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An axial flow cyclone for removing nanoparticles was
tested for collection efficiency. Data were validated
numerically in vacuum conditions of several Torrs, with
flow rates of 0.35—0.57 slpm. The experimental cutoff
aerodynamic diameter of the cyclone ranged from 21.7 to
49.8 nm. A 3-D numerical simulation was conducted

first to calculate detailed flow and pressure fields, then a
Brownian Dynamics simulation was done to determine
the collection efficiency of nanoparticles. Both centrifugal
force and Brownian diffusion were taken into account.
The simulated results for both pressure drop and cutoff
aerodynamic diameter are in good agreement with

the experimental data. In comparison, previous theories
using simplified tangential flow field assumption are not able
to predict collection efficiencies accurately. The numerical
model developed in this study can facilitate cyclone
design to classify valuable nanopowders below a certain
diameter, or to remove toxic nanoparticles from the vacuum
exhaust of process chambers commonly used in high-
tech industries.

Introduction

Cyclone separators are well-known dust separators or particle
sampling devices whose operation is based on particle
centrifugal force created by the vortex flow in the cyclone.
The two most commonly used cyclones are tangential and
axial flow cyclones, which are classified according to the
entry direction of the gas stream. Research studies on
tangential flow cyclones have extensively examined cutoff
diameter (I—3) and collection efficiency (1—2, 4—7). After
reviewing theories and comparing them with published
experimental data (3, 7, 9—11), Kao and Tsai (8) concluded
that none of the existing theories predicts the cutoff diameter
and collection efficiency accurately within the whole range
of the flow Reynolds number, which is based on the
dimension of the cyclone radius minus the exit-tube radius.

In contrast, only a few researchers have studied the axial
flow cyclone, such as the experimental work of Liu and Rubow
(12), Weiss et al. (13) and Vaughan (14), and the theoretical
work of Maynard (I15). These researchers studied the axial
flow cyclone operating in ambient conditions. Liu and Rubow
(12) developed an axial flow cascade cyclone at a design flow
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rate of 30 slpm for sampling particles of high concentration,
with cutoff aerodynamic diameters of five stages at 12.2, 7.9,
3.6, 2.05, and 1.05 um, respectively. Maynard (15) was the
first to theoretically study particle penetration of the axial
flow cyclone operating at ambient pressure. He proposed an
implicit equation for particle penetration based on the
assumption that particle collection mainly occurs in the vane
and body sections. The equation predicts the cutoff aero-
dynamic very well at ambient pressures for the geometry
and flow rates studied.

Tsai et al. (16) designed and tested an axial flow cyclone
to remove nanoparticles operating in vacuum conditions of
several torrs. The inner radius of the cyclone (rma) and the
radius of the vane spindle (rmin) were 15 and 10 mm,
respectively. The cutoff aerodynamic diameter of the cyclone
was found to be 43 nm, when the cyclone inlet pressure (Pi,)
is 6 torrs at a flow rate of 0.455 slpm. Tsai et al. (I16) also
proposed a theoretical equation based on the volumetric
flow rate, the geometry of the cyclone, the properties of the
carrying gas, and the pressure in the cyclone to predict particle
collection efficiency. The tangential flow profile in the vane
section was assumed to be plug flow. The cutoff aerodynamic
diameter D50 for the cyclone with N vanes was derived to
be
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Where u is the fluid dynamic viscosity [Ns/m?], B is pitch of
vanes [m], w is the vane thickness [ml], ppo is unit density
(1000 kg/m3), 4o is the mean free path of air molecules at
standard conditions [m], Qo is the standard volumetric flow
rate [m?/s], Py is the average of the pressure at the cyclone
inlet (Py) and outlet (Poy) [Torr], P is 760 Torr and ng is
the totalnumber of turns of a particle in the cyclone, assuming
that the vortex makes n turns in the vane and additional
n(¢-1) turns downstream from the vane. ¢ was chosen to be
1.5 to give the best fit to the experimental data. The equation
agrees well with the experimental data (12—14) in ambient
conditions. However, at low-pressure conditions, the equa-
tion predicts much smaller cutoff aerodynamic diameters
than the experimental data. The flow Reynolds number was
shown to be an important factor that must be included in
atheoretical equation to predict Dpaso accurately. An empirical
equation based on the flow Reynolds number was therefore
proposed by Tsai et al. (16) to predict the cutoff aerodynamic
diameter.

