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Abstract

The Aerosol Particle Mass Analyzer (APM, Kanomax, Japan) is one of the popular
instruments to measure the mass of nanoparticles and submicron particles. In previous
studies, particle diffusion loss in the APM was speculated to be the reason why simulated
response functions for the APM overestimated the experimental data. But no models were
available to quantify the differences (Lall et al., 2009, Tajima et al., 2011). This thesis
studies the transfer function of the APM by using a 2-D numerical model for nanoparticles
and submicron particles. At first, the flow field in the annular classifying region of the APM
is assumed to be parabolic. "It is found that the transfer functions simulated by the present
model are in good agreement with previous studies which also considered the parabolic flow
profile. But transfer functions are still overestimated just like previous studies. After
solving detailed flow and particle concentration fields in the APM by considering the forced
vortex due to the rotating classifying region as well as inlet and outlet regions in the
calculation domain, recirculation flow regions are found to exist in the APM. These
recirculation flow regions lead to enhanced convection-diffusion loss of nanoparticles in the
APM. As a result, the present model improves the accuracy of the transfer functions and
response spectra of the APM significantly. Based on the numerical results, a modified Ehara
model is developed to ease the calculation of the transfer function. Using these models, it is

expected that accurate real time mass distribution measurement of both nanoparticles and



submicron particles can be realized in the future.

Keywords: Aerosol Particle Mass Analyzer, APM, Transfer Function, Diffusion Loss,
Recirculation Flow, Model
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1 Introduction

The Aerosol Particle Mass Analyzer (APM) classifies particles based on their mass to
charge ratios or specific masses, denoted as S (Kg/C), by using centrifugal and electrostatic
forces (Ehara et al., 1995, Ehara et al., 1996). The direction of the forces is reverse to each
other. When the centrifugal force is greater than electrostatic force, the particle will be
removed by the centrifugal force. Similarly, when the electrostatic force is greater than the
centrifugal force, the particle will be removed by the electrostatic force.  Therefore, only
narrow range of specific mass of particles can penetrate the APM. Fig. 1 describes the
structure of the APM and the concept of the classification (Kanomax Inc.). Because a
bipolar charger installed at the APM inlet, nanoparticles are in charge equilibrium condition
which allow one to derive the mass of particles from the S for singly charged nanoparticles.
The applications_of the APM include mass distribution and density measurements, and

monodisperse particle generation (Kanomax Inc.).

Inner electrode

&S kaNoMAX i
Aerosols—b l
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Mass-to-charge ratio

Fig. 1. The schematic diagram of the APM (right) and its mechanism of classification (left)

(KANOMAX Inc.).

The following equations describe the condition when the centrifugal force and
1



electrostatic force are in balance in the APM as well as the specific mass:

2 __ nxexV
mXw?Xr= in(D 1)
g=m_m__ Vv )

nxe q wzrlen(:—z)
1

m: Mass of the particle (Kg)

®: Rotation speed of the APM (rad/s)

r: Distance from the z axis shown in Fig. 1 to the position of particle (m)
n: Number of electron on the particle (#)

e: Charge of an electron (C/#)

V: Voltage applied on the APM (volt)

r1: Inner radius of the classifying region (m).

r,: Outer radius of the classifying region (m)

g: Charge on the particle (C)

The transfer function is the ratio of the particle concentration at the outlet to that at the
inlet of the APM. With a specific rotation speed, voltage, and flow rate, each specific mass
of particles has a particular transfer function. In addition, if the particle is spherical, the
specific mass can be converted to the size of particle with a known density. Eq. (3) describes
the transfer function based on the diameter of the particle (denoted as Qapm(dy)) oOr the

specific mass of the particle (denoted as Qapm(S)).

Nout(S) Nout(d
Aap($) = 213 o D (4y) = S48 ®

In EQ. (3), Nout Is the particle concentration at the APM outlet, and N, is the particle
2



Fig. 2 is the example of the transfer function. When the

concentration at the APM inlet.
rotation speed and the voltage of the APM-3601 are 4487 rpm and 2 volt respectively, only

particles with specific mass ranges from 0.2 Kg/C to 0.7 Kg/C can pass through the APM as

shown in Fig. 2(a). If the particles are spherical, the specific masses can be converted to the

diameters that the particles with diameter ranging between 18 nm to 28 nm can pass through

the APM. In Fig. 2, singly charged 22 nm (or 0.37 Kg/C) particles have the maximum

transfer function, which is about 0.64. In other words, if there are one hundred 22 nm

particles entering the APM with homogeneous concentration at the inlet of the APM, only
about sixty of them can pass through the APM. Hence, the transfer function describes the
relationship of particle concentrations at the inlet and the outlet of the APM. If particle

concentration at the APM inlet is known, one could calculate the outlet particle concentration

by using the transfer function.
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Fig. 2. A typical transfer function of the APM with respective to (a) the specific mass and (b)

diameter of spherical particles.

Because the transfer function builds up the relationship between the particles

concentrations at the outlet and the inlet of the APM, the calculation of transfer function is
3



important. Several models have been developed to calculate the transfer function in the
literature (Ehara et al., 1995, Hagwood et al., 1995, Ehara et al., 1996, Olfert and Collings
2005). For submicron particles, some models have been verified with experimental data
(Ehara et al., 1996, Tajima et al., 2011). For nanoparticles, however, no model has agreed
well with the experimental data. Most of the theoretical or numerical models overestimated
the peak values of the transfer functions as compared to the experimental data (Lall et al.,
2009, Tajima et al., 2011). Previous studies concluded that the differences between the
theoretical results and experimental results were due to the diffusion loss caused by Brownian
motion (Lall et al., 2009, Tajima et al., 2011). Even when the particle diffusion loss was
considered, the models still overestimated the transfer function as compared to experimental
data (Olfert et al., 2006, Lall et al., 2009). Hence, the purpose of the study is to improve the

accuracy of the transfer function of nanoparticles in the APM.

2 Literature Review

Several models have been developed in the past to calculate the transfer function. Ehara
et al., (1995) and Ehara et al., (1996) pioneered the development of the theoretical model for
the transfer function based on the trajectories of the particles passing through the APM
(Lagrangian approach). Hagwood et al., (1995) presented two numerical models to simulate
the transfer function in consideration of effects of the diffusion loss. Based on the
convection-diffusion equation, Olfert and Collings (2005) developed the diffusion model of
the transfer function. In addition, some studies compared the models with experimental data.
Ehara et al., (1996) verified their model with experimental submicron particle data. Lall et
al., (2009) applied one of the numerical models developed by Hagwood et al., (1995) to
calculate the transfer function, and Tajima et al., (2011) compared APM response spectra

simulated by the theoretical model with experimental ones. The methods and the results of

4



the comparison are described in the following sections.

2.1 Non-Diffusion Model
Theoretical Model

Based on the trajectories of particles passing through the classifying region of the APM,
Ehara et al., (1996) developed the original theory (theoretical model) to calculate the transfer
function of the APM without considering the Brownian motion of particle. The uniform
flow and parabolic flow were applied in the theoretical model respectively. Appendix A
contains the details of the assumptions applied in the model.

Ehara et al.,, (1996) found a dimensionless number A, for the APM, which is the
dimensionless number of the transfer function for the center particles that achieve force
balance of centrifugal force and electrostatic force at the central position (denoted as r¢, which
is equal to the average of the r; and r;) between the inner and the outer of the annular
cylinders (classifying region). It can be described by Eqg. (4) (Ehara et al., 1996). The
center particle has the maximum transfer function (roughly). For example, the center
particle in Fig. 2 is the particle which has the maximum transfer function. The specific mass

and the diameter of the center particle are denoted as d, ¢ and S respectively.

Ae = 2T .w%L/TU 4)

1. Relaxation time of the center particle (S)
L: Length of the classifying region of the APM (m)

u: Average speed of the flow passing through the classifying region of the APM (m/s).

A describes the peak height (maximum transfer function) and the resolution (relative

width) of the transfer function; hence, it is also called classification performance parameter
5



(Tajima et al, 2011). The lower and narrower transfer function occurs with greater value of
Ac, While the higher and wider transfer function occurs with lower value of A.. It should be
noted that if the A of the different transfer functions were similar, the height and the shape of
those transfer functions were also similar despite differences of rotation speed, voltage or
flow rate. Ehara et al., (1996) defined the phenomenon as the similarity rule. Moreover, if
the value of A was sufficiently small (ex: less than 0.3), the assumption of the differences
between the model in the uniform flow field and the parabolic flow field became insignificant
(ex: Maximum height difference can be less than about 4% in transfer function). These
features of the small . indicated that the transfer function can be solved with analytical
solution; therefore, the small Ac significantly reduced the complexity of the calculation.
Ehara et al., (1996) also verified the model with experimental data of monodisperse 309nm
Polystyrene Latex (PSL) (Ehara et al., 1996). In summary, Ehara et al., (1996) described the
relationship among the centrifugal force, the electrostatic force and the transfer function

through the theoretical model.

