co(dy) (&4

wherec* is constant regarding particle orientation anglthe mean free path of gas and

C. (dm) is Cunningham slip correction factor. Lall andeBfander (2006) obtained a
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relationship betweeN anddy, was as a function af, with a known primary particle
size.

Shin et al. (2009b) investigated structural propsrof silver nanoparticle
agglomerates using transmission electron microsdopiiows that the 2-D fractal
dimension of silver agglomerates was measured to Aeange of 1.75 to 1.84. The
values are close to 1.78, i.e., the fractal din@m$or self-similar aggregates produced
by diffusion limited cluster aggregation (DLCA) arosols (Jullien and Botet, 1987).
The fractal dimensions obtained from projectioresH3-15 % lower than the fractal
dimensions of the three dimensional agglomeratasén et al., 1987). Thus, it is still
worthwhile to make use of Lall and Friedlander @0for the mobility analysis. Shin et
al. (2009b) also pointed out that there are sewatalacteristics of real agglomerates
that are not incorporated in existing models faglagerate dynamics: (1) It is not a
chainlike agglomerate (2) There are significantimegs between primary particles.
Neck formation can occur in silver agglomerates lfé&feand Friedlander 1997; Lall et
al. 2006) (3) Primary particles are polydisperdeese non-ideal effects may cause a

discrepancy between experimental results and thealrpredictions.

8-3. The relationship between the number of primary
particles and electrical capacitance and surface aa of
agglomerate particle

In this section, using a newly developed model daselLall and Friedlander

(2006) and Brown and Hemingway (1995) mean chaf¢mose agglomerate particle is
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predicted. The model relates the number of prinparyicles,N, with electrical

capacitance and geometric surface area of aggltoeneagticle.

8-3-1. The effect of particle morphology on elemdticapacitance

The electrical properties of aerosol particles depen their capacitance and
spatial charge distribution. Brown and Hemingwa§93) developed a model to
calculate electrical capacitance of agglomeratecaiadge distribution on the
agglomerate which minimizes the electrostatic epefghe chain agglomerate using a
variational method. Also, their calculation and sw@@aments were in a good agreement
to each other for the electrical capacitance. Bramth Hemingway indicated that the
theory can be applied to agglomerates of spherasys$ize and in any spatial
configuration.

In this study, normalized capacitance is definetbtd electrical capacitance
divided by electrical capacitance of single primsphere expressed as:
oa, (8-5)
wherea is primary particle radius. From Brown and Hemimags results one can find
that the normalized capacitandg, is smaller than the number of primary particles of
agglomeratelN. In this study, the relationship between the nunab@rimary particles
of agglomeratel\, andthe normalized capacitandgé,, was modeled by combining
mobility analysis based on Lall and FriedlanderO@0 model with Brown and
Hemingway'’s approach. The total capacitance ofayggtate particle can be expressed

as:
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C N.C, func(N)C, . (8-6)

p.aggl. cp

In Brown and Hemingway (1995)’s study, their asstioms are as follows: (1)
materials are conductive; (2) Cha@gis located at the center of each primary particle.
The calculations were compared with direct measangsnof capacitance made on
large-scale experimental simulations of aerosalsyposed of steel sphere stuck
together.

In this study, the electrical capacitance of plaarad loose agglomerates made
up of a few primary particles up to several hundseg estimated as a function of
number of primary spherel, In this study, four different morphologies for
agglomerates were considered including a sphes@happroximate morphology for a
chain agglomerate as shown in Figure 8-1. Silvgtaagerate used in this study is
closer to the morphology like Figure 8-1(e). Tippraximation chosen for planar and
loose agglomerate is that each primary spheresimagiglomerate is given its own given
electric chargeQ , with the {, spheres, of radiug and with its center at the point

For each chain agglomerate, cross agglomeratdyrandhed chain agglomerate

with an aspect ratio, the relationship betwee, andN. is obtained bgolving the

following three equations (8-7) and (8-9):

N
:Qi Qtot' (8'7)
il
N 2
=9 (8-8a)
|18 I'Oai
110 Qe (8-8b)
L2014 rj‘




CE K, i:NlQi Q.  Oforalli, (8-9)

where _is the self energies of all the spheres in theaaggtate, ,the pairwise

interaction electrostatic energyigfprimary spherdg a Lagrangian multiplier, anQot
total charge on agglomerate particle. Equations)(@d (8-9) are linear simultaneous
equations in ;} and k.. The minimum electrostatic energy is obtained yimizing
electrostatic energy (= s+ ) with respect to eadd; subject to the constraint in Eq.
(8-7). After an approximation for the charge dlstition, given by the@;}is obtained,

the capacitance of agglomerates is given by:

QZ

The normalized capacitance of a spheroid is obddiyyeusing Chang (1981)’s result:

C, 4 ;oa -2 [, (02 DY} for(s 1), (8-11)
whereas is the radius of the minor axis of the prolateespids and s is the aspect ratio
of spheroids. In the analysis, chain agglomeratespproximated as long prolate
spheroids following Wen et al. (1984a)’s approddie length of the minor axis of the
prolate spheroids is approximated by the diamdtprimary particles in an
agglomerate. For the straight chain, the lengtih@imajor axis is the sum of the
diameters of all the primary spheres eduisd. The aspect ratios can thus be

approximated by the total number of primary pagsgN.
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Figure 8-2 shows the effect of agglomerate morpipotmn the normalized
capacitance).. The values of normalized capacitances of chaghoagerate and
spheroidal particles are close to each other agédahan those of cross-shaped
agglomerate and a branched chain agglomerate widisect ratio, = 1.6. From TEM
image analysis of 50 particles, the silver agglate= are found to have the aspect ratio
of 1.6. This is as would be expected, since the dempact agglomerate allows the
charge to be more widely spread, reducing the piateanergy. In the range 6f 300,
the difference of the magnitude of capacitance betwchain agglomerate and cross-
shape agglomerate is about 10 -15 %. The normadiapdcitance was fitted to number
of primary particles with a power law, i.&;= aN°. The power law equations for the

range ofN 300 are shown as follows:

N, 0.5789N°"***for a chain agglomerate (8-12)

c

N_  0.4703N%"®*“for a branched chain agglomerate withl.6. (8-13)

Egs. (8-12) and (8-13) were used to calculate #pactance of agglomerate particle in
the following analysis.

