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Particle beams have traditionally been produced by supersonic
expansion of a particle-laden gas through a single nozzle to vacuum.
However, it has been shown that, by passing the particle-laden gas
through a series of axi-symmetric subsonic contractions and ex-
pansions (an aerodynamic lens system) prior to the supersonic ex-
pansion to vacuum through a single nozzle, beam divergence can
be signi� cantly reduced. In this paper, particle motion in expan-
sions of a gas-particle suspension through either a single lens or a
single nozzle have been investigated numerically. Since the single
aerodynamic lens and the isolated nozzle are the elementary com-
ponents of any aerodynamic lens-nozzle inlet system, a fundamen-
tal understanding of these components is essential for designing
an inlet system with the desired sampling rate, collimation, and
transmission properties. If a gas undergoes subsonic contraction
and expansion through an ori� ce, the associated particles would
follow the � uid streamlines if the particles were inertialess. How-
ever, real particles may either experience a displacement toward
the axis of symmetry or may impact on the front surface of the
lens. The � rst of these effects leads to collimation of the particles
near the axis, but the second effect leads to particle loss. It is found
that the maximum particle displacement occurs at a particle Stokes
number, St, near unity and signi� cant impact loss also begins at
St »= 1. The lens dimensionless geometry and the Reynolds number
of the � ow are other important parameters. When a gas contain-
ing suspended particles undergoes supersonic expansion through
a nozzle to vacuum from the lens working pressure (» 300 Pa),
it is found that particle beam divergence is a function of Reynolds
number, nozzle geometry, and particle Stokes number. More specif-
ically, it is found that a stepped nozzle generally helps to reduce
beam divergence and that particle velocity scales with the speed of
sound.
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INTRODUCTION
Particle beams have been used extensively in aerosol mea-

surements since they were � rst produced by Murphy and Sears
(1964). Interest accelerated in the last decade because collimated
particle beams have facilitated online measurements of the size
and chemical composition of individual particles (e.g., Davis
1977; Johnston and Wexler 1995; Murphy and Thomson 1995;
Noble and Prather 1996; Jayne et al. 2000; and Tobias et al.
2000). Such measurements are essential to a determination of
the origin of atmospheric particles and their impact on public
health (Henry 1998).

Almost all online particle sizing and chemical analysis tech-
niques employ particle beams of controlled dimensions and di-
vergences. In these techniques, the particle beam is generated by
expanding a gas-particle suspension through single or multiple
ori� ces. Typically, particle time-of-� ight (TOF) over a certain
distance is measured by light scattering to determine particle ter-
minal velocity, from which particle size can be inferred. The par-
ticles are either subsequently ablated by a laser beam followed
by TOF mass spectrometric analysis (Murphy and Thompson
1995; Noble and Prather 1996) or are evaporated on a hot sur-
face followedby electron impact ionization and quadrupole mass
spectrometric analysis (Davis 1977; Jayne et al. 2000; Tobias
et al. 2000). Recent work of Jayne et al. (2000) has demonstrated
the ability to ascertain molecular composition of size-resolved
particles by using a chopped particle beam followed by mass
spectrometric analysis. All of these measurements require highly
collimated particle beams, especially for the laser-based tech-
niques because the laser beams are highly focused (»0.5 mm in
diameter, Mallina et al. (2000) Thomson et al. (1997)). Ideally,
the particle beam should be fully located within the laser beam.

Both theoretical and experimental approaches have been used
to investigate the factors that control beam diameter and diver-
gence. Traditionally, the particle beam was generated by ex-
panding a gas-particle suspension from atmospheric pressure to
vacuum through a single ori� ce, a method similar to that used in
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generating supersonic molecular beams (Kantrowitz and Grey
1951). Considerable measurement and modeling effort has been
directed at providing quantitative information and fundamental
understanding of the properties of such particle beams. Israel
and Friedlander (1967) generated a particle beam with a di-
vergence angle of 0.0055 rad for the 126–365 nm particle size
range using capillaries and a low pressure source (»100 torr).
Note that the value of the beam divergence angle here is de-
� ned as the beam radius at a certain distance from the nozzle
exit divided by the distance. Estes et al. (1983) characterized
capillary-generated particle beams and found that the beam was
generally highly divergent (>0.02 rad divergence angle), ex-
cept in a narrow range of particle diameters around 0.5 micron,
for which the divergence angle was 0.005 rad. Dahneke and
Cheng (1979a,b) calculated performance characteristics of par-
ticle beams generated by conically convergent nozzles and found
that if a detector collects particles within a 1± (0.017 rad) diver-
gence angle, it will detect 0.5–1 micron particles with 100%
ef� ciency. Recent modeling results by Mallina et al. (1999) for
conically convergent nozzles and for capillaries also found that
only those particles within a narrow size range (referred to as the
maximal collimation diameter) are ef� ciently collimated and,
even for those maximally collimated particles, the divergence
angle was on the order of 0.008 rad. If one considers the max-
imum beam divergence acceptable for current particle measur-
ing instruments, these single nozzle systems are not adequate.
For example, if one considers a sampling angle of 0.005 rad,
which represents a 2.4 mm diameter resistance-heated particle
vaporizer located 240 mm downstream, dimensions similar to
that used by Jayne et al. (2000), the above data suggest that
the single nozzle systems rarely provide 100% collection ef� -
ciency even at the maximum collimation particle diameter. For
those systems employing laser beams as size detectors or ion-
ization sources, the sampling ef� ciency is expected to be much
lower as the laser beams are generally focused to a diameter
of »0.5 mm.

