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Abstract

In this study, the axial flow cyclone used in Tsai et al. (2004) was further tested for the collection efficiency
of both solid (NaCl) and liquid (OA, oleic acid) nanoparticles. The results showed that the smallest cutoff
aerodynamic diameters achieved for OA and NaCl nanoparticles were 21.7 nm (cyclone inlet pressure:
4.3 Torr, flow rate: 0.351 slpm) and 21.2 nm (5.4 Torr, 0.454 slpm), respectively. The collection efficiencies
for NaCl and OA particles were close to each other for the aerodynamic diameter ranging from 25 to
180 nm indicating there was almost no solid particle bounce in the cyclone. The 3-D numerical simulation
was conducted to calculate the flow field in the cyclone and the flow was found to be nearly paraboloid.
Numerical simulation of the particle collection efficiency based on the paraboloid flow assumption showed
that the collection efficiency was in good agreement with the experimental data with less than 15% of error.
A semi-empirical equation for predicting the cutoff aerodynamic diameter at different inlet pressures and
flow rates was also obtained. The semi-empirical equation is able to predict the cutoff aerodynamic
diameter accurately within 9% of error. From the empirical cutoff aerodynamic diameter, a semi-empirical
square root of the cutoff Stokes number,

ffiffiffiffiffiffiffiffiffi

St�50
p

, was calculated and found to be a constant value of 0.241.
This value is useful to the design of the cyclone operating in vacuum to remove nanoparticles.

Introduction

Cyclones are normally used to remove particles
larger than 5–10 lm in aerodynamic diameter. To
reduce the cutoff diameter, the cyclone diameter
must be reduced or the flow rate must be
increased. For example, Zhu and Lee (1999) tested
a small tangential cyclone (cyclone diameter,
D = 3.05 cm) and found the cutoff size to be 0.3
lm when it was operated at 110 slpm (standard
L/min). Making use of large slip correction factor
of nanoparticles at reduced pressure, Tsai et al.
(2004) designed and tested an axial flow cyclone
to remove nanoparticles smaller than 100 nm at
low pressure conditions. The smallest cutoff

aerodynamic diameter in the study is 43.3 nm
when the inlet pressure of the cyclone is 6 Torr at
the flow rate of 0.455 slpm. However, the experi-
mental results of the collection efficiency are for
liquid particles only. The solid particles collection
efficiency of the cyclone has not been investigated.
Maynard (2000) is the first to study the particle

penetration of the axial flow cyclone in ambient
pressure theoretically. He proposed an implicit
equation of the particle penetration based on the
assumption that particle collection mainly occurs
in the vane and body sections. The equation pre-
dicts the cutoff aerodynamic very well. Tsai et al.
(2004) derived a theoretical equation for the
particle collection efficiency based on the air
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volumetric flow rate, the geometry of the cyclone,
the properties of carrying gas and the pressure of
the cyclone. The cutoff aerodynamic diameter
Dpa50 for the cyclone with one vane making three
turns was derived as

Dpa50 ¼
0:106l B� wð Þ r2max � r2min

� �2

qp0k0r
2
minQ0

� Pcyc

P760

� �2

:

ð1Þ

In the above equation, l is the fluid dynamic vis-
cosity (N s/m2), B is the pitch of vanes (m), w is the
vane thickness (m), rmax is the inner radius of the
cyclone (m), rmin is the radius of the vane spindle
(m), qp0 is unit density (1000 kg/m3), k0 is the
mean free path of air molecules at standard con-
dition (m), Q0 is standard volumetric flow rate
(m3/sec), Pcyc is the average pressure of cyclone
inlet and outlet (Torr), P760 is 760 Torr. The
equation agrees well with the published experi-
mental data on cutoff diameter (Liu & Rubow,
1984; Weiss et al., 1987; Vaughan, 1988) in ambi-
ent conditions. But at low pressure conditions
(several Torrs), the equation predicts the cutoff
diameter much smaller than the experimental data.
The theoretical cutoff diameter has to be adjusted
to fit the experimental data. The reason why there
is such as discrepancy has yet to be found.
Hsu et al. (2005) derived a model considering

both centrifugal and diffusional forces for nano-
particle removal in vacuum using the axial flow
cyclone of Tsai et al. (2004). They found that dif-
fusional mechanism was important when particles
were smaller than 40 nm.
For impactors, it is well-known that the collec-

