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In this study, an axial flow cyclone was designed,
fabricated, and evaluated at different conditions of air
flow rates (Qy) and low-pressure environments (P), especially
for the segregation and collection of ultrafine particles.
An evaporation/condensation type of aerosol generation
system consisting of tube furnace and mixing chamber was
employed to produce test aerosols. The test aerosol was
then classified by a differential mobility analyzer (DMA) and
number concentration was measured by a condensation
nuclei counter (CNC) and an electrometer upstream and
downstream of the cyclone, respectively. The s-shaped
curve of the collection efficiency in submicron particle size
range was obtained to be similar to the traditional
cyclone found in the literatures when the particles were
largerthan 40 nm at @y = 1.07, 0.455 L(STP)/min, and P=4.8—
500 Torr. The curve was found to be fitted very well by

a semiempirical equation described in this paper. For particles
smaller than 40 nm, however, the collection efficiency
was unusually increased as the particle diameter was
decreased due to the fact that the diffusion deposition
becomes the dominant collection mechanism in the low-
pressure conditions. A model composed of centrifugal force
and diffusion deposition is presented and used to fit the
experimental data. The cyclone was demonstrated to separate
and collect ultrafine particles effectively in the tested
vacuum conditions.

Introduction

Nanotechnology has the potential to profoundly change our
economy, to improve our standard of living, and to bring the
next industrial revolution (1). Nanopowder production is one
of the key technologies. Particle separation and collection
play a very important role in the production process. In
addition, particle contamination affects the product yield of
semiconductor and optoelectronic manufacturing also cre-
ates a clogging problem of the pumping line. The manu-
facturing processes involve many kinds of chemicals, gen-
erating particulate matter such as SiO, and toxic As particles.
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In Taiwan, most of the companies currently install local
scrubbers for the treatment of gaseous pollutants. However,
fine and ultrafine particles often pass through the control
equipment and deposit on the inside surface of the pumping
line, eventually resulting in obstruction of the vacuum pump
and process operation. There are several other devices that
have been developed to collect ultrafine particles. For
example, Kulkarni et al. (2) modified an electrostatic pre-
cipitator by enhancing the charging efficiency of the nano-
particle. Tsai et al. (3) developed an axial flow cyclone to
capture fine particles at low-pressure conditions.

A cyclone is a simple control device for particle collection.
The traditional cyclone has cutoff aerodynamic diameter
larger than 1 um at atmospheric pressure. Theoretically, a
cyclone is able to separate and collect ultrafine particles in
vacuum conditions. However, to the best of our understand-
ing, there is a lack of published experimental studies. Kuo
and Tsai (4) have compared theoretical collection efficiency
with experimental data for tangential-inlet cyclones. They
report that there are no theoretical collection efficiency data
that can fit the experimental data very well from the known
literature. They also suggest that a fluid Reynolds number
(Rey) significantly affects particle collection efficiency and
that Rey is defined by
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where p is the density of air, Ui is the inlet velocity, D is the
diameter of the cyclone body, D, is the diameter of the cyclone
outlet, and x is the dynamic viscosity of air. Kuo and Tsai (4)
and Moore and McFarland (5, 6) have compared experimental
data from different literature and concluded that the
logarithm of dimensionless cutoff aerodynamic diameter (In
W) is proportional to the logarithm of the Reynolds number
(In Rey). The mentioned dimensionless cutoff aerodynamic
diameter (W5o) is denoted as follows:

IIJ50 = \/EDpaSO/D (2)

where D5 is the cutoff aerodynamic diameter and C is the
slip correction factor.

