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Nano-Particle Beam Focusing in Aerodynamic

Lenses - An Axisymmetric Model

A. Nikbakht1, O. Abouali� and G. Ahmadi2

A computer code for axisymmetric modeling of nano- and micro-particle motions in an

aerodynamic particle beam focusing system was developed. The e�ectiveness of the focusing

system, consisting of several lenses, a nozzle and the chamber downstream of the nozzle, was

analyzed. The code included an accurate model for the Brownian di�usion of nano-particles

in sharply varying pressure �elds in the aerodynamic lens system. Assuming an axisymmetric

condition, the compressible air
ow and thermal �eld in the lens were evaluated. A Lagrangian

particle trajectory analysis was performed, assuming a one-way coupling model. The particle

equation of motion used included drag and Brownian forces. Trajectories of di�erent size nano-

and micro-particles in an aerodynamic lens were analyzed and the particle beam focusing process

was studied. The numerical results for particle velocity, collection e�ciency and beam diameter

were compared with the experimental data and good agreement was observed. The importance

of the accuracy of the Brownian di�usion model, for predicting the focusing performance of

aerodynamic lenses in the focusing of nano-particles, was discussed. The simulation results

showed that for particle diameters less than 30 nm in air, the Brownian force could signi�cantly

a�ect beam focusing and particle collection e�ciency.

INTRODUCTION

Aerodynamic lenses are devices that are used for
generating focused particle beams by use of a series of
axisymmetric contractions and expansions. Particles
in a certain size range passing through a sequence of
contractions drift towards the axis and form a narrow
beam. Large particles are removed from the stream
by inertial impaction on the lens wall, while very
small particles follow the 
ow streamlines and are not
focused. Lenses could be designed to generate beams
of di�erent diameter of particles of various sizes.

Jayne et al. [1], Zhang et al. [2], Kane and
Johnston [3] and Kane et al. [4] described the use
of aerodynamic lenses for producing focused aerosol
particle beams for online characterization of �ne par-
ticles. Murphy and Sears [5] reported producing
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narrow particle beams by expanding an aerosol from
atmospheric pressure to low backpressures through
a nozzle. Various nozzle types, such as capillary,
conically convergent and plate ori�ce, were used by a
number of researchers [6-12]. Highly converging nozzles
produce a small beam diameter at a focal point close to
the nozzle exit, but produce a highly divergent beam
downstream from the nozzle. The beams generated by
gradually convergent and capillary nozzles, however,
have smaller diameters that can be sustained for longer
distances. Mallina et al. [11] showed that, generally, a
narrow beam diameter generated by a nozzle is limited
to a very small range of particle diameters.

Particle beam focusing can be also achieved by
using sheath gas. The sheath gas reduces particle
velocity and particle beam diameters. The sheath gas
is normally added upstream of the nozzle in the radial
direction, which brings the particles toward the axis.
As particles get closer to the axis, they experience less
radial drag force, which, in turn, results in a narrow
focused beam downstream of the nozzle. Dahneke and
Cheng [6,7] showed that by using sheath air
ow at a
rate approximately equal to the inlet 
ow rate, the
particles beam diameter could be reduced by a factor of
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ten. Using the sheath air, however, dilutes the particle
concentration and requires an additional air-handling
component.

A method for generating focused particle beams
that has attracted considerable attention is the use
of aerodynamic lenses. These lenses are formed by
combining a series of axisymmetric contraction and
expansion focusing elements. Liu et al. [13,14] were the
�rst to report computational and experimental studies
of aerodynamic lenses. Their study showed that highly
collimated particle beams could be produced by the
use of aerodynamic lenses. In general, by using a
number of aerodynamic lenses in series, particles in a
critical size range passing through a contraction drift
towards the axis can be collimated to form a focused
beam. Liu et al. [13] evaluated the 
ow �eld in the
lens and the attached nozzle using both incompressible
and compressible axisymmetric Navier-Stokes equa-
tions and a one-dimensional empirical correlation for

ows downstream of the nozzle. They, however, used
an isentropic assumption to relate the gas temperature
to pressure. The e�ect of Brownian motion and lift
force on the particle beam diameter downstream of the
nozzle was also reported in their study.