In this study, the relationship between the mopdiameter of agglomeratdy,
andthe normalized capacitandd,, was modeled by combining mobility analysis based
on Lall and Friedlander (2006)’'s model with BrowrdaHemingway’s approach. In
Figure 8-3, the electrical capacitance of agglomesravas plotted as a function of
mobility diameter for the primary particle diametigr= 19.5 nm with a standard
deviation of 6.1 nm, which was from 254 primary eg@s. The difference in the
magnitude of electrical capacitance between chgghoaerates and spheres becomes

much larger as mobility size becomes larger. Omeegpect that the larger capacitance
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of agglomerate particles makes the mean chardeecddglomerate particle larger
compared to that of spherical particles with thmaanobility diameter during diffusion
charging process.

In Eq. (8-7), the electrical capacitance of agglmateconsisting of primary
particles is a function of number of primary pddsiN. As primary particle size
becomes larger, the electric capacitance becomakesinecause the number of
primary particle sizel\, becomes smaller. One can show that the ele@paaitance of

a chain agglomerate roughly changeab% for the same mobility size from the

following relations:

N ~1/d? :

C N,C,~N°"C, ~d **d, ~d, . (8-14)

p.aggl.

8-3-2. Geometric surface area of chain-like agglates

In the Eq. (8-2b), the geometric surface area tffé® magnitude of mean
charge per particle. For sphere, because mobibiyeéter is equal to geometric

diameter, one can calculate geometric surfaceddrsphereS;n as follows:

Spn do. (8-15)
For loose agglomerate, the geometric surface apeal®to the sum of that of primary
particles of the agglomerate and is given as:
Se. N d§ : (8-16)

The ratio of geometric surface area between spr@egglomerate is expressed as:
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Saggl. 12
S c*C.(d)d. -

sph

R(d;,)

(8-17)

From Eqg. (8-17), the ratio of geometric surfaceaargetween loose agglomerates and
spherical particles is not dependent on the prirparyicle size of agglomerates. Figure
8-5 shows that the geometric surface area of aggylata particle is larger than that of
sphere fod,, < 80 nm. More likely in the free molecule regirtteg larger geometric
surface area of agglomerate particles can con&itutake the mean charge of

agglomerates larger compared to spheres with the saobility diameter.

8-4. Experimental

The particle generation system is shown in Figuée & sintering process was
used to generate spherical Ag particles. Ag witeip level 99.9 %) was placed in a
ceramic boat which was placed inside a quartz tfilae electric furnace. Nitrogen gas
was used as carrier gas passing through the quadznd the flow rate was 1.5 L/min.
Silver was vaporized in the furnace operating &019C and primary particles were
formed downstream of the furnace by condensatibe.primary particles then grew to
larger agglomerates by coagulation in the agglotimrahamber. The agglomerates
were subsequently fully sintered at 600 °C in #eoad furnace so that the morphology
of the particles turned into spherical (Ku and Maygh 2006). Silver nanoparticles were

size-classified by a Differential Mobility AnalyzédMA, Model 3081, TSI Inc.). The
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sheath flow and aerosol flow rates for the DMA w&rg/min and 0.5 L/min,
respectively, to ensure high monodispersity.

For the test charger, particles larger than 30 awe hntrinsic charged fraction
close to 100% for three different test materialsii<t al., 2009d). Hence, it is not
appropriate to investigate the morphology depenel&yccomparing intrinsic charged
fraction of larger patrticles. Instead, the compmarigras made by measuring mean
charge per particle. Figure 8-6 shows the experiatset-up to obtain the mean charge
per particle at the exit of the test charger. Tperational flow rate through the test
charger was 2.5 L/min, is the same as those usie icorresponding commercial
instruments. In the experiments, UCPC (TSI mod&253 was operated with the inlet
flow rate of 1.5 Ipm and an electrometer operatét the inlet flow rate of 1.0 Ipm.
The monodisperse aerosol from the DMA was sentarff@-210 neutralizer and
Electrostatic Precipitator (ESP) followed by thsttenipolar charger. The ion trap
voltage was fixed at 20 V to remove extra ions c¢apfrom the unipolar charger
chamber. By measuring number concentration witlC&® 0 (Nucpc) and electrical
current () with an aerosol electrometer in parallel, meaargh of the particle was
determined. Mean charge per partidlgs expressed as:

N, e (8-18)

p
NUCPC QUCPC €

whereNycpc is particle number concentration measured by UCPC.

8-5. Results and discussion
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The valueNit, is an important parameter to obtain mean chasgdhawn in Eq.
(8-2). The valuelit, is not changed depending on particle morpholapabse it is the
characteristic of the charger. The charger usesnwaging jets to charge aerosol
particles with positively charged unipolar ions eTtlarbulent flow caused by the two
cross-jets makes measurement of the representative ofNit very difficult. Thus, in
this study, the value it was obtained by passing through spherical partiotesthe
target charger and then fitting the data points\e&n charge per particle with Fuchs’
theory. The obtained value Mt is 2.5 E7/cml. The same method of fittifgt was
used by the previous studies (Qi et al., 2009; $had., 2009d).

