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Abstract

An axial %ow cyclone to remove &ne particles at low pressure conditions (6–23 torr) was designed and
tested. The inner diameter of the cyclone is 3:0 cm and tested %ow rates are 0.455 and 1:0 slpm. A theoretical
evaluation was &rst carried out to calculate the particle collection e;ciency and cuto< diameter for the axial
%ow cyclone. Experiments were then conducted to test the theory at di<erent %ow rates, pressures and cyclone
designs. It was demonstrated that at su;ciently low pressure of 6 torr (%ow rate=0:455 slpm), the axial %ow
cyclone is able to remove particles below 100 nm e;ciently, and the %ow Reynolds number was found to
have a great e<ect on the particle collection e;ciency.
? 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A cyclone separator is a well-known dust separator or particle sampling device which is based
on the particle centrifugal force created by vortex %ow in the cyclone. There are two main de-
signs: tangential and axial %ow cyclones are the two main types. In a tangential %ow cyclone, the
%ow enters tangentially in a cylinder creating a vortex inside. At the end of the outer vortex, the %ow
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Nomenclature

B pitch of vanes
C slip correction factor
dp particle diameter
dpa50 cuto< aerodynamic diameter
e charge of an electron
D cyclone diameter (tangential %ow cyclone)
De exit tube diameter (tangential %ow cyclone)
� particle collection e;ciency
� a factor = V=Ua
Ic electric current at the outlet of the cyclone
It electric current at the outlet of the by-pass tube
k number of charges
L e<ective body length, distance from the tip of the outlet tube to the bottom of the

spindle
� mean free path of air molecules at the inlet of the cyclone when pressure is Pcyc
�0 mean free path of air molecules at standard condition
N number of vanes
n number of vane turns
noc(dpk) particle concentrations at the outlet of the cyclone, the particle carries k charges
ni(dpk) inlet particle concentration, the particle carries k charges
not (dpk) particle concentrations at the outlet of the by-pass tube, the particle carries k charges
Pen overall penetration
Pcyc pressure at the inlet of the cyclone
P760 standard pressure, or 760 torr
Pen(dpk) particle penetration through the cyclone for a particle carries k charges
Pent(dpk) particle penetration through the by-pass tube for a particle carries k charges
�50 dimensionless cuto< aerodynamic diameter
Q volumetric %ow rate
Q0 standard volumetric %ow rate
r new particle radial position
ri particle initial radial position
rmax inner radius of the cyclone
rmin radius of the vane spindle
Re′

f %ow Reynolds number (for tangential %ow cyclone)
Ref %ow Reynolds number (this study)
St Stoke number de&ned as St = �vt=(rmax − rmin)
Stb Stokes number de&ned in the body section, Stb = �Ua=B
tv particle transit time in the vane section
� particle relaxation time
Ua mean axial gas velocity in the body section
Ui inlet gas velocity (tangential %ow cyclone)
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vr particle radial velocity
vt tangential gas velocity in the vane section
V mean gas velocity in the vane section
Vol e<ective volume
w vane thickness
� a &tting constant

is reversed and &nally exits axially at the top. The %ow in the tangential cyclone is usually highly
turbulent and non-stationary, which together with the %ow reversal in the cyclone result in a relatively
high pressure drop across the cyclone (in Maynard, 2000). The inlet and outlet of the tangential
cyclone are perpendicular to each other. If the particle separator needs to be positioned in a straight
section of a %ow system, an axial %ow cyclone may be used in which the tangential motion of the
%ow is induced by guiding vanes installed in line with the %ow direction. The axial %ow cyclone
has a lower pressure drop than that of the tangential cyclone since the %ow is in line with the
axial direction of the cyclone, and the %ow is not reversed and much less disturbed (Nieuwstadt &
Dirkzwager, 1995).

Kao and Tsai (2001) reviewed many existing theories of the tangential %ow cyclone including
Lapple (1950), Stairmand (1951), Barth (1956), Leith and Licht (1972), Dietz (1981), Dirgo and
Leith (1985), Iozia and Leith (1989), Li and Wang (1989), and Iozia and Leith (1990) and compared
them with the existing data. They found that most theories are applicable in a certain range of %ow
Reynolds number only. The %ow Reynolds number is based on the di<erence of the cyclone radius
and that of the exit tube. At small %ow Reynolds number, all theories under-predict the cuto<
aerodynamic diameter and discrepancy increases as the %ow Reynolds number is decreased.

