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Abstract

Most studies on particle focusing using an aerodynamic lens concentrate on loss and focusing performance of the lens itself without
accounting for the critical orifice that acts as the actual inlet. If the newly proposed design for an aerodynamic lens capable of focusing
particles over a wide range of 30 nm - 10 um is integrated into the critical orifice, this will result in a huge loss of super-micron particles
(> 1 pm in diameter), and the downstream aerodynamic lens will no longer have an advantage. CFD simulations were performed to in-
vestigate the loss of particles in the critical orifice and a new converging-diverging critical orifice was proposed instead of the conven-
tional flat critical orifice to reduce the particle loss. By optimizing the angle of the converging and diverging sections as well as the re-
laxation chamber design, we derived an optimal design for the final aerodynamic lens and integrated system. As a result, we can generate
particle beams of less than 1 mm with more than 80% penetration efficiency for particles in the 50 nm -7 pm range, and a 60% penetra-

tion efficiency for particles of 30 nm and 10 um.
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1. Introduction

First proposed by Liu et al. [1, 2], an aerodynamic lens
comprised of numerous orifices is a device used to generate
particle beams by focusing aerosol nanoparticles at high
transmission efficiency. It allows mechanical operation with-
out any electronic control unit. Nanoparticle focusing technol-
ogy using an aerodynamic lens has various applications, in-
cluding efficient inlets for aerosol mass spectrometry [3-7],
micro patterning and material synthesis [8-10], and biomate-
rial composition measuring inlets [11].

The first aerosol particle beam production was attempted
using capillary tubes [12], orifices [13, 14], and contraction
nozzles [15], but these methods limited focusing of particles to
specific sizes. In contrast, multi-stage aerodynamic lenses
comprised of 3-5 orifices with different inner diameters en-
ables simultaneous focusing of aerosol particles over a rela-
tively wide range at high transmission efficiency [1, 2, 16, 17].
Examples of the focusable size range of particles are Liu et al.
[2]’s 25-250 nm, Zhang et al. [18]’s 60-600 nm, Wang et al.
[19]’s 3~30 nm, Lee et al. [5]’s 30-300 nm and Lee et al.
[20]’s 5-50 nm. These have all remained in one order of mag-
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nitude. Recently, Lee et al. [21] arranged a 7-level orifice sys-
tem such that the orifice diameter decreases and then increases
again. They showed that the focusable size range can be im-
proved to two orders of magnitude, 30 nm-10 pm, by reducing
the inertial impaction loss of super-micron particles with a
large St. This aerodynamic lens shall be called hereafter as a
wide-range aerodynamic lens.

Most existing studies have developed and evaluated aero-
dynamic lenses excluding the critical orifice which has been
often used as a flow-limiting inlet, i.e., under the assumption
that the influx of particles and gas of the acrodynamic lens is
parallel to the central axis of aerodynamic lenses at a certain
low pressure. In other words, gas and particle flow down-
stream of the critical orifice are likely simplified and might be
different from the real situation. A few recent reports [22-24]
of significant losses of super-micron particles at the critical
orifice raised a big concern that the advantage of the wide-
range aerodynamic lens will be significantly damaged if the
entire aerodynamic lens system including the critical orifice is
considered.