To reduce beam divergence, sheath � ow has been used to
con� ne the particles to a region close to the axis prior to the
expansion through a single ori� ce/nozzle to vacuum. Dahneke
and Cheng (1979b) investigated the effect of sheath � ow on par-
ticle beam divergence and found that beam divergence angles
can be reduced by a factor of 5 for 0.5 and 1.19 micron diam-
eter polystyrene particles if 99% sheath � ow is employed. Rao
et al. (1993) and Kievit et al. (1996) also found that sheath
� ow improves beam quality. However, sheath � ow also has
some drawbacks, such as reducing particle sampling rate and
dif� culty in handling sheath gas, as pointed out by Liu et al.
(1995a, b) and Kievit et al. (1996). Although it was proposed by
Dahneke and Flachsbart (1972) in the early 1970s, it is no sur-
prise that sheath � ow technology has rarely been used in the
practical particle analyses cited above. Alternatively, Liu et al.
(1995a, b) centralized particles to a region close to the axis by
forcing the gas-particle suspension to � ow through a series of
ori� ces (referred to as an aerodynamic lens system) prior to ex-

panding the gas to vacuum through a � nal nozzle. It was found
that the aerodynamic lens system provides the same function
as the sheath � ow without reducing the particle sampling rate
or creating complications in gas handling. The pioneering work
by Liu et al. (1995a, b) and recent characterizations by Jayne
et al. (2000) have demonstrated that the technology signi� cantly
reduces beam divergence. The work of Schreiner et al. (1998,
1999) has extended the application of aerodynamic lenses to
contexts in which the ambient pressure is low, such as in strato-
spheric research.

The aerodynamic lens-nozzle system proposed by Liu et al.
(1995a, b) is shown schematically in Figure 1, which illustrates
how such a series of individual lenses can be used to effectively
transport particles into vacuum. The particle trajectories through
the lens are calculated by Fluent (described later) for 500 nm
diameter spheres, which have a density of 1000 kg/m3. Except
for the trace closest to the axis, each line in the � gure represents
the boundary of a region enclosing 10% of the particle � ow
rate. The calculation assumes that the particles are dispersed
uniformly in the upstream gas and that the upstream gas veloc-
ity pro� le is parabolic. A 2.4 mm diameter target (detector) is
located 240 mm downstream, and this con� guration de� nes a
sampling angle of 5 £ 10¡3 rad. Note that X D 0 is placed at the
nozzle exit for this particular � gure. One can see that the beam
is highly collimated with a divergence angle of about 10¡3 rad
so that the collection ef� ciency on the target is 100%. The � rst
5 thin cylindrical ori� ces serve to collimate the particles onto
the centerline; the � nal exit ori� ce generates a supersonic gas
expansion governing particle acceleration into the vacuum sys-
tem. During the � nal expansion, particles acquire a distribution
of terminal velocities that depends on particle diameter, with
smaller diameter particles accelerating to faster velocities and
larger diameter particles accelerating to slower velocities. Mea-
surement of this particle terminal velocity allows instruments
equipped with aerodynamic lens systems to determine particle
aerodynamic diameter.

Liu et al. (1995a, b) analyzed, both theoretically and experi-
mentally, the particle beams produced by an aerodynamic lens-
nozzle expansion. In their calculations, � ow � elds in the aerody-
namic lenses were assumed to be incompressible or isentropic,
whereas the supersonic free-jet expansion though the nozzle was
calculated by using a quasi–one-dimensional approximation and
an empirical expression, much like the procedure of Dahneke
and Cheng (1979a, b). Such calculations provide valuable in-
formation concerning the factors (number of lenses, lens/nozzle
geometry) that control both beam quality and particle terminal
velocity. However, Liu et al.’s analysis was limited to particles
located near the axis and to small particles (Dp < 250 nm). The
authors were not able to study the loss of larger particles as a
result of impact on system surfaces.

We have calculated the gas-particle � ow � eld in an aero-
dynamic lens-nozzle expansion using the Fluent (Fluent, Inc.,
Lebanon, NH) computational � uid dynamics (CFD) package.
Speci� cally, FLUENT4.5.2 was used and the grid was generated
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Figure 1. Schematic of aerodynamic lens system and nozzle inlet showing the calculated trajectories of 500 nm particles.
Pup D 280 Pa, Pdown D 0:1 Pa, Re0 D 20.8, Q D 97:6 scc/min, and OD D 10 mm. The detection target diameter is 2.4 mm, which
together with its distance from the nozzle (240 mm) de� nes a detection angle of 0.005 rad. Tup is gas upstream temperature.

by GEOMESH. Fluent can simulate the full range of continuum
sub-, trans-, and supersonic � ows in the aerodynamic lens-nozzle
inlet without major assumptions, such as constant entropy or in-
compressibility. The CPU time (HP9000, 450 MHz CPU) for
a typical calculation of the low speed � ow in a lens is about
1 h. For high speed � ow in a nozzle it is about 10 h. The ob-
jective of this work is to provide a fundamental understanding
of the factors that control the formation of a beam contain-
ing particles with diameters from 5 to 10,000 nm. This paper
presents systematic results on the motion of particles through a
single subsonic lens and on a supersonic expansion through a
nozzle to vacuum. Since the isolated aerodynamic lens and
the nozzle are the elementary components of an aerodynamic
lens-nozzle inlet system, a fundamental understanding of these
components is essential for designing the whole inlet system
with the desired sampling rate and beam divergence. Detailed
modeling results for an integrated aerodynamic lens-nozzle in-
let system, such as that shown in Figure 1, will be presented in
another paper.