Tsai, Shiau, Lin, and Shih (1999a, b) found that the cuto< aerodynamic diameter (the diameter
corresponding to 50% penetration) of the 10 mm nylon cyclone to be lower than expected presumably
due to build-up of deposited particles inside the cyclone. The nylon cyclone is for respirable particle
collection. A similar cyclone with a bigger body diameter was developed, which was shown to have
a less shift of the cuto< aerodynamic diameter and was also demonstrated to be more accurate in
measuring respirable particle concentrations in the &eld study. Kenny, Gussman, and Meyer (2000)
developed a sharp-cut tangential %ow cyclone which was shown to have a sharp cut for ambient
PM2:5 sampling. The cuto< diameter of the cyclone was less a<ected by particle loading than the
WINS (Well Impactor Ninety-Six) impactor (USEPA, 1997). In the laboratory dust loading study,
Kenny et al. (2000) found WINS shifted steadily from 2.5 to 2:15 �m after sampling about 6 mg of
PM2:5 particles, while Peters and Vanderpool (1996) found a shift to 2:25 �m after sampling 24 mg
of dust. The e<ect of deposited particles on the cuto< diameter was also studied earlier by Tsai
and Cheng (1995) for impactors. Unless the body diameter is very small (such as 10 mm nylon
cyclone), it is expected that the axial %ow cyclones will be less a<ected by the loaded particles on
the cuto< diameter than impactors since the particle deposit in the cyclones is more di<use.

In contrast to the tangential %ow cyclone, only few researchers have studied the axial %ow
cyclone, such as the experimental work of Liu and Rubow (1984), Weiss, Martinec, and Vitek
(1987) and Vaughan (1988), and theoretical work of Maynard (2000). These researches studied the
axial %ow cyclone operating at ambient condition. For example, an axial %ow cascade cyclone at
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a design %ow rate of 30 l=min was developed by Liu and Rubow (1984) for sampling high con-
centration of particles. The cuto< aerodynamic diameter of the &ve stages are 12.2, 7.9, 3.6, 2.05
and 1:05 �m. Total particle loss in the system, including the loss in the body, vane insert and exit
tube of the collection cup, was shown to be signi&cant. It ranged from 15% for particles of 1 �m
in diameter to 33.3% for particles of 8 �m in diameter. Therefore, using this cascade cyclone to
measure particle size distributions requires complete recovery of all particles lost in the cyclone.

Maynard (2000) derived the particle penetration of the axial %ow cyclone based on the assumption
that particle collection mainly occurs in the vane and body sections only. The overall penetration,
Pen, is combined from the penetrations derived separately for the vane and body sections as

Pen = (1−16�2StbL∗)1=2+
4�2n2�2St2b
r∗2max−r∗2min

− 2n�Stb
r∗2max−r∗2min

(
1 + 4�2r∗2min+4�2

√
1 − 16�2StbL∗

)1=2
;

(1)

where n is the number of vane turns, rmax is the inner radius of the cyclone, rmin is the radius of
the vane spindle and L is the e<ective body length (refer to Fig. 1 in Maynard, 2000). The relative
dimensions of these three variables, denoted by the variables with asterisk, is the actual dimension
divided by the pitch of vanes, B. Stokes number Stb is de&ned in the body section as Stb = �Ua=B,
in which � is the particle relaxation time. The factor �=V=Ua, in which V is the mean gas velocity
in the vane section and Ua is the mean axial gas velocity in the body section. If there are N vanes
and each has a &nite thickness w, then � in Eq. (1) is calculated as

� =
r∗max

√
1 + 4�2r∗2max

2(1 − Nw∗)(r∗max − r∗min)
: (2)

The form of Eq. (1) does not allow one to obtain a simple analytical form for St50 (Stokes number
with 50% penetration), it must be calculated by numerical iteration.