A similar charger operating with a different floate was reported to have very
high transmission efficiency (Medved et al., 2000¢ to the elimination of electrical
field in the charging zone. The charged partickslm the charger was measured with
monodisperse NaCl particles and the result wastega Shin et al. (2009d)’s study.
It is demonstrated that particles larger tdar= 30 nm have less than 10 % loss. This
very small particle loss in the charger enablestor@mpare measurement results with
Fuchs’ theory for spherical particles.

In Figure 8-7, Transmission Electron Microscopy ¥Emages show that the
morphology of silver agglomerate particles becomese compact as the particles are
sintered at higher temperatures. Almost a sphepigdicle was obtained at 600 °C
while a loose agglomerate particle at room tempegatondition. One thing one needs
to note is that an agglomerate particle shown guié 8-7(a) is not completely

transparent or loose in that agglomerate has s@&tigng between primary particles
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and primary particles are not completely spheritheése may cause a deviation of
estimates of charging property from experimentsiits.

Experimental results showed that the mean changpgrtcle of a loose
agglomerate is larger than that of a sphericalgeayt.e., a fully sintered patrticle.
Several experimental studies that examine ardigrahaped particles show a
significant difference in charging properties betwaon-spherical and spherical
particles. Vomela & Whitby (1967) showed that dsilon charges of smoke particles
are about 70 % higher than that of the equivalphége with the same volume. Oh et al.
(2004) also showed that mean charge per partidel@bse agglomerate particle is
about 30 % higher than that of a sphere with tineesmobility diameter. Experimental
data show that mean charge is proportional to ritplsize in the size range df,= 30
nm to 200 nm. Mean charge per particle of silvgjl@amerates can be fitted with
0.0584 * d, while that of spherical particles follows0473 * ¢h. The averaged
difference in the mean charge between the sphgrartitles and the agglomerates is
approximately 23.5 % in terms of slope betweemtiean charge and the mobility
diameter. Also, the mean charge per particle wasrdtically estimated as a function of
mobility diameter using Chang (1981)’s theory.He Section 8-3, geometric surface
area and electric capacitance were obtained withndy developed model which
combines Lall and Friedlander (2006)’'s model witloBn and Hemingway (1995)’s
approach. Figure 8-8 indicates that the mean chaggparticle of a chain agglomerate
is larger than that of a spherical particle. Axdssed in the Section 8-3, the higher
mean charge per particle of silver agglomeratesamly due to the larger capacitance
of agglomerate compared to that of spherical dartrot due to geometric surface area.
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Fuchs’ modeling result is in good agreement withezdnental data for spherical
particles. In order to obtain Fuchs’ modeling résithe ion properties used in the
calculation are: ion mobility of 1.15 &Vs and ion mass of 290 amu (Wiedensohler,
1988). In Figure 8-8, estimates of mean chargegloeerate particle are plotted for
two different agglomerate morphologies, i. e., aiclagglomerate and a branched chain
agglomerate with an aspect ratie 1.6. When the aspect ratio= 1.6 is considered,

the estimated mean charge is in a better agreemméxperimental data. The range of
Knioninthe experiments is 0.13 -0.51 based on the moliiggneter. Overall, for both
spherical and agglomerate particles the compaskows that Chang’s continuum

expression agrees better with the experimentaltseisuthis range.

8-6. Conclusions

The effect of particle morphology on the unipadéfusion charging of
agglomerate particles was investigated. In unipdifwsion charging process, both
geometric surface area and electrical capacitarckrewn as two important
parameters to determine the mean charge of nomisahgarticles.

The geometric surface area of loose agglomeratesstanated based on Lall
and Friedlander (2006). A new model which can mtetlie electrical capacitance of
agglomerate particles was developed based on hdlFaedlander (2006) and Brown
and Hemingway (1995)’s models. Analysis resultsastiat for the same mobility
diameter the geometric surface area of chain-lggtaanerates is only larger than that
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of spherical particles in the mobility size rangddw d, = 80 nm. As particles have a
looser morphology and becomes larger, the elettragzacitance becomes significantly
larger compared to spherical particles with theesamobility diameter. Thus, the
electrical capacitance contributes to increasertban charge per particle of
agglomerates more than the geometric surface espacially in the transition regime.
Overall, experimental data show that the meangesaof silver agglomerates
are by about 30 % larger compared to those ofrsdgberes. The estimates of
geometric surface area and electrical capacitamce used to predict the mean charge
from Chang (1981)’'s model and the predicted resukseasonably in good agreement

with experimental data.
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Figure 8-1. (a) Typical agglomerate parameters us#uk calculation (b) a chain
agglomerate (c) a prolate spheroid (d) cross aggtate (e) a branched chain
agglomerate with aspect ratio£ L/W)
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Figure 8-2. The relationship between normalizecacapnceN. and number of primary
particlesN
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Figure 8-3. The effect of particle morphology oeattical capacitance as a function of
mobility diameter
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Figure 8-4. The effect of primary particle sizeadactrical capacitance as a function of
mobility diameter
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Figure 8-5. The ratio of geometric surface areaagglomerate particle and spherical
particle as a function of mobility diameter
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Figure 8-6. Schematic diagram for the measuremfamiean charge per particle
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Figure 8-7. TEM images with different particle mbgbogies of silver nanopatrticle for
m=120 nm (a) room temp. (b) 100 °C (c) 300 °Cg@) °C
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Chapter 9 Conclusions and
Recommendations

9-1.Summary and conclusions

In the first part of this thesis (Chapters 24,35, and 6), studies on the
mechanics of agglomerates particles were descrilielfriction coefficient is a key
guantity for describing the motion of an aerosatipke including its diffusion,
electrical mobility, sedimentation, thermophoreaisd coagulation rate. Although
understanding transport of real agglomerate pesgid important for those processes,
its quantitative studies are limited. Also, thestirig models on the friction coefficient
of agglomerates are limited to the free molecudgime. The accuracy of the existing
models has not been investigated when the modelssad for particles in the transition

regime.