SINGLE LENS SYSTEM
Figure 2 is a schematic of a single lens system with a plot of a

gas streamline and a trajectory line for a 500 nm diameter parti-
cle. The � gure shows that, far upstream of the lens, the selected
particle follows the gas toward the lens at a radial coordinate of
Rpi D 4 mm. As the gas approaches the lens, it is accelerated
radially inward and one can see that the particle overshoots the
gas streamlines toward the axis. Downstream of the lens, the

particle moves radially outward, but only slightly, and then set-
tles onto a streamline with a smaller radial coordinate, Rpo . The
lens is of inlet diameter ID1, outlet diameter ID2, and thickness
L. The lens is inserted into a tube of diameter OD. Note that
ID1 and ID2 are generally not equal, although ID1 D ID2 in
Figure 2. The gas upstream pressure is 280 Pa, and the upstream
gas Reynolds number, Re0 (based on OD), is 12.5. The contrac-
tion ratio, which describes the change in the radial position of a
test particle, is

´c D
Rpo

Rpi
[1]

NUMERICAL METHOD
The gas � ow � eld was calculated in Fluent by assuming

particle-free � ow. After the gas � ow � eld was calculated, parti-
cle trajectories were calculated by integrating the particle mo-
mentum equation. This procedure requires that particle/particle
interactions be negligible and that the particles have little or no
in� uence on gas � ow. A major assumption in the gas � ow � eld
calculation is the presumption of continuum � ow. The present
lens and nozzle are designed to work at »300 Pa, at which pres-
sure the gas mean free path (¸) is on the order of 20 microns.
As the gas mean free path is much smaller than the lens/nozzle
dimensions (L » 1 mm with ¸/L » 0:01), � ow inside the
lens-nozzle system can, in fact, be treated as a continuum � ow.
However, well downstream of the nozzle, where pressure is only
0.1 Pa (measured in a typical system, see Jayne et al. (2000)),
and the dimension of the vacuum chamber, L, is about 100 mm,
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Figure 2. Schematic of a single thin cylindrical lens showing a gas streamline and the trajectory of a 500 nm particle. Q D
60 sec/min, L D 4 mm, ID1 D ID2 D 2 mm, OD D 10 mm, Re0 D 12.5, Pup D 280 Pa, Rpi D 4 mm, Rpo D 0:5 mm.

the � ow is not of the continuum type as ¸/»1. The gas � ow
� eld calculation with Fluent will not be valid under these condi-
tions. However, the calculation shows that gas velocity reaches
a maximum of about 5 mm downstream of the nozzle, at which
point the pressure is about 5 Pa. Here the calculation is still
valid (¸ D 1:2 mm, free jet R dimension »15 mm leading to
¸/L » 0:1). Fortunately, the results show that events in the low
pressure region have little in� uence on particle velocity except
for particles of Dp · 20 nm (5% reduction in terminal velocity
has been found for D p D 20 nm particles during further ex-
pansion to lower pressure). This conclusion is supported by the
good agreement between particle axial terminal velocity calcu-
lated by Fluent and experimental data down to 40 nm in diameter
by Jayne et al. (2000) and Liu et al. (1995b).

Particles are assumed to be spherical throughout this work.
However, it should be noted that the motion of nonspherical
particles produces additional lift forces so that such particles are
less well collimated (Liu et al. 1995a, b; Jayne et al. 2000). In
the calculation, gravity was neglected. However, for the largest
particle investigated (10 micron), it is estimated that the particle
displacement due to gravity within one lens spacing (50 mm) is
about 0.12 mm. This is marginally signi� cant and provides an
incentive to keep the lens spacing short if large particles are to be
measured. Alternatively, one could employ an instrument that
is vertically aligned. For smaller particles, the effect is entirely
negligible. Other assumptions are as follows: (a) perfect gas,
(b) adiabatic � ow, and (c) laminar � ow. The Mach number for
� ow in the tube and through the lens is very low, so the � ow
can be considered as either isothermal or adiabatic. The Mach
number in the nozzle is as high as 2 and the � ow there is not
isothermal, but it can be considered as adiabatic. The value of

the Reynolds number in both the lens and nozzle is on the order
of 10, so the � ow is laminar.

To ensure that results on beam contraction are independent
of the numerical grid density and the geometrical parameters of
the computational domain, the calculations were subjected to a
series of tests. It will be shown later in the paper that the density
of the computation grid (5–15 grid/mm in R and 3–15 grid/mm
in X) was adequate, and the borders of the computational domain
up- and downstream of an ori� ce were moved far away until they
did not in� uence the � ow � eld calculations signi� cantly.

If the Mach number is low, as in the case of Figure 2 (M0 »
0:03), the Reynolds number alone is suf� cient to characterize
the gas � ow � eld:

Re0 D
½0V0OD

¹0
; [2]

M0 D
V0

C0
; [3]

where V0, ¹0, ½0, and C0 are the average � ow velocity, the
gas viscosity, the gas density, and the sonic speed based on the
upstream � ow conditions.

The equation of motion for a particle can be written as

dV p

dt
D

V ¡ Vp

¿
; [4]

where Vp is the particle velocity, V is the gas velocity, and ¿ is
the particle relaxation time. If, as in the current case, the particle
Reynolds number (de� ned as jV ¡ Vpj½g Dp=¹) is on the order
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of 0.01, ¿ can be written as

¿ D
½p D p

2Cs

18¹
[5]

where ½p and D p are particle density and diameter, respectively.
Cs is a correction coef� cient to Stokes’ law, which is important
if the particle diameter is not much larger than the gas mean free
path. It can be expressed as

Cs D 1 C Knp[A C Q exp(¡B=Knp )]; [6]

where Knp is the particle Knudsen number, de� ned as the ratio
of the gas mean free path to particle diameter, and A, Q, and B
are 1.21, 0.41, and 0.89, respectively (Allen and Raabe 1982).
Typical values of Kn in this work were 2.2 to 4400, so particle
drag is largely associated with the free molecular � ow regime,
for which Cs ! AKnp.
Particle motion is usually characterized in terms of the Stokes
number, which is de� ned as

St D
¿ Vc

L c
; [7]

where Vc and L c are characteristic velocity and length scales,
respectively.