Hsu et al. (17) studied the particle collection efficiency
theoretically and experimentally using the axial flow cyclone
designed by Tsai et al. (16). The authors derived an equation
to predict the particle collection efficiency in which both
centrifugal and diffusional forces were taken into account.
Similar to Tsai et al. (16), plug flow assumption was made
for the tangential flow in the vane section. The collection
efficiency derived by Hsu et al. (17) is
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where the centrifugal cutoff aerodynamic diameter D50 is
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and the diffusive cutoff aerodynamic diameter Dpaso,gifr is

4nlkT
D pa50,diff — 385“% (@]
where Cis the slip correction factor, kis boltzmann’s constant,
and T'is the absolute temperature [K]. For a flow rate of 0.455
slpm and cyclone pressure of several Torrs, eq 2 predicts
centrifugal force is the predominant mechanism for particle
removal when particles are larger than 40 nm in aerodynamic
diameter. For particles smaller than 40 nm in diameter,
diffusional deposition is the main mechanism. Below 40 nm,
the collection efficiency of nanoparticles increases with
decreasing particle size. Experimental data presented by Hsu
et. al (17) show similar trends, but substantial disagreement
exists between theoretical results and experimental data.
The cyclone flow field is three-dimensional and cannot
be expressed by simple equations. The simple plug flow
assumption used by Tsai et al. (16) and Hsu et al. (17) could
lead to inaccurate predictions of particle collection efficiency
or of cutoff diameter. In addition, it is not certain whether
the vortex flow after the vane section is still strong enough
for particle removal after the vane. Accurate flow field and
pressure distribution are the key factors influencing predic-
tion of particle collection efficiency and cutoff diameter.
Several researchers have numerically studied the flow fields
of tangential flow cyclones and examined the influence of
different geometries and operating conditions on their
collection efficiencies (18—23). Recently, Gimbun et al. (24)
used the CFD approach for modeling the tangential flow
cyclone. Results obtained by the authors match very well
with the experimental data obtained by Xiang et al. (25).
Given this context, this study’s main objective was to
obtain the flow field and pressure distribution in the axial
cyclone of Tsai et al. (I16) accurately by 3-D numerical
simulation first, then to calculate particle collection efficiency.
Finally, efficiency was validated by the experimental data
obtained in this study and by those obtained by Hsu et al.
(17).In addition to the centrifugal force, Brownian diffusion
was also taken into account to predict the collection efficiency
in the diffusion-controlled deposition regime.

Experimental Method

The experimental system is shown in Figure 1. Monodisperse
OA (pp = 894 kg/m?) particles between 20 and 100 nm in
diameter were generated by the atomization and electrostatic
classification technique. Polydisperse particles were first
generated by atomizing (Atomizer, TSI model 3076) 0.05 or
0.1% (v/v) OA solution. Then the aerosol flow was dried with
asilica gel drier. The dried aerosol stream was passed through
a furnace (Lindberg/Blue model CC58114C-1) at a fixed
temperature at 650 K. The stream was then mixed with dry
compressed air to produce sufficiently small particles (<100
nm). Monodisperse, single-charged particles were generated
by classifying polydisperse particles using a nano-DMA (TSI
model 3085).

The TSI Scanning Mobility Particle Sizer (SMPS) that
includes a TSI model 3022 Condensation Particle Counter
and a TSI model 3071 Electrostatic Classifier was used to
monitor the concentrations of particles in the cyclone’s inlet.
The concentrations were used to correct for the multiple
charge effect on the collection efficiency, which is typically
less than 0—5%. For the detailed correction procedure, please
refer to Tsai et al. (16).

An aerosol electrometer (TSI model 3068) was used to
measure the electric current of the upstream and downstream
aerosol concentrations in the cyclone. A critical orifice
(O’Keefe Controls 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 desired flow rate and vacuum condition, which was
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FIGURE 1. Experimental setup of the present study.

generated by a powerful vacuum pump (DUO 65, Pfeiffer,
Germany, nominal pumping speed: 70 m3/hr). The inlet
pressures at the cyclone inlet were 4.3, 6.0, 5.4, 6.8, and 7.0
Torr.

