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Chapter 1

Introduction

1.1 Ultrafine particles

Aerosols are dilute suspension of microscopic particles in a gas. Small parti-
cles play a very significant role in many aspects of industrial processes and

daily life, for example:

e atmospheric chemistry — Ozone destruction reactions can occur het-
erogeneously on the aerosol of ice crystals present in the upper atmo-
sphere. Aerosols in the atmosphere absorb, scatter, and reflect sunlight,
playing an important role in the earth’s energy balance and, therefore,

in global warming and climate change [47],

e materials synthesis — carbon black, fumed silica, optical fiber blanks,
and many pigments are examples of materials that are commercially

prepared in large quantities as aerosols,

e medicine — many drugs can be delivered effectively to the lungs, but
this requires a well-designed inhaler that can disperse the drug into

droplets of the size necessary to deposit the drug deep in the lungs,

e public health — the majority studies had been done in the past several
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decades throughout the world have established quite firmly relationship
between certain health endpoints (such as respiratory and cardiovascu-
lar diseases) and particulate pollution. These studies have shown that
exposures to particulate matter could induce some acute or chronic
health effects [5, 9, 16, 20, 50, 54],

e Society and economy — due to adverse impacts of PM on public health,
costs for public health are increased|36, 39, 46].

In terms of the size range, aerosol particles can be roughly classified as coarse,
fine, ultrafine and nanoparticles. Among them ultrafine particles (diameter
less than 100nm) have several remarkable properties which distinguish them
from those larger particles. First, they weigh almost nothing, so they can
stay airborne for a long time and easily move from one area to another,
based on small pressure differences between two spaces. Second, they have
very large number per unit mass. For instance, their outside background
levels of number concentration is in the range 5000-10,000 particles per cm?,
this number is even as high as 3,000,0000 particles per cm® during pollution
episodes [53]. In addition, their indoor concentration level is also relatively
high in some occasions. For instance, it is notable that vacuum cleaning has
been reported to generate more than 290 particles per cm® [29]. Activities
such as cooking also generate considerable numbers of ultrafine particles,
especially in poorly ventilated environments [10]. Third, they have generally
huge surface area per unit mass. For example, on very coarse powders the
specific surface might be as low as a few square centimeters per gram, while

on finer powders it might be a few hundreds square meters per gram.

The small size and huge surface area of ultrafine particles prompt con-
cerns about their effects on human health. A number of toxicological studies
have confirmed that ultrafine particles are able to penetrate deep into the
lung where they have high deposition efficiency (50%) [2], thus they can cause

more inflammation than larger respirable particles made from the same ma-
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terial when delivered at the same mass dose |13, 14, 15, 34|. Although the
exact biological mechanisms are not entirely clear, both mass and number of
ultrafine particles have been shown to correlate with acute health effects and
measurable functional changes in the cardiovascular and respiratory system
|41, 42, 43]. Recent epidemiological studies have shown that adverse health
effects associated to airborne particles may be better correlated with metrics
such as particle number or particle surface area than particle mass [13, 31].
For example, for health risk assessment of fibrous particles such as asbestos,
gravimetric measurements are no longer in use, because the importance of
fibre surface area and number has been established [33, 52]. In addition,
particle surface area is also of great importance in other areas. For example,
specific surface area is often correlated with rates of dissolution and other
rate-related phenomena such as catalyst activity, electrostatic properties of
powders, light scattering, opacity, sintering properties, glazing, moisture re-
tention and many other properties which can influence the processing and
behavior of materials such as powders and porous solids. Therefore, surface

area concentration measurement is very important in many applications.

1.2 Focus of this dissertation

The present dissertation was affected by the above discussions and concen-

trated on following aspects:

e propose a method for measuring surface area concentration of ultrafine
particles (present diameter between 20nm and 100nm). This method
is based on a three-step approach: particle diffusion charging, ion pre-
cipitation and charged particle deposition. The information associated
with particle surface area concentration is expected to be inferred from

the signal current generated the deposited charged particles.

e design and build an experimental prototype, which is consisting of a
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unipolar diffusion charger, an ion precipitator and an electrical precipi-
tator. The prototype should yield a signal which is directly proportional

to the total surface area concentration of particles.

e carry out experiments to verify the proposed method for measuring
the surface area concentration of ultrafine particles by means of the
designed prototype. The present experiments focus on studying the
several important processes, especially the particle diffusion charging

process and the deposition process.

1.3 Synopsis of this dissertation

Chapter 2 introduces some concepts of particle size distribution, particle
surface area concentration as well as available measurement techniques. This
chapter will also include an introduction to the basic principle of our method

for measuring the surface area concentration of particles.

Chapter 3 describes the theories associated with the prototype design.
The relevant theories includes the particle diffusion charging theory, the ion

precipitation theory and the particle deposition theory.

Chapter 4 gives a detailed description of the designing of the three main
components of the prototype, which includes a corona diffusion charger, an

ion precipitator and an electrical precipitator.

Chapter 5 introduces the experiments carried out to validate the pro-
totype. The present experiments focus primarily on the measurements of
particle charging efficiency, particle charge level and particle deposition ef-
ficiency. Based on the experimental results, it shows that the deposited
charged particles will deliver a signal current which is proportional to their

total surface area concentration.

Chapter 6 concludes the dissertation.



Chapter 2
Background

This chapter provides some background knowledge pertinent to the mea-
surement of the particle surface area concentration. Section 2.1 presents a
brief introduction to particle size distribution (PSD). Section 2.2 explains
why surface area concentration is significant for ultrafine particles. Section
2.3 introduces available techniques for measuring different kinds of particle
surface area concentration. Section 2.4 gives a brief introduction to the ba-
sic work principle of our prototype for measuring the particle surface area

concentration.

2.1 Particle size distribution

Particle size is one of the most important properties of an aerosol. A particle
group whose diameter are all nearly uniform is said to have a “monodis-
perse” size distribution. Conversely, a particle group whose diameter vary
significantly is said to have a “polydisperse” size distribution. Most natu-
rally occurring aerosols are polydisperse, i.e. they are composed of particles
varying over a broad range of sizes. In order to adequately characterize an

aerosol size distribution, a number of descriptive parameters must be used.

Measurements of the size distribution are obtained in a series of bins rep-
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resenting discrete ranges of particle diameter. The resulting size distribution
is commonly referred to as a size probability distribution function (or a fre-
quency function), which is either weight- or number-based, depending on the
measurement method. For number-based distribution function, n,,; is the
number of particles in size bin [d;, d;;1]. Assuming that the average particle
diameter in ith bin is d,; (i.e., there are n,; particles having the diameter d,,
npy particles having the diameter dys, and so on) and the width of ith bin is

Ad,; (Ady; = divy — d;), the arithmetic mean diameter d, can be calculated

as:
M
anidpiAdpi 1 M
o= = 2 iy 2.1)
> i Ady; =
i=1

where M is the number of bins. In above equation, N = ) n,; and the

second equality applies when all Ad,, are the same.

The geometric mean diameter d, of above particle distribution, in the
definition of statistics, is the N** root of the product of the N values of the

diameters:
4y = (@ 4 2.2)

Above equation can be also expressed, in terms of the logarithms, as:

In (dy) = % Z Ny In (d,;) (2.3)

Equation (2.3) has the analogy of equation (2.1) except now the calcula-
tion is based on the logarithm of the data. It is often used when the data are
arranged logarithmically. Obviously these two types of statistics give differ-

ent results because they are based on differently “scaled ” information. It can
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be proved that the arithmetic mean is always larger than its corresponding

geometric mean for any polydisperse system [61].

With the known arithmetic and geometric mean diameter d, and dg, the
variance (which is a measure of distribution width) can be defined as, for

arithmetic and geometric, respectively:

M o,
Z Npi (dpi - da)
i=1

2 _

“ N_1

M
Z N (dp; — dg)2
i=1

T (2.5)

0_2

, = exp

For the convenience of later discussion, several important quantities should
be introduced, i.e., total particle number, total particle length L,, total par-
ticle surface area Spand total particle volume V),. Total particle number has
been already mentioned above, and it is the only quantity that is independent

upon the particle diameter:

M M
=1 =1

Total particle length can be estimated as:
M
Ly =Y ny-d, (2.7)
i=1
Total particle surface area can be calculated as:
M
Sp =y - wd, (2.8)
i=1

7



2.2. SURFACE AREA CONCENTRATION OF ULTRAFINE

PARTICLES
Total particle volume can be expressed as:
al T
Vo= nyie gd; (2.9)
i=1

In practice, it is more common to express above quantities in a certain
volume. Therefore, unless otherwise indicated, N, L, and S, will denote
the total particle number concentration, total length concentration and total

surface area concentration in the rest of this dissertation.

2.2 Surface area concentration of ultrafine par-

ticles

Ultrafine particles constitute a small part of the overall particulate mass of
the aerosol but present in very high numbers and contribute a significant
part of the surface area concentration of the aerosol. This can be briefly

illustrated by means of the following examples:

Imagine a 1 mg cube of material, which has the same density as water (1
gram per cubic centimeter). This cube would measure a 1 mm on a side (i.e.
its side-length L = 1000um). It would have a surface area of S = 6L x L
or S = 0.06cm®. Breaking it evenly into cubes of L would produce 1000
particles with the surface area of 0.0006cm? each, a total surface area of S =
0.6cm’. The next such division of the length by 10 would produces 1 million
Ly = L/10 = 10um particle with S = 6cm?® The next subdivision produce 1
billion 1um particles with total surface S = 60cm®. Yet another such division
would produce 1 trillion 0.1xm particles with S = 600cm®. Now one can see
that the 0.1um would now have a total surface area 10,000 times that of the

original 1 mg cube, without any increase in the mass.

Table 2.1 compares particle number concentration and surface area con-

centration for different particle sizes under the same mass concentration [35].



2.3. MEASUREMENT OF PARTICLE SURFACE AREA
CONCENTRATION

Table 2.1: Number and surface area concentration of particles of unit density
of different sizes at a mass concentration of 10ug/m?.

Particle diameter Number concentration Surface area concentration
(pm) (#/cm’) (pm*/cm?)
0.02 2,400,000 3,016
0.1 19,100 600
0.5 153 120
1.0 19 60
2.5 1.2 24

Above Table clearly shows that particle surface area concentration could
be quite different for particles of different sizes, and particle surface area con-
centration increases with the decreasing of particle size provided that particle
mass concentration is identical. In particular, very small particles in general
tend to have much larger surface area concentration as well as much higher
number concentration than large particles despite the same mass concentra-
tion. These facts shows that in general very small particles tend to have very
high number concentration and to make a significant contribution to particle
surface area concentration. As indicated in the previous chapter, particle
surface area concentration, especially the surface area concentration of ultra-
fine particles, are very significant in many areas and applications, it would
be very important to measure it. Section 1.3 will introduce several available

instruments used for measuring the particle surface area concentration.

2.3 Measurement of particle surface area con-

centration

This section introduces several available instruments to measure surface area
concentration related properties of particles. These instruments are Scanning
Mobility Particle Sizer (SMPS), Epiphaniometer (EPI) and Diffusion Charg-

ing Electrometer (DCE). Their basic work principles will be introduced in
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CONCENTRATION

the following sections.

2.3.1 Measuring geometric particle surface area concen-
tration by using SMPS

The SMPS system is a commonly used tool in the aerosol particle size dis-
tribution measurements. Basically, the SMPS system consists of two differ-
ent parts, namely a particle size classifier (the differential mobility analyzer
(DMA)) and a condensation particle counter (CPC). The basic structure of
SMPS is schematically shown in Figure 2.1.

10
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CONCENTRATION

-a—— sheath flow

Q

aerosol flow
J | E“(_ (polydisperse)
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Figure 2.1: Schematic diagram of the DMA.

Before entering the DMA stage, the aerosol flow (), is introduced into
the charger where the aerosol particles carried by the flow (), are charged
with a predictable charge distribution. After the charging process, the flow

(), is introduced into the laminar particle-free sheath air flow ), which flows
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between the cylindrical electrodes. The by-pass size range of the DMA is
basically adjusted by applying a voltage U between these electrodes. Due
to the voltage U, the negatively charged particles drift toward the central
electrode. The probability that particle is by-passed into the sample flow
(s through the slit in the central electrode depends on the voltage U and
the electrical mobility of the particle. Usually particles from a quite narrow

mobility range have non-zero probability to be passed through the slit.

In the secondary stage of the SMPS system a specific volume V; from
the sample flow @4, is extracted into the particle counter which then counts
the number of aerosol particles in V;. The whole mobility of interest can
be measured by varying the electrode voltage U. Since the relationship be-
tween particle size and electrical mobility is known, mobilities are converted
to particle diameters which are needed in the estimation of particle size dis-
tribution function. The particles that do not enter the slit are flushed out of

the classifier by the excess flow Q).

The measurement of particle surface area concentration by means of
SMPS is straightforward. The particle size distribution can be obtained
from the DMA and the particle number concentration is derived from the
CPC. Assuming that particles are spherical, the surface area S of a single

particle can be expressed by:

Se (dy) = md, (2.10)
where d, is the particle diameter.

The total surface area concentration can be calculated as:

Sp = Z 56 (dpi) - N (dys) (2.11)

where M is the number of particle size bins, d,; is the average particle

diameter in ith size bin and N (d,;) is the average particle number concen-
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tration in ¢th size bin. Clearly the total surface area concentration measured
by SMPS is the general surface area concentration, which should be distin-
guished from another concept of surface area concentration, namely the active

surface area concentration, which will be introduced in subsection 2.3.2.

2.3.2 Measuring active surface area concentration of par-

ticles by using EPI

The EPI is an instrument for measuring the active surface area concentration
of particles|18, 38]. Schematic diagram 2.2 illustrates the basic structure of
an EPL.

The work principle of EPI depends on measuring the attachment rate
of neutral 2!''Pb atoms onto the surface of the aerosol particles. The 2!''Pb
atoms are produced at a constant rate by the decay of a short-lived radon
isotope (*'”Rn) emanating from a long-lived artificial actinium source (**7Ac)
that has been placed in the attachment chamber of the EPI. The 2!'Pb atoms
attached to aerosol particles are transported to a filter through a capillary.
The attachment rate is determined by a-spectroscopy via the decay of at-
tached 2!'Pb atoms (half-life of 36.1 min.). The activity is proportional to

the total number of atoms attached to the particle surface.