tion of liquid particles is better than that of solid
particles due to solid particles bounce or reen-
trainment from the impactor substrates (Biswas &
Flagan, 1988; Tsai & Cheng, 1995; Tsai & Lin,
2000). Zhu and Lee (1999) studied the differences
in the collection efficiency of a tangential flow
cyclone for solid and liquid particles. Liquid
dioctyl-phthalate (DOP) and solid polystyrene
latex (PSL) particles in the size range of 1.0 and 3.6
lm were found to have similar collection efficien-
cies even at a high flow rate of 80 slpm. However,
the effect of solid particle bounce on the collection
efficiency of the axial flow cyclone operating in low
pressure conditions remains to be investigated.
The effect of deposited solid particles on the

cyclone wall of the tangential flow cyclone has

been investigated in Blachman and Lippmann
(1974) and Tsai et al. (1999). The particle collec-
tion efficiency was found to increase with increas-
ing particle mass deposited in the cyclone
(Blachman & Lippmann, 1974). Such increase is
mainly due to the accumulation of dust on the
cyclone wall opposite to the inlet which gradually
reduces the effective diameter of the cyclone. But
when the amount of deposited particles is heavy
enough, the aggregated particles will be detached
and then the collection efficiency will reduce again
(Blachman & Lippmann, 1974). The effect of dif-
ferent amounts of deposited particle mass on the
collection efficiency was not studied in Blachman
and Lippmann (1974). The solid particle loading
effect on the collection efficiency for a 10 mm
nylon cyclone and a new 18 mm aluminum
cyclone was studied by Tsai et al. (1999). They
found the cutoff aerodynamic diameter of both
cyclones decreased with increasing deposited par-
ticle mass. But the 18 mm cyclone appeared to
have less deposited particle mass effect on the
collection efficiency due to its larger inner diame-
ter. The cyclones tested in Blachman and Lipp-
mann (1974) and Tsai et al. (1999) were tangential
flow cyclones. There have been no studies on the
solid particle loading effect on the collection effi-
ciency for axial flow cyclones.
The flow field in the cyclone is complicated.

Several researchers have studied the flow fields
numerically for tangential flow cyclones and
examined the influence of different geometries and
operating conditions on the collection efficiency of
the cyclones (Boysan et al., 1983; Hoekstra et al.,
1999; Schmidt & Thiele, 2002; Harwood & Slack,
2002; Schmidt et al., 2003; Xiang & Lee, 2004).
However, there have been no numerical studies on
the flow field and particle collection efficiency of
axial flow cyclones, in particular at low pressure
conditions.
In this study, NaCl and OA monodisperse

nanoparticles in diameter from 12 to 100 nm were
generated to test the axial flow cyclone of Tsai
et al. (2004). The test conditions are: inlet pressure
of 4.3 Torr at 0.351 slpm, 5.4 or 6.0 Torr at
0.455 slpm, and 6.8 or 7.0 Torr at 0.566 slpm.
The 3-D numerical simulation was also con-

ducted in this study to calculate the flow and
pressure fields of the cyclone in order to obtain a
more accurate prediction of the collection effi-
ciency and cutoff size of the cyclone.
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Finally, a new empirical equation for predicting
the cutoff aerodynamic diameter of the cyclone
was also proposed based on the better knowledge
of the 3-D flow and pressure fields obtained in this
study.

Experimental

The experimental system is shown in Figure 1.
Monodisperse OA (qp = 894 kg/m3) and NaCl
(qp = 2200 kg/m3) particles in diameter between
12 and 100 nm were generated by the atomization
and electrostatic classification technique. Polydis-
perse particles were first generated by atomizing
(Atomizer, TSI Model 3076) 0.05 or 0.1% (v/v)
OA and NaCl solution. Then the aerosol flow was
dried by a silica gel drier. The dried aerosol stream
was passed through a furnace (Lindberg/Blue
Model CC58114C-1) and mixed with clean air to
produce sufficiently small particles (<100 nm)
after the furnace. The temperature of the furnace

was fixed at 650 and 1150 K for OA and NaCl
particles, respectively. Fine polydisperse particles
were generated by mixing the vapor with dry
compressed air. Monodisperse, singly charged
particles were generated by classifying the poly-
disperse particles by a nano-DMA (TSI Model
3085).
The SMPS (Condensation Particle Counter, TSI