In this study, particle concentration after the bypass line
was found to be within 5% difference as compared to the
concentration after the cyclone without the vane. Therefore,
a bypass line was used to determine particle concentration
at the cyclone inlet which could 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 so that 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) downstream
of the Faraday cage, the pressure at the cyclone inlet can be
controlled.

The cyclone, spindle, and vane are shown in Figure 2(a)
and 2(b). The radius of the spindle and the inner radius of
the cyclone are 10 and 15 mm, respectively. Vane section
width and height are 5 and 4 mm, respectively.

Numerical Method

Flow Field Simulation. In order to obtain accurate pressure
distribution and flow velocity fields in the cyclone, 3-D
numerical simulation was conducted for this study. The
governing equations are Navier—Stokes and continuity
equations. Since the maximum Kundsen number was 0.01
for this study, the flow was considered as a continuum.
Steady-state laminar compressible flow was assumed, as well.
The Navier—Stokes and the continuity equations were solved
by using the Fluent CFD package based on the finite volume
discretization method. Multiblock tetra cells were generated
by the automatic mesh generation tool, Gambit. The total
number of cells used was about 1 000 000 in the calculation
domain, which includes the inlet and vane sections, the
chamber after the vane, and the outlet tube as shown in
Figure 2. 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. It was found that increasing the number of cells
to 1 400 000 did not change the value of tangential velocity
by more than 0.3—1.2%. Hence, a fixed cell number of
1 000 000 was used in this study.

The convergence criterion of the flow field calculation
was set at 1076 for the summation of the residuals. The total
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FIGURE 2. Schematic diagram of (a) cyclone (b) spindle and vane. (Unit = mm. The r—z coordinate and the dimension are also indicated.)

number of iterations was about 1000 and the time required
to reach convergence was about 240 min. Non-slip condi-
tioning was applied to 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. A fixed pressure, based
on the experimental data. was assigned to the outlet boundary

Particle Collection Efficiency Simulation. For computing
collection efficiency, the Lagrangian method was used for
calculating particle trajectories. For each particle diameter,
particle trajectories of 10 000 particles uniformly distributed
in the inlet were calculated. When a particle touched the
wall of the cyclone it was assumed to have been collected
by the cyclone. Neither bounce-back nor resuspension of
previously deposited particles were taken into account. The
collection efficiency was calculated as the number of particles
deposited in the cyclone divided by the number of particles
entering the cyclone, or 10 000. This number was chosen to
obtain reliable results in a reasonable computational time.

For small particles, the stochastic momentum exchange
with bombarding gas molecules becomes significant. Brown-
ian dynamics method was used to include the influence of
diffusive motion on particle deposition. The equation of
motion of the particle can be written as the following Langevin
equation:

— P{D) + F(ext) + P\(B) (5)

where m is the particle mass, v is the particle velocity, FP
is the drag force on the particle, F* denotes the external
force, and F® is the rapidly fluctuating, random force
resulting from the particle bombardment by gas molecules.
Thus F® can be defined as

F® = mA(p (6)

where A(t) is the random acceleration of the particle. In this
study, no external force was considered other than gravi-

tational; however, gravity was found to be negligible com-
pared to the drag force. The drag force is given by

3nud,

FP = (u—v) @)

where u is the local fluid velocity, d,, is the particle diameter,
w is fluid viscosity, and C is the Cunningham factor which
can be expressed as

CcC=1+ (ZA)[1.257 + 0.400 exp(*0.55 di)] 8)

P P

where 1 denotes the mean free path of air molecules.

The Brownian Dynamics (BD) method was established
by Chandrasekhar (26) for Stokesian particles in a stationary
fluid (w = 0) and force-free field (F*Y = 0). The Chan-
drasekhar’s first lemma was

R= ["p@F ©/mds ©)

The function vy (§) was defined to be

= 10)

where 7 is the particle relaxation time

P& =1 = [exp|

ppdp C

18u (11)

pp is the particle density. Then the probability distribution
of R is given by
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From eq 12, expected values of particle displacement in the
ith direction <AL;> and its velocity change <Av;> during
time interval At can be found as
<AL;> = vzl — exp(—At/7)] (14)
<Av;> = y;[1 — exp(—At/7)] (15)

The standard deviations of displacement o;; and particle
velocity change o,; has been derived to be

0, = /(1 — exp(—2At/7)) ky T/ m (16)

