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Continuously Converging Multistage Focusing Lenses
to Concentrate Aerosols at High Reynolds Numbers

Guillermo Vidal-de-Miguel' and Juan Fernandez de la Mora?

ISEADM, Parque Tecnologico de Boecillo, Valladolid, Spain

*Department of Mechanical Engineering, Yale University, New Haven, Connecticut, USA

All known multi-stage aerodynamic lenses able to focus sharply
a wide range of particle sizes include decelerating regions where
the flow becomes turbulent at Reynolds numbers Re typically of
100 or less. Here, we propose a design for a focusing concentrator
operating laminarly at Re of many thousands. The particles are
accelerated by the gas through a continuously converging ladder
of smooth contractions, each designed such that: (1) the flow re-
mains laminar at substantial Re; (2) a certain band of particle sizes
is focused in each contraction, without substantial defocusing of
larger particle focused in 1 or several preceding contractions; (3)
the form, length, and ratio of entry to exit diameter of each contrac-
tion, as well as the number of consecutive contractions are chosen
such that all particles within a given relatively wide range of sizes
are focused at the end of the ladder of contractions into a relatively
narrow focal region. The focusing virtual impactor formed by cou-
pling this device to a perforated surface could provide a powerful
particle concentrator.

1. INTRODUCTION

It is often desirable to sample and concentrate particles sus-
pended in a gas for further analysis or detection. Unlike a liquid
or a low speed gas flow where the fluid density is relatively
constant, the flow of particles suspended in a gas can be ren-
dered highly compressible by inertial effects (Robinson 1956;
Michael 1968; Fernandez de la Mora and Rosner 1981, 1982).
As a result, the number of particles per unit volume # at a given
location in the flow may be substantially higher than its initial
value ny at a reference point upstream. The concentration factor
defined as

C=n/ngy [1]

may therefore be much larger than unity, a situation of great
practical interest to increase the sensitivity of instruments used
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for particle detection or analysis. Indeed, since the volumet-
ric sampling flow rate g of such instruments is generally fixed,
their sensitivity is increased by a factor C if the particles are con-
centrated by that factor before being sampled. Under practical
situations involving detection or analysis of ambient particles,
many aerosol instruments sample flows typically of 1 L/min,
sometimes considerably more. If one’s goal is to concentrate
ambient particles by a factor of 1000 prior to detecting them,
the concentrating device needs to handle flow rates of thousands
of L/min, typically associated to very high Re. For a jet of veloc-
ity U formed by a nozzle of diameter D, Re is defined in terms
of the fluid’s kinematic viscosity v as:

Re = DU /v (2]

Substantial concentration factors have been achieved in 2
types of inertial devices based on aerodynamic focusing and
virtual impaction, respectively.

Virtual impactors are common instruments (Chen et al. 1986)
that can be used as particle concentrators (Romay et al. 2002).
They involve a jet of gas carrying particles, forced to impact
against a virtual wall (an imaginary interface separating the jet
from another fluid stream). This second fluid stream is most
commonly a confined region of slow moving gas, often a cav-
ity, but it could also be a second relatively strong jet (Willeke
and Pavlik 1978, 1979). This virtual wall ideally deflects the
majority of the impinging gas jet, but is penetrated by some
of the suspended particles. In principle, none of the jet gas but
some of the particles could be admitted into the cavity region,
in which case C would be infinite. In practice, the virtual wall
is most often fluid-dynamically unstable and it is convention-
ally stabilized in virtual impactors by accepting steadily a finite
flow rate g of gas into the cavity of slow moving gas. The re-
quired minor to major flow ratio ¢/Q is typically larger than
3%, so that the maximum value of C achievable for particles
transferred with high efficiency is generally less than 30. Note
that this circumstance not only limits the concentrating ability
of virtual impactors. It also reduces considerably their resolving
power with respect to that of conventional wall impactors. The
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reason is that impactors normally capture large particles and
not small particles, yet, virtual impactors capture also at least a
fraction ¢/Q of the small particles. Concentration factors much
larger than 30 are achievable by connecting a set of N virtual
impactors in series, where the limiting concentration factor C
of a single virtual impactor is raised to the power N of the num-
ber of stages: Cy = C;". This approach has been demonstrated
by Romay et al. (2002) for N = 2, to achieve C > 100 at high
Re. Their instrument is limited in the largest particle size it can
handle by particle losses on the flow lines leading from the first
to the second virtual impactor stage.