Jayne et al. [1] developed an aerosol mass spec-
trometer, which included an aerodynamic lens for
generating a focused particle beam. They also stud-
ied the performance of the aerodynamic lens using
FLUENTTM software. Jayne et al. used a design
similar to the inlet system of Liu et al. [13,14], but with
a hot surface followed by an electron impact ionization
device and a mass spectrometer. These allowed for
the real-time analysis of size resolved particle mass and
chemical compositions.

Zhang et al. [2] characterized particle beam colli-
mation in a single aerodynamic lens and an individual
nozzle using the FLUENTTM software. They found
that maximum particle displacement and particle loss
occur at a particle Stokes number near unity. The
performance characteristics of the lens and the nozzle
were found to depend on their geometry, 
ow Reynolds
number and particle Stokes number.

Earlier computational modeling studies of aero-
dynamic lenses had a number of limitations. In most
cases, the in
uence of the intermediate chamber on the
performance was ignored. For example, the work of
Jayne et al. [1] was limited to the modeling of 
ow
and particle motions inside aerodynamic lenses up to
the nozzle exit. In their computational model, Liu et
al. [13] ignored the e�ects of the impaction of large
particles on the lens wall and used an isentropic one-
dimensional 
ow model in the intermediate chamber.

Abouali and Ahmadi [15] studied axisymmetric
air
ow and particle motions in multistage aerodynamic
lenses with the intermediate chamber. In addition
to the gas 
ow �eld and particle trajectory inside

the lens, the gas 
ow downstream of the nozzle in
the intermediate chamber was also analyzed. The
suitability of di�erent assumptions for the slip correc-
tion was examined and it was shown that the Stokes-
Cunningham expression with the variable Cunningham
correction factor is reasonably accurate for perfor-
mance analysis of aerodynamic lenses. It was also
shown that the e�ects of the lift and thermophoresis
forces are negligible. The simulation results showed
that for particles in the size range of between 50 to
1000 nm, a focusing e�ciency of more than 97% could
be achieved. The collection e�ciency for larger parti-
cles, however, decreased somewhat, due to the inertial
impaction e�ects in the focusing elements. For smaller
particles (less than 50 nm), the collection e�ciency
also decreases, due to Brownian motion e�ects. They
used FLUENTTM software and assumed the 
ow and
particle trajectories were axisymmetric. They used a
constant slip correction factor in the Brownian force
calculation because of the software limitation. So, their
results for the di�usion of nano-particles were not quite
accurate.

Using FLUENTTM, Zhang et al. [16] presented a
numerical model of the 
ows of gas-particle suspensions
through an integrated aerodynamic-lens-nozzle system.
They found that the inlet transmission e�ciency (�t)
was about unity for particles of intermediate diameters
(Dp�30-500 nm). The transmission e�ciency grad-
ually diminished to � 40% for large particles (Dp>
2500 nm), because of impact losses on the surface of
the �rst lens. Their result showed that there was a
catastrophic reduction of �t to almost zero for very
small particles (Dp � 15 nm), because these particles
faithfully followed the �nal gas expansion. Zhang et
al. [16] also found that overall particle transmission ef-
�ciency can be calculated roughly as the product of the
aerodynamic and the purely Brownian e�ciencies. For
particles of intermediate diameter, Brownian motion
was found to be irrelevant, and their results showed
that the transmission e�ciency was mainly controlled
by the lenses. Results for an isolated lens or nozzle were
used to provide guidelines for the design of alternative
inlets. Like the work of Abouali and Ahmadi's [15],
their procedure for Brownian motion simulation was
an approximate one.