0L =
x/(ZAt/r — 3+ 4 exp(—At/t) — exp(—ZAt/r)kBT/(m/rz)
amn

In this study, extension of BD in the case of moving fluid
with external forces derived by Podgorski (27) was used.
Integration of the Langevin equation for a time interval small
enough so that the host fluid velocity u# and external forces
F*9 may be assumed constant over (t, ¢ + Af), gives the
following bivariate normal density probability distribution
function, 9i(Av;, AL),

9(Av,AL) =

1 1
————exp{ ———
2‘77:0111‘0'Li\/ 1- Pe { 2(1 - pcz)

(Au,. - myiaz 20.(Av; — AVD(AL; — AL
+ - +
AL; — ALY
or,

ol
} (18)
where p. is the coefficient of correlation.
The distribution may be rearranged to a more convenient
form as the product of two Gaussian distributions:

0yi0Li

9(AV,AL) =
[ 1 (Avi — <Av>
exp|— =

2
1
2 in ) ]][ ,2.7[(1 _ pCZ)O_Li

1 (ALi — <AL> — poy(Av; — <Av> )l oy)\?

exp|— =
oy 1- pcz

2
The expected values of particle velocity change <Av;> and
the linear displacement <AL;> are then equal to

1
V2mo;

(19

<Av> = [u; — v; + E/(mID][1 — exp(—At/D)]  (20)

<AL> = [u; + Fi(ex”/(m/'c)]At—

(1 — exp(—At/D)][y; — v; + F“?/(m/7)]r (21)
while standard deviations, o,;, o1, are calculated by eq 16

and 17, respectively. The coefficient of correlation, p, is
defined as
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p. = (1 — exp(—At/)? [(1 — exp(—2At/7)) 2AtIT — 3 +
4 exp(—At/1) — exp(—2At/7))] ~ ' (22)

We can therefore formulate the following generalized algo-
rithm for the Brownian dynamics simulation. For a given
initial particle position and its initial velocity components,
v;, at a moment ¢, we calculated the fluid velocity, u; and the
external forces, F{®V. Then, we calculated expected values
<Av;>, <AL;> from eqs 20—21, the standard deviations o,
o, from eqs 16—17, and the correlation coefficient, p. from
eq 22. Next, we generated two independent random numbers,
Gui, Gy, having Gaussian distribution with zero mean and
unit variance. Finally, we calculated the change of the particle
velocity, Av;, and the particle linear displacement, AL; during
the time-step At from the expression accounting for deter-
ministic and stochastic motion as

Av;= <Av> + G0 (23)

Vi vi

AL;= <AL> + p.G,01;+ (1 — pDGoy;  (24)

All the above steps are repeated for each coordinate, i = 1,
2,3.Having determined the increments Av;and AL;according
to eqs 20—21, the new particle velocity vi(t + Af) = v; + Av;
and the new particle position is calculated. After completing
this one-time simulation step, the next step was performed
in the same way. The time step was calculated as the
minimum side-length of each cell divided by the flow velocity
at the cell center. Decreasing the time step was shown not
to affect the simulated collection efficiency. The computation
of the particle trajectory stops when the particle touches the
wall or exits the computation domain. After calculating the
trajectories of all 10 000 particles at the inlet, the collection
efficiency of the particle could be determined.

Results and Discussion

Tangential Flow and Pressure Distributions in the Cyclone.
Figure 3 shows the tangential velocity distributions in the
vertical cross sections at r = 2.5 mm along the vane section
of the cyclone, when P;, = 5.4 Torr, and Q = 0.455 slpm.
Please refer to Figure 2(b) for the r—z coordinate system. The
tangential velocity is seen to develop very fast in the vane
section. At the end of the first rotation of the vane, the
tangential velocity is still small and similar to plug flow.
However, after 1.5 turns it develops into a parabolic-flow-
like distribution and the peak tangential velocity increases
along the vane section. In the horizontal cross sections at z
= 2.0 mm, tangential velocity distributions are similar to
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FIGURE 3. Velocity distribution in the cyclone, @ = 0.455 slpm, P,
= 5.4 Torr.
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those shown in Figure 3. For other inlet pressure and flow-
rate conditions, tangential velocity distributions are also
similar.