In this study an axial %ow cyclone operating at low pressure conditions (¡ 20 torrs) is designed
and tested. The cyclone is expected to have submicron cuto< diameter and less particle bounce prob-
lems than impactors. In the following, &rst the theoretical collection e;ciency and cuto< aerodynamic
diameter of the axial %ow cyclone is derived under low pressure condition. Then the experimental
data obtained by using monodisperse oleic acid particles are used to validate the theoretical results.
Finally, to match with the data, the need to adjust the cuto< aerodynamic diameter with the %ow
Reynolds number is demonstrated.

2. Theoretical method

In this study, the particle radial velocity and hence the collection e;ciency is calculated theoret-
ically based on the gas volumetric %ow rate, properties of the cyclone, carrying gas and particles.
The transit time of an aerosol particle in the vane section, tv, is given by the ratio of the e<ective
volume in the section (Vol) to the gas volumetric %ow rate (Q). The e<ective volume in the vane,
Vol, is

Vol = �(r2max − r2min)n(B − Nw); (3)



C.-J. Tsai et al. / Aerosol Science 35 (2004) 1105–1118 1109

where the other variables were described in the last section. Therefore the particle (or gas) transit
time in the vane section, tv, is

tv =
�(r2max − r2min)n(B − Nw)

Q
: (4)

The tangential gas velocity in the vane section, vt, can be calculated as

vt =
2� rmin nN

tv
=

2rmin QN
(r2max − r2min)(B − Nw)

(5)

Due to centrifugal force, v2t �=r, the particle will move in the radial direction. Neglecting the
transient state of particle motion, the steady state particle radial velocity, vr, is

vr =
dr
dt

=
�v2t
r

=
4�r2minQ

2N 2

r(r2max − r2min)
2(B − Nw)2

: (6)

Assuming that the particle (or the vortex) continues its spiral motion in the body section downstream
of the vane such that it makes additional turns n(� − 1), where � is a &tting constant which gives
the best agreement between the theoretical particle collection e;ciencies and the published data in
the literature. Adding the number of turns in the vane section, n, the total number of turns of the
particle is n� in the cyclone. Rearranging Eq. (6) and integrating, the new particle radial position,
r, at the end of spiral motion can be calculated based on the particle’s initial radial position, ri, at
the inlet of the cyclone as

r2 − r2i =
8�n��Qr2minN

2

(r2max − r2min)(B − Nw)
: (7)

Assuming plug %ow and uniform particle concentration at the inlet of the cyclone, the particle
collection e;ciency (or 1 − Pen), �, can be calculated as

�=
r2 − r2i

r2max − r2min
=

8�n��Qr2minN
2

(r2max − r2min)
2(B − Nw)

= 4�n�St
1

1 + rmax=rmin
; (8)

where St, the Stoke number, is de&ned as St = �vt=(rmax − rmin). If � = 1, Eq. (8) is similar to
Eq. (12) in Maynard (2000) for calculation, the penetration through the vanes of the cyclone.
Setting �= 0:5 in Eq. (8), the theoretical cuto< aerodynamic diameter, dpa50, can be calculated as

dpa50 =

√
9 (r2max − r2min)

2(B − Nw)
8�n�Qr2minN

2C
; (9)

where the slip correction factor C is calculated as (Hinds, 1999)

C = 1 +
�
dp

[
2:34 + 1:05 exp

(
−0:39

dp
�

)]
: (10)

At high vacuum, Eq. (10) is found to give the same friction coe;cient as the molecular drag
formula described in Rader and Geller (1998). Furthermore at high vacuum, C can be shown to be
directly proportional to � and indirectly proportional to dp as

C =
1:695�
dp=2

: (11)
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This equation is accurate at high vacuum condition. For example, the di<erence in Eqs. (10) and
(11) is less than 1% for particles smaller than 300 nm at 10 torr. Since the relationship between �
and the pressure at the inlet of the cyclone, Pcyc, at the isothermal condition is

�=
P760�0
Pcyc

; (12)

then the slip correction factor can be re-written as

C =
1:695P760�0
Pcycdp=2

: (13)

At a &xed standard %ow rate Q0, the actual %ow rate Q = Q0 (P760=Pcyc). Therefore, substituting
Eq. (13) into Eq. (9), the cuto< aerodynamic diameter can be written as

dpa50 = 0:106
(
Pcyc

P760

)2  (r2max − r2min)
2(B − Nw)

"pon�Q0r2minN
2�0

: (14)

That is, at high vacuum, the cuto< aerodynamic diameter is proportional to the pressure at the inlet
of the cyclone to the second power given that the standard %ow rate is &xed.