Wang et al. [17] developed a numerical simulation
methodology that was able to accurately characterize
the focusing performance of aerodynamic lens systems.
They used FLUENTTM software to simulate the gas

ow �eld and particle motion. Particle trajectories
were tracked using the Lagrangian approach. Brownian
motion of nano-particles was incorporated in their
numerical simulations using User's De�ned Function
(UDF) to augment the software. Their simulations also
demonstrated the ability of aerodynamic lenses to focus
sub-30 nm spherical unit density particles.
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To avoid the limitations of commercial software,
in the present study, a computer code, for analyz-
ing the axisymmetric particle motions in multistage
aerodynamic lenses with the intermediate chamber,
was developed. The 
ow �eld was simulated using
FLUENTTM software and particle trajectories inside
the lens, through the outlet nozzle and in the in-
termediate chamber downstream of the nozzle, were
analyzed, using the developed code. The e�ectiveness
of an aerodynamic lens for particle beam focusing was
examined.

MODEL DESCRIPTION

The aerodynamic lens system used by Liu et al. [13,14]
consists of a multistage focusing lens, an outlet nozzle,
an intermediate chamber and a detection chamber. In
this paper, the aerodynamic lens system, including the
intermediate chamber shown in Figure 1, is computa-
tionally modeled.

The diameter of the lens tube is 10 mm and
adjacent focusing elements are located 50 mm apart.
The contraction diameters of the �ve lenses that are
used in the analysis are 5.0, 4.5, 4.0, 3.75 and 3.5 mm,
respectively. The �rst, the third and the �fth lenses
are short capillaries with a length of 10 millimeters
and the second and the fourth lenses are thin-plate
ori�ces. At the end of the �ve focusing elements,
the gas passes through a nozzle with a diameter of
6 mm. In the experimental work of Liu et al. [14],
the 
ow expands in the aerodynamic focusing ele-
ments and the nozzle into a low-pressure intermediate
chamber, which is kept at about 0.07 mmHg (9.3
Pa). A vacuum pump is attached to the intermediate
chamber to remove a signi�cant amount of gas from

Figure 1. Schematics of the aerodynamic lens system.

the stream. Focused particles and a small amount of
gas pass through a skimmer into a very low-pressure
detection chamber. The detection chamber is kept at a
pressure of about 0.0007 mmHg (0.093 Pa). Particles
are captured on a plate at the end of the detection
chamber.

The mean free path of the gas in the detection
chamber is of the order of chamber size; thus, for this
chamber, the continuum 
ow assumption is not valid.
The gas 
ow in the intermediate chamber downstream
of the nozzle, with �=L = 0:1, however, may be treated
as being in the continuum regime. The 
ow in the
lens and the nozzle is axisymmetric; the 
ow in the
intermediate chamber, however, is not axisymmetric,
due to the presence of the vacuum pump exhaust.
Nevertheless, as a �rst approximation, the problem is
treated as being axisymmetric.

GOVERNING EQUATIONS

In an aerodynamic lens, the gas-particle 
ow is dilute
and a one-way interaction model can be used. In this
model, the particles are transported by the air
ow,
but, the particle concentration is too low to a�ect
the gas 
ow. Under this condition, the air
ow �eld
can �rst be evaluated and then be used for evaluation
of the particle trajectories. Here, the compressible
viscous air
ow conditions in the aerodynamic lens
are evaluated. Details of the governing equations
for an axisymmetric 
ow condition are given in the
FLUENTTM Users' Guide [18].

The Lagrangian equation of particle motion is
given as:

dVp

dt
= FD + FB + g(�p � �)=�p; (1)

dxp
dt

= Vp; (2)

where Vp is the particle velocity vector, FD is the
drag force per unit mass, FB is the Brownian force per
unit mass, g is the acceleration of gravity, � is the gas
density, �p is the particle density and xp is the particle
position vector. Note that the 
ow is in a laminar
regime and the particles are assumed to be spherical.