2.2 Diffusion Model
Diffusion Loss of Nanoparticles

Nanoparicles have significant Brownian motion compared with submicron particles.
The loss of nanoparticles in APM is enhanced due to the Brownian motion. The
phenomenon was verified with the numerical models (Hagwood et al., 1995, Olfert and
Collings 2005) and the experimental data (Lall et al., 2009 and Tajima et al., 2011). For
example, Hagwood et al., (1995) found that the peak of the transfer function of 20nm particles
was decreased from about 86% to 20% after considering the diffusion loss of the particles.
Tajima et al., (2011) found that results simulated by the model without considering Brownian
motion of particles significantly overestimated penetration of 30 nm monodisperse PSL (more

than 20% on normalized particle concentration). In addition, the degree of overestimation
6



became insignificant for submicron particles (Fig. 3). The different levels of overestimation
showed the effects of the Brownian motion. In sum, the Brownian motion of nanoparticles

indeed has great impact on the transfer function.

Numerical Model

The theoretical model developed by Ehara et al., (1996) was accurate for submicron
particles, but it overestimated the transfer function for nanoparticles due to the assumption
neglecting the Brownian motion. Some numerical methods were developed to calculate the
transfer function with considering the Brownian motion of particles (Hagwood et al., 1995,
Olfert and Collings 2005).

Hagwood et al.; (1995) developed two numerical methods, the Stochastic Differential
Equation (SDE) and the Monte Carlo method (MC), to simulate the transfer function in
consideration of the Brownian motion. The former calculated the transfer function based on
the probability of particles passing through the APM, while the latter applied the Gaussian
random variables to describe the Brownian motion. - Appendix A contains some important
assumptions applied to the models. The results calculated by these models showed the
significant effects of the Brownian motion of nanoparticles on the transfer function.

Another numerical model was developed by Olfert and Collings (2005), which was based
on the convection-diffusion equation. The study also found another dimensionless number 1
as described in Eq. (4). The n took the diffusivity of particles in to consideration. The
effects of diffusion become important when |n¢ of the APM applied in the study was

approximately less than 10 (Olfert and Collings 2005, Olfert et al., 2006).

28%t.w?
D¢

()

Nc



& Half distance of the gap, which is described by (r2-r1)/2 (m)

D.: Diffusivity or diffusion coefficient of center particles (m?/s)

2.3 Verification of the Models

Up to now, several models were developed. Some of the models have been compared
with experimental data (Ehara et al., 1996, Olfert et al., 2006, Lall et al., 2009, Tajima et al.,
2011); however, no model has accurately agreed with experimental data for nanoparticles

even if the effects of Brownian motion were considered in the model.

Nout(v) = fNin(S)-QAPM(S’ V)ds (6)

Ehara et al., (1996) calculated the number concentration of monodisperse particles
passing through the APM (Eqg. (6)). In Eg. (6), the particle concentration at the APM outlet,
denoted as Nou(V), is the function of voltage. The particle concentration at the APM inlet

was considered the function of the specific mass (denoted as Nin(S)) which was assumed to be
proportional to the & function, and the transfer function of the APM was denoted as the

function of the specific mass and voltage (denoted as Qapm(S,V)). The rotation speed of the
APM was fixed, while the voltage of the APM was shifted to scan the specific mass
distribution of the particles. The theoretical relative particle concentration, which is the ratio
of the total particle concentration at the APM outlet to that at the APM inlet, was calculated
with different voltage and compared with the experimental one. Good agreement of the
comparisons between the experimental data (monodisperse 309 nm PSL) and the simulated
results showed the validity of the theoretical model.

Since the theoretical model developed by Ehara et al., (1996) neglected the Brownian

motion of particles, the model is not suitable to nanoparticles. Tajima et al., (2011) applied

8



the model disregarding the Brownian motion of particles to simulate the APM response
spectra which is same as the relative particle concentration calculated in Ehara et al., (1996).
The flow field of the model was assumed to be parabolic. Different to Ehara et al., (1996),
Tajima et al., (2011) considered the size distribution of monodisperse PSL at the APM inlet
more carefully as described in Eq. (7). The size distribution of the particles at the inlet of
Differential Mobility Analyzer (DMA) were considered the Gaussian distribution (denoted as
No(dp)) based on the mean and standard deviation of size of size standard PSL. Moreover,
the particles classified by the DMA (Nin(dp)) is considered the product of the No(d,) and the
transfer function of the DMA (denoted as Qpwma). ~ Vowa is the voltage applied to the DMA.
The rotation speed of the APM was fixed based on the specific A¢, while the voltage was
shifted to scan the specific mass distribution of monodisperse PSL, and the normalized

particle concentration were calculated and compared with the experimental one.

Nin(dp) = No(dp) X QDMA(dprVDMA) (7)
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Fig. 3. Theoretical and experimental normalized particle concentration. (Tajima et al., 2011)

Fig. 3 showed the results of comparisons presented in Tajima et al., (2011). The number
on each curve was the size of the monodisperse PSL. The thick grey lines were the

simulated results, and the thin black lines fitted the experimental data (points) with the least
9



square fitting method. Differences between the simulated results and experimental data
became significant for PSL less than 100 nm. Tajima et al., (2011) concluded that the
differences (overestimations) were caused by diffusion loss.

Lall et al., (2009) applied the MC method (Hagwood et al., 1995) to calculate the APM
transfer function with the assumption of the parabolic flow field, and they also calculated the
particle concentration at APM outlet with the manner similar to the manner did in Tajima et
al., (2011) as described in Eg. (6) and (7). Different from Tajima et al., (2011), Lall et al.,
(2009) considered the Ng as the constant function and applied the triangular function to the
transfer function of the DMA. Comparing to experimental data, Lall et al., (2009) found the
simulated results overestimated the penetration for nanoparticles (60 nm, 100 nm PSL) and
submicron particles (300 nm PSL). Lall et al., (2009) concluded that was due to diffusion
losses and transport losses.

Olfert et al., (2006) verified the model presented in Olfert and Collings (2005). Instead
of the APM, the major objective of the study for Olfert and Collings (2005) is the Couette
Centrifugal Particles Mass Analyzer (CPMA). Because the only difference between two
instruments is the rotation speeds of the inner and outer cylinders, while the cylinders of the
APM have the same rotation speed, thec CPMA is very similar to the APM. The different
rotation speed of cylinders of the CPMA was applied in order to achieve the stabler state of
the classification (decrease the loss of particles during the classification). Since the APM is
very similar to the CPMA, the diffusion model developed by Olfert and Collings (2005) not
only available to the CPMA but also available to the APM. Olfert et al., (2006) compared
the model of the CPMA with experimental data. The assumption of parabolic flow field was
made in the model, and of assuming that particles at the APM inlet are strict monodisperse
(particles are in same size). For 50 nm PSL, the diffusion model significantly overestimated
the transfer function compared to the experimental data. Olfert et al., (2006) concluded that

the overestimation was due to the particle diffusion. Because the model of the CPMA is
10



very similar to the model of the APM, we consider that the result concluded for the CPMA in

Olfert et al., (2006) would also be available to the APM.

In sum, for submicron particles, some models have been verified by the experimental

data (Ehara et al., 1996, Tajima et al., 2011).

agreed well with experimental data.

transfer function models.

For nanoparticles, however, no model has

Table 1 The summary of the performance of previous models

Performance of Previous Model

Table 1 summarizes the performance of previous

Theoretical Model Experimental Verification
Previ Studi Solution F Diffusion Loss | Submicron Particles| Nanoparticles
revious Stucies OMHOM EOTM) Consideration |(100nm<d,<1000nm)|  (d,<100nm)
Analytical
Ehara Model (Ehara et al., 1996) nafytica® or No Accurate! Overestimated®
Numerical

S.D.E Model (Hagwood et al., 1995) Numerical Yes No Study No Study
M.C. Model (Hagwood et al., 1995) Numerical Yes Overestimated® Overestimated'
Diffusion Model (Olfert and Collings 2005) | Numerical Yes Overestimated’ Overestimated’

1: Acrosol Particle Mass Analyzer (APM, Inner and Quter Cylinders rotates with same speed)
2: Couette Centrifugal Particle Mass Analyzer (CPMA, Inner and Outer Cylinders rotates with different speed)

3 Numerical Method

A 2-D numerical model developed by our laboratory is applied to simulate the transfer
function of the APM. The preliminary verification of the model is conducted with
comparing the simulated transfer function with ones done by previous models with simple
calculation domain (the classifying region of the APM) and assumption of parabolic flow
field. After the preliminary verification, the model is further improved by extending
calculation domain from classifying region to whole region in the APM and by considering
detailed flow field based on the Navier-Stokes equations. The improved model is used to
compare with the experimental data shown in Tajima et al., (2011) as the advanced

verification.
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3.1 2-D Numerical Model

Governing Equation

I
W

I
Y
T Tz
Rotating Cylinders

Flux induced by Fe

{

Particles @ E:::> Flux induced by Q

Y

Flux induced by Fc

Fig. 4. Scheme of the APM and the flux of particles induced in the APM.