However, at low pressure, the %ow Reynolds number is usually very low and the cuto< aerody-
namic diameter will be underestimated. For the tangential %ow cyclone, Kao and Tsai (2001) found
that the dimensionless cuto< aerodynamic diameter, �50, is a unique function of the %ow Reynolds
number, Re′

f , as follows:

ln�50 = −0:72 ln Re′
f − 3:46; (15)

where

�50 =

√
Cdpa50
D

; (16)

Re′
f =

"(D − De)Ui

2 
; (17)

where D and De are the cyclone and exit tube diameter, respectively. Similar correlation was found
in Moore and McFarland (1996). It is expected that for the axial %ow cyclone, the theoretical cuto<
aerodynamic diameter, Eq. (9), has to be adjusted also by using the %ow Reynolds number.

3. Experimental method

The experimental system is shown in Fig. 1. Monodisperse oleic acid particles of 35–460 nm
("p = 894 kg=m3) were generated by the atomization and electrostatic classi&cation technique. Oleic
acid particles were &rst generated by atomizing 0.01 to 5% (v/v) oleic acid containing alcohol, dried
by a silica gel drier, and &nally classi&ed by the TSI model 3080 electrostatic classi&er with the TSI
model 3081 long DMA. To obtain particles less than 100 nm, dried particles were further evaporated
in a furnace and subsequently grown by condensation before electrostatic classi&cation.

The axial %ow cyclone was designed with rmax = 1:5 cm; rmin = 1:0 cm; B = 0:5 cm (design 1)
or B= 1:0 cm (design 2). The e<ective cyclone body length (or the distance between the tip of the
outlet tube and the bottom of the vane spindle), L, is 2:0 cm, and the inside diameter of the outlet
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Fig. 1. Present experimental setup.

tube is 0:776 cm in this study. Two di<erent vanes were designed as shown in Fig. 2. Design 1 has
one vane which makes 3 complete turns; and design 2 has 3 vanes each makes half of a turn. Two
di<erent %ow rates, 0.455 and 1:0 slpm were tested. Inlet cyclone pressure tested was 13, 14, 15,
16, 17 or 20 torr at 1 slpm, or 6, 8, 10, 13 torr at 0:455 slpm.

The steadiness of the concentration of classi&ed monodisperse particles was monitored by the
TSI model 3025A CPC (condensation particle counter) before the aerosol entered a critical ori&ce
(O’Keefe Controls Co., V-14, 1 slpm; or V-9, 0:455 slpm). The TSI model 3068 electrometer or a
home-made Faraday cage with the Keithley model 6514 electrometer was used to measure aerosol
current after the cyclone, and after the by-pass tube for calculating the particle collection e;ciency.
The vacuum pump (SV16 10981, SOGEVAC, France, nominal pumping speed: 16 m3=h) was used
to create the %ow and the pressure inside the cyclone was measured by the MKS Baratron type,
626A13TAE (1000 torr max:) or MKS Baratron type, 626A11TAE (10 torr max.)

Since the collection e;ciency is determined by current measurement, the penetration of a singly
charged particle with the diameter of dp1 will be in%uenced by the penetration of particles with k
multiple charges (diameter dpk), especially for particles greater than 100 nm. The electric currents,
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 design 1   design 2 

Fig. 2. Vanes of design 1 and 2.

Ic and It, were measured at the outlet of the cyclone and by-pass tube, respectively. The currents
are related to %ow rate Q, and inlet particle concentration ni(dp) as

Ic = Qe

( ∞∑
k=1

kni(dpk)Pen(dpk)

)
; (18)

It = Qe

( ∞∑
k=1

k ni(dpk)Pent(dpk)

)
; (19)

where k is the number of charges, e is the elementary charge. The particle penetration of the cyclone,
Pen(dp), and the particle penetration through the by-pass tube, Pent(dp), are de&ned as

Pen(dp) = noc(dp)=n
i(dp); (20)

Pent(dp) = not (dp)=n
i(dp); (21)

where noc(dp) and not (dp) are particle concentrations at the outlet of the cyclone and by-pass tube,
respectively.