Equations (5)–(7), together with the well-known expression
for mean free path, yields

St D

8
>><

>>:

kT

18¹
p

2¾ P

Vc

Lc
½p Dp; free molecule regime;

1

18¹

Vc

Lc
½p D2

p; continuum regime;

[8]

where ¾ is the molecular collision cross section, P is the gas
pressure, and k is the Boltzmann constant. Equation (8) clearly
indicates that St in the free molecule regime is a function of gas
microscopic properties (¾ , ¹, and P), gas velocity, lens char-
acteristic dimension, and particle properties (½pDp ). Therefore
for a given lens system operating under constant � ow conditions
in the free molecule regime, the Stokes number depends on the
product ½pDp . In the continuum regime, however, the functional
dependence of particle Stokes number on the particle properties
goes as ½p D p

2. Note that particle diameters in this paper are pre-
sented as particle aerodynamic diameter (½pDp with ½p equal
to one g/cm3) unless speci� ed.

RESULTS AND DISCUSSION

Particle Motion through a Single Lens
Numerical analysis of a single lens was undertaken in order

to develop an understanding of effects of lens geometry and
� ow conditions on beam contraction. This understanding can
provide general guidance for the design of a lens system. For all

dimensional results, it was assumed that the � uid was air and
that the upstream temperature was 300 K.

Figure 3 shows plots of particle trajectories through a sin-
gle thin cylindrical lens with ID1 D ID2 D 5 mm, thickness
L D 0:5 mm, and OD D 10 mm. In the single lens analy-
sis, the upstream air pressure is 280 Pa and the � ow rate, Q,
is 60 sec/min. These parameters result in Re0 D 12.5, where
Re0 is based on the upstream quantities evaluated at X D 0.
The top plot (Figure 3a) is for 5 nm diameter particles. It shows
almost no net radial displacement of the particles because the
particle inertia is so small that the particles closely followed the
streamlines. The middle plot (Figure 3b) is for 500 nm diameter
particles, and the particle trajectories now exhibit a strong radial
contraction effect. The bottom plot (Figure 3c) is for 10,000 nm
diameter particles. This plot shows that these particles have so
much inertia that their trajectories are hardly in� uenced by the
contraction and expansion of the gas � ow through the lens. An-
other key feature in this plot is that some particles impact on
the lens, leading to particle loss and a reduction in transmis-
sion ef� ciency. In the present analysis of a single lens, particle
transmission ef� ciency, ´t , is de� ned as the particle downstream
� ow rate divided by the upstream � ow rate. It is assumed that
particles are uniformly dispersed in the air upstream of the lens

Figure 3. Particle trajectories through a single thin cylindrical
lens (D p D 5,500, 1000 nm). L D 0:5 mm, ID1 D ID2 D 5 mm,
OD D 10 mm, Q D 60 scc/min, Re0 D 12.5, and Pup D 280 Pa.
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Figure 4. Particle downstream radial coordinate, Rpo, versus upstream radial coordinate, Rpi, for Dp D 5, 500, and 10000 nm.
Other parameters are the same as in Figure 3.

and that any particle that impacts on the ori� ce plate is lost from
the � ow. For a parabolic upstream velocity pro� le and purely
ballistic particles, the transmission ef� ciency is given by

´t ;b D 2

³
ID

OD

´2
"

1 ¡
1
2

³
ID

OD

´2
#

: [9]

This provides a lower bound for the actual transmission
ef� ciency.

In Figure 4, the particle trajectory results from Figure 3 are
plotted as downstream radial-coordinate, Rpo , versus upstream
radial-coordinate, Rpi. The results for Dp D 5 nm form a straight
and nearly diagonal line, which con� rms the lack of any signif-
icant radial contraction. The line for D p D 500 nm is almost
straight with a slope of about 0.5. This indicates that the con-
traction ratio, ´c , is a constant equal to 0.5. A roughly linear
relationship between Rpo and Rpi was also observed for D p D
10,000 nm, but with a larger slope due to higher particle inertia.
The results in Figure 4 suggest that the beam contraction ratio is
roughly constant. It is therefore appropriate to use the contrac-
tion ratio ´c D Rpo/Rpi at a certain Rpi to quantify the lens colli-
mation effect. Throughout the present work, ´c at Rpi D 1:5 mm
or Rpi/OD D 0.15 is used to represent overall lens performance.
This is similar to the near axis ´c used by Liu et al. (1995a, b).

Figure 5 shows results for ´c versus particle diameter for a
typical lens (ID D 5 mm, OD D 10 mm, L D 0:5 mm) oper-
ating at a typical condition (Pup D 280 Pa, Q D 60 sec/min,
Re0 D 12:5), but at different grid densities. One can see that each
curve in Figure 5a starts from ´c close to unity, because particle
inertia is too small to produce a contraction, and then reaches a
minimum at a certain diameter, which is referred to as the maxi-

mal collimation diameter. Finally, ´c increases for particles that
are too heavy to respond to the gas contraction/expansion. This
suggests that, for a given lens upstream pressure, particles of di-
ameters around the maximal collimation diameter are ef� ciently
displaced. Figure 5a demonstrates that double or half of the nor-
mal grid density (R-11 grid/mm, X-7 grid/mm, squares) does
not signi� cantly alter the results (maximum deviation is about
1%), but using one quarter of the normal grid density produces a
noticeable deviation (6%) from the calculation with the normal
grid density.