13



2.3. MEASUREMENT OF PARTICLE SURFACE AREA

CONCENTRATION
aerosol in ——
@)
[ ]
a-detector
[ ]
o ¢
. . .
ol ot - i
O
R,
® 5 filter
[ | 1 ]
I — |

Figure 2.2: Schematic diagram of the Epiphaniometer.

The EPI was calibrated by Matter Engineering using NaCl monodisperse
aerosol of 38nm, 91nm and 137nm. Calibration experiments [18, 45| have
shown that the attachment coefficient of the lead atoms can be described
by the Fuchs coagulation theory. According to this theory, the attachment
coefficient K (d,) can be expressed by [44]:

- 7T’Upbd127 ()\pb + 05dp) pr
- 4pr <)\Pb + 05dp) + 0.25Upbd12)

K (dy) (2.12)
where vpy, is the average velocity of Pb atoms, Dpy is the diffusion coeffi-
cient of Pb atoms and Ap;, is the mean free path of Pb atoms, which can be
calculated by means of following expression:
KT

App = —————— 2.13
P i (2.13)

where k is Boltzmann’s constant, 7" is the temperature, p is the pressure

and dpp is the diameter of Pb atom.

For particles in free molecular regime, i.e., d, < App, equation (2.12) can

be simplified as:
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7

this expression shows that the EPI signal is proportional to the square of

particle diameter.

For particles in hydrodynamic regime, i.e., d, > Apy, K (d,) can be
approximated by:

K (dp> = 27Tpr : dp (215)
which indicates that EPI signal is proportional to the particle diameter.

In the intermediate (transition) regime, i.e., d, = Apy, K (d,) and d, have

the following relation:

K (dp) o dy, (2.16)

with = between 1 and 2. The power x here is a function of particle
diameter, namely:
InK (d,) —InK (d
l’(dp) _ n ( P) n ( 0)
In (d,) — In (do)
where dy is 1um by definition.

(2.17)

Actually, there are already measurement methods available for measuring
the response that weight the particle number concentration N by the particle
diameter d, to the power of above z (e.g. = = 1.5). A more in-depth

discussion on these methods and power z can be found in references [48, 49].

As can be seen, the EPI signal is closely related with the particle sizes
because the attachment coefficient is strongly dependent on the particle size.
The EPI does not measure the geometric surface area (although this is true
for small particles) but a specific surface area of particles, called the active
surface area (occasionally called Fuchs surface area), which has the following
definition |18
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27po)\pb (Al + Ag)

Sactive = C. (2.18)
with C, the Cunningham slip correction factor [8]:
22 Asd
C.=1+ 20 (Al + Ay exp (— E p)) (2.19)
d, 2

where A;, Ay and Az are Cunningham fit parameters, which are listed in
Table 2.2.

Table 2.2: Cunningham fit parameters.
Parameters Fuchs/Millikan Hinds

Ay 1.246 1.170
As 0.42 0.525
As 0.87 0.78

Active surface area is an important particle metric. It represents the
area accessible for interactions between the aerosol particles and atoms or
molecules of the surrounding gas. This part of the area is active in exchanging
energy and momentum from the particle to the gas. As a consequence,
the active surface area has a significance in some aerosol processes such as

heterogeneous chemistry or interaction with biological systems.

It is easy to see from equation (2.18) that the active surface area is closely
correlated with the particle size. In terms of different particle regimes, namely
the free molecular regime (d,, < Apy), the continuum regime (d, > Apy) and
the transition regime (d, ~ Apy), equation (2.18) can be in turn simplified

as follows:

Stm=m-d, (2.20)

Scont =27\ (Al + Ag) dp (221)
Sccm

S, — Cct (2.22)
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where Stp,, Seont and Sy stand for the particle active surface in the free

molecule, the continuum and the transition regime, respectively.

It can be seen from equation (2.18) and (2.12) that both the active surface
are and the attachment coefficient are piece-wisely defined in terms of differ-
ent size regimes. Intuitively, it is possible to establish a connection between
them, thus one can estimate the active surface area of particles by means of

measuring the attachment coefficient.

The major drawback of the EPI is that it is not well suited to widespread
use in the workplace, because of the inclusion of a radioactive source and the

lack of effective temporal resolution.

2.3.3 Measuring active surface area concentration of par-
ticles by using DCE

The diffusion charging electrometer (DCE) LQ1-DC (Matter Engineering
AQG) is another instrument to measure the active surface area concentration
of particles. A great advantage of the DCE lies in its simplicity associated
with a low price [49]. The principle of LQ1-DC is shown in schematic diagram

below.
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Figure 2.3: Schematic diagram of the DCE.

LQ1-DC works based on corona discharge. A corona discharge is an
electrical discharge brought on by the ionization of a fluid surrounding a
conductor, which occurs when the applied voltage on the conductor exceeds
the corona on-set voltage. For LQ1-DC, the positive ions are produced by a
corona discharge formed in the neighborhood of a thin corona-wire. Being
repelled from the wire locating at positive potential, these ions then travel
to the space containing the particles. Within this process, the ions have a
probability of attaching to the particles, and the particle being hit would
carry one or more charges. The charged particle stream then passes through
a filter where the generated current flowing from the filter to the ground
potential is measured by a sensitive electrometer. The current has been

calibrated with particle mechanical mobility B, which can be expressed by:

B 3mpd,

(2.23)
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where p is the gas viscosity.
It can be seen from equation (2.18) that:
C. 2mA(A1+A
Co _ 2mA (AL + 4) (2.24)

dp Sactive
Note that the symbol of mean free path used in above equation is not
App but A, which indicates that the diffusing species in the carrier gas is not
necessary to be Pb atom. Substituting above equation into equation (2.23),

it is readily to get:

2) (A + As)
31

This equation shows that the product of mechanical mobility and ac-

B - Sactive = (225)

tive surface area is constant. Therefore, active surface area concentration of
particles can be obtained by means of above equation, once the mechanical

mobility is known from its relationship calibrated with the signal current.

2.3.4 Nanoparticle surface area concentration monitor

Nanoparticle surface area monitor (TSI, Model 3550) measures the surface
area concentration of particle deposited in tracheobronchial (TB) and alveo-
lar (A) regions of the lung. The model 3550 is based on the Electrical Aerosol
Detectors (TSI Model 3070A), which is an instrument designed for measuring
total the particle length. The schematic diagram of EAD is shown in Figure
2.5.

As shown in the figure, an aerosol sample is drawn into the instruments
continuously at a constant rate of 2.5L/min. The flow is then split, with
11/min passing through a filter and ionizer, and the remaining 1.51/min mak-
ing up the aerosol flow. The flows are reunited in a mixing chamber where
particles in the aerosol flow mix with the ions carried by the filtered clean

air. The charged aerosol then passes through an ion trap to remove ex-
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cess ions and moves on to a highly sensitive aerosol electrometer for charge

measurement that responds to total particle length.

As shown by Wilson et al. [60], however, the current signal of the EAD
produced after diffusion charging correlates well with the calculated amount

of surface area concentration deposited in the lung.
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Figure 2.4: Schematic diagram of EAD.
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2.4 A novel method for measuring particle sur-

face area concentration

Based on the above discussions, this paper proposes and explores a novel
method to measure the particle surface area concentration, with the basic

idea being shown in Figure 2.5.

Particle charging
by corona discharge

Excess ions
removal

Particle electrostatic
precipitation

Signal current
measurement

Particle surface
area derivation

Figure 2.5: The work principle of our prototype to measure the particle
surface area concentration.

Figure 2.5 shows that the following several steps are involved in measuring
the particle surface area concentration. First, aerosol particles are charged
through diffusion charging, which is a simple, low cost, efficient and reliable
method to impose a certain charge level to particles. The excess ions mixed

with the charged particles should be removed by using an ion precipitator,
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otherwise they will be deposited together with the charged particles and bring
adverse effects on the signal current to be measured. Then, the charged par-
ticles will be collected on a substrate within an electrical precipitator, and
the current induced by the charged particles during the depositing process
will be measured. Finally, the total particle surface area concentration will
be inferred from the measured current. This method adopts an electrical
precipitator to collect charged particles, which distinguishes it from other
methods used in commercial instruments such as EAD, where a filter is used
to accomplish the same task. As can be shown later (chapter 5), the great
advantages of using electrical precipitator is that, once the relation between
the signal current induced by the charged particles and the exponential func-
tion of particle diameter is established, the power of this function can be
adjusted by changing the depositing voltage, and the particle surface area
concentration can be expected by adjusting the value of the power to 2 at a
specified depositing voltage; correspondingly, the total particle surface area
concentration can be estimated by the signal current measured at this volt-

age.

In summary, the particle diffusion charging process, ion precipitating pro-
cess and deposition process are three key processes in our method, and each of
them should be carefully studied. Chapter 3 will give a detailed introduction

to the theories associated with these processes.
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Chapter 3
Theory

This chapter introduces the theories associated with the design of the proto-
type. The prototype consists of three main components, including a unipolar
diffusion charger, an ion precipitator and an electrical precipitator, therefore,
the corresponding theories associated with these components will be first in-
troduced. This chapter is divided into following several sections: particle
charging theory is introduced in section 3.1; theory on ion precipitator is
described in section 3.2; theories for describing the carrier gas flow and the
particle flow are given in section 3.3; theory relevant to particle deposition
is presented in section 3.4; estimation of current signal, which is induced by

the deposited charged particles, is discussed in section 3.5.

3.1 Diffusion charging theory

In general, particle charging can be divided into two types in terms of different
charging mechanism, namely field charging and diffusion charge. As diffusion
charging is relevant to the present project, theory on diffusion charging is
presented in this section. For the sake of a better understanding of diffusion
charging, a brief introduction on corona discharge theory is first presented

in subsection 3.1.1. Next an introduction about diffusion charging theory as
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3.1. DIFFUSION CHARGING THEORY

well as several typical charging models are presented in subsection 3.1.2.

3.1.1 Microscopic phenomena of corona discharge

The microscopic processes involved in electrical corona are varied and com-
plex, and lead to an array of distinct regimes of discharge behavior. The
discharge behavior in a given situation depends on parameters such as the
applied voltage and the resultant electric field, the molecular species present
in the gas, and the number density of neutral molecules from which the ionic

space charge is produced.

Fundamental models of corona based on plasma physics can be assembled
from a few electron-molecule or photon-molecule interactions: impact ion-
ization, electron attachment, two- and three-body recombination and photo-
ionization. These interactions are impact ionization, electron attachment,

two-body recombination, three-body recombination and photoionization.
impactionization: e +n —2e” +n" (3.1)

electronattachment : e +n—n" 3.2

w
w

two — bodyrecomb. : e~ +n" — n + hv

(U8
N

(3:2)
(33)
three — bodyrecomb. : e~ +n' +n — 2n + hv (3.4)
(3.5)

photoionization: n+hv —nt +e”

where e is an electron, n is a neutral molecule and hv stands for a photon

of frequency f = v/2m.

The process of ionization of a molecule in the gas occurs by electron-
molecule collision leading to an “avalanche” of electrons, or by photo-ionization
of the molecule by a high energy photon. In the first case, the electron
avalanche begins near the wire, where the electric field is the highest, with

a seed electron. This seed electron may have arisen by photo-emission of
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an electron from the wire caused by a previous avalanche event, by positive
ion bombardment of a cathode, by detachment of an electron from a nega-
tive ion, or by collision of a metastable molecule with the electrode releasing

sufficient energy to eject an electron.

The seed electron is accelerated to a high velocity by the electric field
and may undergo a collision with a neutral molecule or pre-existing ions. An
electron (with kinetic energy 10eV) colliding with a neutral molecule usually
interacts with the electrons orbiting the nuclei of the molecule, rather than
the nuclei themselves, since the nuclei occupy a very small fraction of the
molecular volume. If the incoming electron collides with electron bound to
the molecule, each electron can be left with sufficient energy to escape the
molecule’s potential well. The net effect of the collision is to produce a
positive ion and a secondary electron in addition to the ionizing electron as
in equation (3.1). Both electrons are available to produce further ionizing
events. In the absence of any counteracting mechanism, an electron avalanche
results, and the number of electrons and ions grows exponentially in the wake

of the discharge.

There are two major counteracting mechanisms that prevent the electron
avalanche from growing indefinitely. One mechanism is “electron attach-
ment”, and the other is “recombination” between electron and ion. Attach-
ment is where a free electron becomes bound to a neutral molecule to form
a negative ion, and may occur by the interaction of two (“two body attach-

ment”, equation (3.3)) or three bodies (“three body attachment”, equation
(3.4)).

Recombination is where a free electron recombines with a pre-existing

positive ion.

The interactions in time and space of these basic physical phenomena
can become very complex. The complexity arises from the diverse range

of charge mobilities gas properties, feedback mechanisms as suggested by
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equations (3.1)-(3.5).

3.1.2 Diffusion charging

Diffusion charging is actually based on the diffusive ion flux (produced in the
corona discharge) onto the surface of the particle due to the ion’s random
thermal motion. In diffusion charging ionic motion is driven by thermal ki-
netic effects. This thermal motion gives rise to diffusion of ions in directions
determined by their density gradient. Thus, particles acquire charge as dif-
fusing ions collide and attach to the particles. Under the assumption that
the ionic number density is much lower than the gas number density, which
implies that the ions behave the same kinetically as the gas molecules, the
diffusion charging depends primarily on the thermal energy of the ions and

the exposure time in the electric field.

White analyzed the charging of a dielectric particle by the diffusion charg-

ing process under the following assumptions:

1. the particle is spherical.
2. the inter-particle spacing is large compared to the particle diameter.

3. the ion concentration is invariant in the vicinity of the particle.