Fig. 4 shows the principle of the model applied in the model. Charged particles were
introduced in the classifying region of the APM (the space between the closely-spaced
annular cylinders). Particles passing through the region are classified by the centrifugal
force Fcand electrostatic force Fe. In Fig. 4, L is the length of the APM. Three directions
of flux in the classifying region are considered. First one is the flux induced by the carrier
gas. Particles move with the direction of flow in the APM. Second one is for the particles
of which F is greater than F, the flux toward the inner cylinders is induced. Third one is for
particles of which F¢ is smaller than F, the flux flowing toward the outer cylinders is induced.
The flux describe the particles which are classified by the APM.

The governing equation applied in the model is based on the convection-diffusion

equation. The general equation of the convection-diffusion equation is
12



Zh = - (DVN,) - V- (@N,). @®)

Np: Number concentration of particles in the APM #m3).

u: Velocity of the aerosol flow passing through the APM (m/s).

It is considered that there is no source, sink or chemical reaction in the APM classifying
region. The study considers that the flow in the APM is isothermal and steady. Since the
Mach number of the flow is much less than 0.5 (ex: 0.0046 for the APM-3601 or 0.015 for the
APM-3600), the carrier gas (ex: air) is considered as incompressible fluid. In addition, the
classification of the APM is assumed to be steady (5:=0). Because centrifugal force and
electrostatic force do not change in 0 direction, the particle motion in 6 direction and the flow
field in 6 direction are neglected in the model (ug=0). Finally, the governing equation of

2-D model for the transfer function is

Olur+(uc—ue)Np] | 0(uNp) 19 ( ON 9%N
s+ S =D (r5E) + 522 ©)
ur: Velocity of flow in r direction (m/s)

u,: Velocity of flow in z direction (m/s)

uc: Velocity of particle flow induced by centrifugal force (m/s).

Ue: Velocity of particle flow induced by electric force (m/s).

r: Distance between the aerosol and the axis of the APM (m).

Eq. 9 is further rewritten with the detailed description of u. and uc, as described in Eq. (10)

and (11), to be Eq. (12).
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T: Relaxation time of particle (s)
B: Mobility of particle (m/N - s)

E,: Strength of electric field (N/C)

o]

Z,: Electrical mobility of aerosol (m?/\Volt - s)
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(11)

(12)

Several dimensionless parameters are applied to obtain the dimensionless form of Eq. (12).

These parameters are listed in Eq. (13) to Eg. (20) respectively.

N: = Mo
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Nin: Particle concentration at the APM inlet (#/m®)

Z, .- Electric mobility of center particles (m?\Volt - s) (Eq. (21))
B.: Mobility of center particle (m/N - s)

dpc: Diameter of center particle (m) (Eq. (22))

C(dp,c): Cunningham slip correction factor (Eq. (23))

C(dp ¢
Zye = qBe = nes 2 (21)
d _ 6Vne 3 (22)
pc ™ npgasr%mzlnc—i)
_ 2AMFP —0.999dp
C(dy) =1+ ( . )[1.142 + 0.558exp( S )] (23)

Pgas: Density of carrier gas (Kg/m?®)

Amrp- Mean free path of carrier gas (m).

The 45 shown in the denominator of Eq. (16) and (17) is the characteristic length of the
APM. In the study, the hydraulic diameter of the classifying region (Dy) is considered the
characteristic length (Eg. 24). In Eq. (24), A is the cross section area of the classifying
region of the APM (m?), and P is the wet perimeter, the sum of the circumferences of inner

and outer radius of the classifying space (m).

2_.2
D =2 =) _ o, —ry) = 45 (24)

P 2m(rp+rq)

With Eqg. (13)~(20), the dimensionless form of governing equation is obtained as
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Eq. (25) can be further rewritten to be Eq. (26).

N*
* [k * 5} Z*_}?) — * Tk — * NI ¥
T2 [ )(Np)] _ ZpcK ( Pr U O[upNp| | @ 9[uzNp]
¢ ar* (48)2  ar* 48 ort 48 0z

= D[ (1) .2 (%) 4 pr 2]
T (48)2 [D (r*) ar* r ar* +D z*2

\'4

ln(;—i)'

where K is After dividing Eq. (26) by %, we can obtain

« Np
481cw? O[T (M(Np)]  Zp,cK 0<Zp r*) + o[urNp] + o[uzNp|
a or* 48U or* or* az*

_ D¢ [ *(i> a ( *aN*p) *62N’f,]
T 48U D r*/) or* [ or* +D az** I’

Three dimensionless numbers are found from Eq. (27) as described in Eq. (28)~(30).

481 .w?
B, =
Zy oV
BZ - _p, T
48u1n(é)

46 0z*

(25)

(26)

(27)

(28)

(29)

(30)

The B includes the rotation speed of the APM, the average velocity of the carrier gas, and

the relaxation time of the center particle, which is almost same as the dimensionless number A

found by Ehara et al., (1996) (Eq. (4)). The B considers the electric mobility of the center
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particle, the strength of the electric field, and the average velocity of the carrier gas. p;and
B, are dependent to each other through the force balance of F; and F. of the center particle,
The B3 includes the diffusivity of the center particle. It is considered the reciprocal Peclet
number (denoted as Pe). Greater value of B3 represents the stronger effects of the Brownian
motion. Furthermore, it is found that the ratio of B; to B3 is just equal to eight times of the
dimensionless number 1 (Eq. (4)), which is described in Eq. 31. Since the B; and Pi1/ps are
similar to the A and n respectively, the properties of A; and n should be also applicable to the
B; and B1/Bs. For example, the similarity rule found by Ehara et al., (1996) described that
when the A; of the transfer function were similar, the height and shape of the transfer
functions were similar too. The rule should be available on the B; too. Another example is
that Olfert et al., (2006) mentioned that the effects of the diffusion are important when the
absolute value of n¢ is less than 10 or the absolute value of Bi/Bs is less than 80 for the
simulated APM. " In sum, three dimensionless numbers are derived from governing equation,

and the dimensionless numbers can cover ones presented in previous studies.

B, (49)%*1c0? 262102 i

In sum, the governing equation has been developed based on the convection-diffusion
equation. The governing equation will be applied to study the transfer function of
nanoparticle and submicron particle of the APM. Moreover, three dimensionless numbers
(B1, P2 and PB3) are found. The P;is related to the rotation speed, the B is related to the
voltage, and the B3 is related to the diffusivity of the particles. The obtained dimensionless
numbers can be similar to the ones presented in previous studies (ex: A, Mc); hence, the

characteristics of the A; and n. should be also available to our dimensionless numbers B; and
P1/Ps.
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Dimensionless Numbers for two Different APM models

To compare the performance between different APMs (Model 3600, Model 3601,
Kanomax Japan Inc.), dimensionless numbers B, B, and Pz are applied to characterized their
performances. The geometry and the performance of the APMs are listed in table 2. The
shape of particle is considered spherical; hence, the mass of particle can be easily converted to

size with known particle density (ex: 1.05 g/cm®).

Table 2 The geometry and performance of the APMs (Kanomax Inc.)

APM Model Length of | Voltage Rotation Carrier gas
ri(m)|rz(m)
(Kanomax Inc.) APM (m) (volt) | Speed (rpm) | Flow Rate (Ipm)
APM-3600 0.05 | 0.052 0.25 0.3~2000 | = 50~9500 0.3
APM-3601 [0.024 |0.025 0.1 0.3~2000 | 1000 ~14000 0.3

Fig. 5 shows the results of the characterization.. The black lines are the values of the
dimensionless numbers of the APM-3600, while the red lines are the values of the
dimensionless numbers of the APM-3601. In Fig. 5(2) and 5(b), the dashed lines indicate the
maximum values of the dimensionless numbers for each size of particles, and the solid lines
indicate the minimum values of the dimensionless numbers.