Figure 5b provides corresponding results for the transmission
ef� ciency (´t ) versus particle diameter. The particle transmis-
sion ef� ciency starts at unity because there is no impact loss
for small particles. At a characteristic diameter at which par-
ticles have appreciable displacement in the top plot, there is a
sharp drop in the transmission ef� ciency due to impact loss. Fi-
nally, for suf� ciently large particles, the impact loss is simply
geometrical blocking, i.e., particles at Rpi > ID/2 are blocked
by the lens, whereas all others are transmitted, as described by
Equation (9). Similar to the results for ´c plotted in Figure 5a,
Figure 5b demonstrates that double or half of the normal grid
density (R-11 grid/mm, X-7 grid/mm) does not signi� cantly al-
ter the results for ´t (maximum deviation is about 2.5%), but one
quarter of the normal grid density results in clear deviation (6%)
from the calculation with the normal grid density. It should be
noted that the accuracy of ´t is also in� uenced by the resolution
in Rpi (currently 0.1 mm) for test particles. For instance, for the
circles and squares at 104 nm in Figure 5b, it was found that test
particles injected Rip D 2:5 mm passed through the lens, but test
particles at Rip D 2:6 mm impacted. ´t is calculated as 0.438
based on Rpi D 2:5 mm as the maximum radius for particles
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Figure 5. Particle beam contraction ratio (a) and transmission
ef� ciency(b)versus particle diameter for a single thin cylindrical
lens calculated with different grid densities. Parameters are the
same as in Figure 3.

that pass through the lens. The triangles are the cases for which
Rpi D 2:6 mm particles pass through the lens but Rpi D 2:7 mm
particles did not; and this lead to ´t D 0:468. This introduces a
maximum uncertainty of 6%, and no effort to increase the Rpi

resolution has been attempted.
For the low speed expansion of a dilute gas-particle mixture

through a lens as shown in Figure 3, the gas exhibits little com-
pressibility so the contraction ratio (´c ) and the transmission
ef� ciency (´t ) must be functions only of lens geometry, gas up-
stream Re0 (which describes the gas � ow � eld), and particle St
(which describes the departure of the particle trajectory from the
gas streamline). One would also expect that maximum contrac-
tion and signi� cant particle impact loss would both occur at St
around 1. For the case of a cylindrical lens, the relationships can
be expressed as

´c D f

³
ID

OD
;

L

ID
; Re0; St

´
; [10]

´t D g

³
ID

OD
;

L

ID
; Re0; St

´
; [11]

where ID D ID1 D ID2.

To test the validity of Equations (10)–(11), ´c and ´t were
calculated by changing the � ow � eld parameters with lens di-
mensions � xed or changing lens dimensions with � ow � eld pa-
rameters � xed. Re0 and the dimensionless lens geometry
(ID/OD) were kept constant in either case. Operationally, for
a lens of � xed geometry, ´c and ´t were calculated by specify-
ing a number of different upstream pressures. For each upstream
pressure, a trial-and-error calculation was then undertaken to de-
termine that value of the downstream pressure that would give
the same gas mass � ow rate as had been found in the base case.
This is equivalent to keeping the upstream Reynolds number
constant. Results of this calculation for a thin plate lens are
plotted versus particle diameter in Figure 6, where upstream
gas pressures were 140–340 Pa, whereas lens geometry and gas
mass � ow rate are unchanged (ID D 5 mm, OD D 10 mm,
L D 0:5 mm, and Q D 60 scc/min, Re0 D 12.5). One can
see that each curve in Figure 6 exhibits trends that are sim-
ilar to those in Figure 5. In addition, it is observed that the
maximal collimation particle size is smaller for lower upstream

Figure 6. Particle beam contraction ratio (a) and transmission
ef� ciency (b) versus particle diameter for a single thin ori� ce
lens with gas upstream pressure varying from 140 Pa to 340 Pa.
Re0 D 12.5, ID D 5 mm, OD D 10 mm, L D 0:5 mm, Q D
60 scc/min.
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Figure 7. As in Figure 6, but plotted versus particle Stokes
number. The � gure shows that both the maximum beam con-
traction and signi� cant particle impact loss occur at St »D 1.

pressures and the impact loss starts at a smaller diameter at lower
pressures.

The data in Figure 6 are replotted in Figure 7 versus Stokes
number, St, which is de� ned in Equation (7). Here L c is taken as
ID1 and Vc is set equal to V0. Figure 7 shows that all the curves
in Figure 6 collapse onto 2 nearly universal curves for ´c and ´t .
On the other hand, deviations from universality are larger than
those due to grid density effects and Rpi resolution (5% and 14%
versus 1% and 6% for ´c and ´t , respectively). The deviations in
Figure 7 are probably due mainly to differences in the pressure
drop across the lens for different upstream pressures (14% for
Pup D 140 Pa and 2% for Pup D 340 Pa). As a result, particle
characteristic time, ¿ , depends not only on the upstream pres-
sure, but also on pressure drop. Another source of uncertainty is
a lack of convergence (§2%) to a value Q of 60 scc/min.

In Figure 7a, it is shown that the minimum ´c occurs at St
around 1, and in Figure 7b, the onset of signi� cant impact losses
also occurs at St »D 1. As expected, the results depend only on
St and Re0. A practical lens design seeks maximum particle
contraction and minimum impact loss. Because of signi� cant
impact loss at St »D 1, the results suggest that it is not appro-

priate to operate a lens at St »D 1 unless the particles have been
previously collimated. Instead, a reasonable operating condition
is St »D 0.2, where there is considerable trajectory contraction but
no impact loss. Figure 6 simply re� ects the fact that the Stokes
number in the free molecule regime (Equation (8)) is roughly
proportional to 1/P2 when ½0V is held constant. In addition,
since the optimum particle diameter corresponds to St »D 0.2,
it is now obvious why aerodynamic lenses usually operate at a
pressure of about 300 Pa for collimating particles with diameters
of about 1 micron.

Equation (10) was also tested by changing the OD from 5
to 30 mm and changing the ID such that ID/OD D constant D
0.4. In this calculation, the average upstream gas velocity, V0,
was chosen in such a way that Re0 D constant D 12.5, as
shown in Figure 8. In Figure 8a, the contraction ratio is plot-
ted versus diameter. The plot shows that the maximal colli-
mation diameter is smaller if the device is smaller. The con-
traction ratio was plotted versus St in Figure 8b, where the
4 curves are seen to collapse onto 1 universal curve with mi-
nor deviations. This is another con� rmation of Equation (10),

Figure 8. Particle beam contraction ratio versus particle dia-
meter (a) and versus particle Stokes number (b) for a single thin
ori� ce lens with ID D 2–12 mm, ID/OD D 0.4, Re0 D 12.5,
Pup D 280 Pa, L D 0:5 mm, Re0 D 12.5, Q D 60 scc/min.
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i.e., the particle contraction ratio is a function only of the lens
dimensionless geometry, ID/OD, the Reynolds number, Re0,
and the Stokes number, St. In addition, a comparison of
Figures 7 and 8 shows that the parameter ID/OD is extremely
important.