As a first step for quantitative studies, inteesTEM image analysis was
conducted in order to obtain the structural prapsrf silver agglomerates such as
projected area equivalent diametdy), fractal dimensionl¥), and number) of
primary particles on an agglomerate (Chapter 2¢ Sthuctural properties obtained
from the TEM analysis of projected images weretegldao mobility analysis based on
Lall and Friedlander (2006). 2-D structural prof=iobtained from TEM image
analysis are comparable to those from Lall anddfaieder’'s model. However, the
number of primary particles obtained from projedtedges may be an underestimate

for real agglomerates because real agglomeratemaommpletely loose and
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transparent. It indicates that 3-D approach isirequThe results in Chapter 2 show

that silver agglomerates used in this study arstefecluster agglomerates.

Using DMA-APM technique, a quantitative method fleeasuring dynamic
shape factor and the exponentwas developed for agglomerates with mobility
diameter in the range 50 nm to 300 nm (ChapteiTBe exponent characterizes the
relationship between friction coefficient and numbgtprimary particles of
agglomerates. Free molecular based models forectakister agglomerates are
expected to lead to different results. The measuadte of in the size range less than
100 nm agrees within a few percent with the prashstbased on Meakin et al. (1989)’s
model. For larger agglomerates wathfrom 100 nm to 300 nm, the measured
decreases by 15 % while the predicted value inesehyg about 1 %. An empirical
equation is given for the dependence of the ratio of the measured frictamffcient
to the Meakin free molecular expression. The olestdecrease inwith increasing
agglomerate size suggests a flow interaction betwlee primary particles not included
in the existing models which are based on free outée dynamics.

Using DMA-APM technique, the mass-mobility diametealing exponerD,
was quantitatively measured with an uncertaintyabbut 3 % for the exponent for
agglomerates with mobility diameter in the rang®&@im to 300 nm (Chapter 4). For
the exponenbyy, the measured value decreases by about 1 % agé&érnged is
increased while the predicted value based on Meztkah (1989) decreases by about 15
%. The near constancy Df., which has also been discussed by Wang and Sorgsse

shown to result from both the exponerdnd decreasing with increasiig The
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exponent characterizes the relationship between frictiorffeoent and mobility

diameter.

Four non-ideal effects on the friction coeffici@fitagglomerates are estimated
as perturbations to the Chan and Dahneke modep{€h). These four non-ideal
effects include polydispersity of primary partiglegecking between primary particles,
dependence of primary particle size on agglomesiats and particle alignment. The
variable primary sphere size effect results inl#éingest change from the idealized
model with about a 10 % increase in both the fiictoefficient scaling exponentand
mass-mobility diameter scaling expon&at. This is also the characteristic with the
most uncertainty. The second largest change i%alécrease in the exponenand a 4
% increase in mass-mobility diameter scaling expobe, from the alignment in the
electric field. The effects of necking between jotes and polydispersity of the primary
particles are negligible for the two exponents. €bmbined effect, excluding the
variable primary particle size, results in a 17.5l86reases in the dynamic shape factor
for agglomerates with a 300 nm mobility diamet@djusting the model by this amount
provides a significant improvement in the agreenbetiveen the model and silver
agglomerate measurements for the dynamic shape fact

Another independent measurement method, TDMA tegl®i was used
together with TEM analysis in order to determinglagerate volume, mass mobility
diameter scaling exponent (Chapter 6). TDMA resales in a good agreement with
DMA-APM data (Chapters 4) in terms of agglomeratdume and mass mobility
diameter scaling exponent. TDMA results also shbat the mass mobility diameter
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scaling exponent is not dependent on mobility sargye unlike prediction based on free
molecular models and it reconfirms the results iokbth using DMA-APM (shown in
Chapter 4). Using TDMA technique, the extent oftigle alignment in the electric field
of DMA was measured for real agglomerates suchhesr agglomerate particles with
dn = 300 nm. The alignment is shown to be consistetit model predictions in
Chapter 5. The alignment results in a decreas@anntass-mobility diameter scaling

exponent by 2 %.

In the second part of this thesis (Chapters 7&nstudies on the effect of
dielectric constants of materials and the effeqianticle morphology on unipolar

diffusion charging were described.

In Chapter 7, the dependence of unipolar diffusioarging of nanoparticles on
the dielectric constant of the particle materiabweaperimentally investigated. The
examined nanoparticles (10 — 200 nm) cover a wadge of dielectric constant but
have almost the same spherical or compact morpioMgasurements of both intrinsic
charged fraction and mean charge per particle slewswsmall differences among
different materials. The level of the small diffiece is consistent with the estimation by
Fuchs (1963)’ theory.