In Fig. 5(a), the range of the B; of the APM-3600 is wider than that of the APM-3601.
The available maximum rotation speed of the APM-3601 (14000 rpm) is higher than that of
the APM-3600 (9500 rpm), yet the APM3600 can perform with wider range of the ; than the
APM-3600 due to different size and geometry of the classifying regions. For example, when
the rotation speed are the same, the radius of classifying region of the APM-3600 is longer

than that of the APM-3601, it makes the APM-3600 has stronger centrifugal force compared
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to the APM-3601. Moreover, when the APMs operated with same flow rate (0.3 Ipm), the

slower average velocity u of carrier gas makes the APM-3600 has larger 3; compared to the
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Fig. 5. The ranges of the dimensionless numbers for APM-3600 and APM-3601

In Fig. 5(b), although the available range of voltage of both APMs is the same, the B, of
the APM-3600 can be higher than that of the APM-3601. We conclude that it is due to
slower u of the APM-3600 compared to that of the APM-3601 when the flow rates of both
APMs are the same. Hence, it is concluded that the APM-3600 can perform with the higher
B2 compared with the APM-3601. Fig. 5(c) and 5(d) show the relationship between the size

of the particles and the 3 and Pe respectively. The B3 of the APM-3601 are lower than of the
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APM-3600. It is because that the gap between the outer and inner radius of classification
space of the APM-3601 is narrower than that of the APM-3600. The narrower gap makes
the flow velocity of the APM-3601 higher than of the APM-3600; hence, the retention time
(diffusion time) of particles passing through the APM-3601 is decreased.

In sum, the APM-3600 can operate with wilder range of the ; and higher B, compared to
the APM-3601, while the APM-3601 is more suitable to operate with smaller nanoparticles

(less diffusion loss) compared to the APM-3600.

3.2 Model with Classifying Region Domain and Parabolic Flow Profile

In this section, the governing equation presented in chapter 3.1 is applied to build up the
model. The calculation domain of the model is the classifying region of the APM and
parabolic flow field is applied.  The transfer functions simulated by the model are compared
with ones simulated with previous models. The comparison is considered as the preliminary
verification of our model. Based on the good agreements of the comparison, the model

presented in the section is considered the representative of the previous models.

Calculation Domain

In Fig. 6, the dark orange area is the classifying region, which is the space between the
inner and outer closely-spaced annular cylinders. Several studies considered the classifying
region the calculation domain of their models (Hagwood et al., 1995, Ehara et al., 1996, Olfert
and Collings 2005). To verify our model, the calculation domain of our model is defined to

be the classifying region as previous studies did.
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g1

Fig. 6. Caculation domain is the annular classifying region of the APM (dark orange area).

The area enclosed by thick red lines is the rotating region.

Flow Field

Because previous studies usually made the assumption of laminar parabolic flow field for
their models (Hagwood et al., 1995, Ehara et al., 1996, Olfert and Collings 2005), we apply
the same assumption of the flow field for the model. Eq. (32) is applied to describe the

parabolic flow field in the classifying region of the APM.

u=u,(r) = —u [1 - u)2] (32)

Iy
r.. The average of r, and ry (m), (ra+rq)/2

Eq. (33) describes the transfer function, Qapwm, for particles with diameter d,.  In eq. (33),
the number concentration of the particles at the APM inlet Niy(dp, , r) is considered
homogeneous, while the number concentration of the particles at the APM outlet Nou(dp, ) is
solved numerically by the SIMPLER algorithm (Semi-Implicit Method for Pressure-Linked

Equations) (Patankar 1980, Lin et al., 2010).

21



2m frr12 Nout(dp.r)uz(r)dr
2m frrlz Nin(dp,r)uz(r)dr

Qapm (dp) = (33)

Boundary Condition

Eqg. (34) and (35) describe the boundary conditions of the model. Np(r,z) is the
normalized particle concentration, the ratio of particle concentration at the outlet to the inlet
of the APM classifying region, at the position (r,z). Ny(r,0), the normalized particle
concentration at the inlet of classifying region, is considered as 1. In addition, because
particle contacting the walls in the classifying region is removed, particle concentration at the

walls is considered zero (removed by the APM).

N;(r,0) = 1 for r<r<r, (34)

Np(rz,z) = Np(ry,z) =0 (35)

Compared with Previous Studies

The transfer functions simulated with the model presented in this section are compared
with ones simulated with three previous models respectively, which are the theoretical model
developed by Ehara et al., (1996), the numerical models presented in Hagwood et al., (1995)
and the diffusion model developed by Olfert and Collings (2005). To simplify the
calculation, the particle is assumed spherical. The result of the comparisons is considered as
the preliminary verification of the model.

For the comparisons of our model and the theoretical model (Ehara et al., 1996) and the
numerical models (Hagwood et al., 1995), the parameters of the models are set to be same as
the ones set in Hagwood et al., (1995) (table 3). For the comparison of our model and the
diffusion model developed by Olfert and Collings (2005), the parameters of the models are set

to be same as the ones used in Olfert and Collings (2005) (table 3). Because pressure and
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temperature applied in some previous studies were unknown, we assumed the atmospheric

pressure and 25 °C for these parameters.

Table 3 Parameters presented in compared papers.

Iy ) L Pressure Q Paerosol
References Temp. (- C) 5
(m) (m) (m) (atm) (Ipm)  (Kg/md)

Hagwood et al., (1995) 0.1 0.101 0.2 (assumed 1) (assumed25) 0.5 1000

Olfert and Collings (2005) 0.1 0.103 0.2 (assumed 1) 22 0.5 1000
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Fig. 7. (@) The relative width and (b) the maximum height of the transfer functions for

different flow field applied to the Ehara model (Ehara et al., 1996).

It should be noted that Ehara et al., (1996) found that if the value of the A¢ is small (less
than about 0.5), there is no significant difference between the transfer functions simulated by
the Ehara model with uniform flow field and parabolic flow field (Fig. 7). The A. of the
transfer function applied in the comparison of our model and Ehara model is about 0.044,
which is much lower than the 0.5. Moreover, applying the uniform flow field makes the
transfer function available to be solved as exact solution. Therefore, to simplify the

calculation, we applied the assumption of the uniform flow field to the Ehara model.
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Fig. 8. The transfer function of comparing our model with (a) the theoretical model developed
by Ehara et al., (1996), (b) the SDE model developed by Hagwood et al., (1995), (c) the

diffusion model developed by Olfert and Collings (2005).

Fig. 8 shows the result of the comparisons. In Fig. 8(a), the dashed black line is
obtained with our model, while the dashed red line is obtained with the theoretical model
developed by Ehara et al., (1996). Since Ehara model neglected the Brownian motion, we
zero the diffusivity of our model for making the comparison (D=0). The result showed good

agreement between two models. In Fig. 8(b), the transfer function obtained with our model
24



(dashed red line) agrees very well with one simulated with the SDE model (dashed black line).
The slight difference would be due to different principles or governing equations of the
models. The SDE model is based on the escaped probability of particles whereas our model
is based on the convection-diffusion equation. Fig. 8(c) shows the comparison of our model
and the diffusion model developed by Olfert and Collings (2005). The transfer function
simulated with our model is denoted as dashed red line, while the one simulated with the
diffusion model is denoted as dashed black line.

In sum, the transfer functions simulated by our model agreed well with several models
which were presented in previous studies. The good agreement is considered as the
preliminary verification of the model. The verified model is considered as the representative
of the previous models, whose calculation domain is the classifying region of the APM and

the flow field is assumed parabolic.

3.3 Model with Extended Domain and Detailed Flow Profile

Although the model with classifying region -domain and parabolic flow profile agrees
very well with several previous studies, none of the previous models has agreed well with
experimental data of nanoparticles even the-model considered the diffusivity of particles. In
other words, the model with classifying region and parabolic flow field cannot agree well with
experimental data of nanoparicles as the troubles met in previous studies. We concluded that
something might be wrong in the model.  To improve the model, the model is advanced with
two improvements. The first improvement is extending the calculation domain from the
classifying region to all regions in the APM, and the second one is carefully considering the
flow field in the APM.

The improvements are employed with two reasons. The first reason is that the
calculation domain applied in previous models was the classifying region of the APM.

However, particles classified by the APM pass through not only the classifying region but also
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the inlet and outlet flow paths leading to the classifying region. Particles loss in these
regions was ignored by previous studies due to the small calculation domain. The second
reason is that rotation speed for nanoparticles is higher than that for submicron particles.
The effects of the high rotation speed on the flow field would reduce the validity of the
assumption of the parabolic flow field and lead the inaccuracy of the simulation. Hence, the
more detailed consideration on the calculation domain and the flow field are applied to

improve the model.