Drag Force

The expression for the Stokes drag force per unit mass,
including the Cunningham correction, is given by:

FD =
3�CDRe

4�pD2
pCc

(V �Vp); (3)

where V is the 
uid velocity vector, Dp is particle
diameter, � is the coe�cient of viscosity and Cc is the
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Cunningham correction factor, given as:

Cc = 1 +
2�

Dp

�
1:257 + 0:4 exp

�
�1:1

�
Dp

2�

���
; (4)

and Re, the particle Reynolds number, is de�ned as:

Re =
jV �VpjDp

�
; (5)

where � is the kinematic viscosity of the gas. In
Equation 3, the drag coe�cient, CD , which accounts
for the Reynolds number correction to the Stokes drag,
is given as:

CD =
24

Re
(1 + 0:15Re0:687): (6)

Note that the nonlinear corrections are expected to be
signi�cant only for larger particles with appreciable slip
velocity. For nano-particles with small slip velocity, Re
is very small and the second term in Equation 6 will
be negligible.

For nano-particles in aerodynamic lenses, the
Knudsen number, Kn = 2�=Dp, varies in the range
of 50-106, which covers the range of transition to a free
molecular regime. This is due to the tremendous range
of variation of pressure in the lens. For high values of
Knudsen numbers, the Cunningham correction factor
given by Equation 4 may be approximated as Cc �
1:657 Kn. Neglecting the nonlinear Reynolds number
correction in Equation 6, Equation 3 reduces to the
expression for the free molecular drag (per unit mass)
for the case of the di�use re
ection of air molecules

from the particle surface (that is, FD =
3��d2

p
(V�Vp)

3:32� ,
which is the drag force for the free molecular 
ows).

In Equation 4, the Cunningham correction factor
depends on the gas mean free path. There is a
signi�cant change in the gas mean free path in the
aerodynamic lens, due to the large variations in gas
pressure. Therefore, the Cunningham correction factor
must be calculated using the correct gas mean free path
along particle trajectories for an accurate simulation of
the drag and Brownian forces. The mean free path of
air is given as [19]:

�(�m) =
kTp
2�d2mP

=
23:1T

P
: (7)

In Equation 7, dm, k, P and T , respectively, are
the gas molecule diameter (0.361 nm), the Boltzmann
constant, gas pressure (Pascal) and gas temperature
(Kelvin).

Brownian Force

When a small particle is suspended in a 
uid, it is
subjected to the imbalanced random impacts of the gas

molecules. This causes the nano-particles to move in
an erratic path, which is known as Brownian motion.
A Gaussian white noise stochastic process can model
the random impacts of the molecules. White noise is
a zero mean Gaussian random process with a constant
power spectrum, given by:

Snn =
2kT�

�m
; (8)

where k = 1:38:10�23 J/K is the Boltzmann constant.
The procedure suggested by Ounis and Ahmadi [20]
and Li and Ahmadi [21] for simulating Brownian
motion was used in the computer code developed in
this study.

To start the process, a time step, �t, is selected.
(The time step should be much smaller than the
particle relaxation time.) Then, a pair of uniform
random numbers, Ui (between 0 and 1), are generated
and are transformed to a pair of unit variance zero
mean Gaussian random numbers. This is done using
the following transformations:

G1 =
p
�2 lnU1 cos(2�U2); (9)

G2 =
p
�2 lnU1 sin(2�U2): (10)

The amplitude of the Brownian force per unit mass in
direction i at each time step is then evaluated by:

Fbi = Gi

r
�Snn
�t

; (11)

where Snn is given by Equation 8. The entire generated
sample of the Brownian force is then shifted by U�t,
where U is a uniform random number between zero and
one.