Model 3022 and Electrostatic Classifier, TSI
Model 3071) was used to monitor the concentra-
tions of particles in the monodisperse particle
stream from the nano-DMA. The concentrations
were used to correct for the multiple charge effect
on the collection efficiency. For the detailed pro-
cedure, refer to Tsai et al. (2004).
An aerosol electrometer (TSI Model 3068) was

used to measure the electric current of the
upstream and downstream aerosol concentrations
of the cyclone. A homemade Faraday cage with a
larger inlet and outlet than the TSI Model 3068
electrometer was used to reduce the pressure drop
through it. A critical orifice (O’Keefe Controls
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Figure 1. Experimental setup of the present study.
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Co., E-8, 0.351 slpm or E-9, 0.455 slpm or E-10,
0.566 slpm) was installed at the cyclone inlet to
achieve the low-pressure condition. A powerful
vacuum pump (DUO 65, Pfeifeer, Germany,
nominal pumping speed: 70 m3/h) was used to
achieve the desired low pressure condition. The
inlet pressures at the cyclone inlet in this study are
4.3, 6.0 5.4, 6.8 and 7 Torr.
The bypass line was used to determine the

particle concentration at the cyclone inlet which
can be controlled by an on-off valve (Valve 1) as
shown in Figure 1. When Valve 1 is open and
Valve 2 is closed, the aerosol flow will pass
through the bypass line and the inlet aerosol
concentration can be measured. On the
other hand, when Valve 1 is closed and Valve 2
is open, the aerosol flow will pass through
the cyclone and the particle concentration at the
cyclone outlet can be obtained. By adjusting
the angle valve (Valve 3) at the downstream of
the Faraday cage, the pressure at the cyclone
inlet can be controlled.
The loading effect test was conducted by intro-

ducing polydisperse particles continuously into the
cyclone over a period of time. The particle col-
lection efficiency was tested after loading polydis-
perse particles (total number conc.: 8.26�
106–1.2�107#/cm3, NMD: 69.5–82 nm, r g: 1.53–
1.58) for 1-h (loaded mass: 0.33 mg), 3-h (1.24 mg),
and 5-h (1.73 mg), respectively.
The spindle and vane of the cyclone are shown

in Figure 2. The radius of the spindle and the inner
radius of the cyclone are 10 and 15 mm, respec-
tively. The width and the height of the vane section
are 5 and 4 mm, respectively.

Numerical

Flow field

In order to obtain accurate pressure distribution
and gas velocity fields in the cyclone, 3-D numer-
ical simulation was conducted in the present study.
The governing equations are Navier–Stokes and
the continuity equations. Since the maximum
Kundsen number in the present study for the
pressure of 1.46 Torr (Pin = 4.31 Torr) is around
0.01, the flow was considered as continuum.
The maximum Kundsen number, Kn,max is
calculated as

Kn;max ¼ 2k
Do

; ð2Þ

where Do is the inner diameter of the outlet tube
(m); k is the mean free path of the air molecular
(m). Moreover, Steady-state and compressible
laminar flow was assumed in this study. The
Navier–Stokes and the continuity equations were
solved by using the STAR-CD 3.15 code
(CD-adapco Japan Co., LTD) based on the finite
volume discretization method. The pressure-
velocity linkage was solved by the SIMPLE (semi-
implicit method for pressure linked equation)
algorithm (Pantankar, 1980) and the differencing
schemes for the space discretization method were
the UD (upwind differencing) and CD (central
differencing) schemes for the flow velocity and
density, respectively.
Multi-block, hybrid (both Hexa. and Tetra.)

cells were generated by an automatic mesh gener-
ation tool, Pro-Modeler 2003 (CD-adapco Japan
Co., LTD). The total number of cells used was
about 1,000,000. The average cell length was
around 0.5 mm and the smallest length of 0.1 mm
was assigned near the surface of the vane.
The convergence criterion of the flow field cal-

culation was set to be 0.01 % for the summation of
the residuals. The total number of iterations was
about 300 and the time required to reach conver-
gence was about 600 min. Non-slip condition was
applied on the walls. A constant mass flow rate
(0.351, 0.455, or 0.566 slpm) was set on the inlet
boundary assuming uniform velocity profile. On
the outlet boundary, a fixed pressure was assigned
based to the experimental data.