Calculation Domain

a 1.0LPM 0.3LPM f 3.0mm 2.0mm
b 52mm 25mm g 250mm  100mm
@ 50mm 24mm h 0.5mm 0.5 mm
d 63.5mm  64.5mm i 255mm 88 mm
e 114mm 73mm ] 300mm 55.5mm

3600 is original APM. 3601 is new one.

Fig. 9. The extended calculation domain (dark orange area) (Kanomax Inc.)

Fig. 9 shows the detailed geometry of the APMs. The dark orange area indicates the

extended calculation domain. All regions where particles would pass through are considered

in the model.
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Flow Field

Instead of applying parabolic flow field for the velocity profile, the velocity profile in the
calculation domain is calculated with the Navier-Stokes equations (Eg. (36)~(38)) and the
continuity equation (Eq. (39)). We consider that the flow filed in the APM is steady. It is
assumed that velocity would not change in the 0 direction, which makes the 2-D consideration
for the flow field available. Noted that ug, described by Eq. (40), appears in the Eq. (36). It
reveals that the velocity in r direction (u;) is affected by the rotation speed. S, in the Eq. (38)
is considered as the source term as described in Eq. (41). Since we consider the particles
flow as the incompressible fluid, the continuity equation (Eq. (40)) is available to be applied

to the flow field model.

our duy 0P 0%u 1(’)ur 9%uy pue Hur
Paas (ur 57+ 5r) = =G+ heas (G #1575 + 50 0 (3)
du, ouz\ _ _Q 0%uy 10uZ 0%uy
pgas (ur or ez E) - 0z T Hgas ( or? r or az2 ) (37)
dug % i aP d%ug l% 9%ug
Pgas (ur ar TU2%; ) = T oo T Meas ( RO W ) + S (38)
Tor (pgasru ) + (pgasuz) =0 (39)
to = wor (40)
g — _Pirlle Hue (41)
u

r r2

The equations are discretized by the finite volume method. The SIMPLER algorithm
(Semi-Implicit Method for Pressure-linked Equation) (Patankar 1980) is used to solve the
equations numerically (Lin et al., 2010). The numerical results of the flow field are applied

to the advanced model for the calculation of the transfer function.
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3.4 Simplified Model

Before applying model with detailed flow field to calculate the transfer function, the user
has to spend lots of time on calculating the velocity profile of the field. Moreover, because
the velocity profile is dependent on the rotation speed, flow rate and geometry of the APM,
we have to calculate the velocity profile for each different operating condition. After that,
we have to spend more time on calculating the transfer function. To simplifying the
calculation process, the study develops the fitting model based on the numerical results to
calculate transfer function in more efficient manner. Moreover, the study also applied
numerical results to develop the modified Ehara model, which can calculate the transfer

function as analytical solution.  The two methods are described in following sections.

Fitting Model

The study builds up a fitting model, which is based on the numerical results simulated by
the model with extended domain and detailed flow field. Gaussian distribution, as described
in Eq. (42), is applied to fit the transfer function simulated by the developed numerical swirl
model. Particle classified by the APM is considered to be spherical and singly charged, so

the specific mass of particle can be easily converted to the diameter d,.

_ 2
dQapu (dp, 01, V) = —=exp (—S-) dv (42)

In Eq. (42), Qapm(dy, wac V) is the transfer function of the particle, whose diameter is
dp, passing through the APM operated with rotation speed w,. and voltage V. . is the

rotation speed determined based on the size of center particle (dyc) and the chosen A (EQ. (4)),
and V is the voltage applied to the APM. ¢ is the standard deviation of the voltage range

that enable particle with diameter d, to pass through the APM without being removed when
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the rotation speed is fixed at w,.. The value of o is obtained by trail and errors until the

maximum difference between the fitted QApM(dp, Wire V) and numerical QAPM(dp, Wier V) is
minimized. Moreover, X is the correction factor, which not only normalizes the Gaussian
distribution but also makes the maximum height of the Gaussian distribution equal to the
maximum height of the numerical transfer function. V. is the center voltage, derived from
the rotation speed ;. through equation. QApm(dpc, mm,vc) is the maximum transfer
function when the APM is operated with w,. and V.. If the terms of o and X are known,
we can calculate the transfer function through Eqg. (42) without additional numerical

calculation.

Table 4 The results of fitting numerical transfer function with Gaussian distribution.

Gaussian Distribution Fits Numerical Models
For APM-3600, 1 Ipm, A.=0.22

Sum of abs.
Max abs. Error
dp(nm) c V. ) Errors X 6/V. | Vo
(nT.F.) )
(inT.F.)

20 0.399 2.10 0.032 0.290 0.284 0.190 | 5.263
30.6 0.800 4.79 0.026 0.150 0.989 0.167 | 5.988
51 2.150 | 12.70 0.050 0.525 3.407 0.169 | 5.907
100 6.690 | 43.24 0.027 0.270 12.694 | 0.155 | 6.463
208 20.840 | 143.63 0.026 0.170 42.029 0.145 | 6.892
479 63.330 | 454.17 0.026 0.320 130.071 | 0.139 | 7.171
791 |115.910| 832.75 0.028 0.380 239.431 | 0.139 | 7.184

In this section, the study chose the case of applying the APM-3600 to measure the mass
distribution of particles with 0.22 of A; and 1 Ipm of flow rate. Gaussian distribution is
applied to fit seven different numerical transfer functions, which are simulated for particles
with diameter 20 nm, 30.6 nm, 51 nm, 100 nm, 208 nm, 479 nm, 791 nm respectively. The
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parameters, o and X, is determined by trail and errors to minimize the maximum difference
between the numerical transfer function and fitting Gaussian distribution. The obtained o
and X for each transfer function are listed in table 4. T.F. shown in table 4 is the
abbreviation of the transfer function. The o and X shown in table 4 are further fitted to
predict the o and X for size of particle which is not converted by the table. The fitting
equation of o and X are shown as below. The parameters, A,B,C,D,E, shown in Eg.

(43)~(48) are listed in table 5 respectively. To remain the accuracy of the prediction, the

digits of parameters after decimal point should not be rounded off.

Fitted o:
For 208 nm > dp > 17 nm,

o= A x e(Bxdb) 1 ¢ x e(Pxdp) 4 E, (43)
For 791 nm > d, > 208 nm,

o = A x e(Bxdp) 4 ¢ x e(Pxdp) + E, (44)
For dp,> 791 nm,

6 =0.139 x V.. (45)

Fitted X:
For 208 nm >dp > 17 nm,

X = A x e(Bxdp) 4 ¢ x e(Pxdp) 4 E, (46)
For 791 nm > d, > 208 nm,

X = A x e(Bxdp) 4 C x e(Pxdp) 4 E, (47)
For d,> 840 nm

X =239.431 + 0.3505126 x (d, — 791). (48)
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Table 5 The parameters of equations which are applied to fitted the obtained ¢ and X.

Fitted o Fitted X
208 nm>d,> 17 nm|791 nm > d, > 208 nm 208 nm > d, 840 nm > d,> 208 nm
A | 179219737 | A 83.6538647 A 77.0379673 A -6.9615277
B 0.0039508 B 0.0017356 B 0.0024631 B 0.0037867
C | 2.9876668 C | -11.6140818 | C 10.0264075 C 169.7009613
D -0.058499 D 0.0031225 D -0.0259945 D 0.0014929
E | -19.9238423 | E | -76.9483039 | E | -86.6056268 | E -174.1644899

Transfer Function

Transfer Function
APM-3600 (0.3 Ipm, % =0.22, fixed o)
Particle Density (1 g/em?)

Numerical Model  Fitting Model

=====20nm
=====30.6 nm

100 nm
208 nm
——=== 479 nm
=====791nm

20 nm

30.6 nm
51 nm

100 nm
208 nm
479 nm
791 nm

10

Voltage (volt)

0

1000

Fig. 10. Comparison between the numerical transfer function (solid lines) and the transfer

function predicted by the fitting model (dashed lines)

compared with the fitted numerical transfer function.

To verify the fitting model, the transfer functions determined by the fitting model are
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comparison. Good agreements are obtained and considered the verification of the fitting
model. It should be keep in mind that because the fitted numerical transfer functions are
simulated for the APM-3600 which is operated with 0.22 of the A and 1lpm of the flow rate,
the parameters shown in this section is only available for the APM-3600 operating with the

same condition.

Modified Ehara Model

The study develops a modified Ehara model to calculate the transfer function as exact
solution with considering the effects of Brownion motion. The model combines the model
developed by Ehara et al., (1996) and the modified Gormley and Kennedy equation, which is
modified based on our numerical results.