Variable Cunningham Correction

As noted before, a constant Cunningham correction
factor can be used in the particle analysis module of
the FLUENT code. The Cunningham slip correction
factor depends on the Knudsen number or the gas mean
free path. The gas mean free path is a function of
the gas pressure (density). When a constant correction
factor is used, the mean free path, as a function of
gas pressure at an appropriate point of the 
ow, needs
to be evaluated. Mallina et al. [22] used the nozzle
exit pressure for evaluating the correction factor, in
connection with their study of supersonic impactors.
Tafreshi et al. [23] and Zhang et al. [2] used an average
pressure for evaluating a constant Cunningham correc-
tion factor for their focusing studies. In cases where
the pressure variation is large, the range of variation of
the Cunningham correction factor also becomes large
and a constant correction factor for the entire �eld
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is no longer adequate. Since FLUENT software, by
default, allows only for a �xed Cunningham correction
factor, Abouali and Ahmadi [15,24] andWang et al. [17]
developed \users' de�ned subroutines" to include the
e�ect of variation of the mean free path in the analysis.
Considering a variable slip factor in the Brownian
force is another important requirement of the Di�usion
modeling of the nano-particles. Here, to avoid the lim-
itations of commercial software, a computer code was
developed as post processing for the FLUENT code for
particle trajectory analysis in regions with a high level
of pressure variation. The new computational model
incorporates accurate expressions for the drag force and
the intensity of Brownian excitation, with appropriate
variations of the gas mean free path. Thus, the code
is most suitable for analyzing the particle focusing in
aerodynamic lenses where signi�cant variations of the
pressure �eld are encountered.

Numerical Method

Particle trajectories and velocities were computed by
numerically integrating the equation of motion of the
particle given by Equation 1, which includes inertia,
gravity, drag and random Brownian forces. A forward
Euler scheme was used for integrating the particle
equation of motion, that is:

Vn+1
p �Vn

p

�t
= Fb +

3�CDRe

4�pD2
pCc

(Vn �Vn+1
p ); (12)

where n represents the iteration number. Note
that gravitational e�ects that are negligible for nano-
particles are neglected in Equation 12. The positions
of the particle are then given as:

xn+1p � xnp
�t

= Vn
p : (13)

Equations 12 and 13 are solved to predict the particle
trajectories. Note that the integration time step must
be at least one order of magnitude less than the particle
relaxation time, � = mCc

3��dp
.

RESULTS

For the experimental conditions of Liu et al. [14],
the 
ow �elds in a class of aerodynamic lenses are
simulated using a computational modeling approach.
Liu et al. [14] used two di�erent geometries in their
experiments, which are studied in this section. In
the �rst case, where the skimmer diameter was 7mm,
the distance between the nozzle and the skimmer was
10 mm (henceforth to be called the larger skimmer).
In the second case, the skimmer diameter was 1 mm
and the distance between the nozzle and the skimmer
was 20 mm. This case will be referred to as the

small skimmer lens. The air
ow and particle beam
focusing in aerodynamic lenses, with a combination of
the focusing element, their attached outlet nozzles and
the intermediate chamber, are studied.

Computational Grid and Boundary Conditions

A computational grid of 50960 was used for simulating
gas 
ow in the axially symmetric aerodynamic lens,
including the intermediate chamber. The grid size was
selected after a number of grid independency tests to
make sure that the grid was su�ciently re�ned, so
that the solution would not change with further grid
re�nement. The grid is more re�ned near the walls
and in the supersonic free jet region downstream of the
nozzle.

A mass 
ow rate boundary condition at the
aerodynamic lens inlet was used. Fixed pressure
boundary conditions were imposed at the skimmer and
at the exit to the vacuum pump. Examination of the
numerical results shows that, for the large skimmer
(with a diameter of 7 mm), 73% of the mass 
ow rate
passes through the skimmer. For the small skimmer
(with a diameter of 1 mm), however, most of the 
ow
is sucked up by the vacuum pump and only 1% of the

ow exits through the skimmer.

In the experimental study of Liu et al. [14], the
pressure upstream of the lenses was about 300 Pa, the
pressure in the intermediate chamber was 9.3 Pa and
the pressure in the detection chamber was 0.093 Pa
(near vacuum). The 
ow in the detection chamber
was clearly in a non-continuum regime because of the
large Knudson number (large gas mean free path), with
Kn = 2�=L � 20. The 
ow in the intermediate
chamber, with �=L � 0:1, however, may be assumed
to be approximately in the continuum regime.