Near-axis contraction ratios and transmission ef� ciencies at
various upstream Re0 for a single lens are plotted versus St in
Figure 9 for the case of a � xed thin cylindrical lens of OD D
10 mm, ID1 D ID2 D 4 mm and L D 0:5 mm. Gas downstream
pressures corresponding to each Re0 are also included in the � g-
ure. The gas upstream pressure is � xed at 280 Pa. As in Figure 7,
it is observed that the minimum values of ´c occur at St around
1; signi� cant impact losses also occur at St »D 1. It is observed
in the top plot that higher Re0 led to a greater contraction and
eventually ´c goes negative in the regime around the maximal
collimation diameter, which means that particles moved across
the center line. Similarly, in the bottom plot there appears to
be a larger impact loss at higher Re0. An examination of the
streamlines for these same Reynolds numbers showed that the
upstream contraction of the streamlines was more gradual for

Figure 9. Particle beam contraction ratio (a) and transmission
ef� ciency (b) versus particle Stokes number for Re0 D 7.2–51.7.
Single thin cylindrical lens, with L D 0:2, ID D 4 mm, OD D
10 mm, Pup D 280 Pa, Q D 60 scc/min.

Figure 10. Particle beam contraction ratio (a) and transmis-
sion ef� ciency (b) versus particle Stokes number for ID/OD D
0.2–0.6. Single thin cylindrical lens: L D 0:5 mm, OD D 10 mm,
Pup D 280 Pa, Re0 D 12:5, Q D 60 scc/min.

the lower values of Re0 and more abrupt for the higher values.
The associated changes in ´c and ´t are therefore not surprising.

Figure 10 shows the effect of the ID/OD ratio on contraction
ratio and impact loss. Here, lens geometry and gas upstream
pressure are the same as in Figures 8 and 9, except that the
ID was varied from 2 to 6 mm. The gas � ow rate was � xed at
60 sec/min, corresponding to Re0 D 12.5. The contraction ratio
and the transmission ef� ciency show trends similar to those in
Figures 7–8, i.e., maximum contraction and signi� cant impact
loss occur at St »D 1. In addition, the � gure shows that decreasing
the ID strongly increases the extent of beam contraction, and ´c

nearly reaches ¡4 for ID/OD D 0.2. It also can be seen that
there is more impact loss for a smaller ID/OD ratio due to the
smaller open area. Because smaller values of ID/OD produce
a more abrupt contraction of the streamlines, these results are
qualitatively consistent with those in Figure 9.

The in� uence of the lens thickness on the particle contrac-
tion ratio is shown in Figure 11. Lens OD and ID are 10 and
4 mm, respectively, and upstream pressure and Re0 are the same
as in Figure 10. The lens thickness was increased from 0.5 to
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Figure 11. Particle beam contraction ratio versus particle diameter (lower axis) and Stokes number (upper axis) for L D 0.5–

40 mm with Re0 D 12.5 and Q D 60 scc/min.

40 mm. As might be expected, the gas downstream pressures,
which are shown in the � gure, decrease with increasing L. Gen-
erally, it is observed that larger values of L result in stronger
beam contraction. The reason for this is that a longer lens cre-
ates a larger beam contraction because the effect of downstream
gas expansion is correspondingly delayed. The phenomenon
is shown in Figure 12, where particle trajectories for 2.5 ¹m

Figure 12. Particle trajectories for 2.5 ¹m diameter particles in lenses of L/ID D 0.125, 1.25, and 2.5.

diameter particles in lenses of L/ID D 0.125, 1.25, and 2.5 are
plotted.

Conical lenses were also studied with the expectation that
they would show better transmission ef� ciencies than were
found with cylindrical lenses. In these calculations, the lens
downstream diameter, ID2, was � xed at 4 mm, whereas the up-
stream diameter, ID1, was changed from 4 to 10 mm. The lens
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Figure 13. Particle beam contraction ratio (a) and transmis-
sion ef� ciency (b) versus particle diameter (lower axis) and
Stokes number (upper axis) for a single conical lens with front
opening diameter ID1 D 4–10 mm, ID2 D 4 mm, L D 10 mm,
Re0 D 12.5, Q D 60 scc/min.

thickness was � xed at 10 mm. The results in Figure 13 show
that the contraction ratio is very sensitive to small departures
from the cylindrical case, but that it soon becomes independent
of the upstream diameter. The transmission curves indicate that
a conical lens is only modestly superior to a cylindrical lens.
One can see from the � gure that, by implementing a conical
lens, the diameter range for 100% transmission can be extended
by a factor of 2.

The results of single lens calculations indicate that the extent
of contraction and impact loss are controlled by dimensionless
parameters ID/OD, L/ID, Re0, and St. Both the maximal colli-
mation diameter and the conditions at which signi� cant impact
losses begin can be characterized by St »D 1.

Liu et al.’s (1995a, b) near-axis calculation also showed that
´c decreases with increasing Re0 and increases with increasing
ID/OD; however, impact losses were not analyzed. Moreover,
their results showed only a monotonic decay of ´c versus St,
possibly because their calculation was limited to St < 3.