Liu and Rubow (7) have studied particle losses and
collection efficiencies of a cascade axial flow cyclone at 30
L(STP)/min. The W5, is presented as 12.2, 7.9, 3.6, 2.05, and
1.0 um. Weiss et al. (8) have designed two axial flow cyclones
for dust sampling in workplace. The W5 is 4.8 and 3.0 um
at the flow conditions of 8 and 50 L(STP)/min, respectively.
Vaughan (9) has invented several types of cyclones, and the
cutoff aerodynamic diameters are between 1.6 and 6.5 um
when the flow rate is from 1.24 to 3.75 L(STP)/min. Maynard
(10) has designed and studied cyclones based on the
simplified assumptions of flow field and particle motion.
The referred studies are limited to ambient conditions and
for fine or coarse particle collection. Bai and Biswas (11)
developed a deposition model for log-normally distributed
aerosols onto cylindrical surfaces in cross-flow. The Bai—
Biswas model considered diffusion, thermophoresis, and
coagulation for submicron aerosol without inertial force
effect. An axial flow cyclone has been developed in an earlier
study (3) for the capture of fine particles, and an empirical
model has been established. In this paper, the experiment
and model are extended to account for both inertia and
diffusion effects in the range of ultrafine particles.
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Theoretical Model

In the previous study (3), the particle collection model has
been derived for an axial flow cyclone considering the
centrifugal force only. The governing equation for the steady
state takes the following expression in cylindrical coordinate:
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The air flow is pseudo-steady-state with respect to axes
moving with a mean velocity vy, and the concentration
gradient in z direction (dc/dz) is independent of r axis. v, is
the particle radial velocity. To obtain unique particle
concentration (c¢) and diffusion coefficient (D), we assume
that particles are monodispersive and particle—particle
interactions are neglected. Therefore
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where P means pitch of vanes, t = dpa?c/18u is the particle
relaxation time, dy, is the aerodynamic diameter of particle,
u is viscosity of air, and C is the slip correction factor. Tsai
et al. (3) has derived the tangential gas velocity in the vane
section (vy) as
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and the steady-state particle radial velocity (7,) as
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Particle Deposition Due to Centrifugal Force. If cen-
trifugal force dominates the deposition mechanism (i.e., D
< 174%), then eq 4 can be written as
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To integrate the above equation over r, the solution is given
as
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which satisfies the boundary condition at r = rmay that ¢ =
0. The average concentration of particle over the cross section
of vane of cyclone is defined by
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On integrating eq 8 for ¢ over r using the definition of eq 9,
we have
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To further extend the collection model, we integrate the above
equation with respect to z and get the overall penetration
(Pen) expression as
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where ¢ is a fitting constant that gives the best agreement
between the theoretical particle collection efficiencies and
the experimental data. n¢ is the total number of turns of the
particle in the cyclone. The assumption is on the basis of
same velocities between vane section and body section in eq
11. St = 106/ (Fmax — Tmin) is the Stokes number. ¢;, and couc are
particle concentrations atinlet and outlet, respectively. Hence
particle collection efficiency () can be expressed as
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At the condition 47rminnESH (NP/ (P — Nw))/ (Fmax + Tmin)/
2} <1, eq 12 is reduced to the following expression:
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which is similar to the expression derived by Tsai et al. (3).
Setting the particle collection efficiency () as 0.5 in eq 12,
the cutoff diameter (dyso) is written as
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which is also similar to the expression derived by Tsai et al.
(3). To substitute eq 14 into eq 12, the particle collection
efficiency can be written as
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where d,,5, = dpaso/v/In2. dyas0 1s approaching to the
expression (denoted as eq 9 in the original article) derived
by Tsai et al. (3), while vane thickness is ignored (that is, w
— 0, and then P — Nw/P — 1).

Particle Deposition Due to Diffusion. If diffusion effect
dominates the deposition mechanism (i.e., D > 17?), then
eq 4 can be written as
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Several researchers have studied (12—17) or summarized (18)
the model of particle deposition on the inside surface of
circular tube by diffusion at steady state. Same as the above
assumption of pseudo-steady flow, we integrate eq 16 with
respect to the r axis. Therefore
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where A and B are integration constants. Using the boundary
conditions
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eq 18 is solved and rearranged to give the equation
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Taking average of eq 20 over the cross section of vane of
cyclone using the definition of eq 9, we have
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The overall penetration of cyclone is further expressed as
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where L is the effective length of cyclone. Equation 23 is
similar to the governing equation of diffusion battery with
annular tube and can be solved. The solution (only being
taken a term of series) is written as
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To compare eq 23 to eq 24 in our study case (Fma = 1.5 cm
and rmin = 1.0 cm), eq 23 can be simplified as

C, 8ar, . .IN
Pen — _Out — eXp — - min 15 DL
Cin V(P = Nw) r, 2 —y, .2
= exp(~15 x 4”5L) (25)

where a factor of 15 is found in the numerator of the exponent
term relative to annular tube.