The loss of super-micron particles at the critical orifice usu-
ally occurs at the orifice surface and tube wall after the orifice,
mainly due to inertial impaction and excessive focusing aris-
ing from gas accelerated to the speed of sound in the orifice
body [17, 22, 23]. Meanwhile, for nanoparticles with a small
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inertia, there is diffusion loss from increased residence time
often caused by the downstream vortex [23]. To reduce the
diffusion loss of small particles, Wang and McMurry [17]
suggested restricting the vortex through conversion of the flat
(downstream) surface of the critical orifice to a conical diver-
gent section, while Liu et al. [22] proposed a method of re-
moving steps inside the tube-orifice assembly. However, little
has been revealed about reducing or controlling the loss, even
in critical orifices, for the entire range of particles including
micron sizes. Most recently, only a single paper [25] suc-
ceeded to demonstrate that the critical orifice-relaxation
chamber-lens assembly works properly particles between 100
nm and 3 pm in diameter. As the key idea was high-pressure
operation of the aerodynamic lens system to increase aerody-
namic drag, their design is optimized for Aerodyne mass spec-
trometer but is not for aerosol time-of-flight mass spectrome-
ter (ATOFMS) due to the pressure mismatch. Cahill et al.’s
[24] lens assembly including the critical orifice is the only
design developed for the inlet of the ATOFMS. To reduce the
transmission loss of super-micron particles at the critical ori-
fice and relaxation chamber, they increased the opening of the
critical orifice in an attempt to reduce the particle Stokes
number by increasing the pressure and thereby relieve overfo-
cusing or inertia impaction of particles. This idea worked for
particles larger than 4 um. However, the Stokes number of
particles smaller than 3 pum becomes too small, leading to a
significant divergence of particles prior to the skimmer. Since
the skimmer was inevitably installed to adjust the increased
pressure to the ATOFMS inlet, a significant fraction of the
particles were cut off by the skimmer. Thus, it is concluded
that only 4-10 pm aerosols can be delivered by their design.

As such, this study develops a novel critical orifice that is
capable of effectively transmitting particles in the widest
range of 30 nm-10 um, and then integrates the wide-range
aerodynamic lenses proposed by Lee et al. [21] to present a
design concept for a more realistic wide-range aerodynamic
lens system for the ATOFMS.

2. Numerical simulation

The critical orifice and wide-range aerodynamic lens as-
sembly, that is, the wide-range aerodynamic lens system, was
developed by checking the performance of a new type of sin-
gle stage critical orifice and integrating it with the wide-range
aerodynamic lens, followed by assessing the overall perform-
ance. FLUENT (version 6.2.16) was used to calculate the air
flow and particle behavior inside the critical orifice and aero-
dynamic lens. The flow of the carrier gas was assumed as
steady-state, compressible, laminar, and viscous flow, and
solved by Navier-Stokes equations. The particles having vari-
ous diameters were treated as spheres with the density of a
standard particle (1 g/cc), and their trajectories were calculated
while ignoring lift force to evaluate the size-resolved loss and
focusing performance. Because of the low concentration and
small diameter, the interaction between particles and influence
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Fig. 1. Schematic of a new C-D orifice and a relaxation chamber.

of the particles on flow were considered negligible [5, 18, 21].
The Brownian diffusion effect was included in calculations for
small particles of 30-300 nm, and the calculations were re-
peated five times to obtain the average values and standard
deviation values in the particle beam radius and the transmis-
sion efficiency. A user defined function (UDF) was applied to
reflect changes in the slip correction factor (C.) as the gas
undergoes rapid pressure changes around the neck region [19,
20]. More details are available in our previous publications [5,
20, 21].

For the wide-range aerodynamic lens, the inlet pressure was
maintained at ~80 Pa and outlet pressure at 0.13 Pa by limiting
the flux to 100 scem (2.042 x10° kg/s) with the critical orifice
having a diameter of 0.125 mm [21]. For the single-stage
simulation of the critical orifice, air inflow had the same mass
flow rate, and the outlet pressure was the same as the inlet
pressure of the aerodynamic lens.

3. Results and discussion

3.1 Design of a new critical orifice with convergent and di-
vergent sections

As mentioned by Chen et al. [23], the loss fraction of super-
micron particles in a flat-type critical orifice can be as high as
83%, mainly at the frontal surface of and tube wall after the
orifice. Wang and McMurry [17] proposed the possibility of
reducing diffusion loss of small particles by modifying the
relaxation chamber with a conical divergent section to reduce
flow recirculation. More recently, our preceding research [20]
showed that the diffusion loss of 5-50 nm particles can be
significantly reduced by using a series of converging-
diverging (C-D) orifices, allowing the gas flow to become
shock-free and vortex-free. Thus, we decided to modify the
shape of critical orifice from the conventional flat-plate orifice.
Fig. 1 shows a conceptual diagram of a new C-D critical ori-
fice we considered. The new critical orifice was divided into a
C-D orifice section and a relaxation chamber, and designed for
minimal particle loss in all areas. As seen in the figure, o is the
converging angle, and f3 is the diverging angle.