Ehara et al., (1996) developed a model (Ehara model) to calculate the transfer function of
particles classified by the APM based. With the assumption of uniform flow field in the
classifying region of the APM, Ehara model can calculate the transfer function as exact
solution. Moreover, when the A¢ is sufficient low, the transfer function calculated with the
uniform flow field can be very similar to the one calculated with the parabolic flow field,
which is more close to the real flow field (Fig. 7). Hence, Ehara model was available to
calculate the transfer function as exact solution without considerable error for the APM
operated with low value of A.

Fig. 11 is the typical transfer function calculated with the Ehara model with the uniform
flow field. In Fig. 11, the shape of the transfer function can be determined by four special
specific masses S;*, S17, S2*, S2”. These specific masses can be calculated with Eq. (49) and
(50) (Ehara et al., 1996). S is the specific mass of center particle (Eg. (51)), which achieves
force balance of centrifugal force and electrostatic force at the center position (r=r¢) between

the inner and the outer of the annular cylinders (classifying region).
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Fig. 11. Four particular specific masses

St~ S, (1 + 2?) (49)
Sf~ S [142 (i) coth ()] (50)

Y (51)

c= T
rZw? ln(ﬁ)

Based on the specific mass S of particle, the transfer function Qapm(S) can be determined
by three equations. If S ranges between Sy and S;, Qapm (S) can be calculated with Eq.
(52). Similarly, if S ranges between S; and S3, Qapm (S) can be determined by Eq. (53).
If S ranges between ST < S < Sf, Qapm (S) can determined by Eq. (54). If S is out of these

ranges, particle with such S will be completely removed by the APM.

ForS; <S<S; (ph=1)

Qapm(S) = 5{[1 = p(S)] + [1 + p(S)le ™} (52)
ForS; <S<S3

Qapu(S) = e (53)
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ForS; <S<Sf (p)=-1)

Qapm(S) = S {[1 + p()] + [1 = p($)]e ™} (54)

p(S) in Eq. (52)~(54) is the position of particles expressed in normalized coordinate as
described by Eq. (55) and (56). r(S), derived from Eq. (1) is the position where centrifugal

force and electrostatic force acting on particle of specific mass S are the same.

p(s) = el (55)
(= E (56)
rS) = |— (57)

To apply the Ehara model with considering the effects of Brownian motion, the study
applied Gormley-Kennedy equation (Eqg. (58)~(60)) to consider the effects of the Brownian
motion of particles on the transfer function. It is assumed that the diffusion loss of particles
is independent to the classification of the APM. In other words, the study applies the
product of Qapm (S) and Pggx to calculate the transfer function of nanoparticles. In the study,
Ehara model modified by the diffusion loss equation is denoted as the Modified Ehara model,

and the transfer function calculated with the modified Ehara model is denoted as Q’apm(S).

_ T[DL(rz +r1)

H= Q((Tz—l"1)) (58)
2

Poax =1 —296p3s + 0.4p  for p<0.005 (59)

Poex = 0.910 exp(—7.54p) + 0.0531exp(—85.7u)  for p=0.005 (60)
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D: The diffusivity or diffusion coefficient (m%s)
Q: The flow rate of the flow entering the APM (m*/s)

Pcak: The penetration of particles passing through the APM

To verify Gormley and Kennedy equation, we applied the equation to predict the
penetration of nanoparticles passing through the classifying region of the still APM (0 rpm, 0
volt). Then, the penetrations predicted are compared to the numerical ones simulated with
our numerical model with extended domain and detailed flow field as reference. Because
neither centrifugal force nor electrostatic force occurs in the still APM, it is considered that
the penetration of nanoparticles is mainly due to the diffusion loss. The validity of the
numerical penetrations has been checked with experimental data presented in Tajima et al.,

(2011), which will be mentioned in next chapter “4.1 Diffusion Loss Prediction”.

1'2 llll L 'l 'l llllll L

Penetration
e e
(=1 [+ -]
] ]

S
=
1

Penetration of Nanoparticle
0.2 Still APM3600 (Ovolt, Orpm)

Detailed Flow Field & Extended Domain
————— Gormley & Kennedy eq. (1=0.25m)
Modified Gormley &Kcennedy eqs.
0 LI ll L L] L] L) LELEL ll L]

10 100
Diameter (nm)

Fig. 12. The calculated penetration of particles passing through the still APM.

Fig. 12 shows the results of the simulation. The dashed red line is the penetration
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calculated with Gromley and Kennedy equation (L=0.25 m) and the solid blue line is the
numerical penetration simulated with our numerical model. It is found that Gormley and
Kennedy equation significantly overestimate the penetration of nanoparticles. The degree of
the overestimation increases for smaller nanoparticles (increases from 0% to 20% or more on
penetration). We conclude that the overestimation is due to Gormley and Kennedy equation
consider the classifying region of the APM only, while the numerical model considers whole
the region of the APM. More discussions are in chapter “4.1 Diffusion Loss Prediction”.
Instead of extending the calculation domain of Gormley and Kennedy equation (still not
be accurate after the try), we apply another correction factor K to modify the Pggk directly as
described in Eq. (61). The correction factor K is a function of particle size, which is
described in Eq. (62) and (63). - The function is obtained by fitting the difference between the
Pcex and the numerical penetration for several sizes of nanoparticle. The penetrations
calculated with the modified Gormley and Kennedy equation (solid red lines) agree very well
with numerical penetration (Fig. 12). Hence, the modified Gromley and Kennedy equation

is applied to modified Ehara model as described in Eq. (64).

P'oax = K X Pogk (61)
For d, smaller than 100 nm or equal to 100 nm

K = —1.64 x exp(—0.14 x d,,) — 0.36 X exp(—0.03 x d,,) + 1.02 (62)
For d, larger than 100 nm

K=1 (63)

Q,’qu (S) = Qapm(S) X P'gex (64)
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Fig. 13. The transfer functions are calculated with Ehara model (dashed black line) and
modified Ehara model (solid black line). The modified Gormley and Kennedy equation

applied in modified Ehara model is dented as solid red line.

After modifying Gormley and Kennedy equation, The transfer function calculated with
the modified Ehara model is compared with the one calculated with the Ehara model. Fig.
13 shows the result of the comparison. The dashed black line is the transfer function
calculated with the Ehara model, and the solid black line is the transfer function calculated
with the modified Ehara model. The height difference of the transfer functions is due to the
modified Gormley and Kennedy equation (solid red line), which represents the diffusion loss

of particles in the APM.

4 Results

After building up the models (the model with classifying region domain parabolic flow
profile and the model with whole region domain and detailed flow profile), the models are

compared to study the accuracy of the prediction. The effects of the extended calculation
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domain and the detailed flow field are considered by comparing the models with the

experimental data.

4.1 Diffusion Loss Prediction

The model with extended domain and detailed flow field is applied to predict the
penetration of nanoparticles passing through the still APM (0 volt, 0 rpm). Because there
is no centrifugal force and electrostatic force in the still APM, particles lost in the APM are
expected to be due to the diffusion loss. The predicted penetrations are also compared with
the ones predicted by the model with classifying region domain and parabolic flow field.
Moreover, these theoretical results are compared with the experimental penetration presented

in Tajima et al., (2011), who measured the penetration of monodisperse particles passing

through the still APM (Model-3600, Kanomax Inc.).
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T
10 100
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Fig. 14. The penetration of particles passing through the still APM-3600

Fig. 14 shows the result of comparison. Points in the Fig. 14 are the experimental data
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presented in Tajima et al., (2011). The dashed blue line is the results simulated with the
model with classifying region domain and parabolic flow field, while the solid green line is
the results simulated with the model with whole domain and detailed velocity profile. The
latter model accurately predicts the penetration of nanoparticles; in contrast, the former model
overestimates the experimental data significantly. The overestimation is due to the
insufficient calculation domain (classifying region) which cannot describe the diffusion loss
of particles in the APM completely.

Gormley and Kennedy equation (Hinds 1999) is a well known equation that can predict
the penetration of particles passing through the tube, tunnel or annular cylinder. We applied
the Gormley and Kennedy equation, as mentioned in chapter 3.4 (Eq. (58)~(60)), to calculate
the penetration of particles passing through the still APM-3600. L is considered the length
of the classifying region of the APM (0.25 m). In Fig. 14, the penetration predicted with the
Gormley and Kennedy equation is denoted as dashed dotted purple line. It should be noted
that the results simulated by the Gormley and Kennedy equation are almost same as ones
simulated by the model with classifying region and parabolic flow profile. It is the evidence
showing particles loss in the classifying region of the still APM is mainly due to the diffusion
loss. Hence, insufficient calculation domain would answer the question that why previous
studies (Olfert et al., 2006, Lall et al., 2009) significantly overestimated the experimental data
of nanoparticles even though their model had considered the diffusivity of particles.