For a spherical particle of diameter d, and dielectric constant e,, White

produced the following formula for the charging rate [57]:
at 4 r e 2megd, KT '
where g, is the absolute amount of charges on the particle, x is Boltz-

mann’s constant, T the absolute temperature, ¢y the permittivity of free

space, e is elementary electronic charge, v,,,s is the mean square velocity of
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ion and can be calculated as:

3kT

m;

Vpms = (3.7)
where m; is the ion mass. For the case of constant ion density p;, inte-

grating of equation (3.6) yields:

() = ¢ In (1 + i) (3.8)

Td
where ¢* = 2mepd,xT /e is known as the charge constant, and 7, =
8eorT'/(dpUrmspie) is the diffusion charging time constant [32]. Note the
relation between ion number concentration n; and ion density p;, p; = n; - e,

above equation can be rewritten as [22, 17]:

2megrT a0, ms€>
£) = In (14 BYrms® 4 ,
)= 0 (14 ) (39)

Above equation has no theoretical limit as ¢ — oo, but the charging
rate drops exponentially with particle charge according to (3.6). The charge
attained on a particle by diffusion charging is a function of the particle di-
ameter and the ambient temperature, and is independent of the external
electric field. Diffusion charging becomes the dominant charging mechanism

for particles less than about 0.5um in diameter.

Field Modified Diffusion (FMD) model

White’s derivation has been criticized for neglecting the external electric field,
considering only the local field due to the particle charge itself. Recently, a
Field Modified Diffusion (FMD) model has been proposed ([28]). The FMD
model is quite physical and practicable. This model considers both the field

and diffusion charging, and it distinguishes two cases:

e Field charging is considered according to White’s Field charging the-

ory |25], while diffusion charging is assumed to be of a constant rate.
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This holds approximately as long as electrical field strength E points
outward and ions are accelerated toward the particle. In field charging,
ions incident upon the particle surface may adhere to the surface by
creating image charges within the particle volume, or may be neutral-
ized by transferring their charge to the particle. Either way, the flux of
ions transfers charge to the particle. The particle develops its own field
due to the attached ionic charge. The field of the particle distorts the
surrounding electrostatic field that produces the ion flux, until at the
particle surface the normal component of the field completely cancels
the normal component of the background field, so that no more ions
are incident upon the particle. At this point the particle charge by field
charging has reached a limiting value. This maximum charge obtained
due to field charging is called saturation charge, denoted by ¢s. g5 can

be expressed by:

€
s = 3megBdz - — 3.10
4 oty € + 2 ( )
where €, is the particle dielectric constant.
FMD model describes the charging rate as:
dg, ¢ %\
—L==|1-=2 t. 3.11
at ~ ir ( 0 + cons (3.11)

where the second term of the right-hand side of above equation repre-
sents the contribution from diffusion charging. 7; is the particle field
charging time constant, which indicates the time taken to reach 50%

of saturation charge and is expressed by:

460
= 3.12
=7 (3.12)

For g, > qs, diffusion charging is the only applied mechanism. Consid-
ering the already gathered charge on the particle, FMD model writes

the charging rate as:
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dgp _ 1 I~ 4s (3.13)
dt Tq exp (Qp - QS) e -1
2megrT'd,

The differential equations of this model are of ordinary type, and can be

solved quickly for a large amount of particles.

3.2 lon precipitator theory

There will be some excess ions mixing with the charged particles after diffu-
sion charging process. These ions will enter precipitator and be precipitated
together with the charged particles, if they were not removed. If that is the
case, they will make undesirable contributions to the signal current to be
measured. To prevent this from happening, an ion precipitator is needed
to separate the superfluous ions from the charged particles. In the present
experiment, an electrostatic precipitator (ESP) is used to work as an ion pre-
cipitator. It is well known that ESPs are widely used for removing particles
from gas streams in various industrial processes and room air-conditioning
systems|58, 19]. Figure 4.2 shows the basic configuration of a typical ESP
[4].

As can be seen in the Figure, at regular intervals along the middle of
the flat plates (collection electrodes) are placed a series of conducting wires
(discharge electrode), to which a high electrical voltage is applied. The high
voltage produces an electric field and a flow of electric charges (ions) from
wire to the collection electrode. Then a particulate-laden gas flow, required
to be cleaned, passes through the ESP. When the ionic charge contacts a
particle, the charge remains on the particle, thus the particles themselves
become electrically charged over a short period of time. The charge which
sticks to the particles interacts with the electric field to produce a force on
the particles. This force has the same direction as the motion of the ions and

will push the particles to the collection electrode. In this way the outgoing
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Figure 3.1: Schematic diagram of an ESP used in industry to remove particles
from a gas.

gas flow would become particle-free.

Although ESPs are initially designed to precipitate particles, they are
also proper for depositing ions under certain conditions. This is because
ions are, just like the charged particles, carrying charges, so they can be
precipitated within an electric field. The key to changing an ESP into an
ion precepitator lies in applying a proper voltage to the ESP, such that only
ions are precipitated while charged particles can pass through smoothly. In
the present experiment, based on the following considerations, an ESP with

a simple geometry is used:

e due to the fact that particles are already charged before entering the
ESP, it is unnecessary to charge those particles again, thus no high

voltage source is required.

e ions and charged particles have quite different electrical mobility in

magnitude, electrical mobility of ions is in general much higher than
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that of particles, therefore, a weak electrostatic field may be strong

enough to deposit the ions.

e on the contrary, higher voltage applied to ESP will bring stronger elec-
tric field and larger electrostatic force, thus it may lead to larger particle
loss, i.e. more charged particles might be precipitated. Therefore, the

applied voltage has to be determined properly.

A schematic diagram of the ion precipitator is shown in Figure 3.2.
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Figure 3.2: Schematic diagram of ion precipitator.
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It is clear from the figure that the ion precipitator consists of two impor-
tant components, namely the central rod and the outer-wall. The outer-wall
is grounded, while the central rod is connected to a low voltage source by
a needle with its tip touching the surface of the rod. An electrostatic field
would be established in-between the central rod and the outer-wall, provided
that a voltage was applied to the central rod. The radial electric field strength
E, is given by:

Ui
r<r<mry (3.14)

r-ln (T—Q)
(&1

where r is the radial location and U, is the voltage applied between the

E, =

central rod and the out-wall.

As mentioned above, the most significant issue while operating the ion
precipitator is the selection of a proper precipitating voltage U;,. This voltage
would ensure that all undesirable ions can be deposited, while most charged
particles can pass through smoothly. The calculations below gives a brief

instruction on the determination of the voltage Uj,.

First, the average flow velocity in axial direction u, can be calculated as:

9
Ug = m (315)

Assuming the flow velocities on the surfaces of the central rod and the
outer wall are zero (i.e. wuy(r;) = 0 and wuu(ry) = 0), and its profile is
parabolic, then the flow velocity at the inlet of the electrical precipitator can

be expressed by:

o — 2
ua—QHa-(l—(u)> r << (3.16)
o —T1

The particle axial velocity wu,, and ion axial velocity wu;, are assumed to

be the same as the flow velocity, i.e.:
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Upg = Ujq = Uq, (317)

On the other hand, the ion axial velocity wu;, and radial velocity ;. can

be expressed by:

dz
- 3.18
u m (3.18)
and
d Z;
wp =L gp, = 2l (3.19)

respectively. Above Z; is the ion electrical mobility, which is a complicated
function of the gas number density, electric field strength, and the constituent
species of the gas [55]. The mobilities for different ions in their parent gas
are different. The ions in the present work, unless otherwise indicated, are

assumed to be positive ions with the electrical mobilities 1.4 x 10™*m?/Vs.

Combining equations (3.18) and (3.19) can yield:

Ui IN (2)
__\n/

dr =
’ Z:U,

- rdr (3.20)

Substituting the expression of wu,;, into above equation and integrating

both sides of the equation will produce:

(r2=r}) (ra + r)?

DN | =

2ug In (m) 2 _ .2 (rt—rt) —é(r3—r3) (ro+r1) +
1 (r* —ri) Yo 3 AN

v = =70, 2 (ra —11)°
(3.21)
If ions are completely deposited within the precipitator, then the inequal-

ity below holds:
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() <1, (3.22)
Furthermore, the following inequality about U;, can be obtained by com-

bining equation (3.21) and inequality (3.22):

(7’4 — r‘f) - = (r3 - r%) (ro+71)+ % (7’2 - r%) (r9 —|—7‘1)2

_ T2
2, In | 2
s n(ﬁ> (r? —r?)
ip 2
lr : Zi 2 (7’2 — 7’1)
(3.23)
This expression shows that the lower limit of the voltage U, can be
determined by flow rate ) (which influence 4,) and geometry parameters (71,
o, ) of the ion precipitator. A simply analysis shows that the minimum

value of U, is attained when r = 5, and it can be written as:

(r3 —73) (ra +11)°

[SCNIEN
DN | =

. (71> (32 (E=rl) =5 (3 —r]) () +
Uip = 2
lr . Zi 2 (TQ - Tl)

(3.24)

Section 4.2 will present the results on the estimation of the minimum

deposition voltage as well as the calculation of ion and particle trajectory

based on the above conclusions.

3.3 Flow theory

In this section, the flow theories pertinent to description of the carrier gas
flow as well as the interaction between particle and gas flow are presented.
These theories are particularly important for understanding the behavior of
particles in the electrical precipitator. This section is outlined as follows:
subsection 3.3.1 presents the governing equations for describing the gas flow

in the precipitator, subsection 3.3.2 introduces the general particle transport
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theory and subsection 3.3.3 establishes the governing equations of particle

motion within the electrical precipitator.

3.3.1 Navier-Stokes equations

The Navier-Stokes equations are used to describe the fluid motion of the flow
within the depositing section. Navier-Stokes equations consist of two basic
governing equations which are derived from the laws of mass conservation and
momentum conservation respectively. The derivations of these equations will
not be given here, as they can be found in most textbooks of fluid dynamic
3, 30, 51].

Conservation of mass

In the present study the flow was assumed to be two-dimensional, axis-
symmetric and no flow in the azimuthal direction. Therefore, the conser-
vation of mass equation for a fluid in cylindrical polar coordinates can be
expressed as:

dp  O(ru,) 0 (u)

— + + =0 3.25

ot P ror P 0z ( )

where p is the gas density, u, is the r-component of the gas velocity, u,

is the z-component of the gas velocity. Within the electrical precipitator,
the flow rate is very low (i.e., the flow has a very low Mach number) then

the dynamic pressure Ap when a fluid increases its velocity from zero to
u? +u? is given by (in the absence of friction):

Ap = Sp (2 + ) (3.26)

Therefore, the change of the fluid pressure can be neglected when the
fluid velocity is very small, correspondingly, one can assume that the fluid
has a constant density. Under these assumptions, above equation can be

simplified as:
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0 (ru,) N 0 (u)

ror 9z ! (8:27)

Conservation of momentum

The conservation of momentum equations for a two-dimensional fluid in cylin-

drical polar coordinates are given by:

ou, N ou, N ou, | _@ N 9%u, N lc?ur U 9%u, ny
p ot Ur or U oz | or H or? r Or 72 072 "
(3.28)
ou, ou, du,|  Op Pu, 10u, 0*u,
plat +ur(97’ +uzaz]__&+'u{8r2+;37’+8z2]+f2 (8.29)

where p is the gas pressure, f. and f, are r- and z-component force
acting on particle. Essentially, above equations (3.28) and (3.29) are simply
expressions of Newton’s second law of motion, that is, the net forces (right
hand side of equations) equate with the time rate of change of momentum
(left hand side of equations). The terms on the right hand of above equations
could be:

e pressure gradient force,

e molecular viscous force, caused in gases by diffusion of momentum by

random thermal motion,

e other momentum sources, such as gravity, electric force, etc.

Equations (3.27), coupled with equations (3.28) and (3.29), give a complete
description of incompressible, isothermal Newtonian flow within the electrical

precipitator.
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3.3.2 Description of particle transport

The governing equations of aerosol flow in the precipitator have been in-
troduced in the previous subsection. This subsection will continue the dis-
cussions on the relative motion of individual particles with respect to the
fluid where they suspended. Understanding of the relative particle motion in
the carrier gas is the key to establishing the governing equations of particle

motion, which will be discussed in subsection 3.3.3.

3.3.2.1 Laminar convective transport

When an aerosol particle moves with a net velocity w, with respect to the
carrier gas in which it is suspended, the particle is subject to an aerodynamic

drag force, Fp, which can be given by Stokes’s law [37]:

Fp = 3mpuyd, (3.30)

Stokes’s law is a specific solution of the Navier-Stokes equations of the
flow around particle, with the assumptions that inertial forces are small when
compared with viscous forces, motion is constant, the particle is a rigid sphere
with no walls or other particles nearby, the fluid is incompressible, and the
fluid velocity is zero at the particle surface. Considering the size of particles
and flow conditions in the present study, all of above assumptions are valid,
except for the assumption of zero fluid velocity at the particle surface. As
particle size approaches the gas mean free path, the particles begin to expe-
rience ’slip” at their surfaces (i.e. the velocity of the surrounding fluid at the
particle surface is not zero). In order to account for this surface slip, Stokes’s
law must be modified by adding a term of Cunningham slip correction factor
C.:

_ 3mpuyd,

Fp c

(3.31)
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The terminal setting velocity, Vrg, of a particle suspended in a still gas
can be determined by equating the Stokes drag force to the gravitational
force, i.e. Fp = Fg, and can be written as:

ppdogCe
Vrs = W (3.32)
where p, is the particle density and g is gravitational acceleration. Set-

tling velocity is not significant for particles less than 1um in diameter.

Finally, another useful quantity in associated with particle dynamics is
the particle mobility, B, which is defined as the ratio of the particle velocity

(with respect to carrier gas) to the drag force exerted on the particle:

G
—FD—37T,udp

(3.33)

3.3.2.2 Electrostatically induced particle motion

Many aerosol particles carry a net electrostatic charge. In the presence of an
electric field F, a charged particle will experience a net electrostatic force,
FEZ

Fp=n,-e-F (3.34)
where n, is the net number of elementary charges on the particle.

In the absence of any other external forces, the electrostatic force will be
balanced by the Stokes drag force, Fp, resulting in a terminal electrostatic

velocity Vrg:

Vg = ———=2,E (3.35)

The tendency of a charged particle to move in the presence of an electric

field is referred to as the electrical mobility, Z,, which is directly related to
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the particle mechanical mobility B:

(3.36)

3.3.2.3 Diffusive Brownian transport

On a microscopic scale, the apparently continuous medium which we refer to
as a gas is actually composed of individual gas molecules, each of which moves
with a random thermal motion, constantly colliding with its surroundings.
Any particle which is suspended within this gas will be involved in a number
of collisions with the gas molecules surrounding it. For large particles, the
number of collisions is very large, and collisions on one side of the particle are
balanced by collisions on the opposite side of the particle. Consequently, the

net momentum transferred from the gas molecules to the particle is negligible.