3.2 C-D Orifice design: converging angle o.

Even in the C-D orifice, particle loss can occur at the con-
verging section before passing the orifice neck and at the di-
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Fig. 2. Different impaction loss of particles depending on their incident
radial positions.

verging section after the neck. The location where particles are
lost is dependent on St number and initial radial position of
particles. Fig. 2 shows two critical trajectories of super-micron
particles, describing how and where the particles are lost de-
pending on their initial radial positions. Particles are lost at the
converging section if their initial radial position is greater than
Iy, and at the diverging section if the initial radial position is
between ry, and r,.

The loss fraction at the converging section (1)) is given by
Eq. (1) [15], and the loss fraction at the diverging section (14)
is similarly expressed by Eq. (2).
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Fig. 3 shows the loss fraction 1 as a function of St number
when the converging angle o varies between 30-90° (/6-1/2)
at a constant B = 6.2° (n/29). The angle of B was selected so as
to minimize the divergent angle of particles without down-
stream vortex in the divergent part of the orifice (will be dis-
cussed in Sec. 3.3). For a conical diverging orifice with o =
90°, the particle loss at the converging section is almost in-
variant from 6% with increasing the St up to 100. When the St
becomes greater than 200, there is a rapid increase in the loss
at the converging section. When reducing the angle o, the
curve of 1. vs St is gradually shifted to the large St direction,
suggesting that the loss fraction at the converging section is
gradually reduced: for o = 30° (n/6), even 10 um particles
with a St number of 1000 can be delivered with a negligible
loss.

Fig. 4 gives the loss fraction 14 in terms of St number under
the same conditions. Compared to Fig. 3, particles smaller
than 3 um (St < 100), after passing through the neck of the
orifice with o = 90°, are lost at the diverging section, up until
N4 = 45%. When the St increases more than 300, the loss frac-
tion 1 significantly increases in Fig. 3 because of a large de-
crease of 1., in Eq. (1), which in turn decreases the loss frac-
tion 1 (referring to Eq. (2)).

With a decrease in a, both loss fractions decline for all val-
ues of the St. As such, the converging angle o must be mini-
mized to prevent loss of large particles. Reducing a can pre-
vent inertial loss of large particles, but make the critical orifice
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Fig. 3. St-number dependency of the fraction of particle loss at the
converging section with different converging angles o.

0
5o | T o=m2 (909) p=/29 (62 ]
o o=5m/12 (75°) ]
. 40 ?“‘a:u@ (60°)
5_0 30 £ o= (459)
=t

20 — v 3
L _v" ]
10 [ 3
L v
[0 S— I Ll N | C el
10° 10" 102 10° 10*
St

Fig. 4. St-number dependency of the fraction of particle loss at the di-
verging section with a fixed diverging angle 3 but altering the angle a.

longer. Since a longer critical orifice is expected to cause dif-
fusion loss of small particles arising from longer residence
time, the angle a was set to 30° (1/6), at which there was no
loss of 10 pm particles.

3.3 C-D orifice design: Diverging angle

In the C-D orifice, the angle B of the diverging section can
affect the expanding flow of gas passing the orifice neck [20]
and the diverging angle v, (refer to Fig. 2) of particles as well.
As shown in Fig. 5, the diverging behavior of particles was
affected differently depending on their sizes when the diverg-
ing angle B of the orifice varied over 6.2-45°. For example, for
particles smaller than 300 nm, their diverging angle y,, de-
creased with decreasing P, which was attributed to gradual
decreases in the radial velocity of gas expanding at the diverg-
ing section. As seen in Fig. 6, as the P increases, the radial
velocity of gas increases significantly at the diverging section,
but hardly changes at the converging section. It is also a natu-
ral result that smaller particles are more affected by the ex-
panding gas at a certain 3. Thus, larger particles and a mini-
mum 3 of orifice are preferred for suppressing the angle of vy,
in the size range of particles.
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Fig. 5. Dependence of diverging angle of particles in a wide size range
on their size and the angle of 3.
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Fig. 6. Variations of radial gas velocity along the axis of the C-D noz-
zle with different diverging angles of 3.