Comparing to the model with classifying region domain and parabolic flow profile, the
model with extended domain and detailed flow field consideration has better accuracy on
prediction the penetration of particles passing through the still APM. The maximum
inaccuracy of prediction is reduced from about 20% to 10% in penetration. In sum, the

extended calculation domain significantly improves the accuracy of the model.
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4.2 Recirculation Flow

The section studies the effects of the parabolic flow field and detailed flow field on the
transfer functions of nanoparticles and submicron particles. The calculation domain applied
to the model is the classifying region of the APM-3601. The parabolic flow field and the
detailed flow field determined by the Navier-Stoke equations (as described in Eq. (36)~(41))
are applied to the model to calculate the transfer function respectively.

Fig. 15 shows the transfer functions of nanoparticles. The dashed lines are the transfer
functions simulated with the parabolic flow field, while the solid lines are the transfer
functions simulated with the detailed flow field.  All the solid lines are lower than the dashed
lines, which show the enhanced loss due to different types of flow field. The enhanced loss
for each rotation speed is 3% (11227 rpm, 40 nm), 5% (13143 rpm, 30 nm) in transfer
function respectively. = Fig. 16 is the transfer functions of submicron particles (200 nm).
The dashed and solid lines are the transfer functions calculated with parabolic flow field and
detailed flow field respectively. They are almost same, which are not affected by the

different flow field.

I L l 'l l 'l l L l L l
Transfer Function

APM-3601(3.~0.27, 0.3 Ipm)
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30 nm: 13143 rpm, 4 volt
0.8= 40nm: 11227 rpm, 7 volt —
----- Paraholic Flow Field -
Detailed Flow Field i~
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=
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>
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Fig. 15. The transfer functions of nanoparticles are simulated with parabolic flow field

(dashed lines) and detailed flow filed (solid lines) respectively.
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Fig. 16. The transfer functions of submicron particles are simulated with parabolic flow field

(dashed lines) and detailed flow filed (solid lines) respectively.

The effects of the different flow fields on the transfer functions are summarized in table 6.

Qparamax and Qqerailmax denote the maximum height of the transfer functions calculated with

parabolic and detailed flow field respectively.

transfer functions is increased with higher rotation speed.

It is found that the enhanced loss of the

Table 6 The heights of the transfer functions calculated with different flow field.

A rpom | dp (NmM) | Qpara, max |Qdetait, max| Enhanced Loss
0.32 4487 | 200nm | 0.77 0.77 0.00
0.27 11227 | 40nm 0.75 0.72 0.03
0.27 13143 | 30nm 0.70 0.65 0.05

Calculation Domain: Classifying region
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Fig. 18. The flow filed at the front region of the classifying region of the APM-3601 rotating

with (a) 0 rpm, (b) 4487 rpm, (c) 11227 rpm, and (d) 13147 rpm. V5 denotes velocity (m/s).
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In addition, according to the velocity profile of the detailed flow filed, we find that
recirculation flow occurs in the classifying region (the region marked by green rectangular Fig.
17). Fig. 18 shows detailed velocity profile and the streamlines of the region. For the still
APM (0 rpm), the flow filed of the region is very similar to the parabolic flow field. In
contrast, for the rotating APM, the counterclockwise recirculation flow appears in the region.
The scale of the recirculation flow increases with greater rotation speed due to the stronger
forced vortex. On the other hand, there is no recirculation flow in parabolic flow field
because the flow in the region has no velocity in r direction. Hence, we conclude that the
enhanced losses of transfer functions as shown in Fig. 15 are due to the enhanced
convection-diffusion depaosition caused by the recirculation flow, which cannot be considered

with the parabolic flow filed.

4.3 APM Response Spectra

The APM response spectra or normalized particle concentration are the ratios of particle
concentration at the APM outlet to particle concentration at the APM inlet. The section
applies the transfer functions calculated with our fitting model and modified Ehara model to
calculate the APM response spectra respectively.  Furthermore, the response spectra are

compared to the experimental ones presented in Tajima et al., (2011) as verification.

Response Spectra

Fig. 19 shows the scheme of DMA-APM measurement system to which Tajima et al.,
(2011) used measure the experimental response spectra. Size standard particles (Duke Inc.)
are neutralized before enter DMA. Then, the particles are monodispersed by the DMA and
classified by the APM. The experimental response spectra are calculated based on the

particle concentration measured by the Condensed Particle Counter (CPC). The system can
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be expressed mathematically as described in previous studies (Ehara et al., 1996, Lall et al.,
2009, Tajima et al., 2011). The neutralizer is not included in the calculation because it is
assumed that size distribution of the size standard particles is so narrow (Duke Inc.) that it is
not affected by the neutralization. Eq. (65) and (66) describe the particles classified by the

DMA-APM system in the specific mass form and particle size form respectively.

GA“OS"I »| Neutralizer —» DMA s APM s CPC
enerator
No(dp) Qpma(dy, Voma) Qapm(S. o, V) Nout (V)

Fig. 19. The scheme of DMA-APM measurement system

Nout(V) = f No(dp)QDMA(dp' VDMA)QAPM (S' W)c» V) ds (65)

Nout(V) = fNO(dp)-QDMA(dp'VDMA)QAPM (dp' W, V) ddp (66)

In Eq. (65) or Eq. (66), No(dp) Is the size standard particle (PSL), which is considered
Gaussian distribution with standard deviation and mean diameter provided by the
manufacturer of the PSL (JSR Corp.). Before entering the APM, particles are classified by
the DMA so the size distribution becomes sharper (monodisperse). We applied the
theoretical transfer function of the DMA (Stolzenburg and McMurry 2008), denoted as
QDMA(dp,VDMA), to describe the classification of the DMA. Vpwma is the voltage applied to
the DMA, and the d,is the chosen size of the monodisperse particles. Then, monodisperse
particles are classified by the APM. Similarly, we describe the classification of the APM
with the transfer function QAPM(dp, W V), which are calculated with our fitting model and
modified Ehara model respectively. For example, if we are going to measure the mass

distribution of 30.6nm monodisperse particles with 0.22 of A, the w;. can be calculated based

44



on the chosen A (described by Eq. (4)) and the relaxation time of the 30.6 nm particle. Then,
the rotation speed is fixed at w,., while the voltage V is shifted to scan or measure the
specific mass distribution (or mass distribution) of the particles. Then, particles passing
through the DMA-APM measuring system is described by Nouw(V), which is the number
concentration of particles at the outlet of the APM. Finally, the response spectra, which are
the function of V, can be calculated with Eq. (67). The calculated response spectra are

compared to experimental one presented in Tajima et al., (2011).

Nout(V) — Nout(V) (67)
JNo(dp)Q@pma(dp Vpma)ddp [ Niy(dp)ddy

Response Spectra(V) =

It should noted that the calculation presented in the section is only available for spherical
particles because their specific mass S and diameter d, can be converted to each other easily.
If particles are non-spherical (ex: carbon nanotube), the calculation presented in the study
would be inadequate, which is not discussed in the thesis. The thesis prefers the size of the
particles (Eq. 66) because it is more intuitive to describe a small particle with its size. The
calculated response spectra are shown in Fig. 20 ~ 22, and each set of points in the figures are
the experimental response spectra presented in Tajima et al., (2011).

In Fig. 20, the response spectra are calculated with the transfer function done with our
fitting model. The calculated response spectra agree very well with the experimental ones.
The height difference between the calculated transfer function and experimental transfer
functions are less than 6% in normalized particle concentration (response spectra). The

results show the validity of the fitting model.
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Fig. 20. The APM response spectra calculated with fitting model. (Ac=0.22)

In Fig. 21 and 22, the response spectra are calculated with both modified Ehara model
and Ehara model for A.=0.2 and A.=0.49 respectively. For the modified Ehara model, the
calculated response spectra of both nanoparticles and submicron particles are very close to the
experimental ones. For the case of A=0.22 and A.=0.49, the maximum height difference
between the calculated and experimental response spectra is less than 5% and 10% in
response spectra respectively. For Ehara model, the calculated response spectra of
submicron particles agree well with experimental ones, whereas the response spectra of
nanoparticles overestimate the experimental ones significantly. For the case of A.=0.22 and
A:=0.49, the maximum difference between the calculated and experimental response spectra is
about 20% and 17% in response spectra respectively. The significant overestimations is due
to Brownian motion of particle is neglected by Ehara model. After the Ehara model is
modified by the modified Gromley and Kennedy equation, the overestimation of response

spectra of nanoparticles is improved significantly.
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Fig. 21. The response spectra calculated with the modified Ehara model. (Ac=0.22)
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Table 7 and table 8 summarize the accuracy of the tested models. For submicron
particles, all the calculated response spectra agree well with the experimental ones for both
operating conditions (A=0.22 and A.=0.49). In contrast, for nanoparticles, the response
spectra calculated with Ehara model overestimate the experimental ones, while both the fitting
model and the modified Ehara model still agree very well with the experimental data of both
nanoparticles and submicron particles. The differences the height of the response spectra
between the calculated results and the experimental data are less than about 10%, which

shows the validity of the fitting model and the modified Ehara model.