However, as the particle size becomes small compared to the mean free
path of the gas, the particle may be struck by only a few gas molecules during
any given period of time. As a result, the collisions on one side of the particle
may not be balanced by collisions on the opposite side, and the particle will
receive a net momentum transfer from the gas molecules. This change in the
momentum of the particle due to collisions with gas molecules is referred to
as Brownian motion. Although the net change in momentum for any given
particle will be random, the net effect on the aerosol is to move particles from
areas of high particle concentration to low particle concentration. This net
motion away from areas of high concentration is known as Brownian diffusion

and is described by Fick’s first law of diffusion:

dn
J=-D, — 3.37
. (337
where J is the particles flux, dn/dz is the particle concentration gradient,
and D, is the particle diffusion coefficient which is given by the Stokes-

Einstein equation:
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kTC,

D, =kTB =
p=r 3 pd,

(3.38)

Thus, as particle diameter decreases, the Brownian diffusional flux will
tend to increase. For instance, according to above equation, a 100 nm particle
under ambient conditions will have a mean diffusional velocity of 14 cm/sec,
while a 10nm particle under the same conditions will have a mean diffusional

velocity of 440 cm /sec.

Diffusion motion is a potential cause of concern in the electrical precipita-
tor where particles are electrostatically deflected through a given trajectory.
Brownian displacement introduces a random net displacement which is su-
perimposed upon the original trajectory due to electrostatic motion. The
net result of this superimposed Brownian displacement may influence the
trajectory of the particle. The root mean square Brownian displacement z

during a time period ¢ is given by:
T = /2Dyt (3.39)

3.3.3 Particle motion within the electrical precipitator

Based on above knowledge, the governing equations of aerosol particles within
the electrical precipitator can be established. The equations to describe
particle motion in the deposition section can be written, by integrating the
Stokes drag force, the electrostatic force, the gravity force as well as the

Brownian force, as follows:

du,,.  3rud
my g = Gt (e = ) 4y By Fi (3.40)
du,, 3mud
mp - d? - 7Tlep'(uz_Upz)"i‘Qp'Ez""FBz'FWLP’g (3'41)

where u,, and u,, are particle velocities in r- and z-axis, m,, is the particle

mass, F,. and F, are components of electrical field strength in r- and z-axis,
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Fg, and F'g, are Brownian forces in r- and z-axis.

Particle mass can be expressed as the function of the diameter when the

particle is assumed to be spherical:

m
mp =GP & (3.42)

where p,, is the particle density.

The Brownian forces per unit mass in r and z direction at each time step
At can be calculated as [1, 23]:

FBT‘ 7T'SO

=G, - 3.43
my Atb ( )

FBz - S()
= . 44
my GZ Atb (3 )

with

2MN6-1-k-T

Sy = Op w1 (3.45)
7 p-ds (&) O,
)

where GG, and (G, are zero-mean, unit variance independent Gaussian ran-

dom numbers, which can be obtained by using the following transformations:

G, =/ —2In¢, cos 27&, (3.46)

G, =+/—2In&, cos2mE, (3.47)

where &, and &, are uniform random numbers between 0 and 1.

Two electric field components F, and E, can be obtained by solving the

Laplace equation:
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V-E=0 (3.48)

Provided that flow field is known, the particle trajectories can be pre-
dicted by solving equations (3.40) and (3.41) numerically by using the fol-

lowing initial conditions for the interesting calculation domain:

e the particle initial location is set at the inlet of the electrical precipita-

tor.

e the particle initial velocity is set equal to the local flow velocity at the

same point of the inlet of the precipitator.

The new particle location and velocity after a small increment of time step
At is calculated by numerical integration. The procedure is repeated until

particles either deposit on the substrate or leave the precipitator.

It should be pointed out that above time step At is much longer than
Aty in equations (3.43) and (3.44). This is because Brownian force arises as
a result of the collisions of gas molecules with the particles and acts for the
time corresponding to the time of contact during a collision, while the drag

force acts over a much longer time scale.

The Computational Fluid Dynamics (CFD) software package FLUENT
was used in the simulation. This software package allows to use a User
Defined Function (UDF) [23], which allows an external C code to be compiled
and linked to the flow field solver. In solving particle transport equations,
the information of gas velocities u and v were required and they would be
provided by the CFD solver. The external forces, including the electrostatic
force and the Brownian force, can be defined in the UDF and further fed into

the flow field solver to compute the particle trajectories.
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3.4 Particle deposition theory

Basic theories associated with the particle deposition are presented in this
section, which is outlined as follows: subsection 3.4.1 discusses the basic
concept of particle deposition, subsection 3.4.2 introduces the basic definition

of deposition efficiency and subsection 3.4.3 develops a model for estimating
deposition efficiency.

3.4.1 Particle precipitation

Inertial impaction is one of the most widely used and thoroughly studied

processes for collecting aerosol particles in different size fractions. Figure 3.3

is the schematic diagram of an inertial precipitator.

Large particle trajectory
(2
il
Vo
\ ]
| |
L
Gas streamlines i } Small particle trajectory

b
L\

N

J =V &'—-"’-{ ————————— >

Substrate

Figure 3.3: Schematic diagram of an inertial precipitator.

The basic process of inertial impaction can be described below. A jet of
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aerosol is directed from a nozzle orifice onto a flat plate. When the aerosol
flow is approaching the flat plate, the streamlines of the gas flow will turn
sharply from being perpendicular to the plate to being parallel to it. Due to
their greater momentum, however, aerosol particles will not be able to change
their traveling direction as quickly as the gas. If the particle momentum is
sufficiently high, particle then will be unable to follow the path of the gas
flow, instead it will run across the flow streamlines and finally impact on the

substrate.

Unfortunately, it is impossible to use inertial impaction directly to deposit
very small particles (e.g. ultrafine particles) under normal conditions due to
the fact that small particles are unable to overcome the Stokes drag force
exerted by the surrounding carrier gas. In general small particles will follow
the streamlines of surrounding carrier gas very well and escape from the
inertial impactor. In this case, therefore, the external forces are needed to
overcome the Stokes drag force in order to deposit the small particles. In the
present study, the electric force is used . In particular, an electrostatic field
has to be introduced within the deposition zone. Figure 3.4 schematically

shows the precipitator with the presence of an electrostatic field.
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Aerosol inlet

HVY

Metal plate
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Figure 3.4: Schematic diagram of an electrical precipitator

3.4.2 Estimation of deposition efficiency from experi-

ment

The particle deposition efficiency can be defined as:

__particles collected on the substrate (3.49)
fhd = particles entering the impactor '

which means that particle deposition efficiency can be calculated as the
ratio of the number of particles being deposited to the total number of parti-
cles entering the electrical precipitator. In practice, particle numbers can be
represented by its number concentration, which can be read from an UCPC,
thus particle deposition efficiency can be quickly estimated from experiments

by using equation (3.49).
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3.4.3 Estimation of the particle deposition efficiency

Based on CFD simulation, a numerical model has been developed to estimate

the particle deposition efficiencies. This model uses following assumptions:

e particles are spherical.

e velocities of flow and particle are identical for the same locations of the

precipitator inlet, i.e., u, (r) = u (r).

e velocity profile of flow at inlet is parabolic, i.e.:

u(r) =C (1 - <%>2> (3.50)

where ry is the radius of precipitator inlet, r is the particle location
measured from the center-axis, C' is a constant associated with the

particle average velocity.
e particles are spatially uniform distributed.

e particles will stick to the substrate once they touch it (no rebound).

It should be pointed out that the numbers of particles while passing through
an arbitrary location r at one moment could be different under above assump-
tions despite of their uniform number concentration in space. This lie in the
assumption that particle velocity profile is parabolic, implying that particle
velocity at different locations is different. As a matter of fact, the numbers
N of particles while passing through the precipitator through location r to

r 4 dr in unit time can be estimated by:

dN =C - u(r)-2nrdr (3.51)

where C' is a constant associated with particle number concentration.
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Combining equation (3.50) and (3.51), it is easy to calculate the particle

numbers N (r1, ry) in-between location r; and ro:

N 2 4 2 4
N, 1) _ (2 (=) - (2) ) _ (2 (2 -(2)) e
No To To T'o To
where Ny is total particle numbers emitting from the precipitator inlet,

and ry and 7y satisfy 0 < r; <ry <rg .

For the sake of convenience of later discussion, the distance between lo-
cation r; and ry is named a size ring. In the present simulation, the radius of
precipitator inlet 79 (1o = 1 mm) is divided into ten equal-spaced size rings.
At the beginning of each simulation, 1000 (i.e., Ny = 1000 ) particles were
emitting from the precipitator inlet. The distribution of particles in different
size rings was determined by expression (3.52) and listed in Table 3.1. The
trajectories of those particles within the precipitator were tracked and the
actual numbers of particles deposited were counted. In order to increase the
calculation accuracy, calculation will iterate for five times for each specific
particle size and deposition voltage. The average values of five calculations
will be taken as the result of deposition efficiency. By counting the numbers
of deposited particles and denoting their numbers as NV;; (subscripts i denotes
ith simulation, and j indicates jth size ring), the deposition efficiency can

be expressed as follows:

ne = —2= % 100% (3.53)

For the sake of comparison, the parameters used in the simulation are

chosen in agreement with that of used in the experiments. Those parameters
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include the deposition voltage, the flow rate as well as the particle carried
charges. In the present simulation, deposition voltages range from 1kV to
4kV; aerosol flow rate is 11/min; the actual particle charge levels (obtained
from the experiments) are utilized. Chapter 5 presents the comparison be-
tween the deposition efficiencies calculated based on this model and estimated

from the experiments.

Table 3.1: Particle number distribution in different size rings.

No. of size ring Interval (mm) Particle numbers
1 0.0-0.1 19
2 0.1-0.2 59
3 0.2-0.3 94
4 0.3-0.4 123
5 0.4-0.5 143
6 0.5-0.6 153
7 0.6-0.7 150
8 0.7-0.8 130
9 0.8-0.9 93
10 0.9-1.0 36

3.5 Induced signal current

As mentioned in section 2.4, the induced signal current will be measured
for the purpose of obtaining particle surface area concentration. This signal
current is strongly related to the previous processes, including the particle
charging and deposition process. In particular, the following characteristic

parameters of those processes are associated with the signal current:

e particle charging efficiency 7.,
e mean charge level of particle n,, n, = g,/e,

e particle deposition efficiency 7.
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The charging efficiency 7. indicates the percentage of total particles that
obtain at least one electron. The mean charge level n, represents the average
number of electrons on a particle. The deposition efficiency 7, indicates the
fraction of charged particles deposited out of the total particles. Noticing the
physical meaning of the current, it is not difficult to express the signal current
induced by the deposited monodisperse aerosol particles as the function of

above parameters, i.e.:

I(dy) = No - ne(dy) - ny (dy) - na(dp) - e Q (3.54)

where Ny is the total particle number concentration, e is the fundamental

charge on an electron, () is the total flow rate.

In the case of polydisperse aerosol, the signal current equation (3.54) has

to be rewritten as:

M
I(d,) = Z Ne (dpi) - 1 (dpi) = a (dpi) - € - Q - Nyi - Adlyy (3.55)

i=1
where M is the number of particle size bins, d,; is the average particle
diameter in ¢th bin, Ad,, is the width of ith size bin and N,; is the average

particle number concentration in ith size bin.

The particle charging efficiency 7., particle mean charge n, and particle
deposition efficiency 7, in above equations are all functions of particle di-
ameter d,. If those functions are available, i.e. their relations with particle
diameter d, are known, it is quite easy to establish a correlation between the
current [ and the particle diameter d,,. Furthermore, the relationship between
the current I and the particle surface area concentration can be obtained as
the surface area is proportional to the square of particle diameter d,. Un-
fortunately, on the one hand, there lacks of sophisticated theoretical model

to estimate the particle charging efficiency; on the other hand, the available
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charging mode might not predict the mean charge levels accurately due to
the fact that the ion concentration distribution was difficult to be measured
accurately. In this situation, experiments have to be carried out. Chapter 5

will present the detailed introduction and analysis of the experiments.
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Chapter 4
Prototype design

Chapter 4 presents a detailed introduction to the design of the prototype
with the following outline. Section 4.1 describes the design of the unipolar
diffusion charger. Section 4.2 gives an introduction to the design of the ion
precipitator. Section 4.3 focuses on the design of the electrical precipitator.

Section 4.4 introduces the signal current measurement.

4.1 Corona diffusion charger

The basic work principle behind the corona diffusion charger is that the
incoming aerosol flow collides with ions within a closed and electric field-
free zone. During the collision process, some ions would hit on the particle
surface and further deposit there. On a macroscopic scale, it is concluded
that particles have been charged. The main goal while designing such a
unipolar diffusion charger is to ensure that it has relatively high charging

efficiency.
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4.1. CORONA DIFFUSION CHARGER

4.1.1 Requirements

The basic requirement of the design of corona diffusion charger is that it
should be efficient in charging the incoming aerosol particles. This efficient
can be measured by two critical factors. The first factor lies in the actual
charge level generated on each particles, while the second one in the net
percentage of charged particles which are actually charged. Both charge level
and net percentage would have direct impacts on the signal current induced
by the deposited charged particles later. Clearly, low charge level or small
percentage would lead to low current, which is not easy to be measured
accurately. Correspondingly, it is necessary to collect a large number of
particles in order to produce a reasonable current signal and this is not
realistic under present laboratory conditions. Another critical consideration
for the charging section is that whatever the produced charge distribution is,
it must be highly predictable and consistent. In other words, it is expected
that all charged particles of a given size should have the identical charge level

in order to minimize the influence on the signal current to be measured.

4.1.2 Design description

The schematic diagram of the corona diffusion charger is shown in Figure
4.1.
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Figure 4.1: Schematic diagram of the corona diffusion charger.

It can be seen in the Figure that the diffusion charger consists primarily

of two parts, namely a charging chamber and ion-generation chamber. The

charging chamber has a cube space with dimension 3(cm)x2(cm)x2(cm),

where the aerosol flow is mixing with ion flow. The ion-generation chamber

is adjacent to charging chamber. A thin tungsten wire (25um in diame-

ter) is mounted on one end of the chamber to serve as the corona needle

(positive electrode), so the wire is further connected to a high voltage source.