Deposition by
centrifugal force

Deposition by

Cin diffusion

FIGURE 1. Particle collection of cyclone using the method of
decomposing deposition effects due to centrifugal force and
diffusion.

Particle Deposition Due to both Diffusion and Cen-
trifugal Force. Obviously, there is a region where both
diffusion and centrifugal force are important. The govern-
ing equation of eq 4 describes this region and is rewritten
as
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where Pe = t042/D = (t06*/ I'min) Tmin/ D = Uilmin/ D is the
Peclet number. The Peclet number is a measure of domina-
tion mechanism between convection diffusion and
molecular diffusion. To better fit the data and explain
the collection mechanism, a modified model (that
means no interaction between centrifugal force and
diffusion effect) of the cyclone capturing ultrafine
particles is derived. Figure 1 shows the idea of the
modified model. The number concentration of air-
borne particle is decreased from ci, to cou Wwhen the aerosol
flow passes through the cyclone. The overall collection
efficiency of cyclone is hence calculated by the following
expression:
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In a typical theory of cyclone, the mechanism of particle
collection is the centrifugal force caused by the vortex of air
flow. In the modified model shown as Figure 1, we assume
that particle deposition is not only due to centrifugal force
but also due to diffusion effect for ultrafine particles in
vacuum conditions. Furthermore, the two mechanisms are
acting independently and affecting particle collection in
series. In another word, the interaction between centrifugal
force and diffusion is ignored. Therefore eq 27 can be
rewritten as follows:

oo . Cout C1
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where Peydiffision and Pe,centrifugal are the penetration of particle
due to diffusion and centrifugal force, respectively. c, is the
number concentration in a virtual point of the cyclone.
Peyeentifugal ig directly obtained from eq 12 or eq 15 (PepSentrifugal
= 1 — peenvifugal) On the other hand, Pe,diffusion is calculated
from eq 23. Gormley and Kennedy (12) have solved a steady-
state equation of particle diffusion from a laminar pipe flow

VOL. 39, NO. 5, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1301


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/es0491735&iName=master.img-000.jpg&w=226&h=52

compressed air
e M ass Tlow
z controller
(- plpdeedoly  psSetssclsiakeisi 1
|l | 110
| T 1 Classifier | 1
LB S | = I
<] Ao wmeter ] Mass | 1
: g Q2 | ? B || ewmeter ()
e
3
| e e RS ER) Q ]
e a ot ...l.- e Zhariains compressed air
£ shedth air l
e o )
Mixing L Q QJ Vacuum pump
chamber 9:::::0 SO "
Mass E'
flowmeter L_J
4 —_— ! !
aerosol Cydone
(B A
data + I
- _‘|——— |5£“
= LD—U i
Note book CPC Take Electrometer

FIGURE 2. Schematic diagram of the cyclone efficiency test system.

and is expressed as an infinite dimensionless series (vari-
ables are rewritten by authors):

P C,
p, diffusion — “OU — () 819 exp(—3.6611) + 0.0975
G

exp(—22.3I1) + 0.0325 exp(—57I1) + ...

for IT = #DL/Q > 0.02

e C,
Pendlffusmn — CO_Ut =1— 2.56H2/3 4+ 1.2I0 + 0.1767H1/3 4
1

for IT=nDL/Q < 0.02 (29)
where Q is the volumetric air flow rate through the cyclone.

To integrate eq 26 with respect to the r axis, we have the
following expression:
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where E and Fare integration constants. Using the boundary
conditions ¢ = 0 at r = rmax and 'min, €q 30 can be solved and
expressed as follows:
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Using the definition of eq 9, the average concentration of
particle over the cross section of vane of cyclone can be
written as

1302 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 5, 2005

- 2 2
-1 P— Nwﬁa_é Tmax — "min frlnax
r..2— rmmZ) 2nr,,; N D dz 2 — Pe "

max
2 Pe e
rmax - 7'2 _ rmax - rP d ,2
r 2 2 Pe Pe

Tmax min

min

max Tmin

— -1 P_NLUEB_E (rmaxz_ rminz)