Particle collection efficiency

As a particle enters the cyclone, it experiences the
centrifugal force and migrates toward the wall.
The Stokes law was adopted to calculate the par-
ticle drag force since the Rep (particle Reynolds
number) was much small than 0.1 in this study.
Based on the assumption that particle drag force is
equal to the centrifugal force, the particle radial
migration velocity, Vr, is calculated as

Vr ¼
sV2

t

r
; ð3Þ

where Vt is the tangential flow velocity, r is the
radial position of the particle and s is the
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particle relaxation time, which can be written
as

s ¼
qp0D

2
paCðDpaÞ
18l

; ð4Þ

where Dpa and C(Dpa) are the particle aerody-
namic diameter and the slip correction factor,
respectively. Both s and Vt are the function of
pressure in the cyclone.
The differential radial migration distance of the

particle, dr, can be calculated as

dr ¼ Vrdt ¼
sV2

t

r

rdh
Vt
¼ sVtdh; ð5Þ

The paraboloid flow was assumed to calculate
the particle migration distance. Since the flow in
the cyclone was found to spin for slightly greater
than 2 turns starting slightly ahead of the end of
the first turn and ending slightly beyond the end of
the third turn, only the particle migration distance
during 2 turns was calculated. To simplify the
calculation, the total radial migration distance of a
particle, Dr, was calculated based on Eq. (5) as the
sum of the migration distance from ten segments
of the vane section, each segment corresponded to
1/4 turn of the vane. The first segment or the first
1/4 turn was added before the end of the first turn
while another 1/4 turn was added after the end of

Figure 2. Schematic diagram of the spindle and vane. (the r–z coordinate and the dimension of the vane section are also
indicated.)
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the third turn. The second and third turn each
constituted four segments in the calculation. All
together there were 10 segments.
As will be shown later, the tangential flow

develops very fast and becomes nearly fully
developed near the end of the first turn of the vane.
The fully developed profile is paraboloid which
can be written as

Vt;nth r; zð Þ ¼ 2ðVt;nth � 1Þ 1� 2z

4

� �2
" #

�

1� 2r

5

� �2
" #

þ 2; m/s ð6Þ

where the coordinates r and z are illustrated in
Figure 2. Vt;nthðr; zÞ and Vt;nth are the tangential
velocity of the entry plane of the nth segment at
position (r, z) and the average tangential velocity
of the nth segment, respectively. The constant
2 m/s at the right-hand side of Eq. (6) represents
the tangential velocity near the wall, which is
obtained from the numerical simulation shown
later. If the total migration distance of a particle
of aerodynamic diameter Dpa plus the initial
radial position is greater than 5 mm (or rmax–rmin,
the width of the vane section) then the particle
hits the wall and is collected. Assuming different
initial radial positions of a particle at the entry
plane of the first segment, the critical curve which
delineates the collection and non-collection
regions of the particle can be found. As the col-
lection area is obtained, then the collection effi-
ciency can be calculated by the following
equation as

gdpa ¼
A�V

0
t;1

5� 4� Vt;1

; ð7Þ

where A is the collection area (mm2); V
0
t;1 is the

average tangential velocity of the collection area
(m/s); 5 (mm) and 4(mm) are the width and gap of
the vane section, respectively (mm); Vt;1 is the
average tangential velocity at the entry plane of
the 1st segment of the vane section.
Since the pressure drop of the cyclone occurs

mainly in the vane section, Vth;nth is calculated
based on the pressure at the nth section following
the ideal gas law and mass conservation principle.
For comparison purpose, if the tangential flow
field is assumed to be plug flow, the total radial

migration distance Dr can be calculated as (refer-
ring to Eq. (5))

Dr ¼
X

10

nth¼1

p
2

snthVt;nth ; ð8Þ

where Vt;nth is the average tangential velocity (m/s),
snth is the average relaxation time of the particle.
Both Vt;nth and snth depend on the average pressure
at the nth segment. The collection efficiency g of
the particle can be calculated as

g ¼ Dr
rmax � rmin

: ð9Þ

Results and discussion

Comparison of collection efficiency for liquid
and solid particles

The collection efficiencies of solid NaCl and liquid
OA particles for the inlet pressure of 6 and
5.4 Torr and the sampling flow rate of 0.455 lpm
are compared in Figure 3. For OA particles, the
present experimental data are in good agreement
with Tsai et al. (2004). The collection efficiencies
are seen to be greatly improved for both OA and
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NaCl particles when the pressures at the cyclone
inlet are reduced from 6 to 5.4 Torr. The cutoff
aerodynamic diameters of OA and NaCl particles
are reduced from 49.8 and 47.1 to 23.1 and
21.2 nm, respectively as the pressure at the cyclone
inlet is decreased from 6 to 5.4 Torr, respectively.
In addition, Figure 3 indicates that the collection
efficiencies of liquid and solid particles are close to
each other for both operation pressures except in
the size range from 60 to 120 nm at 6 Torr where
the collection efficiency of OA is slightly better
(within 10%) than NaCl. This is to say that the
effect of solid particle bounce on the collection
efficiency is not very obvious. Furthermore, it also
found the diffusion effect on collection efficiency
for particles less than (40 nm) is not as significant
as claimed by Hsu et al. (2005).