Aerodynamic focusing is one of the most effective schemes
known to concentrate aerosol particles (Ferndndez de la Mora
and Riesco-Chueca 1988), and will be used here in combination
with virtual impaction. The pioneering ideas leading to the no-
tion of aerodynamic particle focusing are because of Israel and
Friedlander (1967), with extensions by Dahneke and Friedlander
(1970), Cheng and Dahneke (1979), Dahneke (1978), Dahneke
and Cheng (1979), Dahneke et al. (1982), Sinha et al. (1982),
and Sinha and Friedlander (1986). This early work is further
described by Sinha et al. (1983), with later extensions summa-
rized by Fernandez de la Mora (1996), Piseri et al. (2004), and
Fernandez de la Mora (2006). In the pioneering work by the
groups of Friedlander and Dahneke, the primary concern was to
separate aerosol particles from the gas carrying them in order to
introduce the particles into a vacuum system for further analysis,
most often by mass spectrometry. The aerosol was introduced
in the vacuum region of the mass spectrometer, where the gas
expands producing a supersonic jet where gas and particles were
separated. The width of the particle beam obtained was not sub-
stantially smaller than the diameter of the sonic nozzle, so that
the term focusing did not mean that C >> 1. However, a crit-
ical source pressure was identified at which the particles kept
approximately their initial concentration (or decreased it mod-
erately), while the concentration of gas molecules diminished
greatly. The term focusing could nonetheless be used in the
sense that, as shown by Friedlander and colleagues, at pressures
below that critical conditions, the particles in the beam did cross
from one side of the symmetry axis to the other. Note in this
respect that n is particle concentration, not gas concentration.
The particle phase needs to be compressible, but the fluid phase
may be either compressible or incompressible. The notion of
particle phase compressibility is discussed by Robinson (1956),
Michael (1968), Fernandez de la Mora and Rosner, and many
others.

The first demonstration of focusing in the specific sense of
interest to this study (C >> 1) was given by Ferndndez de la
Mora and Riesco-Chueca (1988). (1) They showed that focusing
can occur also in subsonic and low speed flows, and may arise as
atrue singularity, with C tending to infinity. C is however limited
by so-called geometric aberration, due to the fact that the point
at which particles of a given size cross the axis of symmetry
varies slightly as a function of their initial distance to the axis
of symmetry. (2) They demonstrated practical situations with C
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FIG. 1. Schematic dependence f(S) of the focal distance f (normalized with
the nozzle throat diameter) on the Stokes number S for particles accelerated
through a focusing contraction with d >> 1.

> 1000. (3) They showed that the slowly converging nozzles
used previously could not focus particles as small as nozzles
with more rapidly converging walls (including wedges with half
angles « > 1/2). (4) They introduced the concept of the critical
focusing Stokes number S, above which particles initially near
the axis would cross the axis, noting that subcritical particles
do not cross the axis, critical particles cross it at infinity, and
supercritical particles cross it at finite distances from the nozzle.
Figure 1 shows schematically the Stokes number dependence of
the focusing distance, f(S), where S is defined conventionally as
(Friedlander 1977)

S=1tU/D, 3]

based on jet speed U, nozzle diameter D, and the stopping time
T of a particle. 7 is defined as the time required to reduce the
speed of the particle by a factor of e (Euler’s number) when
flying through gas at rest in the absence of external forces. In
this context, it is also useful to define the aerodynamic size of a
particle as the diameter of a spherical particle whose resistance
to motion in the gas is linear with its velocity relative to the gas,
and whose density is 1 g/cm® and stopping time T is the same
as for the real particle.

The contributions of Ferndndez de la Mora and Riesco-
Chueca (1988) were primarily theoretical, with additional nu-
merical examples restricted to 2-dimensional flows. However,
the general validity of their picture has been confirmed by exper-
iments with axisymmetric nozzles (Rao et al. 1993; Fuerstenau
et al. 1994). Easily fabricated thin-plate orifice nozzles (o« =
7/2) have subsequently been most often used for aerodynamic
focusing. However, Middha and Wexler (2003) have confirmed
the advantage of even larger convergence cone angles, while
both these authors and Piseri et al. (2004) have contributed im-
proved geometries capable of focusing particles with unusually
small Stokes numbers.
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Aerodynamic lenses. While useful to concentrate sharply par-
ticles within a narrow S, these early studies did not solve the
problem of concentrating simultaneously a wide range of parti-
cle sizes, which is the concern of the present study. An important
step in that direction came from 2 independent lines of work,
based on many (rather than just 1) acceleration and deceleration
steps. This scheme will be referred to as multiple shot focusing.
As shown by Robinson (1956), one suitably designed stage of
acceleration and deceleration leads to a net concentration fac-
tor C; > 1. For small S, C, differs only slightly from unity.
But a sequence of N such steps in series produces a concentra-
tion factor C = C;", leading at sufficiently large N to a highly
concentrated or “focused” aerosol, even at modest S values.
This behavior was first seen in some striking calculations by
Maxey (1987) involving spatially periodic flows, which have
inspired a number of subsequent fluid dynamical investigations
(i.e., Ganan-Calvo and Lasheras 1991; Tio et al. 1993a, 1993b;
Martin and Meiburg 1994; Rubin et al. 1995, among many oth-
ers). This rich line of theoretical work has had no observable
effect on practical aerosol concentrators. Multiple shot focusing
was first brought to practice in general as well as introduced
conceptually in the aerosol literature by Liu et al. (1993) (Liu et
al. 1993; 1995a, 1995b), without connection to Maxey’s prece-
dent. These authors used primarily sharp edge orifice nozzles,
and introduced the widely accepted terminology aerodynamic
lens to refer to each individual nozzle followed by a deceleration
region. Their work has had considerable impact on the important
problem originally addressed by Friedlander and Dahneke: de-
termining the chemical composition of suspended particles after
introducing them into a vacuum. These configurations imply a
relatively rapid lateral expansion of a gas accompanied by a rela-
tively slow lateral expansion of the aerosol particles. Though the
flow through focusing lenses is typically subsonic, only the noz-
zle connecting to the downstream vacuum is supersonic when
the downstream pressure is low enough. Highly supersonic jets
are indeed unavoidable when introducing an aerosol initially at
atmospheric pressure into a vacuum. But they are undesirable
in applications such as those pursued here, where the process
of particle concentration tends to take place close to the origi-
nal pressure of the gas-particle suspension (often atmospheric
pressure). For present purposes, the main advantage of multiple
shot focusing with approximately periodic nozzles is the con-
siderably wider range of S values that can be focused (typically
from S below 0.1 up to above 1), and the higher concentration
factor C generally achievable, compared with what is possible
with single shot focusing.