Table 7 The difference between the heights of the calculated response spectra and

experimental response spectra (A.=0.22).

A=0.22
PSL |APM-3600 Difference in Height of the Reponse Spectra
dp (Nm) rpm Ehara Model | Fitting Model | Modified Ehara Model

30.6 6764 0.20 -0.06 -0.02

51 5117 0.14 0.02 0.03

100 3439 0.08 0.07 0.05

208 2089 -0.02 -0.01 -0.04

479 1063 0.00 0.01 -0.01

791 678 0.02 0.05 0.01

Table 8 The difference between the heights of the calculated
experimental response spectra (A.=0.49).

response spectra and

A=0.49
PSL APM-3600 | Difference in Height of the Reponse Spectra
dp (Nnm) rpm Ehara Model Modified Ehara Model

30.6 10095 0.17 0.02

51 7636 0.14 0.07

100 5132 0.12 0.10

208 3118 0.02 0.01

479 1587 0.02 0.02

791 1012 0.03 0.03
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Notice and Restrictions of the Models

This paragraph describes the notice to ensure the validity of the simplified models as well
as the restriction of the models. As mentioned in chapter 3.4, the parameters applied to the
fitting model are dependent on the model of the APM applied in the experiment, the value of
A¢, and the flow rate in the APM. The parameters of the fitting model presented in the thesis
are only available to the APM-3600 which is operated with 0.22 of A and 1lpm of flow rate in
the APM. If A or the flow rate is changed, user has to produce another set of numerical
transfer functions based on the whole domain of the APM and detailed flow field to update
the parameters of the fitting model. Fortunately, the flow rate of the APM-3600 and
APM-3601 are usually set at 1 lpm and 0.3 Ipm respectively, so the parameters would be
mainly based on the value of A... When applying the modified Ehara model, the calibrating
factor K presented in the thesis, which depends on the geometry of the APM, is only available
for the APM-3600 operated with 1 Ipm of flow rate. If one applied different model of the
APM or different flow rate, the factor K should be newly modified with corresponding
numerical results which are calculated by our detailed numerical model, as we did in Fig. 12.
Compared to the fitting model, we don’t have to change K factor of the modified Ehara model
when we operate the APM with various Ac.  The response spectra presented in the thesis is
calculated with ideal size distribution of monodisperse particles. The ideal assumption may
lead the discrepancy between the calculated results and experimental ones. For example, it
is found that the calculated response spectra are narrower than the experimental one, which is
probability due to the size distributions of particles applied in the calculation (ideal sharp
distribution) are different to the ones actually presented in the experiments (actual
distribution).  Another example is that the calculation is based on the assumption that all the
particles passing through the APM are singly charged. In experiments, some of particles

would be multiply charged, which will lead more particles loss in the APM and results in the
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lower experimental response spectra compared to the experimental ones. Despite of the fact
that the calculated response spectra may be different to the experimental one, some of the
problem could be solved or eased with more detailed consideration (ex: applied experimental
size distribution of particles for response spectra), the calculated response spectra still can be

the references for the researchers.

5 Conclusion

A 2-D numerical APM transfer function model is successfully constructed based on the
governing equation of convection-diffusion equations and continuity equation. Three
dimensionless numbers, which can cover ones presented in previous studies, are obtained
from the governing equation of the model. These dimensionless numbers could be applied
to characterize the performance of the APM.

Different calculation domains and flow fields applied to the model are discussed in the
thesis. When the transfer function model is coupled with extended calculation domain
(whole region in the APM) and detailed flow field, the accuracy of predicting the penetration
of nanoparticles passing through the still APM is significantly increased compared to that
coupled with classifying region and parabolic flow field. The maximum overestimations of
the predictions are significantly reduced from 20% to 10%. The significant improvement
shows that diffusion loss of particles occurs not only in the classifying region but also in the
inlet and outlet paths leading to the classifying region. We concluded that the calculation
domain of the transfer function model should be extended from classifying region to the
whole region of the APM.

In addition, enhanced loss of particles is found when applying detailed flow field to the
transfer function model. Under the similar A, Smaller nanoparticles have greater enhanced

loss, while submicron particles have no enhanced loss. The study concludes that the
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enhanced is due to the recirculation flow found in the velocity profile of the detailed flow
field, and the scale of recirculation flow is increased with higher rotation speed.

Two transfer function models, the fitting model and the modified Ehara model, are
developed to calculate the transfer function in a more convient manner compared to the
numerical model. The former is developed by fitting the numerical results of transfer
functions considering the whole calculation domain and detailed flow field, while the latter is
developed by modifying Ehara model using the modified Gormley and Kennedy equation
which is based on numerical convection-diffusion particle loss. These models are applied to
calculate the APM response spectra of the DMA-APM mass measurement system.
Compared to the experimental response spectra, the maximum inaccuracies of calculated
response spectra are less than 10%-in normalized particle concentration. The results show
the validity of the transfer function models.

According to the results of the thesis, we expect that accurate real time mass distribution

measurement of both nanoparticles and submicron particles can be realized in the future.
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Appendix A Some Properties of Previous Models

Transfer Function Model (Ehara et al., 1996)

Based on 5 assumptions

a)

b)

d)

The particles introduced in the classifying region of the APM rotated at the same
angular velocity as the classifying region (annular cylinders).

The particle inertia, Brownian motion, the interaction between aerosol particles, and
the image potential were neglected. The drag force is balanced by the electrostatic
and centrifugal force

It is assumed that there was no flow in r and 6 direction. The flow is in z direction
only. Flow field in the classifying region was steady.

The Coriolis force was neglected due to the primary motion of the particles was
parallel to the axis of rotation.

The distance between the inner and outer electrodes was assumed to be much

smaller than their radii. (rz, r1>>rz-r1)

Transfer Function Model (Hagwood et al. 1995)

Laminar flow, spherical particles, uniform density

a) Stochastic Differential Equations(SDE)

® Deriving PDE from the concept of escape probability of particle.

® The Brownian motion in z direction was neglected (along the flow direction).

® Solving PDE with a finite difference discretization along the r direction. (The

complete discussions can be refer to Kahaner et al. (1989), solved by FORTRAN)

b) Monte Carlo Approach (MC)

® The SDE which govern the aerosol trajectory was a Langevin equation. A

Monte Carlo method like that described in Risken (1984) was applied to solve the
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Langevin equation.

Considering the Brownian motion both in z and r direction; hence, it can consider
the diffusion broadening effect and diffusion loss simultaneously.

MC Model needs more computation time compared to SDE Model.
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Appendix B The Geometry of Classifying Region of the APM Applied in Previous Studies

The geometry of classifying region of the APM applied in previous studies.

Geometry of Classifying Region of the APM Applied in Previous Studies

Geometry of APM Operating Condition DMA Aerosol
Finner | Touter Length of Air Flow Retention Rotation Qsheath Qaerosol Paerosol
APM Model Pressure (atm) Temp. ("C) DMA Model Material
(m) (m) APM (m) Rate (Ipm) Time (s) (rpm) (LPM) | (LPM) (Kg/m®)
Eharaet al., (1996) atmospheric. room
0.1 | 0.103 0.2 0.5 45918 PSL 1000
Prototype APM (assumed 1) (assumed 25)
Hagwood et al., (1995) atmospheric. room
0.1 | 0.101 0.2 05 15.155 3000 1000
Virtual APM (assumed 1) (assumed 25)
Olfert and Collings (2005) atmospheric.
0.1 | 0.103 0.2 0.5 45.918 22 1000
Virtual APM (assumed 1)
Lall et al., (2009) atmospheric. room TSI Model 3081
0.05 | 0.052 0.25 0.3 (N2) 32.044 3~5 0.3 PSL 1050
APM-10 Kanomax (assumed 1) (assumed 25) (Long)
Tajimaet al., (2011) atmospheric. room TSI Model 3071 or PSL,
0.05 | 0.052 0.25 1 9.613 10 1 1000
APM-3600 Kanomax (assumed 1) (assumed 25) 3081 (Long) NaCl
NCTU, Nanoparticle and Air
TSI Model 3081 PSL,
Quality Laboratory, 2012~ 0.024 | 0.025 0.1 0.3 3.079 1 25 9 11 1050
(Long) Silver
APM-3601 Kanomax
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