Particle Motion in a Nozzle Expansion
As discussed above, a single-stage expansion to vacuum

through a conical nozzle has been used extensively to generate
particle beams; previous studies have shown that both nozzle
shape and upstream pressure in� uence beam divergence. The
concept of an aerodynamic lens system was proposed by Liu
et al. (1995a, b) as a technique to generate a collimated parti-
cle beam that could then be expanded to vacuum via a super-
sonic nozzle. Liu et al. (1995a, b) also concluded that the � nal
nozzle geometry plays an important part in determining beam
divergence. Obviously, nozzle geometry also controls particle
terminal velocity, which is size dependent. This is important if
particle size is to be determined by measurement of the terminal
velocity. For these reasons, we have also studied � ow through
an isolated nozzle.

As shown in Figure 14, a 2 stage nozzle that was proposed
by Liu et al. (1995a, b) has been examined. In the nozzle, the
cross section available for gas � ow is reduced in 2 stages: � rst
from the tube diameter OD to dt and, after a distance L, to the
throat diameter, dn (thickness of the throat is negligible). The
pressure ratio across the nozzle is large as the pressure drops
from perhaps 150 Pa to 0.1 Pa. After the throat, the gas under-
goes free expansion. The quality of the resulting particle beam
can be characterized by the beam divergence angle, ®, which is
de� ned as the angle between the � nal particle trajectory and the
jet axis. The angle ® is expected to be a function of gas � ow pa-
rameters (upstream Reynolds number and the ratio of the up- and
downstream pressures, Pup/Pdown ), the dimensionless geometric
parameters of the nozzle, and the particle Stokes number. The
reason for inclusion of Pup/Pdown here is that the gas compress-
ibility plays a large role in determining the dynamics if this ratio
is substantially larger than 1. In particular, if the ratio is about 2
(or larger), the velocity at the throat can be expected to be sonic.
For a lens, Pup/Pdown is close to unity so that the compressibility
effects are negligible (Mach number is <0.1); by contrast, in
the nozzle expansion, Pup/Pdown is on the order of 1000 (Mach
number can reach 2). In the calculations, near-axis particles at
an upstream radial location of 2Rpi/OD D 0.1 (Rpi is particle ini-
tial radial location) were chosen to characterize nozzle overall
performance (as used by Liu et al. (1995a, b)), and nozzle down-
stream pressure was chosen as 0.1 Pa based on a typical real sys-
tem (Jayne et al. 2000). Calculations were � rst made for a nozzle
with dn D 3 mm, dt D 6 mm, L D 10 mm, and OD D 10 mm.
Nozzle mass � ow rate, Q , was 100 sec/min and the nozzle up-
stream pressure that matched the � ow rate was 150 Pa. The
particle divergence angle is plotted as squares (marked as 1:1)
in Figure 14 versus particle diameter (bottom axis) or particle
Stokes number (top axis). The other 2 sets of data in the � g-
ure are the cases for which the nozzle is geometrically reduced
(circles marked as 0.5:1) and magni� ed (triangles marked as
2:1) by a factor of 2 in both the axial and radial dimensions.
Obviously, the 3 nozzles are geometrically similar but have dif-
ferent absolute geometrical dimensions. Also in the calculations,
Q/OD is maintained at a constant, because this is equivalent to
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Figure 14. Particle divergence angle versus particle diameter (lower axis) and Stokes number (upper axis) for geometrically
enlarged (2:1) and shrunken (0.5:1) nozzles. The geometric dimensions (mm) for 1:1 are OD D 10, dt D 6, dn D 3, L D 10, Re0 D
20.8, Q D 100 scc/min.

Re0 D constant. It has been found from the calculated gas � elds
that Mach number pro� les are similar in all 3 nozzles. Therefore
� ow in the 3 cases exhibits similarity. Figure 14 shows that in
all 3 cases results for particle divergence angle versus particle
diameter or Stokes number lie on a single curve. This is proof
of the hypothesis that the nozzle dimensionless parameters (not
the absolute dimensions) determine particle beam performance.
Since sonic � ow is expected at the throat, an appropriate veloc-
ity scale, Vc , for use in the Stokes number is the speed of sound.
For convenience, we used the value of the upstream sound speed.
For the Reynolds number, we used the upstream velocity as the
appropriate scale, just as in the case of the lens. We also used
the upstream value of ¿ for convenience, although this may be
more dif� cult to justify on physical grounds. As in the lens case,
we used the throat diameter as the length scale. Interestingly,
it is observed in Figure 14 that the divergence angle is positive
for small Dp (because smaller particles follow the gas stream),
but then becomes negative for large Dp (because larger particles
may cross the axis due to inertia). The beam is least divergent
for those very large particles (Dp > 5 ¹m) that are too heavy to
respond appreciably to the gas contraction and expansion occur-
ring up- and downstream of the nozzle. The � gure also shows
that particles cross the axis at St ¸ 1.

Calculations have also been performed for a nozzle of � xed
geometry butwith upstream pressures varying from 75 to 600 Pa,
and this results in Re0 varying from 8.6 to 98. The Mach number
pro� le is found to be essentially unchanged. Figure 15 shows the
particle divergence angle versus particle diameter (Figure 15a)

and versus particle Stokes number (Figure 15b). Figure 15a
shows that higher Reynolds numbers (higher upstream pressure)
result in smaller beam divergence for larger particles (D p >

1000 nm)but larger beam divergence for smaller particles. When
the data were plotted versus St in the bottom plot (Figure 15b),
the 4 curves were found to be nearly coincident. This suggests
that Reynolds number has a minor in� uence on the beam diver-
gence, whereas Stokes number has a major in� uence.