Figure 2 shows the air
ow velocity and pressure
variations along the axis of the aerodynamic lens
system for the small skimmer case. The pressure
�eld drops rapidly at the lens ori�ce and the nozzle
contraction sections and in the supersonic free jet
downstream of the nozzle. As expected, the air velocity
shows sharp peaks at those sections when the pressure
drops. The velocities of 10, 30 and 50 nm particles
injected at the inlet axis are shown in Figure 2 for
comparison. The particles velocity is nearly equal
to air
ow velocity inside the lens, but they di�er
from the gas velocity in the supersonic free jet region
downstream of the nozzle. The di�erences are larger
for larger particle diameters. This observation shows
that, inside the lens, the drag force is su�ciently high
to make the particles move very close to the air velocity;
in the downstream of the nozzle where the pressure is
very low, the drag on the particles is also low and the
inertial forces, even for nano-particles, are su�cient to
make the particles lag the air
ow.
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Figure 2. Axial velocity, static pressure and particle
velocities along the axis of the aerodynamic lens system
for the small skimmer case.

Figure 3 shows similar results for the large skim-
mer lens with a similar trend of variations. The air
ow
velocity and particle velocities in the lens are nearly
the same as those in the small skimmer case, as shown
in Figure 2. The air
ow and particle velocities in
the supersonic free jet region and the region near the
skimmer are, however, di�erent from the small skimmer
case. This is because of the di�erences in the pressure
�eld and the corresponding e�ect on the drag force
on the particles. It should be noted here that the
Brownian motion caused the 10 nm particle injected at

Figure 3. Axial velocity, static pressure and particle
velocities along the axis of the aerodynamic lens system
for the large skimmer case.

the axis to disperse away from the axis, so that some

uctuations are seen in its velocity (Figure 3).

Liu et al. [14] measured particle velocity far
downstream of the nozzle in the detection chamber
at a distance of 200 mm for a large skimmer case.
Figure 4 compares the present simulation results for
particle velocity with the experimental data. Since
the particle velocities in the nearly vacuum condition
in the detection chamber remain roughly unchanged,
in Figure 4, the simulated particle velocities at the
skimmer (which is the inlet of the detection chamber)
are shown. Figure 4 shows that the model predictions
are in good agreement with the experimental data. To
emphasize the importance of accurate evaluation of the
slip correction factor, the model prediction results for
a constant Cunningham factor, based on the nozzle
upstream properties, are also shown in this �gure.
Figure 4 shows that the use of constant slip correction
led to large di�erences in particle velocities, compared
to experimental data.

Figure 5 compares the predicted particle beam
diameter with the experimental data of Liu et al. [14]
for large skimmer cases. The measurement of the beam
diameter was done in the detection chamber, 430 mm
downstream of the nozzle. Since, for nano-particles,
the beam diameter varies randomly, due to Brownian
motion, and some particles disperse to some distances
from the axis, here, the beam diameter was estimated
to include 90 percent of the particles which are nearest
to the axis. For comparison with the experimental data
in the detection chamber, the particle beam diameter
was evaluated at the skimmer of the intermediate
chamber 10 mm downstream of the nozzle and was
extrapolated using a divergent angle to the location

Figure 4. Comparison of the predicted particle velocities
with the experimental data of Liu et al. [14] for di�erent
particle diameters.
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Figure 5. Comparison of the predicted beam diameters
with the experimental data of Liu et al. [14] for di�erent
particle diameters.

where it had been measured experimentally. Figure 5
shows that the model predictions for the beam diameter
are in good agreement with the experimental data of
Liu et al. [14]. The model predictions of Abouali
& Ahmadi [15], which were obtained by the use of
Brownian excitation with a constant slip correction
factor and by the use of the FLUENT software, are
also shown in this �gure for comparison. It is seen
that the present model predictions with the variable
Cunningham correction factor improved the agreement
with the data signi�cantly.