Both charging and ion-generation chamber have the outer-walls made of non-

conductive material Delrin. Additionally, the outer-wall of ion-generation

chamber is grounded and can be viewed as negative electrode. The gener-

ated ion will be transported into the charging chamber through the orifice

on the chamber wall by using clean air flow.
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It should be pointed out that the usage of a very thin wire will ensure
corona onset is occurring at a relatively low voltage. According to Peek’s
equation [40], the electrode surface electric field at which corona onset occurs

in air for smooth, cylindrical electrodes can be described by:

B ee
Epeer = Apeek * 0 - <1 + \/5P——Rk) (4.1)
with
Ty p
j=20. 7 4.2
T (4.2)

where coefficient Apeey is 30.1kV /em, Bpeer, is 0.0301m, R, is wire radius
in meters, Ty is standard temperature, py is standard pressure. ¢ is the
relative density of the gas compared to standard temperature and pressure
(STP). It’s easy to see from Peek’s equation that lower corona onset voltage

can be obtained by using a thinner corona wire (i.e. with smaller value of

R.).

4.2 JIon precipitator

4.2.1 Requirements

Particle flow should firstly pass through an ion precipitator before entering
the electrical precipitator, otherwise these ions would be deposited together
with the charged particles and contaminate the signal current to be measured.
In this situation, an ion precipitator is needed to remove the excess ions which

are mixing with charged particles.

4.2.2 Design description

Unlike the unipolar diffusion charger and the electrical precipitator, the ion

precipitator used in the present experiment is not self-designed, but an avail-
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able ESP. The cross section view of this ion precipitator (ESP) is shown in

Figure 4.2.

Voltage source connector

/ Needle
b/
// ﬂml rod

L —
\

Isolate support Quter-wall

Figure 4.2: Schematic diagram of an ion precipitator.

As can be seen in the figure, the precipitator consists mainly of a central
rod and outer-wall. The central rod is connected to a low-voltage source
by a needle with its tip just touching the surface of the rod. The length
of the central rod [, is about 80mm, the radius of the central rod r; and
inner radius of the outer-wall 75 are 9.4mm and 17.2mm, respectively. The
most important issue while operating the ion precipitator is setting a proper
voltage to deposit the ions. This voltage will ensure that all ions can be
removed but most charged particles are not influenced. Based on the theory
described in section 3.2, the minimum voltages for ion precipitation under
different flow rates are calculated and listed in Table 4.1. It can be seen from

the Table that the required precipitating voltages are quite low.
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Figure 4.3: Ion trajectories starting at the central rod within the ion precip-
itator at U, =1.5V.

Table 4.1: Minimum precipitating voltages U[gm at different flow rates.
Q/min)  Up™(V)

1.5 0.28
2 0.38
3 0.57

Figure 4.3 shows the ions trajectories within the ion precipitator at differ-
ent flow ) and fixed deposition voltage U;, 1.5V, which is a little bit higher
than those calculated voltages U[;m listed in Table 4.1. It is clear from the
Figure that all ions can be deposited under this voltage.

Finally, it is still necessary to prove that the chosen voltage has barely
minimum influence on the charged particles. This can be easily done by
calculating particle’s trajectories within the ion precipitator at the identical
voltage U;, . In the calculation, particle’s governing equations are identical

to ion’s governing equations (3.18) and (3.19) with the only exception of the
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ion’s electrical mobility Z; in equation (3.19), which should be replaced by
particle electrical mobility Z,. Z, can be calculated as:
4 Ce

= = 4.3
p Bﬂudp ( )

Considering an extreme case in which a particle with 20nm in diameter
(the lower limit of particle size in this study) is singly charged, thus the
particle tends to have the largest electrical mobility. In addition, the flow
rate () is 1.5 1/min, and U, is 1.5 V. Figure 4.4 plots the particle trajectories

within the ion precipitator, starting from different initial locations (A, B, - - -

L G).
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Figure 4.4: Particle trajectories within the ion precipitator.

It is easy to see that most of the particles can safely pass through the ion

precipitator even at the remote location position F' (the distance between
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ry and F being 90% of that between r; and r3). This indicates that most

particles can pass through the ion precipitator smoothly.

4.3 Electrical precipitator

The electrical precipitator plays the role of separating the charged particles
from the carrier gas and depositing them on a substrate. The separation
and deposition of particles are accomplished by passing them through an
electrostatic field within the electrical precipitator. This section presents
a detailed description of the functional requirements and the design of the

electrical precipitator.

4.3.1 Requirements

The most important functional requirements on precipitator is to collect the
charged particles ranging from 20nm to 100nm. Due to their small sizes,
particles falling into this interval generally tend to follow the streamlines of
the carrier gas very well under the influence of Stokes drag force. Therefore,
some other forces will be required to overcome the drag force in order to
deposit the charged particles. In the present study, the electrostatic force

has been used base on the following considerations:

e the particles entering the electrical precipitator are already charged,
i.e. they carry certain amount of charges, thus they would experience

electrostatic forces within the electric field in the precipitator,

e it is quite easy to establish an electrostatic field, and the simplest case
is only requiring two parallel metal plates and a voltage source. In
addition, the magnitude of the field strength can be easily managed by
either adjusting the applied voltage or altering the distance between

the two plates.
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As particle deposition is accomplished through transverse transport of the
particles induced by electrostatic force, it is essential that no other forces
significantly affect this transverse transport of the particles. Given the size
range of particles to be deposited, two modes of transport have the potential
to affect transverse transport: diffusion and convection. Diffusion acts ran-
domly to move the particles in all directions, thus may change the particle
trajectories randomly. The effects of diffusion are inevitable and unavoidable,
but can be minimized by limiting the amount of time which particles reside
in the precipitator. Convective transport of particles is a much greater cause
for concern, as any such convective motion would quite likely overwhelm the
effects of the expected electrostatic transport. Therefore it is critical that

the aerosol flow in the precipitator is uniform and laminar.

4.3.2 Design description

A simplified schematic diagram of the electrical precipitator is shown in Fig-
ure 4.3.2.
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Figure 4.5: Schematic diagram of the electrical precipitator.

The main section of the electrical precipitator is the deposition zone,
which actually locates in between the upper metal plate and the bottom
metal substrate (8mm in diameter). The distance between metal plate and
substrate is about 8mm. The metal plate is connected to a high voltage
source by means of a metal bar, while the the substrate is connected to a
highly sensitive electrometer. Once a voltage is applied to the metal plate,
an electrostatic field will be established within the deposition zone. When
charged particles enter this zone, they would experience the electrical force;

and when the force exerted upon the particle is large sufficiently, it is able to

61



4.4. CURRENT SIGNAL MEASUREMENT

overcome the Stokes drag force and drive the particle to deposit on the sub-
strate. The deposited particles will further transfer the carried charges to the
substrate, thus the electric current will be generated during the deposition
process. The induced current is further measured by a sensitive electrome-
ter. Finally, those un-deposited particles will leave the electrical precipitator

through the outlets (marked “aerosol out” in the figure ).

Delrin has been used for most components of the precipitator (except the
metal plate, bar and substrate) due to its good mechanical strength, hardness

and dimensional stability as well as good electrical insulation properties.

4.4 Current signal measurement

Charged particles depositing on the substrate lead to an electrical current.
In general, it is not easy to measure this current signal due to two facts: (1)
the current is very low, and (2) the influence of the transient induced current.
This section focuses on the signal measurement, including the introduction to
the device used in the measurement and the analysis of the transient induced

current.

4.4.1 Instrument for measuring the signal current

Before determining the measurement device, it is necessary to estimate the
approximate magnitude of the signal current to be measured, and this can
be accomplished by means of equation (3.54). According to this equation,
the signal current is proportional to particle number concentration. As a
simple estimation, equation (3.54) suggests that current will reach about 26
femtoamperes under the assumptions that particles are single charged, their
number concentration is 10,000/cm® and the flow rate is 11/min. This is
certainly rather low current, but it still can be measured by using some high

sensitive electrometers.
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In the present study, a commercial electrometer Keithley 642 was used
to measure the current. Keithley 642 is an electrometer for sensitive mea-
surement of current, voltage, or charge [24]. The device has a measurement
range 10aA — 200nA with typical less than 1mV voltage burden. Clearly
the measurement range of this electrometer covers the current signal to be
measured. Unfortunately, the measurement is influenced by another factor

named the transient image current, which will be discussed below.

4.4.2 Transient induced signal currents

The presence of charged particles within an electrical field causes a distur-
bance in the form of the field. The effect of charged particles in electric fields
can be studied by using the images method. In particular, the effect of a
charged particle ¢ at a distance z above the surface of a conductor induces
an image charge —¢; at a distance below the surface of the conductor. As the
charged particle ¢; moves with respect to the surface of the conductor, the
image charge moves in mirror image. As a sequence, the motion of ¢; induces
an image current ¢ within the conductor even before the charge reaches the

conductor surface.

Under steady or quasi-steady state conditions, where the flux of charged
particles onto the conductor surface is constant and continuous, net induced
current will be zero. However, in the case of a rapid change in particle flux the
induced current may have remarkable impacts upon the measurement results.
The analysis below is presented with respect to a single charge ¢ approaching
a conducting surface, analogous to a single charged particle approaching the
surface of an electrode within the precipitator.

Figure 4.6 shows two flat parallel plates which are separated by a distance
h. The charge ¢ is at a location z above the collecting electrode and x from
the axial center-line of the electrode. Both the length (z-axis) and width
(y-axis) of the collecting electrode are [. Gauss’s law gives the charge on a

conducting surface A as:
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Figure 4.6: Illustration of transient image current.
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q:j{ﬁ-dA (4.4)

where D is the electric displacement field vector. For the case of the

parallel plate geometry described above, the charge on the signal collecting
electrode gq. is given by:

L L
2 2

qc = / /eEzda:dy (4.5)
y=—3a=—3

where € is the electrical permittivity. In this case, the electric field due
to the charge ¢ is expressed by [7]:

_ I
b= drre (22 + Y2 + 22)3/2 (4.6)

Substituting of the electric field expression into the signal electrode charge

expression yields:
q .1 I?
qc = —% . |:Sln (m)] (47)

From the definition of conservation of electric charge, the current signal
is defined as:

, dg. 4q 1 22 dz
/LC:——:—-

. - — 4.8
dt T os [ sin-t 12 (2 + 22)2 dt (48)
[2 4422

It is interesting to note that lim ¢, = 0. In other words, as the dimensions

l—0o0

of the collecting electrode increase with respect to the separation distance

between the particle and the electrode, the induced current decreases.

Figure 4.7 plots the induced current signal predicted by equation (4.8)
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as function of time before the particle arrives at the signal electrode, under
the assumption that particle velocity is constant, i.e., dz/dt = C. For conve-
nience, the induced current has been normalized by the conductive current
i.(z = 0) produced when the charged particle finally contacts the electrode.

Current i.(z = 0) can be calculated as:

—_

8¢ d 12
(=0 = 2. iy L~

modb e cos | sin™! —[2 (12 + 22)2
12 4 422

- = (4.9)

ifi (z=0)

4 o
o ©

Normalized induced current
o
»

0.2

-8 -7 -6 -5 -4 -3 -2 -1 0 1
Distance befor e contact (mm)

Figure 4.7: Normalized image current induced by a charged particle while
approaching the electrode surface.

Figure 4.6 shows that the induced current goes up rapidly as the charged
particle approaches the electrode surface. At the point just before the particle
reaches the surface, the induced current is equal to the value of the conductive

current. The average levels of transient current can be estimated based on
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the equation (4.8). Furthermore, a simulation on the current estimation is

carried out based on the following assumptions:

e the particle velocity is assumed to be constant, namely dz/dt is con-

stant.

e the particles are distributed randomly in space before approaching the

substrate,.

e the total transient current of a group particles is considered to be the

sum of the contribution of individual particle in the group.

e the time period of the calculation is 1s.

Additionally, the dimension of the electrode [ is 8mm, particle velocity is set
as 1 m/s. The calculations are carried out for different particle number con-
centrations, namely 10/cm®, 30/cm®, 100/cm®, 300/cm®, 1000/cm®, 3000/cm?
and 10,000/cm®. Figure 4.8 plots the calculated transient image current as
the function of time under different particle number concentrations: 10/cm?,
30/cm® and 100/cm® and 300/cm®. Figure 4.9 shows the calculated transient
current under higher particle number concentrations: 1000/cm®, 3000/cm?
and 10,000/ cm?.
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Figure 4.8: Transient image currents for particle number concentrations
10/cm®, 30/cm®, 100/cm® and 300/ cm?.
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Figure 4.9: Transient image currents for particle number concentrations
1000/cm®, 3000/cm® and 10,000/ cm®.
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Table 4.2 compares the mean value of the transient current 7. in a time
period 1s (Figure 4.8 and 4.9), its standard deviation s. as well as the coef-

ficient of variation C'V (a statistical measure of the deviation of a variable

Standard deviation s
from its mean, defined as: = == ) for different particle
Expected return ¢

number concentrations.

Table 4.2: i, s, and CV of the image current under different particle number
concentrations.