In contrast, the opposite was observed in Fig. 5 for particles
larger than 300 nm: as B becomes smaller, the diverging angle
You Of large particles increases in spite of the decrease in radial
gas velocity. Unlike smaller particles, larger micron particles
are hardly affected by the gas due to their greater inertia.
Rather, the change in y,, can be interpreted as a difference in
local St numbers of micron particles right after passing
through the orifice neck as follows. The local St number is
defined in Eq. (3) [21].

U del%UCc

S[: =
D, /2" D,

)

In the equation, Dy is an orifice diameter at a certain spot of
the diverging section, U is an average velocity of gas flow (see
Fig. 10), n is the gas viscosity, and p, and d, are the density
and size of particles. As seen in Fig. 7, when the angle of B is
reduced from B; to B,, the average gas velocity U becomes
greater due to the decrease in the local diameter Dy (from Dy
to Dy,). This causes an increase in the local St (greater inertia),
resulting in more severe overfocusing of particles as con-
trasted as trajectories 1 and 2 in Fig. 7 and the increase of the
Your as Well.

Case 1:B,4

Case2:,

Trajectory 2

Fig. 7. Effect of diverging angle B on particle trajectories: difference in
local St number at the diverging section.

(2
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(©)

(d

Fig. 8. Gas streamlines in the C-D critical orifices with different di-
verging angles: (a) B = /2; (b) p=n/4; (c) p=7/12; (d) B = n/29.

In the C-D orifice, reducing the diverging angle vy, of large
particles helps to shorten the relaxation chamber that connects
to the rear side of the C-D orifice. However, for B < 30° (1/12),
the diverging angle of micron particles does not show signifi-
cant differences even with a further decrease in B, and thus has
no effect on the design of the relaxation chamber. As men-
tioned before, when B increases, gas flow becomes unstable
due to the formation of a vortex near the diverging section,
and the back flow and recirculation result in a greater loss of
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Fig. 9. Different trajectories of particles entering the relaxation cham-
ber at different radial positions: the bending points denoted by a dotted
short line are shifted downstream as the incident radial position of
particles gets closer to the axis.

small particles [23]. As shown in Fig. 8, the B was set as 6.2°
(1/29) to prevent the vortex formation.

3.4 Relaxation chamber design

Since particles flowing out of the CD orifice at the diverg-
ing angle v, can undergo additional loss at the wall of relaxa-
tion chamber, an adequate diameter (D,) and length (L) must
be selected for the relaxation chamber shown in Fig. 1. In the
relaxation chamber, the redeveloped flow line is parallel to the
horizontal axis, resulting in zero radial velocity of gas. Here,
particles entering the relaxation chamber with the diverging
angle v,,, are gradually decelerated to the radial direction by
the drag force Fp and eventually move horizontally after a
relaxation time t. The radial stopping distance (S,) particles
travel until the horizontal movement is estimated by multiply-
ing the size-dependent t by the radial velocity component
(V,) of particles at the inlet of the relaxation chamber. Hence,
the S, is affected by the initial speed, diverging angle, and size
of entering particles. The loss of large particles at the relaxa-
tion chamber can be minimized by designing the inner diame-
ter D, of the relaxation chamber to be larger than the maxi-
mum S,.

Consider the situation in which particles enter the relaxation
chamber at different radial positions: near and far from the
axis. As the incidence position of particles gets closer to the
axis, the radial velocity of particles declines and their axial
velocity increases instead, allowing the particles travel a
longer axial distance until their trajectory becomes parallel to
the axis. As confirmed in Fig. 9, the bending point of the tra-
jectories is gradually shifted downstream when the incidence
position of particles gets closer to the axis. The minimum
length of the relaxation chamber (denoted as L) was designed
to be slightly larger than the longest axial distance to the bend-
ing point.

3.5 Performance evaluation of the aerodynamic lens system

As stated earlier, the final critical orifice was integrated
with the existing wide-range aerodynamic lens to form an
aerodynamic lens (ADL) system. Fig. 10 shows the trajecto-
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Fig. 11. Comparisons of radii of particle beams focused by the aerody-
namic lens only and the entire ADL system when the diffusion effect is
included or not.

ries of particles with various sizes in the ADL system. Even
for the entire ADL system, all particles of interest could be
effectively focused regardless of their size. The trajectories of
particles of 30 nm or even 300 nm show a discernible
Brownian effect when comparing the cases of with and with-
out Brownian effect.