It can be shown by simple algebraic manipulation of Eqs. (18)–(21) that Pen (dp1) is

Pen(dp1) =
Ic
It

(
Pent(dp1) +

∞∑
k=2

kni(dpk)Pent(dpk)
ni(dp1)

)
−

∞∑
k=2

kni(dpk)Pen(dpk)
ni(dp1)

: (22)

In this study, Pent(dpk) was found to be close to that of the cyclone without vanes. Therefore
Pent(dpk) was assumed to be 1.0. The above equation was used to correct for multiple charge
e<ect on the penetration of a single charge particle with diameter dp1. When using Eq. (22), one
normally has to measure the penetration of the largest particles &rst, which is determined by the
cuto< diameter of the impactor at the DMA inlet. This penetration is known to be accurate since
there is no multiple charge e<ect for the largest particles entering DMA. Then the penetration of
smaller particles is measured and corrected for the multiple charge e<ect by Eq. (22).
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4. Results and discussion

The theoretical cuto< aerodynamic diameter of the present study is &rst compared with the previous
experimental data in the literature. As shown in Fig. 3, at 1 atm the theoretical cuto< aerodynamic
diameters, Eq. (9), compare very well with the previous experimental data of Liu and Rubow (1984)
(symbol: circle), Weiss et al. (1987) (symbol: square), and Vaughan (1988) (symbol: triangle).
One exception is the experimental data point near 4:8 �m which has a large deviation from the
present prediction. The experimental cuto< aerodynamic diameter ranges from 1.05 to 12:2 �m. It
was found that best agreement was obtained if the number of turns in the cylindrical body after the
vane was assumed to be half of the number of vane turns. That is, � was assumed to be 1.5 in
Eq. (9).

The theoretical prediction by Maynard (2000), Eq. (1), also gives similar agreement, with larger
deviation for some data points of large particles.

The pressure at the inlet (before the vane) and outlet (after the vane) of the cyclone were measured
and shown in Fig. 4. Design 1 with one 3-turn vane has higher pressure drop than design 2 with
3 half turn vanes, due to lower air %ow velocity in the vane in the latter compared to that in the
former. At 1 slpm, the lowest pressure achieved is 13 torr at the cyclone inlet, and the pressure drop
(inlet pressure minus outlet pressure) is 4 and 2:9 torr for design 1 and 2, respectively. The pressure
drop decreases with an increasing inlet pressure. At the inlet pressure of 23 torr, the pressure drop
becomes 1.8 and 1:4 torr for design 1 and 2, respectively. Higher vacuum is achieved at lower
volumetric %ow rate. At 0:455 slpm, the highest vacuum achieved is 6 torr at the cyclone inlet, and
the pressure drop for design 1 and 2 is 3.3 and 2:32 torr, respectively. The pressure at the stagnation
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Fig. 3. Comparing the cuto< aerodynamic diameter of the present theory with previous experimental data.
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point should be used to calculate the e;ciency (Biswas & Flagan, 1984). As this cannot be readily
obtained, in this study, the average of the inlet and outlet pressure was used to calculate particle
collection e;ciency.

The experimental particle collection e;ciency curves are shown in Figs. 5(a)–(d) for two %ow
rates and two vane designs. In general, a lower pressure results in a higher particle collection
e;ciency, and design 1 has higher collection e;ciency than design 2. For design 1, at the %ow rate
of 0:455 slpm and the inlet pressure of 6 torr, the collection e;ciency increases from 32% to nearly
100%, as the particle diameter of oleic acid is increased from 35 to 100 nm (Fig. 5(a)). The cuto<
diameter is 48:7 �m. As the inlet pressure is increased from 6 to 8, 10 or 13 torr, the collection
e;ciency drops considerably and the curves look less like S-shaped. The cuto< diameter is increased
to 153.4 and 330 nm for the inlet pressure of 8 and 10 torr, respectively.

For design 2, at the same %ow rate of 0:455 slpm, and the same inlet pressure as design 1,
the corresponding collection e;ciency is lower (Fig. 5(b)). Lower pressure drop of design 2 is
mainly responsible for the lower particle collection e;ciency, which agrees with the observation of
traditional cyclones. The cuto< diameter of design 2 is much larger than design 1, which is 107.6
and 343:2 nm for the inlet pressure of 6 and 8 torr, respectively.