Particle concentration i.(fA) sc(fA) CV: % x 100%
10/ 0.0130  0.00423 30.43
30/ 0.02846  0.00604 21.22
100/ cm® 0.0421 0.00676 16.05
300/cm? 0.1124 0.0122 10.85
1000/ cm? 0.3650 0.0218 5.97
3000/ cm? 1.073 0.0379 3.53
10,000/ cm? 3.572 0.0630 1.76

Figure 4.10 shows C'Vs as the function of particle number concentrations.
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Figure 4.10: CVs at different particle number concentrations.
It can be concluded from above discussions:
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e the average transient image current is increasing with the increase of
particle number concentrations. For example, average image current
at particle number concentration 10,000/cm? is almost ten times larger
than that of the current at a low number concentration 1000/cm®. This
can be easily explained by the fact that higher particle number con-
centrations in general mean more charged particles within the same
volume, thus can lead to more deposited particles, correspondingly,

larger induced current.

e there is an approximate linear relationship between particle number
concentration and the average image current when concentration is
large sufficiently. For instance, the average image current correspond-
ing to the number concentration 3000/cm® is 1.073fA, which is nearly
three times of the current 0.365fA, corresponding to the number con-
centration 1000/cm®. However, this relationship is no more valid when
particle number concentration is very low (e.g., number concentration
less than 100/cm®).

e (Vs corresponding to low particle number concentrations (e.g. 10/cm?
or 30/cm®) are relatively large and vice versa. For example, the C'V
for particle number concentration 30/cm? is more than 20%, while for
number concentration 10/cm? is near 30%. Larger CV in general means
less representative of the obtained results, in other words, the currents

obtained under low particle number concentrations have low reliability.
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Chapter 5
Experimental results

The preceding chapters have been related to the more conceptual aspects
of this work, such as backgrounds, theories and designing. It is already
known that the designed prototype consists three major components, namely
a corona diffusion charger, an ion precipitator and an electrical precipitator.
Each component of the prototype can be characterized by one or more im-
portant parameters, in particular, diffusion charger characterized by particle
charging efficiency 7. and mean charge n,, ion precipitator by applied volt-
age U, and electrical precipitator by particle deposition efficiency 7. This
chapter will focus on the experiments carried out to obtain these parameters,

and it is outlined as follows:

e section 5.1 describes the experiment to measure particle charging effi-

ciency.
e section 5.2 presents the measurement of particle mean charge.

e section 5.3 gives a description on the experiment of measuring particle

deposition efficiency.

e section 5.4 describes the method to measure the particle surface area

concentration based on the experiment results.
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EFFICIENCY

5.1 Measurement of particle charging efficiency

5.1.1 Experimental set-up

The experimental set-up used for measuring particle charging efficiency is

schematically shown in Figure 5.1.

CAG DMA Neutralizer ESP-1

—

UCPC ESP-2 Diffusion charger

le—1

Figure 5.1: Schematic diagram of experimental set-up for measuring particle
charging efficiency.

It is seen in the figure, a Combustion Aerosol Generator (CAG) was
employed to generate an aerosol, which was further transported to a DMA
to obtain electrostatically monodisperse particles. The outgoing particles
passed through a Krypton-85 bipolar charge neutralizer and an ESP (ESP-
1) to ensure that particles were electrically neutralized before entering the
corona diffusion charger. Once leaving the charger, particles would enter the
second ESP (ESP-2), which was further connected to an UCPC.

The particle charging efficiency can be defined via following expression:
Ny — N3
==,

where Nj represents the particle number concentration measured by UCPC

Ne (5.1)

while no voltage is applied neither to the diffusion charger nor to the sec-
ond ESP; N, is the number concentration measured when the voltage of the
charger is on, but that of the second ESP is off and N3 is the number con-

centration measured when both voltages are on. Therefore, by switching the
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voltage (applied to the second ESP) on or off, the variation of particle num-
ber concentration within the diffusion charger can be obtained, thus particle

charging efficiency can be estimated according to expression (5.1).

Generally, particle charging efficiency will be influenced by the following

factors:

e particle diameter d,.
e corona voltage U..

o flow rate, including the aerosol flow ), and clean air flow Q..

In the experiments, the values for corona voltage and flow rate must be chosen
carefully. Both low and high corona voltage are not suitable. Low voltage
may lead to a situation where ions are insufficiently produced, thus leading
to a poor charging efficiency; while high corona voltage may cause corona
spark-over phenomena. The corona voltage used in the present experiment
is set as 3.76kV (about 8mA corona current), the amount of ions produced
under this voltage proves to be sufficient to guarantee an acceptable charging
efficiency. Two different flow ratios (the ratio of aerosol flow to clean air
flow) adopted in the experiment are: aerosol flow 11/min to clean air flow
0.81/min as well as aerosol flow 1l/min to clean air flow 1l/min. For the
convenience of the following discussion, the ratio of aerosol flow to clean air
flow will be denoted as ACR. Thus, two above-mentioned ACRs are 1.25
(1:0.8) and 1 (1:1), respectively. The influences of aerosol flow, clean air flow
and particle diameter on charging efficiency are experimentally investigated

and the results are presented in section below.

5.1.2 Experimental results

The measured charging efficiencies as a function of particle diameter under
two ACRs 1.25 and 1 are plotted in Figures 5.2 and 5.3.
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Figure 5.2: Particle charging efficiency measured with ACR 5:4.

Both Figures show that the particle charging efficiencies increase with
the growing of particle diameters. This is in agreement with the studies in
other references [6, 21, 27, 59]. This conclusion can be explained by the
fact that larger particles tend to acquire electron charges more easily, thus
charging efficiencies for larger particles appear in consequence higher than

that of smaller particles.

Based on the experiment data, the correlation between particle size and
charging efficiency can be quantitatively established, and one effective way is
to fit the obtained data by means of some proper mathematical models. In
the present study, a one-term power model is utilized. In general a one-term

power model can be expressed as follows:

y=a-a° (5.2)

where a and b are coefficients to be determined. The experiment data

(plotted in Figures 5.2 and 5.3) can be fitted by using this model as:

74



5.1. MEASUREMENT OF PARTICLE CHARGING
EFFICIENCY

100

9l /\ Experiment data
—— Fitted curve —— Eq. 5.4
80

70F

c

60

50

40

Charging efficiency n_(x100%)

30

20

10

! ! ! ! !
10 20 30 40 80 90 100 110

50 60 70
Particle diameter (nm)

Figure 5.3: Particle charging efficiency measured with ACR 1:1.

ne (dy) = 0.009704 - d)*** (5.3)

and

Ne (dp) = 0.009468 - d)*** (5.4)

where particle charging efficiency 7, (d,) is dimensionless and particle di-

ameter d, is in nanometer.

It should be pointed out that there may exist other models, for instance
the polynomial or the non-parametric model, which are able to give the
same results in terms of fitting goodness. Nevertheless, the power model
has a least two attractive advantages. First, particle charging efficiency 7.
can be expressed by a function of particle diameter d, in a very concise
manner by using this model. Second, if particle mean charge n, and particle
deposition efficiency can also be expressed by the identical model, then a clear
connection might be established in-between these three parameters (particle

charging efficiency, mean charge and deposition efficiency). The experiments
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measuring particle mean charge and deposition efficiency will be discussed in
section 5.2 and 5.3.

5.2 Particle mean charge

The particle mean charge is another significant quantity associated with the
diffusion charging. As demonstrated by particle diffusion charging theory
introduced in section 3.1, the mean charges acquired by particles during
diffusion charging depends on several parameters, including the particle di-
ameter d,, the particle residence time ¢ and the ion concentration n; in the
charging zone. Theoretically, the mean charge obtained by the particles
can be estimated by using those kinetic charging models as long as several
key parameters above-mentioned (i.e. particle residence time and ion con-
centration) are available. Unfortunately, it is not easy to measure the ion
concentration accurately due to the complexity of flow pattern after the col-
lision of aerosol flow and clean air flow within the diffusion charger. Taken
this fact into account, the mean charge of the particles will also be measured

by means of experiments.

5.2.1 Experimental set-up

The experimental setup for measuring particle mean charge is illustrated in
Figure 5.4.

A CAG was used to produce the required aerosol particles. Then these
aerosol particles were passed through a DMA to generate an electrically
monodisperse aerosol. The outgoing particles were further passed through
a Krypton-85 bipolar charge neutralizer to bring their charges to the Boltz-
mann equilibrium level. After that the particles were passed through an ESP
to remove the excess ions to ensure that they were neutralized before enter-
ing the diffusion charger. At this moment, a Scanning Mobility Particle Sizer

(SMPS), working on the principle of electrical mobility |26, 56|, was used to
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Figure 5.4: Schematic diagram of measuring particle mean charge n,,.

scan the incoming charged particle to obtain its size distribution. Within
the SMPS, particles with the correct electrical mobility enter a small gap,
which is located near the exit pipe and be collected by an UCPC. As the
scanning voltage varies, the particle size changes accordingly. In this way,
the information about particle size spectrum can be obtained by varying the

scanning voltage in a wide range.

5.2.2 Experimental results

In order to measure mean charge level imposed upon the particle, the follow-

ing experimental procedures were executed:

1. generate required monodisperse aerosol particles using a DMA.

2. determine the particle charge levels, and acquire particle number con-

centrations at these charge levels from a SMPS simultaneously.

7



5.2. PARTICLE MEAN CHARGE

3. calculates the mean charge acquired on the particles.

4. repeats steps 1 to 3 to obtain mean charges for particles in other sizes.

Above steps could be further demonstrated by an example of measuring the
mean charge on 50nm particles. According to step 1, the DMA selected the
electrically monodisperse particles 50nm in diameter. Then particles were
charged in the diffusion charger. The SMPS would record the data about
particle number concentrations and scanning voltages, with their relation

being plotted in Figure 5.5.
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Figure 5.5: Particle number concentration vs. scanning voltage for d, —
50nm.

As can be seen in the Figure, there are three obvious concentration peaks
locating at scanning voltage 6kV, 3kV and 2kV, respectively. The three
peaks correspond to the number concentrations of singly, doubly and triply
charged particles. Once the particle number concentration is known, particle
size and scanning voltages, mean charges acquired on the specified particle

can be estimated through the following steps:
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1. use a proper model (e.g. a log-norm distribution) to fit the obtained
data (particle number concentration wvs. scanning voltage, shown in

Figure 5.5) to acquire parameters needed in step 2.

2. use a suitable model (e.g. Gauss distribution) and the parameters
from step 1 to fit the experimental data (particle diameter vs. number

concentration) to compute the mean charges.

By repeating above steps 1 to 3 for particle in other sizes, a complete spec-
trum of mean charge acquired on particle can be obtained. Figure 5.6 plots
the particle charge distribution with size ranging from 20nm to 100nm at
ACR 1.25.
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Figure 5.6: Particle charge level vs. diameter.

Figures 5.7 and 5.8 plot the calculated average charge acquired as a func-
tion of particle size ranging from 20nm to 100nm under ACRs 5:4 and 1:1.

These Figures show that average charges acquired on particles increase
with their sizes. For example, particles with diameter less than 50nm obtain

less than one electron on average; while particles large than 80nm can acquire
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Figure 5.7: Mean charges per particle with ACR 5:4.

more than two electrons. In addition, it is easy to see that there exists an
approximate linear relationship between average charges and particle diam-
eter in both double-log plots, and it can be described, by means of a power

model, as:

n, = 0.00656 - d, > (5.5)

and

n, = 0.007337 - d;;** (5.6)

where the mean charge on particle n, is a dimensionless number and

particle diameter d, is in nanometer.
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Figure 5.8: Mean charges on particle with ACR, 1:1.
5.3 Particle deposition

5.3.1 Experimental set-up

The experiments in this section focus mainly on the measurement of parti-
cle deposition efficiency 74, which is a quantity to describe the fraction of
particles actually deposited within the electrical precipitator. The schematic
diagram of the experimental set-up is illustrated in Figure 5.9.

As can be seen in the figure, particles leaving the diffusion charger were
passed through a low-voltage ion precipitator so that the excess ions were
able to be removed. In the present experiment, the applied voltage was
set as 2V. According to the calculation in section 4.2, most ions can be de-
posited within the precipitator, and most charged particles can pass through
it smoothly under this voltage. Experiments showed that particle loss un-
der this voltage is less than 1%. After leaving the ion precipitator, particles
entered an electrical precipitator where they were precipitated. At the final
stage of the experimental set-up, an UCPC was connected to the electrical

precipitator in order to measure the particle number concentrations. Based
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Figure 5.9: Deposition efficiency measurement.

on the equation (3.49) in section 3.4.2, particle deposition efficiencies can be

estimated as:
B Ny — Ny

Na = N,

where N; is the particle number concentration measured without the de-

(5.7)

position voltage being applied, and V5 is the number concentration measured
with the deposition voltage being applied. Therefore, by switching the ap-
plied voltage on or off, the variation of particle number concentration (i.e.,
N; — N3) within the precipitator can be obtained, furthermore the particle

deposition efficiency can be estimated by means of above expression.

5.3.2 Experimental results

The particle deposition efficiencies at different deposition voltages and ACRs
are measured. The chosen ACRs are still 5:4 (aerosol flow 1 1/min and clean
air flow 0.8 1/min) and 1:1 (both of them are 1 1/min). The deposition
voltages are in turn 1kV, 2kV, 3kV and 4kV, respectively. The deposition

efficiencies measured at ACR 5:4 are shown in Figures 5.10-5.13.
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Figure 5.10: Particle deposition efficiency at depositing voltages 15V and
2kV with ACR 5:4.
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Figure 5.11: Particle deposition efficiency at depositing voltages 3kV and
4kV with ACR 5:4.

As Figures 5.10 and 5.11 show, particle deposition efficiencies decrease
when their sizes increase for the same applied deposition voltage. Mean-

while, deposition efficiencies increase with the elevation of applied deposition
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voltages for particles with identical sizes. The reason is that higher volt-
age will induce stronger electrostatic field, thus larger electrostatic force can

exert on the charged particles so as to drive more of them to be deposited.

Once the experimental data is obtained, it is able to establish a quanti-
tative relationship between the particle size and the deposition efficiency. A
one-term power model is implemented for the fitting job, which is analogous
to dealing with the particle charging efficiency. Based on this model, the
relationship between the particle size and the deposition efficiency, shown in

Figures 5.10-5.13, can be expressed as follows:

N4 (dy) = 9.983 - d, % (5.8)

14 (dp) = 3.054 - d %4 (5.9)

na (dp) = 1.781 - d*#** (5.10)

ng (d,) = 1.495 - 01619 5.11
p b2

Figures 5.12-5.13 plot the deposition efficiency as a function of particle
diameter with ACR 1:1.
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Figure 5.12: Particle deposition efficiency at depositing voltages 15V and
2kV with ACR 1:1.
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Figure 5.13: Particle deposition efficiency at depositing voltages 3kV and
4kV with ACR 1:1.