Fig. 11 presents the beam radius of particles focused via the
ADL system against their size in consideration of 90% flux
(enclosing 90% of the total particle flux) 40 mm downstream
the exit of the final nozzle of the ADL system. This was com-
pared with results for the aerodynamic lens, only excluding
the critical orifice. When diffusion of sub-micron particles is
taken into account, the average beam radius was found to 1.55
mm for 30 nm, and 0.75 mm for 50 nm. Even for 100 nm,
there is a considerable Brownian effect degrading the focusing
performance. This strengthened Brownian effect is mainly due
to the longer residence time of particles passing the length-
ened ADL system. Over the 100 nm - 10 um range, the beam
radius of 0.3 mm was slightly larger than the value derived
only for the aerodynamic lens, but still effective in focusing
particles.

Likewise, Fig. 12 shows the transmission efficiency of the
ADL system by particle size along with the existing results for
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Fig. 12. Comparisons of transmission efficiencies of particles between
the present C-D type ADL system and Liu et al.’s one.

the aecrodynamic lens only [21]. These results were also com-
pared with the results obtained by Liu et al. [22]. From 100
nm to 3 pm, the critical orifice is clearly an effective inlet as it
has a high transmission efficiency of 92%. For smaller parti-
cles of 50 nm and 30 nm, the diffusion loss at the relaxation
chamber leads to a lower but still acceptable transmission
efficiency of 84% and 60%, respectively. For 10 pm particles,
the transmission efficiency was 60% due to inertial impaction
loss at the critical office. In summary, we have proposed a
novel design of converging-diverging critical orifice and re-
laxation chamber assembly in an attempt to reduce the particle
loss arising from inertial impaction and diffusion. We also
proved the possibility of effectively focusing particles over a
wide range of 30 nm — 10 pm through integration with the
existing ADL system.

Finally, there are some technological limitations for the fi-
nal design of the critical orifice-relaxation chamber-ADL as-
sembly. One of the limitations is that the proposed critical
orifice with a 6 degree included angle might be a bit of a chal-
lenge to manufacture, especially with a conventional tool such
as drilling and tapering. However, recent progress in manufac-
turing technology, including rapid prototyping and sheet met-
als, allows to manufacture the C-D orifice with 10 degree or
less in the very near future. Second, the flow Reynolds num-
ber through the critical orifice is ~1140, suggesting the possi-
bility that the flow is not necessarily laminar. Here, it is worth
noting that other ADL systems including a thin-plate critical
orifice with a similar size (denoting a similar Re number) were
demonstrated experimentally to work properly [3, 5, 22]. In
addition, because the C-D type of orifice can stabilize down-
stream gas flow better than the thin-plate orifice [20], the tur-
bulence issue might be possibly ruled out. However, it is also
true that experimental works for the C-D type orifice are very
limited to demonstrate that the orifice turbulence is not an
issue.

4. Conclusions

We have designed a new converging-diverging type critical

orifice and a relaxation chamber as an efficient inlet enabling
to minimize transmission loss of particles in a wide size range
of 30 nm - 10 pm. Key ideas in design of the C-D critical ori-
fice are 1) to minimize the converging angle o of the C-D
orifice as long as it does not cause a significant diffusion loss
of particles, leading to a great reduction in impaction loss of
large particles, and 2) to minimize the diverging angle 3 for
reducing the diverging angle v, of particles and preventing
the flow recirculation at the diverging section. The relaxation
chamber was designed to enlarge its diameter over the maxi-
mal stopping distance of particles to the radial direction and to
be long enough for allowing all particle trajectories to become
parallel to the axis. After integration with the wide-range aero-
dynamic lens developed in past research, the entire aerody-
namic lens system was confirmed to produce particle beams
with radii smaller than 1 mm with a relatively high transmis-
sion efficiency: 60% of 30 nm and 10 pm particles and > 80%
for 50 nm - 7 um particles.
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