2 — Pe2nr, ;N D 9z 2

Pe(rmax2 - rminz) rmaxpe - 2rminz(rmaxpe - rminpe) 33)
2+ Pe) (Fnax = T )

min

The solution is given as
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where the boundary conditions ¢ = ¢, at z = 0 has been
introduced. Taking Pe approach to zero, where diffusion
dominates the deposition mechanism, eq 34 can be reduced
to eq 23. Here we use the relation
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In the opposite limit, eq 34 is closed to eq 11 while Peis large
enough. If we use the two limits (eqs 11 and 23) of penetration
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FIGURE 3. Typical size distributions of the generated test aerosol used to evaluate the cyclone collection efficiency.

to predict the curve in whole range, the ideal penetration of
cyclone can be calculated as

— diffusion centfigual
P en P en P en
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(Fmax T Tmin ) B 1
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where d,a50 (see eq 14) is the centrifugal cutoff aerodynamic
diameter in the range of deposition region due to centrifugal
force. dpaso,dgifiusion @s expressed in the following

_ 4nCkTC
Apas0,diffusion = 3QuIn2 (37)
is the diffusive cutoff aerodynamic diameter in the range of
diffusion deposition region.

Experimental Section

For the measurement of the cyclone collection efficiency, a
test system was constructed as shown in Figure 2. The system
includes three parts: aerosol generation, aerosol classifying
and monitoring, and efficiency measurement of control
device (cyclone). The aerosol generator, used in this study,

isan evaporation/condensation system. In the configuration,
filtered compressed air passes through a ceramic tube heated
externally by a horizontal tube furnace. A ceramic boat
containing oleic acid is located inside the tube. At the
operating temperature of 190 °C, oleic acid (boiling point is
360 °C) exits as vapor due to its vapor pressure. The vapor
of oleic acid provides a source of aerosol. The carrier gas
with the aerosol source is then introduced into a mixing and
dilution chamber to form liquid droplets of oleic acid by
condensation mechanism. The polydisperse aerosol obtained
from the generation system passes through an electrostatic
classifier (TSI Inc., model 3071) to generate the desired
monodisperse aerosol. A scanning mobility particle sizer
(SMPS, TSI Inc.) is employed to measure and monitor the
aerosol size distribution and number concentration. The
aerosol flow passes an orifice (O’Keefe Controls Co., V-9)
limiting the flow rate at 0.455 L(STP)/min and enters the test
system composed of a tube and a cyclone in parallel. An
electrometer (TSI model 3068) is used to measure the currents
carried by the test aerosols downstream of the tube or cyclone.
The measured collection efficiency () of the cyclone is
calculated from the following equation:

Icyclone(dp)

38
Itube(dp) ( )

n=1-

where Icyone and Iupe are the currents as the aerosol flow
passes through the cyclone and the tube, respectively. A
vacuum pump (0B32-1010m, Alcatel Vacuum Technology,
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FIGURE 4. Experimental data and theoretical collection efficiency curve of the designed cyclone for particles lager than 40 nm at 0.455

L(STP)/min: (a) efficiency vs dy.; (b) efficiency vs dya/dpaso.

France; nominal pumping capacity, 600 L/min) and pressure
gauges (MKS Baratron type, 626A13TAE, 1000 Torr max; and
MKS Baratron type, 626A11TAE, 10 Torr max) were connected
to keep the low pressure and to monitor the pressure in the
test system, respectively.

Results and Discussion

The information of the test aerosol larger than 50 nm was
shown in the previous study (3). The size distribution and
number concentration of the generated nanoparticles are
shown in Figure 3. Table 1 summarizes the characteristics
of the nanoparticles used to evaluate the cyclone collection
efficiency. The NMD ranges from 8.8 to 51.6 nm, and the
GSD ranges from 1.08 to 1.10, respectively. The total number
concentration increases from about 5.6 x 10? to 3.7 x 10°
no./cm? as the particle diameter increases from 8.8 to 51.6
nm.