Similarly, the following empirical expressions are obtained to fit the mea-
surement data in Figures 5.12-5.13.
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N4 (dp) = 14.88 - d 9 (5.12)
14 (dp) = 3.802 - d, 4" (5.13)
na (dy) = 2.138 - d, "% (5.14)
14 (dp) = 1.645 - d O (5.15)

The measured efficiencies with ACR, 5:4 are further compared with the
calculated efficiency by means of CFD model described in chapter 3. The
following Figures compare the measured and calculated deposition efficiencies
for the deposition voltages ranging from 1£V to 4kV. The full extent of the
error bars in these Figures show the range of two standard deviations of the

measured values (+0).
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Figure 5.14: Comparison between measured and calculated deposition effi-
ciency at 1kV with ACR 5:4.
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Figure 5.15: Comparison between measured and calculated deposition effi-
ciency at 2kV with ACR 5:4.
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Figure 5.16: Comparison between measured and calculated deposition effi-
ciency at 3kV with ACR 5:4.
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Figure 5.17: Comparison between measured and calculated deposition effi-
ciency at 4kV with ACR 5:4.

Following conclusions can be drawn from these figures:

e the calculated deposition efficiency agrees well with the measured effi-
ciency, it basically reflects the variation trend of the measured deposi-

tion efficiency.

e the particle deposition efficiency decreases with the increase of particle
size for a given deposition voltage. For example, the deposition effi-
ciency at 4kV decreases from 90% for particle 20nm in diameter to

70% for particle with 100nm in diameter,

e the particle deposition efficiency increases with the elevating of de-
position voltage for particles with identical sizes. For instance, the
deposition efficiency increases from 40% at 1kV to 80% at 4kV for
particle 50nm in diameter. This conclusion is in agreement with other

references [11, 12].

The experiments also shows that the particles will experience some losses
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while passing through the electrical precipitator (Figure 5.9), the diffusion
charger and the ion precipitator. The particle losses within the electrical
precipitator are mainly caused by diffusion loss mechanism, and can be esti-
mated by means of measuring the particle concentrations at the inlet and the
outlet of the electrical precipitator without applying the deposition voltage.

The measured particle losses for different ACRs are shown in Figure 5.18.
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Figure 5.18: Particle losses within the electrical precipitator with ACRs 5:4
and 1:1.

As can be seen in the Figure, particle losses remain almost unchanged as
the particle sizes increase. They are about 30% and 23% for ACR 1:1 and 5:4,
respectively. Since the lost charged particles do not contribute to the signal
current to be measured, the current equation (5.20) should be corrected by

multiplying a factor, namely:

I'=Ny-n.-ny-(L—m)-ns-e-Q (5.16)

where 7; stands for the particle losses within the electrical precipitator.
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5.4 Measuring particle surface area concentra-
tion

By combining the obtained empirical formulas to describe particle charging
efficiency 7., particle mean charge n, and particle deposition efficiency 7y
and equation (3.54), it is possible to derive a relationship between the signal
current / and the particle diameter d,. By using this relationship as a starting
point, the connection between signal current I and particle surface area S,
can be established due to the relation between S, and d,, ie. S, o df,.
Clearly, the equation (3.54) is the key and its validity should be verified
firstly. The next two subsections present the verification works carried out

based on using both monodisperse and polydisperse aerosol.

5.4.1 Verification by means of monodisperse aerosol

A direct way of verifying equation (5.16) is to compare the signal current
estimated using this equation with the measured current. The signal current
induced by the deposited charged particle can be estimated from equation
(3.54) as particle number concentration, ACRs, particle charging efficiency

7, particle mean charge n, and particle deposition efficiency 7, are all known.

Figures 5.19-5.22 compare measured and calculated signal currents under
the operating conditions: monodisperse aerosol size ranging from 20nm to
100nm, ACR 5:4 and applied deposition voltages U, ranging from 1kV to
4kV.

Figures 5.23-5.26 compare the measured and calculated currents under

the same operating conditions with the only exception that ACR is 1:1.

It can be seen in these Figures that the general agreements between the

calculated current and the measured current are reasonable well represented.
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Figure 5.19: Comparison between measured and calculated current (ACR =
54, Uy = 1kV ).
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Figure 5.20: Comparison between measured and calculated current (ACR =
5:4, Uy = 2kV ).
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Figure 5.21: Comparison between measured and calculated current (ACR =
5:4, Uy = 3kV).
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Figure 5.22: Comparison between measured and calculated current (ACR =
514, Ud — 4]€V)
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Figure 5.23: Comparison between measured and calculated current (ACR =
1:1, Uy = 1kV).
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Figure 5.24: Comparison between measured and calculated current (ACR =
1:1, Uy = 2kV).
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Figure 5.25: Comparison between measured and calculated current (ACR =

1:1, Uy = 3kV).
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Figure 5.26: Comparison between measured and calculated current (ACR =
1:1, Uy = 4kV).
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5.4.2 Verification by means of polydisperse aerosol

Equation (3.54) for estimating the signal current in the case of monodisperse

aerosol has been verified in the previous subsection. This subsection will

further verify the current equation (3.55) in the case of polydisperse aerosol.
The experimental set-up adopted in this case is shown in Figure 5.27.

SMPS

CAG

%D

Diffusion charger Ton precipitator Electrical precipitator

Figure 5.27: Schematic diagram of the verification using polydisperse aerosol.

Table 5.1: Basic parameters of the particle size distributions measured with

SMPS.
Aerosol (#) d, (nm) d, (nm) o, N (/cm?)

1 38.19 35.01 1.52 8.50 x 10°
2 75.08 60.93 1.86 7.07 x 10°
3 119.61 89.02 2.11 4.14 x 10°

The polydisperse aerosol was generated using a CAG. Then a three-way
valve was employed to divert the aerosol flow and make it either pass through
a SMPS or a designed prototype. When polydisperse aerosol passed through
the SMPS, its number concentration was measured and recorded, and it was
fed into the equation (5.21) to calculate the signal current. When the aerosol
passed through the prototype, on the other hand, the induced signal current
was measured by a very sensitive electrometer. Thus the measured current
was able to be compared with the calculated current. Table 5.1 reports the
basic parameters of the particle size distributions measured by using the

SMPS, while figure 5.28 plots their number concentration distributions.
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Figure 5.28: Particle number concentrations vs. diameters measured with
SMPS.

Figures 5.29-5.31 compare the measured and calculated signal currents
at different deposition voltages and size distributions. The full extent of the
error bars in these Figures show the range of two standard deviations of the
measured values (+o).

Figure 5.32 compares the calculated and the measured current at different
particle number concentrations.

It is clear from these figures that the agreement between calculated and
measured current signals is quite good in terms of both different particle size
distributions as well as number concentrations. By observing these figures,
one can conclude that current signals increase with the increase of deposition
voltage. This is because the larger voltages cause generally more deposited
charged particles, which further lead to a larger induced current. In addition,
as demonstrated in Figure 5.32, high particle number concentrations may lead

to large signal current due to the fact that more particles have chances to be

96



5.4. MEASURING PARTICLE SURFACE AREA
CONCENTRATION

T T T T
[] Calculated current —

7+ [ Measured current i

sk %

Signal current (pA)

Depzosition voltageg(kv)
Figure 5.29: Comparison between measured and calculated current (ACR =

1.25, d, = 35.01nm).

deposited in this situation.

5.4.3 Measuring particle surface area concentration

As pointed out at the beginning of this section, equation (3.54) is the key
as particle surface area concentration is expected to be inferred from it.
This equation indicates that the signal current I is a function of particle
charging efficiency 7., mean charge n, and deposition efficiency 7,. All these
parameters have to be obtained from experiments, and they are described in
equations (5.3-5.4), (5.5-5.6) and (5.8-5.15), respectively. It is not difficult

to draw the following conclusions from these equations:

e they are exponential functions,

e the powers of the charging efficiency functions and the mean charge

functions are positive,

e the powers of the deposition efficiency functions are negative,
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Figure 5.30: Comparison between measured and calculated current (ACR =
1.25, d, = 60.93nm).

e there exists a relationship between the powers of deposition efficiency
functions and the applied deposition voltages, that is the low deposi-
tion voltage corresponds to large power value (absolute value) and vice

versa.

For the convenience of later discussion, above exponential functions are ex-

pressed, by using general form, as:

Ne (dp) = ay - df! (5.17)
ap (dp) = sz - dff (5.18)
na (dy) = as - d£3 (5.19)

where a1, g, as, (1, O and (3 are constants to be determined by means

of fitting the experiment data. Substituting above equations into equation
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Figure 5.31: Comparison between measured and calculated current (ACR =
1.25, d, = 89.02nm).

(3.54) yields:

I=Ny-aj-ag-as- dg1+ﬂ2+ﬁ3 ‘e Q x dg1+ﬁ2+ﬁs (5.20)

since aq, (g, ag, e and @ are all constants, equation (5.20) actually shows
that current I is proportional to an exponential function dg1+52+ﬂ3 of particle
diameter d,. Of course equation (5.20) is only used to describe the current
produced by monodisperse aerosol. In order to deal with polydisperse aerosol,

the corresponding equation should be written as:

dmal‘
I = / Qg - Qg Qg - d£1+’g2+ﬁ3 ce-Q-dN (5.21)

dmin
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Figure 5.32: Comparisons between measured and calculated currents for dif-
ferent aerosols (parameters listed in Table 5.4).

dma:c
oS / AN (5.22)

dmin

where d,,,;, and d,, ., represent the lower- and upper limit of the interest-
ing particle size interval. Equation (5.21) demonstrates that signal current
induced in the case of polydisperse aerosol is proportional to the integration
of a specified exponential function of particle diameter over the interesting

particle size interval.

Now much attention should be focused on the power (3, + (35 + (33 of the
particle diameter, since the value determines the geometrical meaning of the
function dJ* %% Clearly, provided that the sum 3 + 3, 4 03 is 2, one can

promptly see from above equation:
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dmaz dmazx
B1+B2+: _ 2
/dp1 AN = /dpdN (5.23)
dm,in dm,in

The right-hand side of this equation times a constant 7 represents exactly
the total particle surface area concentration of the particles with sizes falling

within the interval [d,in, dmaz]-

With the above idea, the next question is how to adjust these parameters
in order to make them satisfy the condition: 3+ 3>+ (5 = 2. Before adjusting

these parameters, it is necessary to understand their physical meanings:

1. parameters (3, and (3, are associated with the diffusion charging process,
and their values will be affected by both aerosol flow and clean air flow

for a given corona voltage.

2. parameter (33 is relevant to the particle deposition process, and its value
is influenced not only by the flows (aerosol and clean air) but also by

the deposition voltage.

Therefore, the values of 3, and 35 will remain unchanged, provided that the
flow rates do not change. As for (33, with its value depending on both the flow
rate and the applied deposition voltage, 33 can be changed by either adjusting
the flow rate or the deposition voltage. In the practice, it is more easy and
convenient to change the deposition voltage while maintaining the flow rate
unchanged. The reason is that changing deposition voltage has impacts only
on parameter (33; while altering flow rates will affect not only parameters
(3 but also other two parameters 3y, J5. Based on this consideration, the
strategy of changing exponents (33 to adjust the sum of 31 + (5 + (33 will be
adopted in the present experiment. Concretely, it is necessary to know the
relation between the deposition voltage and the exponent (5, and this can

be obtained by measuring the deposition efficiencies at different deposition
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voltages. Figure 5.33 plots 33 as a function of deposition voltage at different

ACRs.

09 + B3 value at QS =0.8l/min

— fitted curve i
o BS value at QS = 1l/min

— fitted curve

0.8

Value of power [33

1
35 4

2 25 3
Applied depositing voltage (kV)

Figure 5.33: Deposition voltage vs. exponent (3.

As can be seen in the Figure, the variable 33 can be approximately deter-
mined from the curve when the applied deposition voltage is given. Below
is an example of determining the applied voltage at ACR 5:4. First, it is
necessary to know the values of ; and [35, and they can be estimated from
equations (5.3) and (5.5) as f1= 0.9805 and fFy= 1.306. With the values 3,
and (5, (3 can be calculated by means of the relation 3 = 2 — 3, — 35 as
(3= -0.2865. When (35 is obtained, the corresponding deposition voltage can
be determined from the blue curve shown in Figure 5.33. Table 5.2 reports

calculated deposition voltages U; with respect to (3.

Table 5.2: Calculated deposition voltages.

ACR G 1o B3 Ua(kV)
1.25 0.9805  1.306  -0.2865 2.72
1 0.9847  1.283  -0.2677 3.24
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It is easy to see from Table 5.2 that the sum () + (> + 33 at two ACRs can
be 2 by setting the deposition voltage as 2.72kV and 3.24kV, respectively.
When 3 + (2 + (B3 takes the value 2, the current equation (5.21) can be

written as:

dmaz
I:/al-a2~a3-d§~e-Q-m-dN (5.24)
dmin

which can be further rearranged as:

dma:l:

I
7Td12)dN = T

ajopas  mel

(5.25)
dmin
The left hand side of above equation is exactly the total surface area
concentration S, of particles falling within the size interval [d,in, dmaz). Thus
S, can be expressed by:
g - . ! (5.26)

araaas Mel)

At this moment, the surface area concentration can be estimated by mea-
suring the signal current at those deposition voltages U,;. Below is an in-
struction on how to estimate particle surface area concentration. First, it is
necessary to determine the value of voltage U, due to the previous discussion.
Table 5.2 shows that U, is 2.72kV, and the corresponding (5 is -0.2865 at
ACR 5:4. Then, the coefficient a3 at this voltage U; must be estimated, and
it can be obtained from Figure 5.34, which plots the a3 as a function of the

deposition voltage.
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Figure 5.34: Deposition voltage vs. coefficient a.

When the signal current I, the values a3 and (5 are known, the particle
surface area concentration can be promptly calculated by means of equation
(5.26). Table 5.3 reports the calculated surface area concentrations under
different particle size distributions, with the basic parameters being listed in

Table 5.4.

Table 5.3: Calculated particle surface area concentrations.

Aerosol Measured current Particle surface area
(#) (pA) concentration (ym?/cm?)

1 0.45545.39% 4.534 x 10°+5.39%

2 2.93046.20% 2.921 x 10*+6.20%

3 11.240+3.31% 1.124 x 10°+3.31%

Table 5.4: Parameters of the particle size distribution obtained from SMPS.
Aerosol (#) d, (nm) d, (nm) oy (nm) N (/cm®)

1 104.27 77.55 2.04 7.839 x 10*
2 04.34 68.35 2.08 5.696 x 10°
3 68.34 60.22 1.65 6.596 x 106
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Figure (5.35) shows the particle number concentration distribution for
N; = 6.59 x 10°/cm?.
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Figure 5.35: Particle number concentration distribution for N; = 6.59 X
10%/cm?.