The effect of particle morphology on the unipoldfusion charging of
nanoparticle agglomerates was investigated in @na&@ptNanoparticle agglomerates
consist of multiple primary spheres. In the unipaléfusion charging of non-spherical
agglomerates, geometric surface area and electapalcitance of particles, which are

related to particle morphology, are known as imgarparameters to determine mean
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charge per particle. From mobility analysis thergetric surface area of chain-like
agglomerates is found to be only larger than thapberical particles with the same
mobility diameter for mobility size range belay = 80 nm. Estimates of the electrical
capacitance of agglomerates were calculated wiigwdy developed model based on
electrostatics and mobility theories. The resuissthat the electrical capacitance of
chain-like agglomerates becomes significantly laggenpared to that of spheres with
the same mobility diameter as particles becometarnalysis results indicate that
loose agglomerates have larger mean charge p&l@adampared to compact particles
with the same mobility diameter because the elsdtoapacitance of agglomerates
becomes larger as particle morphology becomesioBgperimental data show that the
mean charge of silver agglomerates is larger thandf fully coalesced silver spheres
by about 30 %. The experimental data is reasonalggod agreement with the

estimates of the mean charge of silver agglomerates

9-2.Future work recommendations

Although this research has revealed many intergstspects regarding
mechanics and unipolar diffusion charging of aggoate particles, there are still many

issues to be addressed in the future.

This research on the mechanics of agglomeratecfetshowed that estimates
of dynamic properties of agglomerates based oaearfrolecular analysis deviate from

the measured results. In the existing free molecutzdels, flow interaction between
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primary particles and non-ideal effects are noluded. Therefore, new simulation
techniques need to be developed to address thelmeonioned issues. Examples of
such a study could be on the friction coefficiehagglomerate particles with necking
between primary particles or consisting of polyédise primary particles. In this study,
it was found that silver agglomerates with= 300 nm are partially aligned in the
electric field intensity of 9 kV/cm. However, theagnitude of electric field intensity
making agglomerates fully aligned or randomly otgehis not known. Therefore, an
investigation of particle alignment effect on thebnity size of real agglomerates for a
wider range of electric field intensity could bepatticular interest.

This research on the unipolar diffusion chargingeafl agglomerate particles
showed that electrical capacitance of an agglomesad morphology related parameter
which affects the charging property. One can expettthis phenomenon would be
more significant for carbon nanotubes and nanowatisa large aspect ratio. This issue
needs to be further analytically and experimentalgstigated. It also could help the

development of a new unipolar charging model or iffeadion of existing models.
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Appendix A. Calibration and Numerical
Simulation of Nanoparticle Surface Area
Monitor (TSI Model 3550 NSAM)

A.1l. Introduction

Occupational health risks associated with the nastufing and application of
nanoparticles is one of the critical issues foratachnology development. Demands for
nanomaterials are rapidly increasing and so edpegiarkers may be exposed to
specific harmful nanoparticles. Several recentisgiiave shown that the toxicity of
inhaled nanopatrticles may be more appropriatelgaated with particulate surface
area (Oberdorster et al., 1995, 1996, 2005; Dooalds al, 1998; Maynard and
Kuempel, 2005). Nanopatrticles defined to be bel@@nin have increasing surface area
with decreasing particle size for the same amotintass. From the viewpoint of
nanoparticle toxicity, an instrument which measurasoparticle surface area deposited
in human lung is very desirable.

Relatively few techniques are available to monggposures with respect to
aerosol surface area (Maynard, 2003; Jung andl$otie2005; Shi et. al, 2001). The
BET method based on a gas adsorption method isuited for a rapid evaluation of
aerosol surface area at lower concentration (Bremnaual., 1938). It can be used only
for powders, not for particles in the gasborneestitdoes not have on-line capabilities.

The first instrument designed to measure aerostdserarea was the epiphaniometer
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(Baltensperger et al., 1988). The epiphaniometeoisvell suited to widespread use in
the workplace because of the inclusion of radiwactiource and the lack of effective
temporal resolution. One of other possible methsdsffusion charging (DC).
Instruments using DC include LQ1-Di#fusion charger (Matter Engineering,
Switzerland) and TSI model 3070a Electrical Aerd3etector (EAD). Those diffusion
chargers were recently evaluated (Jung and Kite®005; Ku and Maynard, 2005).
Several studies using atmospheric field data hawess that EAD can be used as a
useful indicator of the quantity of particle sudaarea deposited in the lung (Woo et al.,
2001; Wilson et al., 2003, 2004). Recently, it icasnd that response functions of EAD
can be changed to match with particle surface depasited in the lung through the
adjustment of ion trap voltage in EAD (Fissan et2005). Based on the observation,
TSI Nanoparticle Surface Area Monitor (NSAM) mo88b0 has been developed to
measure the nanoparticle surface area depositawiregions such as
trancheobronchial (TB) and alveolar (A) of the hurhang of a reference worker
(Fissan et. al, 2007) through adjusting ion trajpage. In all other cases such as kids
and asthmatics errors will occur, which still hawde defined. NSAM provides a
simple and fast solution for measuring the surtaea dose in different parts of the
inhalation system.

The schematic of NSAM is shown in Figure A-1. Thajon components of
NSAM consist of a diffusion charger chamber, antrap, an electrometer filter, and
other sharp bending parts to transport the nanofestream. The total inlet flow rate
of 2.5 Ipm is divided into 1.5 Ipm for aerosol ah@ Ipm for sheath air surrounding a
corona needle. In the charger chamber the aertveahs and the ion stream opposing
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each other are mixed. After a unipolar ion chargghgtmospheric aerosols occurs in
the charger chamber, the flow with a flow rate & Pm enters the ion trap. Excess
particles with high electrical mobility and ionsaemoved in the ion trap. Particles
which penetrate the ion trap are collected by teetemeter filter. The delivered
charges create a current, which is measured byr@hc circuit.