Solid particle loading effect on collection efficiency

The effect of polydisperse particle loading on the
collection efficiency is shown in Figure 4 for the
inlet pressure of 6 and 5.4 Torr, respectively. For
both operating pressures, the collection efficiency
after 1-h loading (loaded mass: 0.33 mg) is 5–10 %
higher than that of a clean cyclone (or zero particle
loading). However, the collection efficiency after
3-h (1.24 mg), and 5-h (1.73 mg) loading is not too
much different from that of 1-h loading.

Tsai et al. (1999) used two monodisperse parti-
cles, 3.76 and 6.7 lm in aerodynamic diameter, to
examine the solid loading effect on the collection
efficiency of a 10 mm nylon cyclone. Both loaded
particle masses in the cyclone were 0.06 mg. Their
experimental results indicated that the particle
penetration decreased (or collection efficiency
increased) for both loading conditions compared
to that of the clean condition. The present results
also show that the collection efficiency increases
after particles are loaded in the cyclone. However,
the increase in the collection efficiency is larger in
Tsai et al. (1999) (10–30 % increases, small 10 mm
tangential flow cyclone) than the present study
(5–10 % increases, axial flow cyclone). This is due
to the accumulation of deposited particles on the
cyclone wall opposite to the inlet for the small
tangential flow cyclone, which has a larger influ-
ence on the collection efficiency. In comparison,
the present axial flow cyclone has a larger cyclone
diameter and a more uniform particle deposit on
the cyclone wall. As a result, the solid particle
loading effect on the collection efficiency is not as
significant as that of the small tangential flow
cyclone.
The collection efficiency of liquid OA particles

at 5 different inlet pressures is shown in Figure 5.
The flow rate and the Reynolds number range
from 0.351 to 0.566 slpm and 4.9 to 8.0, respec-
tively. The Reynolds number, Re, is defined as
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Re ¼ q rmax � rminð ÞVa

l
; ð10Þ

where q;Va are the gas density (kg/m3) and the
average axial velocity (m/s), respectively. q;Va,
and l were evaluated at the entry of the vane
section. The figure shows that the parameter A,
which is defined as A = Pin� Pout/Q0 (Pin: pres-
sure at the cyclone inlet; Pout: pressure at the vane
outlet), influences the collection efficiency and
cutoff diameter. The larger A is the smaller col-
lection efficiency the cyclone becomes. The cutoff
size is 21.7, 23.1, 25.6 nm for the inlet pressure of
4.3 Torr at 0.351 slpm (A = 17.93), 5.4 Torr at
0.455 slpm (A = 22.08), and 6.8 Torr at
0.566 slpm (A = 26.19) (also shown in Table 1).
The cutoff size becomes much larger for the inlet
pressure of 7.0 Torr at 0.566 slpm (A = 36.73),
6.0 Torr at 0.455 slpm (A = 43.12) as the
parameter A becomes much larger for these two
cases (also shown in Table 1). The reasons why the
cutoff size is affected by A will be explained later
when the empirical equation for cutoff size is
derived.

Numerical results for flow field and particle
collection efficiency

The simulated results for the pressure distribution
and the maximum tangential velocity in the vane
section for Pin = 5.4 Torr (0.455 slpm) are shown
in Figure 6. It can be seen that the tangential
velocity remains small in the beginning of the first
turn of the vane. However, it increases sharply
from the entry plane of the first segment (or the
beginning of 3/4 turn). Then it increases expo-
nentially until the end of 3 turns (or the ninth
segment) and reduces sharply in the tenth segment.