Figures 4 and 5 compare the experimental data of particle
collection efficiencies with the calculated results using eq 15
at various pressures and flow rates. rmax and 7min, the inner
radius of the cyclone and the radius of the vane spindle, are

1304 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 5, 2005

1.5 and 1.0 cm, respectively. The s-shaped curves of cyclone
collection efficiency are observed for particle larger than
about40 nm. The calculation results from the previous study
(3) are used for dpas0. The present model (eq 15) fits very well
with the experimental data as shown in Figures 4a and 5a.
Especially, the present model can generally fit the experi-
mental data with the same curve in varying pressure
conditions, as shown in Figures 4b and 5b. The curve has
been displayed in the way as the collection efficiency (») is
afunction of dy,a/ dpaso, which is the general curve for different
test conditions considering centrifugal force only. In fact,
Figures 4b and 5b can be combined as the same collection
efficiency curve as explained in eq 15. It is the same as the
previous study (3), a fitting constant ¢ is introduced to match
the theoretical model (eq 14) with experimental data.
Figures 6 and 7 show the trends of derived models
considering centrifugal force and diffusion deposition. As
particle diameter (dp) increased and then the dimensionless
parameter Pe (Pelect number) approaches infinite, the
centrifugal force dominates. In the opposite limit, that is Pe
close to zero, the diffusion effect dominates. In the two limits,
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FIGURE 5. Experimental data and theoretical collection efficiency curve of the designed cyclone for particles larger than 60 nm at 1.07
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the collection efficiencies are up to 100%. Both inertia and
diffusion mechanisms are considered when Pe is close to
unity. In this case, the minimum collection efficiency is
observed from the model and experiment.

Figure 6a shows the curve of the modified theoretical
model considering both centrifugal force and diffusion
deposition as described in eqs 34 and 36) at varying pressure
and a fixed flow rate of 1.07 L(STP)/min. The model shows
that there are different curves of cyclone collection efficiency
at various pressures in the region of centrifugal force
domination. However, the above-mentioned curves are close
to an identical curve when the particle diameter decreases
so that the dominated effect is changed to diffusion deposi-
tion. Figure 6b shows the curve of the modified theoretical
model considering both centrifugal force and diffusion
deposition at varying flow rate and a fixed pressure of 5 Torr.
Similar results as shown in Figure 6a were observed in the
curves of Figure 6b. In the transition region, the efficiency
calculated by the simplified model (eq 36) is higher than that

TABLE 1. Summary of the Characteristics of the Nanoparticles
Used To Evaluate the Cyclone Collection Efficiency?

item NMD? GSD¢ total concn (no./cm3)
1 8.8 1.09 55911
2 9.8 1.10 24799
3 10.6 1.08 74 203
4 12.1 1.08 88 133
5 12.6 1.08 146 908
6 12.9 1.08 334 430
7 18.9 1.08 230 664
8 28.2 1.09 137 851
9 40.6 1.09 52 322
10 47.6 1.10 319771
1 46.6 1.09 60 275
12 51.6 1.10 368 814

2 The system pressure is at 1 atm atthe inlets of cyclone and reference
tube (see Figure 2). The flow rates of carry air in furnace, inlet, and
outlet of classifier (TSI 3071) are all kept at 1.3 or 0.755 L(STP)/min
(depending on the requirement of cyclone test). The flow rate of SMPS
(TS13080/3081) is 0.3 L(STP)/min. The flow rate of cyclone or reference
tube is kept at 1.0 or 0.455 L(STP)/min by orifice. > NMD = number
median diameter. ¢ GSD = geometric standard deviation.
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FIGURE 6. Theoretical model considering both centrifugal force and diffusion deposition at varying pressure (a) and at varying flow rate

(b).

calculated by the theoretical model (eq 34). The maximum
deviation is about 12%.