Modifications of the Electrical Aerosol DetectorAE) with different ion trap
voltages have been tested with the goal of detengpithhe deposited nanoparticle
surface area for different regions of the humamliaon system (Fissan et al., 2005,
2007). The response function curve of EAD for amtiap voltage of 100 V matched
with TB deposition and an ion trap voltage of 20@vkh A deposition.

This study consists of two parts. In the first pegsponse functions and
calibration factors of NSAM for TB and A regioneaxperimentally obtained. The
effects of particle materials and shape on thearsp function and calibration factor of
NSAM are investigated. Also, both polydisperse armhodisperse tests are compared
with each other using Ag particle agglomerateshénsecond part, numerical

simulation results for response function of NSAM aompared with experimental data.

A.2. Experimental

In order to obtain both response function and catlibn curve of NSAM where
the input is particle number concentratidlypc) and the outputl) is electrometer
current, a test facility was constructed to gereefag particle agglomerates with an
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electrical mobility size range from 7 to 100 nmg(liiie A-2). Ag wire (purity level 99.9
%) was placed in a ceramic boat in the furnaceolj#n with a flow rate of 3.0 Ipm
was used as a carrier gas passing through theielechace. The flow rate of the
carrier gas was regulated by combinations of neealiee, pressure gauge, and
rotameter. Silver was vaporized in the electrin&ae followed by particle formation
by condensation and coagulation (Han et. al, 2dDidferent experimental setup was
added behind the electric furnace depending on disperse or polydisperse test. In
monodisperse test Ag particles are introduced th bitra Condensation Particle
Counter (UCPC) and NASM after primary particles evelassified by a Differential
Mobility Analyzer (DMA) set at a fixed voltage cesponding to particle size. In
polydisperse test scanning mobility particle s(&vPS) and UCPC are used to
measure particle size distribution and polydisp&gearticles are directly introduced
to NSAM after passing through a neutralizer. Fbeaperiments, the carrier gas flow
rate was fixed at 3.0 Ipm. In order to change plrtize distributions, the electric
furnace temperature was varied from 950 °C to P20and the dilution flow using
compressed nitrogen gas (1.0 Ipm) was also intrediut front of UCPC and NSAM.
Aerosol flow after the dilution was split into UCRCS5 Ipm) and NSAM (2.5 Ipm)
flow. For the generation of monodisperse partighesticles larger than peak size of a
given patrticle size distribution were subsequesdiected with a DMA (Model 3080,
TSI, Inc.). A Kr-85 neutralizer was used to getehirted charge distribution.
Experimental setup shown in Figure A-2 was modifedvaluate NSAM
response using NacCl particles with a size ranga ft@ to 100 nm. A constant output
atomizer (Model 3075, TSI, Inc.) was used to geteekaCl particles and pure and dry
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air compressed at 37 psi was passed through th@zaio In order to change patrticle
size distributions, the concentration of NaCl solus varied from 0.0001 g/cc to 0.01
g/cc. The flow rate from the atomizer was aboutl@m0. Aerosol flow was passed
through diffusion dryer to get solid NaCl particksd then through a neutralizer to
prevent particle loss due to highly charged stdtusrder to get higher monodispersity,
primary particles larger than peak size of a giparticle size distribution were
subsequently selected with an electrostatic ciasgi¥lodel 3080, TSI, Inc.). In order to
minimize the effect of humidity during the measuesit) silica gel in diffusion dryer
was regenerated frequently. The humidity was kepow as 30~50 % during all
experiments. Therefore, NaCl particles could n@ngfe in size during or after DMA
classification (Tang et al., 1977). Splitting of@sol flow rate after the dilution was the
same as the case of Ag particle agglomerates.

The particle number concentration and electron@igent were simultaneously
measured from UCPC and NSAM for all experimentagitioth Ag particle
agglomerates and NaCl particles. The data integraitme for all instruments was set to

2 minutes.

A.3. Normalized sensitivity and calibration factorof NSAM

For the NSAM, the input is particle number concatn (Nycpc) and the
output () is electrometer current. Therefore, the size ddget sensitivity$ of NSAM
is given by
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S(d.) N'L(C)j) (A-1)

wheredn is a particle diameter. All sensitivity data aremalized with respect to
sensitivity for 100nm particles. In other wordsg gensitivity for 100nm particles is
used as a reference point. Normalized sensitiNg (s given by

S(d,,)

s@aomnm) (A-2)

NS(d,)

Calibration factor of NSAM is necessary to con\M®8AM electrometer current signal
into nanopatrticle surface area deposited in humag. ITherefore, the calibration factor
(CF) is given by

CE Surfaceareadepositedn humanlung ’ (A-3)
Electromeer current

whereCF has a unit of pi(cm® *pA).

A.4. Experimental results and discussion

Response function curves of NSAM for eagfi weighted TB or A region are
respectively shown (Figure A-3, Figure A-4). Resgmfunction curves are plotted in
terms of the normalized sensitivity. It is veryefid to determine how well a response
function curve of NSAM is matched with an ideallpnted response function curve
obtained from a theoretical lung deposition efiicg curve for TB or A region. The

deposition efficiencies in TB and A regions,{and ,) were obtained using the UK

National Radiological Protection Board’'s (NRPB’$)yDEP Software (James et. al,
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2000), based on the recommendations of ICRP Ptioirc&6 (ICRP, 1994). The lung
deposition efficiency curves of spherical nanogéet were derived for a reference
worker (Fissan et. al, 2007). For particles bel®®nm, particle density has no
influence on the particle lung deposition efficigrotirve because the dominant
mechanism of particle lung deposition is only dsffan in the size range (Heyder et. al,
1986).