Figure 6 shows the predicted collection e�ciency
of the aerodynamic lens and the nozzle system. Here,
the collection e�ciency is de�ned as the ratio of the
collected particles in the detection chamber to the
number of particles entering the aerodynamic lens
system. The experimental data of Liu et al. [14], in the
case of an intermediate chamber with a small skimmer,
is also shown in this �gure for comparison. The model
prediction appears to be in good agreement with the
experimental data and shows that there is an optimal
particle size range for collimation. The decreasing
trend of the collection e�ciency for particles larger
than the optimal size range is due to the impaction
of particles on the lens wall. Similarly, for particles
smaller than the optimal size range, the Brownian
motion increases the dispersion and causes the particles
to be trapped on the chamber wall or to be carried
by the gas into the outlet connected to the vacuum
pump.

Figures 7 and 8 show the sample particle tra-
jectories in the aerodynamic lens system for particle
diameters of 1, 3, 6, 10, 30 and 50 nm, with and
without inclusion of the Brownian force. Here, the

Figure 6. Comparison of the predicted collection
e�ciencies of the aerodynamic lens and the nozzle system
with the experimental data of Liu et al. [14] for di�erent
particle diameters.

case of a lens with a small skimmer is considered
and, for illustrative purposes only, 10 particles are
injected at the inlet. It is seen that for particles
of 1 nm diameter, all are deposited on the walls,
due to the Brownian di�usion, but, without Brownian
di�usion, all particles get through the nozzle and exit
to the suction pump. For particles of 3 nm diameter,
some reach the nozzle exit, although they are highly
dispersed because of Brownian motion, with many
depositing on the focusing elements or chamber walls.
Di�usion appears to be still signi�cant for 6 and 10 nm
particles, but particles stay closer to the lens axis with
none being lost to the suction pump. For particles of
30 nm and greater, no signi�cant di�erences can be
seen between the cases with and without Brownian
motion. Figure 8, shows that particles of 30 and
50 nm are highly focused near the axis and exit
from the skimmer to the detection chamber. This
�gure shows that the Brownian e�ects reduce the
e�ectiveness of the aerodynamic beam focusing for
particles of the order of 10 nm or smaller, for the
range of pressure conditions considered in the present
study.

Figure 9 compares particle trajectories, using a
constant and variable slip correction factor in the spec-
tral density of the white noise used for modeling the
Brownian motion. This �gure shows the importance
of accurate modeling of the Brownian di�usion for
nano-particles in an aerodynamic lens system. It is
seen that using a constant Cunningham correction
factor for intensity of Brownian excitation leads to
completely di�erent results for the di�usion of nano-
particles.
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Figure 7. Sample trajectories through the aerodynamic lens including focusing elements, nozzle and intermediate
chamber with and without Brownian motion for 1, 3 and 6 nm particles.

CONCLUSIONS

In the present study, air
ow and particle motions in
a multistage aerodynamic lens with an end nozzle and
intermediate chamber, were studied. In addition to
the gas 
ow �eld and particle trajectories inside the
lens, the gas 
ow and particle motion downstream
of the nozzle in the intermediate chamber were also
analyzed. A computer code was developed to solve the
governing equation of the particles motion, including
the Brownian and drag force. It was found that the

model predictions for particle velocity, beam diameter
and collection e�ciency were in favorable agreement
with the experimental data of Liu et al. [14]. The
simulation results showed that, for particles in the size
range of between 30 to 200 nm, a collection e�ciency
of more than 90% can be achieved. The collection
e�ciency for larger particles, however, decreased some-
what, due to the inertial impaction e�ects in the
focusing elements. For smaller particles (less than 30
nm), the collection e�ciency also decreased, due to
Brownian motion e�ects.
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Figure 8. Sample trajectories through the aerodynamic lens including focusing elements, nozzle and intermediate
chamber with and without Brownian motion for 10, 30 and 50 nm particles.

Figure 9. Comparison of particles trajectories for constant and variable slip correction factors.
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