As the %ow rate is increased to 1 slpm, the minimum inlet pressure, 13 torr, is higher than that of
0:455 slpm. The particle collection e;ciency curves shown in Figs. 5(c) and (d) follow the similar
trend as in the previous &gures. That is at the same inlet pressure, design 1 has higher collection
e;ciency than design 2, and inlet pressure has a very important e<ect on particle collection e;ciency.
When the inlet pressure is increased from 13 to 20 torr, the cuto< diameter increases from 120.5 to
411 nm for design 1, and from 145.5 to 600 nm for design 2.

When compared to the present theory, Eqs. (8) and (9), it is found that experimental collection
e;ciency is much lower, and the experimental cuto< aerodynamic diameter is much larger for
all particle diameters. This is due to the Reynolds number e<ect (Kao & Tsai, 2001; Moore &
McFarland, 1993) as pointed out in the previous section. Thus, the cuto< aerodynamic diameter has
to be correlated with the %ow Reynolds number, in a form similar to the right-hand side of Eq. (15)
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Fig. 5. Particle collection e;ciency versus particle diameter (a) Q= 0:455 slpm, design 1; (b) Q= 0:455 slpm, design 2;
(c) Q = 1 slpm, design 1; (d) Q = 1 slpm, design 2.

but with di<erent empirical constants. It is found that the following cuto< aerodynamic diameter,
dpa50, adjusted empirically from Eq. (9) by the %ow Reynolds number gives good agreement with
the experimental data:

dpa50 =

√
9 (r2max − r2min)

2(B − Nw)
8�n�Qr2minN

2C
× exp(−0:276 ln(Ref ) + 1:18); (23)
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where the %ow Reynolds number is now de&ned as

Ref =
"(rmax − rmin)Ua

 
(24)

and Ua is the average axial velocity through the cyclone vane.
Fig. 6 shows the comparison of theoretical cuto< aerodynamic diameter with the experimental

data. As can be seen, the original theory, Eq. (9), underestimates the cuto< aerodynamic diameter
substantially at low %ow Reynolds number of Ref = 6:4 for 0:455 slpm, and Ref = 14:1 for 1 slpm.
At Ref = 6:4 and 14.1, the experimental cuto< aerodynamic diameters are 2.7 and 3.4 times the
theoretical values. After correlating with the %ow Reynolds number, it is found that Eq. (23) is
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able to predict the cuto< aerodynamic diameter at di<erent inlet pressures, %ow rates and cyclone
designs.

5. Conclusions

An axial %ow cyclone with an inner diameter of 3:0 cm was designed and tested to remove &ne
particles at low pressure (6–23 torr) and low %ow rate (0.455 and 1:0 slpm) conditions. Pressure
inside the cyclone was found to have a considerable e<ect on the particle collection e;ciency. At
lower pressure, the particle collection e;ciency was also found to be higher. The cyclone with
higher pressure drop has higher collection e;ciency. At a &xed inlet pressure, higher pressure drop
of design 1 with one 3-turn vane was found to have a higher collection e;ciency than design 2
with three half-turn vanes. At lowest achievable pressure of 6 torr at the %ow rate of 0:455 slpm in
this study, the axial %ow cyclone of design 2 is able to remove particles below 100 nm e;ciently,
and the cuto< aerodynamic diameter is 43:3 nm.

Theoretical prediction of cuto< aerodynamic diameter was found to agree with published experi-
mental data in the literature at ambient conditions. However, at vacuum and low %ow rate conditions,
experimental collection e;ciency was found to be much lower than theoretical e;ciency. Based on
the experimental data, a semi-empirical equation incorporating the %ow Reynolds number was de-
veloped to predict the cuto< aerodynamic diameter with good accuracy at di<erent inlet pressures,
%ow rates and cyclone designs.

This low %ow rate axial %ow cyclone is applicable for &ne particle removal in the low pressure
exhaust gas of reaction chambers, such as in the semiconductor and optoelectronic industries. In the
future, it is worthwhile to study the e<ect of particle loading in the cyclone and particle material on
the particle collection e;ciency.
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