Simulated results for the pressure distribution and
maximum tangential velocity in the vane section for P, =
5.4 Torr, and Q = 0.455 slpm are shown in Figures 4(a) and
4(b), respectively. It can be seen that the peak tangential
velocity remains small in the first 3/4 turn of the vane section,
after which it increases sharply and then exponentially until
the end of three turns when the tangential velocity peaks at
184 m/s. After the flow exits the vane, the peak tangential
velocity drops sharply until it becomes nearly 0 at 3.5 turns.

The variation of peak tangential flow velocity along the
vane section corresponds very well with the variation of the
pressure distribution shown in Figure 4(b). The pressure
remains at about 740 Pa (or 5.5 Torr, which is within 2% of
the experimental data) in the first turn and then drops
monotonically in the second and third turns. The flow is
accelerated in the tangential direction as the pressure is
decreased in the vane. This is to be expected in accordance
with ideal gas law in which the tangential flow-velocity
increase is due to the air-density decrease as pressure is
decreased. Finally, the pressure remains nearly constant at
260 Pa (or 1.95 Torr) after the end of the third turn. That is,
the pressure drop occurs almost entirely in the second and
third turns. This implies 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 for the
large differences between the experimental cutoff aerody-
namic diameters and the theoretical values in Tsai et al. (16)

TABLE 1. Pressure Drop and Cutoff Aerodynamic Diameter for
Different Operating Conditions

Q(slpm) 0.351 0.455 0.566 0.566  0.455
Pin(Torr) 4.31 5.43 6.77 7.00 6.00
APnum(Torr) 2.93 3.65 4.79 4.16 2.82
APexp(Torr) 2.85 3.568 4.58 4.03 2.73
Apsonum(nm)  22.39 23.40 26.65 36.98 50.03
Apsonum(nm)@ 22,54 23.59 27.27 37.35 50.92
Apsoexplnm) 21.69 23.14 25,58  36.65 49.75

2 Brownian diffusion is neglected.

and Hsu et al. (17) in which the tangential flow was assumed
to make three full turns in the vane section and the tangential
velocity was assumed to be plug flow. The paraboloid flow
profile in the vane section will result in a smaller collection
efficiency and a larger cutoff diameter than the plug flow
profile. Because of small flow rate and small flow Reynolds
number for the cyclone, the tangential flow dissipates after
the vane section, and there will be no further particle
collection due to the centrifugal force after the vane section.
A fitting parameter ¢ of 1.5 used in the Tsai et al. (16) and
Hsu et al. (17) models, assuming that an additional 1.5 turns
of the vortex flow occurred after the vane section, would
result in a higher collection efficiency and lower cutoff
diameter than the experimental data suggests.

For different operating conditions, Table 1 summarizes
a comparison of numerical pressure drop and cutoff aero-
dynamic diameter with the experimental data. The com-
parison shows that the numerical pressure drop is in excellent
agreement (within 3.3% of error) with the experimental data.
The agreement between the experimental data and the
numerical results is also observed in the cutoff aerodynamic
diameter, which is from about 20 to 50 nm for the operating
conditions listed in Table 1. The maximum deviation is 6.2%
for Q = 0.566 slpm and P;, = 6.77 Torr. For other conditions,
the deviation is less than 4%.

Particle Collection Efficiency. The current experimental
particle collection efficiencies and numerical results of the
Brownian Dynamics simulation are shown in Figure 5 for
the operating conditions of Pj, = 6.0 and 7.0 Torr, and in
Figure 6 for P, = 4.31, 5.43, and 6.77 Torr, respectively. In
Figure 5(a) and (b), the collection efficiency curves with and
without considering Brownian diffusion are compared for
Py, =6 and 7.0 Torr, respectively. When Brownian diffusion
is considered, the present numerical results agree with the
experimental collection efficiencies very well for both inlet
pressures in the whole range of diameters studied. Without
considering Brownian diffusion, the numerical collection
efficiencies still match very well with the experimental data
for particles greater than the cutoff diameter; however, they
are lower than the experimental data when particles are
smaller than the cutoff diameter. The largest difference of
12.5% occurs at the smallest particle diameter of 27 nm
(Figure 5(a)). The increase in the diffusional deposition was
found to occur mainly in the chamber after the vane section
when the gas expands and slows down, and there was no
increase of the collection efficiency due to short residence
time of particles in the vane section. For particles greater
than the cutoff size, the centrifugal force dominates and
whether or not Brownian diffusion is considered does not
make any difference in the collection efficiency curves. For
the cutoff diameter, simulation considering Brownian dif-
fusion results in smaller and more-accurate results than not
considering Brownian diffusion when P;, = 6 and with 7
Torr. Table 1 also shows cutoff diameters of 36.98 and 50.03
nm (or 1.0 and 0.6% error) with consideration of Brownian
diffusion, and 37.35 and 50.92 nm (or 1.9 and 2.3% error)
without considering Brownian diffusion.
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Figure 6 shows that all numerical results agree with the
experimental collection efficiencies very well in the whole
range of the cutoff aerodynamic diameter, when Brownian
diffusion is considered. The error in the numerical cutoff
aerodynamic is 3.2, 1.1, and 4.1%, for P;, = 4.31, 5.43, and
6.77 Torr, respectively. Neglecting Brownian diffusion in the
simulation, particle collection efficiencies are similar to those
in Figure 6, and the error in the cutoff aerodynamic diameter
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efficiencies with the experimental data and the theory by Hsu et
al. (17); @ = 0.455 slpm (a) Py, = 4.8 Torr, (b) P,y = 6.5 Torr.