The tangential velocity peaks at 187 m/s at the end
of 3 turns and is reduced to 60 m/s sharply at the
end of 10th segment.
The pressure distribution shown in Figure 6

corresponds well with the tangential velocity dis-
tribution. The flow is accelerated in the tangential
direction as the pressure is decreased in the vane.
The pressure remains at about 735 Pa (5.5 Torr,
within 2% of the experimental data) in the first
turn and then drops monotonically in the second
and third turns. Finally, the pressure remains
nearly constant at 260 Pa (1.95 Torr) after the end
of the third turn. That is, the pressure drop occurs
almost entirely in the second and third turns. The
figure shows that the flow does not make three full
turns as the vane does. Rather, it makes slightly
more than two turns only. This is one of the main
reasons why the differences are large between the
experimental cutoff aerodynamic diameters and
the theoretical values in Tsai et al. (2004) in which

Table 1. Cutoff aerodynamic diameter at different operating conditions, liquid oleic acid (OA) particles

Q0 (slpm) 0.351 Re = 4.9 0.455 Re = 6.4 0.566 Re = 8.0 0.566 Re = 8.0 0.455 Re = 6.4

pin (Torr) 4.31 5.43 6.77 7.00 6.00
pout(Torr) 1.46 1.85 2.19 2.97 3.27
A = Pin� Pout/Q0 17.93 22.08 26.19 36.73 43.12
Exp. Dpa50(nm) 21.69 23.14 25.58 34.71 46.25
Numparab Dpa50(nm) 20.4 23.3 25.21 31.2 39.8
Numplug Dpa50(nm) 18.1 20.2 23.6 30.6 34.3
Theo. Dpa50 (nm), Eq. (8) 13.2 16.5 19.3 27.1 31.8
K (Exp./Theo.) 1.64 1.4 1.33 1.28 1.45
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the tangential flow was assumed to make three full
turns and the tangential velocity was assumed to
be plug flow.
Figure 7 a, b show the tangential velocity profile

at the vertical cut planes at the end of 2 and 3
turns, respectively. The tangential velocity peaks
near the center of the plane in both figures and the
value is about two times the average tangential
velocity, which was given in Tsai et al. (2004) as

Vt ¼
2rminQ

ðr2max � r2minÞðB� wÞ ; ð11Þ

where Q is the volumetric flow rate and can be
calculated as

Q ¼ Q0
P760
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PinPout

p : ð12Þ

It is also found that the velocity near the wall is
not zero but about 2 m/s. Similar results can be
found in other cut planes and at other different
operating conditions (Pin = 4.3, 6, 6.8 and
7 Torr). From the simulated tangential velocity
shown in Figure 7a and b, the velocity profile is
found to be nearly paraboloid, and the variation
of velocity with r and z positions can be calculated
by Eq. (6).
Figure 8a shows the critical collection curves for

a 23 nm particle passing through the full three

Figure 7. Tangential velocity profile at the cut plane of the vane section, the end of (a) two turns and (b) three turns.
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turns of the vane with and without considering the
tangential velocity of 2 m/s near the wall, respec-
tively. The area to the right hand side of curve is
the particle collection region in which a 23 nm
particle will be collected in the cyclone when it
starts from this region at the entry of the vane
section. Otherwise, it won’t be collected. Consid-
ering the tangential velocity of 2 m/s on the wall
results in a 7% increase in the collection area, and
a similar increase in the collection efficiency. The
collection areas of three different particle sizes, 20,
23, and 45 nm, are shown in Figure 8b. It shows
larger particles have larger collection area than
small particles and hence the collection efficiency is
also larger.
The experimental particle collection efficiencies

and numerical results based on the plug or parab-

oloid flow assumptions are shown in Figure 9. For
the operating conditions at Pin = 4.3, 5.4, and
6.8 Torr (Figure 9a), and Pin = 6 and 7 Torr
(Figure 9b). Figure 9a shows that both numerical
results agree with the experimental collection effi-
ciencies very well, especially near the cutoff aero-
dynamic diameter. The error in the numerical
prediction of the cutoff aerodynamic diameter by
the paraboloid flow assumption is 5.9, 0.7, and
1.5%, for Pin = 4.3, 5.4, and 6.8 Torr, respec-
tively. In comparison, the error by the plug flow
assumption is larger, which is 16.6, 12.8, and 7.7%,
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Figure 8. Critical curves at the entry plane of the first seg-
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tangential velocity of 2 m/s at the wall for a 23 nm particle.
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for 20, 23, and 45 nm particles.
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for Pin = 4.3, 5.4, and 6.8 Torr, respectively. The
plug flow assumption over-estimates while
the paraboloid flow assumption under-estimates
the collection efficiencies when the particle diame-
ter is greater than the cutoff aerodynamic diameter.
The maximum difference for the paraboloid flow
assumption is around 12%, which is slightly better
than the plug flow assumption of 15%.
In Figure 9b, it is seen larger differences occur