As shown in Figure A-3 and Figure A-4, experimeutatia are compared with
Fissan et al. (2007)’s results for EAD because Eg&\principally the same instrument
as NSAM. For Ag particle agglomerates, the two expental data sets show a good
agreement with each other for both the TB and Aoreggy Response function curves of
NSAM are well matched with those of the ideally vezhlung deposition efficiency
curves for both TB and A regions. There is a siifférence between Ag patrticle
agglomerates and NaCl particles in terms of nozedlsensitivity.

Even though Ag particle agglomerates below 10 nawdlarger deviation from the
ideally wanted response function curve in Figur8 And Figure A-4, it has no
significant contribution to integrated surface ame@asurement deposited in human lung
because of the,ddependency. The surface area contribution of ari@article is only

1 % of that of a 100 nm patrticle (Fissan et. aQ70

Calibration curve of NSAM for TB is plotted in FigaA-5. Calibration factor is
considered as the fitted slope magnitude betwespdilticle surface area deposited in

human lung and the NSAM electrometer current. Upadicle size measurement and
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particle penetration efficiency, the particle sugarea deposited in human lulmg is

calculated by

DS(d,) d2 ,(d,) for monodisperse,
DS ? d? ,(d,) for polydisperse, (A-4)

where | (dn) is particle lung deposition efficiency in TB or Agion of human lung.

As shown in Figure A-5, there exists a linear retahip between NSAM electrometer
current signal and particle surface area deposittdman lung. However, there may
be a small dependency of calibration factor onigarmaterial. Calibration factors of
NSAM for different parts of the inhalation systenmdaifferent particle materials are
summarized in Table A-1. The differences of calibrafactors between Ag particle
agglomerates and NaCl particles are below 13 %ditn the TB and A regions. Several
factors such as particle morphology, the changeadicle size, and particle materials
can have influence on this difference. But, itéfidwved that the first two factors have
no influence on the difference of calibration fadgtothis experiment. Ku and Maynard
(2005) showed that diffusion charging responsdb®t.Q1-DC (Matter Engineering,
Switzerland) and DC2000CE (EcoChem, USA) were prioqaal to the mobility
diameter squared, regardless of the morphologgnfarodisperse Ag particle
agglomerates below 100 nm. Based on the result##MV response for Ag particle
agglomerates is assumed to be very close to thapfeerical monodisperse Ag particle.
Also, NaCl particles could not be changed in sizerd) or after DMA classification
because humidity was kept lower than the deliquego@int above which NaCl

particles only can grow (Tang et al., 1977). Expemntal data suggests that the
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difference of 13% between Ag particle agglomerates NaCl particle may be
attributed to the small dependence on materials.diélectric constant of the particle
materials has a second order effect on particlegahgrate (Liu and Pui, 1977).
Calibration result of NSAM using polydisperse Agtpdes is in agreement
with that of NSAM using monodisperse Ag particles TB region (Figure A-6). It
demonstrates the huge linear range of the instruritealso demonstrates that
polydisperse NaCl-aerosol can be more easily usecklibration. Therefore, it allows
any monodisperse and polydisperse aerosol onhyeisize range where the response
function is comparable with the needed responsetitumto be used for the calibration

purpose of NSAM for both the TB and A regions.

A.5. Numerical simulation results of NSAM flow pathand
discussion

Using a commercial CFD s/w Fluent 6.2, numericaludations of fluid flow
and particle trajectories inside NSAM were perfodn@ estimate response functions of
NSAM under different ion trap voltages. As showrFigure A-1, there is a very
complex geometry inside NSAM and an extremely cacapéd charging process
involving turbulent mixing of airborne particlestiunipolar ions produced from a
corona needle inside NSAM. Therefore, the full geosnmodel of NSAM is too
complex but simplified into flow path without thé&@fdsion charger chamber. The
simplified geometry model starts from the exit bhoger chamber and ends in front of

electrometer filter. It is assumed that the exithaf charger chamber exactly matches
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with the inlet of ion trap part. Flow variables ar@form at the inlet boundary and the
inlet velocity is 2.61 m/s. Navier-Stokes equatiamese solved using implicit solver in
Fluent 6.2. The flow is in the laminar flow reginiéhe second order upwind scheme
was used for the velocity equations.

Derivation of normalized sensitivity is necessargompare experimental data
with numerical simulation results. The current sigih) measured by the electrometer

filter inside NSAM in the experiment can be given b

I (dp) Nin (dm) Qin Np € ot (dm)' (A_S)

whereNj,: particle number concentration at the inlet of NGA
Qin : total flow rate (2.5 Ipm) entering into the intEHtNSAM,
N,: particle mean charge level,
e: charge on an electron,

wt(dp): total penetration efficiency of particle in NSAM.