The effect of nozzle geometry is shown in Figure 16, where
the calculated particle divergence angle for dt D 3–10 mm is
presented in Figure 16a as a function of particle Stokes num-
ber. Other parameters are dn D 3 mm, OD D 10 mm, and
Pdown D 0:1 Pa. The gas mass � ow rate was 100 sec/min
for all cases and upstream Reynolds number, Re0, equals 20.8 for
all cases. Gas upstream pressures matching Q D 100 sec/min
are also included in the � gure. All the curves in the � gure ex-
hibit a similar trend in that the curves start with positive values,
cross the axis at St D 0.5–5 and � nally become less divergent.
The diamonds (dt D OD D 10 mm) and the circles (dt D dn D
3mm) represent the limiting cases of a single step thin cylindrical
nozzle and a single step thick cylindrical nozzle. The common
feature of the 2 cases is that the cross section for � ow was de-
creased in 1 step (at the throat for dt D OD D 10 mm case,
and at the front edge of the cylinder for the dt D dn D 3 mm
case). The upside down triangles (dt D 8 mm) represent a case
similar to the thin cylindrical nozzle, as the cross section was
decreased mostly at the throat. The other 2 lines, which represent
cases of changing the cross section in 2 more-or-less equal steps,
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Figure 15. Particle divergence angle versus particle diameter
(a) and Stokes number (b) with upstream Reynolds number vary-
ing from 8.6 to 97.8. The geometric dimensions (mm) for the
nozzle are OD D 10, dt D 6, dn D 3, L D 10.

have smaller beam divergence. Among them, the right-side-up
triangles (dt D 6 mm, dt /dn D 2) provide the best overall per-
formance. Additional calculations showed that further increases
in the number of steps did not signi� cantly enhance the beam
performance.

Particle terminal velocity (normalized by upstream sound
speed) is shown in Figure 16b versus St for the same values
of the parameter dt . The results indicate that normalized par-
ticle velocity is much less sensitive to dt than is the beam di-
vergence. It is interesting to note that the normalized particle
velocity attains a value of 1 at St »D 1. Smaller particles (St < 1)
are accelerated to more than the upstream sound speed, whereas
larger particles (St > 1) attain lower velocities because of their
high inertia. This result can be used to infer a particle size by
measuring particle velocity. As shown in Equation (8), the parti-
cle Stokes number is proportional to ½p Dp in the free molecule
particle � ow regime (which is valid for all conditions of this
work), and this product is de� ned as particle aerodynamic di-
ameter. This de� nition is different from the usual one, ½p D p

2,

Figure 16. Particle divergence angle as a function of particle
Stokes number (a) for dt D 3–10 mm. (b) is particle terminal
velocity (normalized by upstream sonic speed) versus Stokes
number. Other parameters are OD D 10, dt D 6, dn D 3, L D 10,
Q D 100 scc/min, 2Rpi/OD D 0.1, Re0 D 20.8.

which is valid for the continuum regime (Baron and Willeke
1993).

From a quasi–one-dimensional, semiempirical model, Liu
et al. (1995a, b) calculated particle divergence angles and ter-
minal velocities for particles up to 250 nm in diameter for
Q D 108 sec/min for a nozzle expansion. To compare their
beam divergence data with the present analysis, calculations
have been performed on a nozzle of the same geometric con� g-
uration (dt D 6 mm, dn D 3 mm, L D 10 mm, OD D 10 mm)
and with the same � ow rate (Q D 108 sec/min) as Liu et al.’s.
The results are plotted along with those of Liu et al. (1995b) in
Figure 17. Figure 17b shows that the terminal velocity of parti-
cles on the axis as predicted by Fluent and by Liu et al. (1995b)
are in reasonable agreement with their experimental data. How-
ever, Figure 17a shows that the Fluent model typically predicts a
larger particle divergence angle than Liu et al.’s calculation. The
reason for agreement of all 3 sets of data of terminal velocity in
Figure 17b is probably because terminal velocity of particles on
the axis is almost solely determined by gas velocity at the axis.
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Figure 17. Particle divergence angle (a) and terminal velo-
city (b) versus Dioctyl Sebacate (DOS) particle geometric di-
ameter. OD D 10, dt D 6, dn D 3, L D 10, Q D 108 scc/min,
2Rpi/OD D 0.1.

In Liu et al.’s model, the gas velocity on the axis was based on a
well-studied and experimentally con� rmed relationship between
the centerline Mach number and nozzle downstream distance.
On the other hand, the discrepancy in Figure 17a probably sug-
gests that the simple mass conservation relationship used by Liu
et al. (1995b) to extract radial gas velocity has some uncertain-
ties. These uncertainties lead to noticeable errors in beam diver-
gence prodictions even for near-axis particles (2Rpi /OD D 0.1).

CONCLUSIONS
Particle motion for � ows of gas-particle suspensions through

single ori� ces has been investigated numerically. Both com-
pressible and incompressible � ows have been modeled.

For an incompressible � ow of a gas through an ori� ce, the
associated particles may either experience a net displacement
toward the axis or they may impact on the front surface of the
lens and be lost from the stream, depending on particle inertia. It
was found that the extent of beam contraction and particle impact
loss are controlled by the geometrical parameters ID/OD and
L/ID and the dynamical parameters Re0 and St. The maximum

particle contraction is achieved at St »D 1 and signi� cant impact
loss also begins at St »D 1. The results show that a reasonable
operating condition for the lens is St »D 0.2, at which condition
beam contraction is close to maximum but there is no impact
loss. These results can provide guidance for the sizing of each
lens in a multilens system. The strategy is to (a) adjust ID/OD
and Re0 to achieve maximum value of the beam contraction;
and (b) choose upstream � ow parameters (velocity and upstream
pressure) such that St »D 0.2 for the particle diameter of interest
or operate the lens at St »D 1 if particles are already collimated.

For the � nal expansion through a nozzle from the lens work-
ing pressure (»150 Pa) to vacuum (0.1 Pa), it was found that
particle beam divergence is a function of Re0, nozzle geometry,
and St; and, among these, the nozzle geometry and Stokes num-
ber have major impacts. It was also found that a stepped nozzle
generally helps to reduce beam divergence. The calculated par-
ticle terminal velocity was shown to be in good agreement with
the experimental data of Liu et al. (1995b) (Figure 17b) and
separately by Jayne et al. (2000).
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