With the known particle size distribution, the particle surface area con-

centration can be expressed as:

S, = i N (i) - wd2; (5.27)

i=1

where M is the total number of particle size intervals, NV (i) is the mean
particle number concentration in ¢th size interval, and d,; is the average
particle diameter in ¢th interval.

Figure (5.36) shows the relationship between the surface area concentra-
tion and the measured signal current. It is easy to draw a conclusion from
the figure that there exists a linear relationship between the measured signal
current and the surface area concentration (as the slope of the curve is 0.997).

In addition, the signal current scales with the surface area concentration, and
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this is exactly the goal of the design.

Figure (5.37) compares the particle surface area concentrations predicted
from the measured current and the surface area concentration calculated from
the obtained particle size distributions under the same operating conditions.
As shown in the figure, they agree with each other very well. On the whole,
the surface area concentrations inferred from the particle size distributions
are slightly larger than that of calculated from the measured current. The
general discrepancy between them is between 10% and 12% for different

particle size distributions.
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Figure 5.36: Surface area concentration vs. measured signal current.
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Figure 5.37: Comparison of surface area concentrations calculated from the
measured current and the particle size distributions (parameters cf. Table
5.4).
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Chapter 6
Conclusions

A new method for measuring surface area concentration of ultrafine parti-
cles has been proposed and verified in this dissertation. This measurement
method involves a three-step operational process: corona diffusion charging,
ion precipitation and charged particle deposition. First, particle charging is
accomplished by corona diffusion charging, which will impose the incoming
aerosol particles with a specified known charge distribution. Once the aerosol
particles are charged, they pass through an ion precipitator to remove the
excess ions. Then the charged particles are deposited by means of an elec-
trostatic field established within a precipitator. Finally the signal current
induced by the charged particles in the deposition process is measured by a

highly sensitive electrometer to infer the particle surface area concentration.

To verify the proposed method, an experiment prototype, including a
corona diffusion charger, an ion precipitator and an electrical precipitator,
was designed and built. Each part of the prototype is characterized by one or
more operating parameters. For example, two major operating parameters
pertaining to the diffusion charger are the corona voltage and the ACR.
Corona voltage have impacts on amounts of generated ions, and a corona
voltage 3.76kV (corresponding to 8mA corona current) is employed in the

present experiments; while ACR exerts influence on particle residence time
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in the charging zone. Two different ACRs used in the present experiments
are 5:4 (aerosol flow 11/min wvs. clean air flow 0.8]/min) and 1:1 (aerosol
flow 11/min vs. clean air flow 1l/min), respectively. The most important
parameter associated with the ion precipitator is the precipitating voltage.
A 2V low voltage is applied to the ion precipitator based on the theoretic
calculation. This voltage will ensure that almost all ions can be deposited
and most charged particles can pass through the ion precipitator smoothly.
As for the electrical precipitator, the deposition voltage is the most significant
operating parameter and four deposition voltages 1kV, 2kV, 3kV and 4kV

are applied in the experiment.

The experiments carried out presently focused on measuring the particle
charging efficiency, the particle mean charge as well as the particle deposition
efficiency, with the goal to find a relationship between these parameters and
particle diameters. The empirical expressions for describing these parameters
are obtained by means of fitting techniques based on the experiment data.
In our work, the one term power model proved to be able to give a satisfied
results in terms of fitting goodness, and play the role of a bridge to link
the signal current and the particle diameter. Starting from these empirical
formulas, it is not difficult to establish the relationship between the signal
current and the particle surface area concentration. The experiment results
show that the power (81 + 2 + (3) of particle diameter can shift to 2 by
adjusting the value of 33 to a specified value, and the latter can be realized
by altering the deposition voltages. For instance, the analysis in chapter 5
show that the required (33 can be obtained by changing the deposition voltage
to 2.72kV for ACR 1.25, then the total particle surface area concentration

can be inferred from the signal current measured at this voltage.

It should be pointed out that, although above empirical expressions were
obtained by using particles with sizes ranging from 20nm to 100nm, they
proved to be still valid for particles larger than 100nm. As shown in section

5.4.2, these formulas were utilized in the estimation of the signal current of
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polydisperse aerosol particles (Table 5.1) without correction, and the cal-
culated signal current is still in good agreement with the measured signal
current. However, the agreement between the estimated current and the
measured current for small particles (e.g. 20nm in diameter) is not so good,
and the measured currents are in most cases larger than calculated currents
(Figures 5.19-5.26). One possible reason is that the mean charge on particle
calculated based on the empirical formula is less than the actual charge (Fig-
ure 5.7 and 5.8). However, more studies are needed to find a more convincing

explanation to this problem.
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Appendix A

A brief introduction to UDF

User Defined Functions (UDFs) are codes written in C or Fortran that allow
the user to customize Fluent to his/her problem. According to Fluent, UDFs

can be used for a variety of applications, some of which are listed below:

e Customization of boundary conditions, material property definitions,
surface and volume reaction rates, sources terms in Fluent transport
equations, source terms in user defined scalers transport equations,

diffusivity functions, etc.
e Adjustment of computed values on a once-per-iteration basis.
e Initialization of a solution.
e Asynchronous execution of a UDF
e Post-processing enhancement

e Enhancement of existing FLUENT models (e.g., discrete phase model,

multiphase mixture model, discrete ordinates radiation model).

e Moving grid problems.
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To use a UDF, the function needs to be written in C using a text editor
with extension *.c. UDFs are defined using the “Define macros” provided by
Fluent. These macros are function declarations specified by Fluent. Define
macros are split into five categories, general, model specific, multiphase, dy-
namic mesh, and DPM. In this project we are only concerned with the model
specific Define macros which are used to set parameters. When the code is
written, it needs to be either interpreted or compiled for use in Fluent. The
UDFs are compiled in both ways but with different method. Interpreted
UDFs are compiled during iteration. Compiled UDFs are first built and then
loaded in a library ahead of time. Once this is accomplished, the name of
the function becomes an option for the inputs where it can be implemented.
UDFs can be used as boundary conditions, source terms and in various other
locations. In present study UDFs are used to impose gas velocity at the

boundary, and electrical force as well as Brownian force to particles.
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Appendix B

UDF for predicting particle

deposition efficiency

The following source codes written in the frame of UDF were used to cal-
culate particle trajectories within the electrical precipitator. The codes are
commented. Note that two arrays, el and e2, are utilized to store the values
of electric field strength within the electrical precipitator. Those values are
derived from QuickField directly. Each row of the arrays has four values.
The first and second value represent the particle coordinate in z-axis and
r-axis, while the third and fourth value stand for the magnitudes of electric
field strength in z-axis and r-axis at this location. In this way, electric field
strength in arbitrary location within the precipitator can be found quickly

by locating the coordinates.

The electrical force as well as Brownian force have been defined in macro
DEFINE _DPM_ BODY FORCE (particle electrical force, p, i), where
structure p contains all the information about the particle being studied,
for example, particle locations, velocities, mass, temperature, and so on. In-
dex i is a indicator used to distinguish different directions. i takes three
values 0, 1 and 2. For the source codes below, i=0 and i=1 represent z-axis

and r-axis, respectively.
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The macro DEFINE  DPM_SCALAR_UPDATE (positionxy, cell, thread,
initialize, p) updates current particle coordinates and velocities, while DE-
FINE PROFILE (inlet x velocity, thread, index) defines the profile of par-

ticle velocity at the inlet of the electrical precipitator.

#include "udf.h"
#include "dpm.h"
#include "random.h"
#define xv_init 0.884
#define r 0.001
#define Q 1%1.601e-19

static real bol = 1.38e-23 ; // Boltzmann constant

static real mu = 1.789e-05 ; // kinematic viscosity

static real rho = 1.225 ; // air demsity

static real 1lbda = 66e-09 ; // mean free path of gas molecules

real x , y ;

real gx, gy ;

float sx = 0.0002, sy = 0.00005; // space of x and y direction
float sx1 = 0.0002, syl = 0.0002;

31, ml =20; //

int n2 = 41, m2 = 36 ;

int j, k;

float e1[]1[4] ={{0.000000, 0.000000, 0.000000, 2856.540000},
{0.000000, 0.000050, 0.000000, 7411.130000},

{0.000000, 0.000100, 0.000000, 11965.700000},

{0.000000, 0.000150, 0.000000, 16520.300000},

{0.000000, 0.000200, 0.000000, 21074.900000},

{0.000000, 0.000250, 0.000000, 25629.500000},

int nl
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.000000,
.000000,
.000000,
.000000,
.000200,

.006000,
.006000,
.006000,
.006000,
.006000,
.006000,
{0.
float e2[][4]

006000,

.000650, 254881.
.000700, 279169.
.000750, 303456.
.000800, 327743.
.000850, 352031.
.000900, 376318.
.000950, 400605.

-13477.

.000300, 0.000000, 30184.100000},

.000350, -120.466000, 33978.300000},
.000400, -481.863000, 36252.000000},
.000450, -843.260000, 38525.600000},
.000850,

300000, 67707.600000},

000000, -302648.000000},
000000, -305786.000000},
000000, -308924.000000},
000000, -312062.000000},
000000, -315200.000000},
000000, -318338.000000},
000000, -321475.000000}};

{{0.006000, 0.000000, 131091.000000, -9778.400000},

{0.
{0.
{0.
{0.
{0.
{0.
.006000,

006000,
006000,
006000,
006000,
006000,
006000,

O O O O O O O

.014000,
.014000,
.014000,
.014000,
.014000,
.014000,
.014000,

.000200,
.000400,
.000600, 230595.
.000800, 327745.
.001000, 424894.
.001200, 481709.
.001400, 538524.

.005600, 497573.
.006800, 497629.
.006000, 497684.
.006200, 497719.
.006400, 497755.
.006600, 497779.
.006800, 497793.

151463.
171835.

000000, -123161.000000},
000000, -236543.000000},
000000, -299510.000000},
000000, -312061.000000},
000000, -324613.000000},
000000, -194768.000000},
000000, -64922.500000},
000000, -0.002507},
000000, -0.002507},
000000, -0.001941}%},
000000, -0.001606%},
000000, -0.001606%},
000000, -0.899040%},
000000, -2.695690%},
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{0.014000, 0.007000, 497807.000000, -4.491810}};
DEFINE_RW_FILE(reader, fp)

{

// reading data of electric field from available file
/*¥if ((fp = fopen("c:\\Deposition\\w.txt", "r"))==NULL)
{ printf("File cannot be opened");

exit(1);

}

for (j
{

for (k
{
fscanf (fp, "%f", &elljl1[k]1);

}

}

fclose(fp) ;*/

//reading data from second file

/*fp = fopen("C:\\Deposition\\wl.txt", "r");
for (j = 0; j < 1476 ; j++)

{

for (k
{
fscanf (fp, "%f", &e2[j1[k]1);

}

}

fclose(fp) ;*/

}

DEFINE_DPM_SCALAR_UPDATE(positionxy, cell, thread, initialize, p)
{

x = p->state.pos[0] ;

0; j < 620; j++)

0; k < 4; k++)

0; k < 4; k++)
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y = p->state.pos[1] ;

gx = C_U(cell, thread);

gy = C_V(cell, thread);

}

DEFINE_DPM_BODY_FORCE(particle_electrical_force, p, i)
{

real bforce;

real SO, Si;

real Ex, Ey, Cc;
real tau; // relaxation time

int row, col;

Cc = 1 + 2x1bdax(1.257 + 0.4*exp(-0.55%P_DIAM(p)/1lbda))/(P_DIAM(p)) ;
//spectral intensity

S0 = 216*muxbol*rho*P_T(p)/(pow(M_PI,2)*pow(P_DIAM(p),5)*...
pow(P_RHO(p),2) *Cc) ;

tau = P_RHO(p)*P_DIAM(p)*P_DIAM(p)/(18*mu) ;

//81 = pow((M_PIxS0/tau), 0.5)*P_MASS(p);

S1 = 0;

if (x < 0.006)

{

row = floor(x/sx);

col = floor(y/sy);

Ex = (el[row*ml+col][2] + ell[row*ml+col+1][2] + el[rowxml+ml+col][2] +...
+el[rowxml+ml+col+1][2])/4;

Ey = (ell[row*ml+col][3] + ell[row*ml+col+1][3] + ell[row*ml+mi+col][3] +...
+el[rowtml+ml+col+1][3])/4;

if (1 == 0)

{ // set_random_seed(rand());

bforce = 3*M_PI*mu*P_DIAM(p)*(gx - P_VEL(p)[0])/Cc + Q*Ex +...

124



+gauss_random()*S1; }

else

{ // set_random_seed(rand());

bforce = 3*M_PI*mu*xP_DIAM(p)*(gy - P_VEL(p)[1])/Cc + Q*Ey +...

+gauss_random()*S1 ; }

}

else if (x >= 0.006)

{

row = floor((x-0.006)/sx1);
col = floor(y/syl);

Ex = (e2[rowxm2+col] [2] + e2[row*m2+col+1][2] + e2[(row+1)*m2+col] [2]+...

+e2[(row+1)*m2+col+1][2])/4;

Ey = (e2[row*m2+col][3] + e2[row*m2+col+1][3] + e2[(row+1)*m2+col]l[3]+...

+e2 [ (row+1)*m2+col+1] [3])/4;

if (1 == 0)

{

bforce = 3*M_PI*mu*P_DIAM(p)*(gx - P_VEL(p)[0])/Cc + Q*Ex +...
+gauss_random() *S1;

}

else

{

bforce = 3*M_PI*muxP_DIAM(p)*(gy - P_VEL(p)[1])/Cc + Q*Ey +...
+gauss_random() *S1;

}

}

return (bforce/P_MASS(p));

}

DEFINE_PROFILE(inlet_x_velocity, thread, index)

{

real x[ND_ND];

125



real yc;

face_t £f;

begin_f_loop(f, thread)

{

F_CENTROID(x, f, thread);
yc = x[1] ;

F_PROFILE(f, thread, index) = xv_init*(1-(yc*yc)/(r*r));
}

end_f_loop(f, thread);

}
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Appendix C

Assemble drawing of the corona

diffusion charger
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Appendix D

Assemble drawing of the electrical

precipitator
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