between the experimental data and theories than in
Figure 9a. The error of the cutoff aerodynamic
diameter by the paraboloid flow assumptions is 13.9
and 10.1% for Pin = 6 and 7 Torr, respectively. In
comparison, the error of the plug flow assumption is
25.8 and 11.8 % for Pin = 6 and 7 Torr, respec-
tively. Theparaboloid assumption predicts the cutoff
diameter better than the plug flow assumption.
The differences between the numerical results

and the experimental data are mainly due to the
over-simplified assumption of either plug flow or
paraboloid flow. In fact, the flow is developing
near the entry of the vane section. Errors may also
be caused by the assumption of a constant velocity
of 2 m/s near the wall. In addition, calculating the
total migration distance Dr from summing the
migration distances of ten segments may also
induce errors.
Although the present method is good in pre-

dicting the cutoff diameter and collection effi-
ciency, it is not possible to obtain an analytical
equation to calculate the cutoff diameter. The
following section describes a modified empirical
method from Tsai et al. (2004), which can be used
to predict the cutoff aerodynamic based on the
inlet pressure, flow rate, and cyclone dimension.

Semi-empirical equation for cutoff aerodynamic
diameter

In this study, the theoretical derivation of the
particle collection efficiency is similar to our pre-
vious study (Tsai et al., 2004) but the pressure
drop through the vane section is assumed to be
linear. The pressure at nth turn of the vane can be
defined based on Pin (pressure at the cyclone inlet)
and Pout (pressure at the vane outlet) as

Pn ¼ Pin � n� Pin � Pout

nT
; ð13Þ

where the nT is the total number of turns of the
vane and is fixed to 2 based on the present

numerical results. The volumetric flow rate and
particle relaxation time will change in the vane
section with respect to pressure. The plug flow
assumption was used to facilitate the derivation of
the theoretical collection efficiency, which is
known to under-predict the cutoff diameter. By
comparing the experimental cutoff diameters with
the theoretical values, we can obtain an empirical
factor K to adjust the theoretical values.
Integrating the particle radial velocity and the

residence time in the two complete turns, the
particle total migration distance (Dr) in the vane
section is obtained. The particle collection effi-
ciency is then calculated as in Eq. (9). By setting
g = 0.5 in Eq. (9), the theoretical cutoff aerody-
namic diameter, Dpa50,theo, can be derived as

Dpa50;theo ¼
0:11l B�wð Þ r2max� r2min

� �

rmax� rminð Þ
qp0k0rminP

2
760

�A; ð14Þ

where A = Pin� Pout/Q0, which is the important
operating parameter of the cyclone as described
earlier.
The collection efficiencies of liquid OA particles

at 5 different operation conditions are shown in
Figure 5 as described in the previous section. The
comparison of experimental cutoff diameters at
different inlet pressures with the numerical values
and the theoretical values by Eq. (14) is shown in
Table 1. As expected, the theoretical values are
smaller than the experimental results. Therefore,
an empirical factor K, which is defined as the ratio
of the experimental cutoff size to the theoretical
value, is suggested to adjust the theoretical cutoff
size. In Table 1, K is shown to be relatively con-
stant with the average and standard deviation of
1.4 and 0.126, respectively. That is, the semi-
empirical cutoff aerodynamic diameter can be
rewritten as:

Dpa50 ¼ 1:4Dpa50;theo

¼ 0:154l B�wð Þ r2max�r2minð Þ rmax�rminð Þ
qp0k0rminP

2
760

� A:

ð15Þ

The above semi-empirical equation is easy to use
and is able to predict the cutoff aerodynamic
diameter accurately within 9% of error.
If the collection efficiencies are plotted

against
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

St=St50
p

, all the experimental data of five
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different conditions for OA particles are collapsed
into a single curve as shown in Figure 10. In the
figure, St is defined as

St ¼ sVt

rmax � rmin
ð16Þ

and St50 corresponds to St at 50% collection effi-
ciency. Referring to Tsai et al. (2004), the slip
correction factor used to calculate the particle
relaxation time (see Eq. (4)) is given as

C Dpa

� �

¼ 1:695P760k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PinPout

p
Dpa=2

: ð17Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PinPout

p
is used in this study as the average

pressure on which many other parameters depend.
Combing Eqs. (4), (11), (12) and (17), St in Eq.
(16) is rearranged as

St ¼
0:377rmink0qp0P

2
760

l rmax � rminð Þðr2max � r2minÞðB� wÞA�Dpa:

ð18Þ

It is observed in Figure 10 that all experimental
data of particle collection efficiency almost fall on
a unique curve, which can be fitted by the fol-
lowing Boltzmann function as

Y ¼ 101:4� 82:5

1þ eðX�1:08Þ=0:15
;X<1:7; ð19Þ

where Y and X are collection efficiency (g(%)) and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

St=St50
p

, respectively.
Replacing Dpa in Eq. (18) by the semi-empirical

cutoff aerodynamic diameter, Dpa50 of Eq. (15),
the semi-empirical

ffiffiffiffiffiffiffiffiffi

St�50
p

can be calculated as
ffiffiffiffiffiffiffiffiffi

St�50
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:377rmink0qp0P
2
760

lðrmax � rminÞðr2max � r2minÞðB� wÞA�Dpa50

s

:

ð20Þ

Substituting Eq. (15) into Eq. (20),
ffiffiffiffiffiffiffiffiffi

St�50
p

is found
to be a fixed value of 0.241. The experimental
collection efficiency versus

ffiffiffiffiffi

St
p

(calculated from
Eq. (18)) for all five test conditions was plotted
(not shown here), and the experimental

ffiffiffiffiffiffiffiffiffi

St50
p

was
calculated to be 0.256, 0.240, 0.222, 0.226 and
0.240 for Pin = 4.3, 5.4, 6.8, 7.0 and 6.0 Torr,
respectively. The difference between the experi-
mental

ffiffiffiffiffiffiffiffiffi

St50
p

and the semi-empirical
ffiffiffiffiffiffiffiffiffi

St�50
p

, or
0.241, is ) 6.2, 0.4, 7.9, 1.5 and 0.4 % for Pin =
4.3, 5.4, 6.8, 7.0 and 6.0 Torr, respectively. That is,
for the present axial flow cyclone for removing
nanoparticles, the design value for the square root
of the cutoff Stokes number is

ffiffiffiffiffiffiffiffiffi

St�50
p

¼ 0:241: ð21Þ

This value is much smaller than the
ffiffiffiffiffiffiffiffiffi

St50
p

of the
circular jet and rectangular jet impactor, which is
0.49 and 0.77, respectively (Hinds, 1999).

Conclusions

In this study, the axial flow cyclone of Tsai et al.
(2004) was further tested for the collection effi-
ciencies of solid NaCl and liquid OA nanoparticles
in the diameter from 12 to 100 nm at low-pressure
conditions (4.3, 5.4, 6.0, 6.8, and 7.0 Torrs). The
objective was to find whether solid particle bounce
would influence the collection efficiencies. The axial
flow cyclone was shown to be able to remove NaCl
and OA nanoparticles below 50 nm efficiently. The
smallest cutoff aerodynamic diameters of OA and
NaCl particles were found to be 21.7 (4.3 Torr,
0.351 lpm) and 21.2 (5.4 Torr, 0.454 lpm), respec-
tively. Differences in the collection efficiencies of
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Figure 10. Collection efficiencies versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

St=St50
p

for OA
particles at different inlet pressures and flow rates.
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liquid and solid particles were within 10% indi-
cating that the effect of solid particle bounce on the
collection efficiency was not very obvious. The test
for the solid particle loading in the cyclone further
indicated a soiled cyclone wall did not change the
collection efficiency too much (<10%).
In order to predict the collection efficiency and

cutoff diameter accurately, a 3-D numerical sim-
ulation was conducted to obtain the pressure dis-
tribution and gas velocity fields in the cyclone.
Results showed that the tangential flow developed
quickly into paraboloid flow profile near the end
of the first turn of the vane section. Total migra-
tion distance was calculated based on the local
tangential flow velocity and pressure to obtain the
numerical collection efficiency.
The comparison of the experimental particle

collection efficiencies and cutoff diameters with the
numerical simulations showed that the Paraboloid
tangential flow assumption yielded better results
than the plug flow assumption, with the maximum
error of 15% for the collection efficiencies and
13.9% for the cutoff diameters, respectively.
Based on the simulated pressure and tangential

flow fields, a modified theoretical method fromTsai
et al. (2004) was proposed. The semi-empirical
equation was then developed to predict the cutoff
aerodynamic diameter and the cutoff Stokes num-
ber accurately within 9% and 8% of error, respec-
tively. Based on the semi-empirical cutoff
aerodynamic diameter, the design value of the
square root of the cutoff Stokes number,

ffiffiffiffiffiffiffiffiffi

St�50
p

, was
calculated and found tobe a constant value of 0.241.
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