As compared with the same dimension of annular tube
and based on the designed dimensions, rm. = 1.5 cm and
min = 1.0 cm, of our axial flow cyclone, a factor of 15+ Pe
is found in numerator of exponent term of eq 36 relative to
eq 24, a penetration of a straight annular tube with plug
flow. To recall eq 26, three main mechanisms dominate
behavior of particles, that is axial convection, radial convec-
tion, and diffusion. Axial and radial transportation competi-
tion between the left and right sides of eq 26 is the key factor
determining the capture efficiency of particles. The criterion
for the largest efficiency is the maximum value of both radial
terms on the right side of eq 26 as compared with the axial
convection term on the left side. Alternatively, it might be
expressed as the characteristic times including radial diffusion
time (rmax? — min2) /D, radial convection time (rmax — Fmin) / Ur
= (Fmax — Tmin)/ (t06*/ Tmin), and axial convection time L/7, =
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L/ (09(P — Nw)/2xrminN). Here L is the length of the cyclone.
Therefore, the criterion to ignore radial convection may be
written as

T
Q_ st < min

Pe<1pL L

(39)

To ignore radial diffusion, the criterion may be expressed as

Pe St
—_ (40)
L rmax + rmin
or
Pe> St 41)

when L is approximately equal to rmax O Fmin.
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FIGURE 7. Comparing the experimental data with the theoretical model for different pressures at the same flow rate (a) 1.07 L(STP)/min,

(b) 0.455 L(STP)/min. P = 5 Torr.

Another limit is the radial flow in a stationary medium.
In the case

ro.
Q_  gp min

Pe> o bL L

(42)

This means that the relative changes in radial concentration
are large because the particles rapidly deposit on the wall;
that s, the radial concentration gradient is high. In the other
case, the radial diffusion time must be shorter compared
with the axial convection time. The statement leads to the
following condition:

St
—L (43)
L Tmax + Tmin
If St > rmin/L and St > (Pe/L)(fmax + T'min) Simultaneously
exist, the capture efficiency of a cyclone can be kept at a high
level regardless if the particle diameter is large or small.
However, such a cyclone is sometimes difficult to design or

unrealistic because of the economic reasons, the energy
consumption is too high, or the tube is too long. The easier
choice is to keep one of the above conditions only. The former
is the design of a traditional cyclone; the latter is the design
of a diffusion battery. In our designed axial flow cyclone, the
range of low efficiency in the transition region is reduced
while the pressure is decreased (Figure 7).

Figure 7a shows the experimental results of particle
collection efficiencyat 1.07 L(STP)/min. The range of particle
diameter is from 6.85 to 100 nm. Figure 7b shows the
experimental results of particle collection efficiency at 0.455
L(STP)/min. The range of particle diameter is from 9.82 to
313 nm. In the figure, the centrifugal cutoff aerodynamic
diameters used in eq 36 are obtained by eq 14, and the
diffusive cutoff aerodynamic diameters are calculated by eq
37. Here, the fitting constant { was assumed to be 1.5, which
is suggested by Tsai et al. (3). As shown in Figure 7a, the
measured collection efficiency is increased to 38% as the
particle diameter is decreased to 6.85 nm due to the diffusion
deposition in the nanoparticle size range. Figure 7b shows
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similar results, which has a collection efficiency of 40% as
particle diameter is equal to 9.82 nm. Vacuum pressures at
the inlet (before the vane) and outlet (after the vane) of the
cyclone were measured. At 1.07 L(STP)/min, the highest
vacuum achieved is 11.3 Torr at the cyclone body, and the
pressure drop (inlet pressure minus body pressure) is 3.5
Torr. The pressure drop decreases with an increasing cyclone-
body pressure. At the body pressure of 500 Torr, the pressure
drop becomes less than the lower limit of pressure gauge.
Higher vacuum is achieved at lower volumetric flow rate. At
0.455 L(STP)/min, the highest vaccum achieved is 4.8 Torr
at the cyclone outlet, and the pressure drop is 1.9 Torr. In
this study, the outlet pressure was used to calculate particle
collection efficiency from eqs 34 and 36.

On the basis of the modified model as shown in Figure
1 and described by eqs 28 and eq 36, the present experimental
data were fitted with the model and shown in Figure 7. Here
egs 11 and 29 have been multiplied by the fitting constant
¢. Figure 7, panels a and b, shows the collection efficiencies
splitting into different curves at the region where centrifugal
force dominate the deposition mechanism. However, the
collection efficiencies were approaching the same curve when
the diffusion deposition dominates. This is due to the pressure
effect on diffusion coefficient of the particle that increases
the collection efficiency. The modified model expressed in
eqs 28 and 36 has been demonstrated to effectively explain
the particle deposition phenomena of the new cyclone,
especially in the nanoparticle size range.
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