becomes slightly larger. The error is 3.8, 1.9, and 6.2% for Pi,
=4.31,5.43, and 6.77 Torr, respectively. These comparisons
are also shown in Table 1. In Figure 6, few data points exist
for particles below the cutoff aerodynamic diameter, since
particle concentration becomes too low to obtain accurate
efficiency data. If such data were available, Brownian diffusion
would be expected to increase the collection efficiency for
particles below the cutoff aerodynamic diameter similar to
Figure 5.

Figure 7 (a) and (b) show the comparison of the numerical
results of the present Brownian Dynamics calculations with
experimental results obtained by Hsu et al. (17), for Poy =
6.5, and P, = 4.8 Torr, respectively. The flow rate in both
Figures is 0.455 slpm. It can be seen that the current Brownian
Dynamics simulation predicts the collection efficiency
reasonably well for both small and large particles in both
cases. In comparison, the Hsu et al. (17) theoretical equation,
eq 2, is less accurate than the simulation. The maximum
error occurs near the minimum collection efficiency in eq
2, which overestimates the collection efficiency compared
to current Brownian Dynamics calculations. This overesti-
mation is suspected to be due to the simplified plug-flow
assumption, and to assuming three rotations in the vane
and the extra 1.5 rotations in the chamber. To investigate
this matter further, we assumed two rotations of the flow in
the vane section and no rotations in the chamber, or setting
n¢ =2, and used the Hsu et al. (17) model to recalculate the
theoretical collection efficiency. It was found that substantial
disagreement exists between the experimental data and the
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theoretical results for particles greater than 100 nm. That is,
not only the number of flow rotations must be accurate, but
accurate flow and pressure profiles are also critical for
obtaining accurate theoretical particle collection efficiency.
The agreement of the calculated collection efficiencies of
Hsu et al. (17) and the experimental data seen in Figure 7
based on n = 4.5 is just fortuitous.

In Figure 7, the collection efficiency due to diffusional
deposition of small nanoparticles increases with decreasing
diameter when the diameter is smaller than about 40—60
nm, which corresponds to the minimum collection efficiency.
The current Brownian Dynamics simulation shows such
diffusional deposition mainly occurs in the chamber after
the vane section, not in the vane section. For example, the
total numerical collection efficiency is 18.3% for 9.8 nm
nanoparticles in Figure 7(a), in which 14.9% occurs in the
chamber after the vane, and only 2.1% in the first turn of the
vane and 1.3% in the vane between 1 and 1.5 turns.

In Figure 7(b), the total numerical collection efficiency is
18.5% for 11.34 nm nanoparticles, including 15.5, 1.8, and
1.2% in the chamber after the vane in the first turn, and the
vane between 1 and 1.5 turns, respectively. The diffusional
deposition is small in the cyclone’s vane section as the flow
residence time is usually small (on the order of 0.003 s) for
the cyclone operating in vacuum conditions. In addition to
the vane section, the theoretical prediction of particle
deposition in the vane chamber is difficult due to the
complexity of the flow field in it. The only way to calculate
the collection efficiency of nanoparticles accurately is by
numerical flow and particle simulation, such as the Brownian
Dynamics simulation in this study.
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