The mean charge level per delivered particle frafagion charger in EAD (Medved
et. al, 2000; Kaufman et al., 2002), which is pmbpoal to particle diameter for the
size range of 10 to 100 nm, was used in the Flsiemilations. Eq. (A-5) is substituted

into Eq. (A-1) and then the sensitivity) (can be given by

Nin (dm) Qin Np € tot (dm)

s(d,) SXCR

Qi Np € (dm) . (A'G)

Eq. (A-6) is substituted into Eq. (A-2) and ther tftormalized sensitivityNS can be

given by
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Qn Np (dm)e tot (dm) Np(dm) tot (dm)
Q. N, (100me ,(100m) N, @10 (10t

NS(d,,) (A-7)

The normalized sensitivity is expressed as the @ltmean charge levels multiplied by

that of total penetration efficiencies. Total peagbn efficiency can be given by
tot (dm) flowpath(dm)% charger (dm) ’ (A'8)

where  fowpat{dnm) is flow path penetration efficiency andnarger(dm) is charger

chamber penetration efficiency of particles in NSAM

Eq. (A-8) is substituted into Eq. (A-7) and ther tftormalized sensitivity is given by

N p (dm) flowpath (dm) charger (dm)
N, (100nm) (1oonm) (roonm)

NS(d,,) (A-9)

flowpath charger

If the ratio of charger chamber penetration efficies in the Eq. (A-9) is assumed to be

equal to 1, the normalized sensitivity) is simplified by

Np (dm) flowpath (dm)
N, (100nm) (toonm)

NS(d,)) (A-10)

flowpath

The flow path penetration efficiency in Eq. (A-M&s obtained through particle
trajectory calculations using Fluent discrete phaséel. The effect of Brownian
motion was included in the simulations. Ag parsaesed in Fluent simulations are in
the range of 10 to 100 nm. In order to investigdéetrophoresis effect, user defined
subroutine was run at the same time during Flualcutation. It adds electric force to
the existing body force term of discrete phase rhimdéluent and thus enables the
application of electric field on the ion trap pdttalso makes particles injected from the

inlet boundary have mean charge level proportitmalarticle size. In each particle
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trajectory calculation, 1000 spherical Ag particldsch have the same size were
released from the inlet boundary surface of theehadd each particle has the mean
charge level proportional to particle size. Matgpi@perties of Ag have the density of
10.5 kg/ni, the thermal conductivity of 429 W/mK, and thedifie heat of 235 J/kg-K.
The flow path penetration efficiency was calculavgdividing the number of particles
arriving at the end point by the number of injegbadticles for each particle size. For
each particle size, the procedure of particle ¢tayy calculation was repeated over 20
times to get more exact value. The normalized seitgiwas obtained by multiplying
the ratio of flow path penetration efficiency detémed from numerical simulations by
that of mean charge level as shown in Eq. (A-10).

A comparison of response function curves obtaineBlbent simulation and
experimental measurement can be found in FigureaAeBFigure A-4. Fluent
simulation results are relatively well matched wettperimental results in the size range
between 10 and 100 nm. Because patrticles range/li€lom do not contribute to
particle surface area deposited in human lungpé#ntcles were not modeled.
Normalized sensitivity estimated by Fluent simwatis larger than that obtained by
experimental measurement in both cases of TB areb®ns. The deviation between
the model and the experimental results pointsdartiportance of the charger chamber
for the whole system. With the next version of thedel the effects within the charger

chamber will be modeled.

A.6. Conclusions and discussion
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The response functions and calibration factorsmbdified EAD, the TSI
Model 3550 Nanoparticle Surface Area Monitor (NSAKMave been experimentally
investigated for the measurement of nanopartialfase area deposited in the human
lung. Also, normalized sensitivity of NSAM have bemnalytically derived to compare
experimental data with numerical simulation resatid have investigated the

usefulness of numerical simulation results as well.

NSAM shows a linear relationship between the plargsarface area deposited in
human lung and the electrometer current for botham@ A regions of a reference
worker. The results look promising in that NSAM ggva real-time quantitative
measurement of particle surface area depositeluiman lung and thus can be used to
correlate with epidemiological studies for nanojgées below 100 nm. From the
experimental data, there is little dependency sphoase function curves of NSAM on
particle materials. Also, the NSAM calibration faxg for both the TB and A regions
show small dependency on particle materials. Tfierdnces between Ag patrticle
agglomerates and NaCl particles are below 13%c#&idsration monodisperse
nanoparticles in the size range where the resgonséion is comparable with the
needed response function, but also more practipallydisperse nanoparticles can be
used.

Fluent simulations results matched reasonably wil experimental results in
terms of response function. It demonstrates thagrilsimulation can be used to
optimize the NSAM response qualitatively. Howewemrder to get more exact results

guantitatively from numerical simulation, the chewrghamber penetration efficiency
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also needs to be considered in the numerical strooka Furthermore, it is suggested
that modification of ion trap configurations candmsidered to improve the matching

response function of NSAM with ideally wanted resg® function curve.

With kind permission from Springer Science+Busindsslia: Journal of Nanopatrticle

Research, Calibration and Numerical Simulation ahdbarticle Surface Area Monitor

(TSI NSAM 3550), 9, 2007, 61-69, Shin, W. G. et ahd Copyright 2007. (see

Appendix B)

212



Region Ag NacCl

B 83.97 95.67

A 385.24 422.68

Table A-1. Summary of calibration factors (fiam® *pA)) of NSAM
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Figure A-1.The schematic of NSAM
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Monodisperse test

Electric Differential UCPC
Ii furnace Pressure SMPS — Neutralizer -®-|:
gauge T NSAM
Rotameter
| Needle HEPA filter — Rotameter
valve 2 I:
FliEsELE Compressed N
gauge |
| HEPA
Needle filter
valve 1 * Polydisperse test
Compressed N SMPS — UCPC
(Dry and Pure) Compressed N
| Neutralizer — NSAM
HEPA
fiter — Rotameter

Figure A-2. Experimental setup to evaluate NSAMogse using monodisperse or
polydisperse Ag particle agglomerates.
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