The multiple shot approach is in principle not restricted to
the formation of aerosol beams for introduction into a vacuum.
However, in practice, it is not readily extended to applications
involving atmospheric pressures and high gas flow rates. The
reason is that the flow configurations so far employed or pro-
posed lead to transition to turbulence and make the focusing
devices inoperative at relatively low Re. For instance, accord-
ing to Eichler et al. (1998; Figure 2), the focusing performance
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FIG. 2. Schematic of the f(S) curve for particles accelerated first through a
contraction with d >> 1, and then through 2 additional contractions having d
values comparable to unity.

of the nozzle geometry most commonly used in aerodynamic
lenses (a sharp edge orifice) degrades rapidly at Re above 70.
The different types of focusing lenses lead all to detachment and
reattachment of the streamlines (Liu et al. 1995a, 1995b), with
corresponding flow fields becoming unstable at relatively low
Re. This restriction is generally compatible with particle beam
forming applications, but can be readily seen to be inadequate
for most atmospheric pressure applications. For instance, for air
at ambient conditions, with a nozzle diameter D = 1 mm, the
flow rate at Re = 70 is Q = 0.05 L/min.

Focusing virtual impactors. Some remarks are pertinent here
on solutions previously proposed to match a receiving tube or
collector and an incoming jet in an aerosol concentrator. The
aerodynamic configuration in the collector region needs to be
sufficiently stable to enable safe passage of the smallest particles
in the range of interest into the steady region of the collector
cavity. Both virtual impactors and the various skimmer designs
used for introducing focused aerosol beams into a final vacuum
stage have the same configuration of a jet impinging on a plate
or a cone with an aligned orifice. This type of configuration is
typically unstable and, unless some means to stabilize the flow
are implemented, produces a net oscillatory penetration of gas
jet into the cavity. As previously discussed, the instability is
solved via a relatively high suction through the collector orifice
that limits the achievable concentration factor C. If the acceler-
ating nozzle concentrates the particles into a region of diameter
dy substantially smaller than the nozzle throat diameter D, the
collector orifice diameter d. can be made comparable to dy. The
characteristic length of the virtual wall is therefore reduced by
the factor d./D. In addition, as the edge of the collecting orifice
is closer to the stagnated region, the radial component of the
local velocity (neighboring the collector orifice) is also reduced
by another d./D factor. The combination of these 2 factors re-
duces the local flow Re in the region of the sampling orifice by a
potentially large factor (d./D)? and, what is more, permits reduc-
ing the minor to major flow rate required to stabilize the virtual
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wall and consequently increasing the achieved concentration ra-
tio. For instance, if a beam of aerosol particles could be focused
through a collection orifice having d./D = 0.1, the concentration
factor C that could be achieved would be 100 times higher than
that of a conventional virtual impactor if one assumes that the
minor flow velocity in the virtual wall is equal in both the clas-
sic virtual impactor and the focused virtual impactor. But one
could expect even better results because the minor flow veloc-
ity would presumably be much lower since the local Re of the
virtual wall would also be 100 times lower. The advantages in
this respect of a focusing virtual impactor have been noted by
Fuerstenau et al. (1994). Unfortunately, the potential advantage
noted by Fuerstenau et al. (1994) is restricted to single shot fo-
cusing, which can by its very nature concentrate only a relatively
modest range of particle sizes. It could via multiple shot focus-
ing be turned into a particle concentrator of wide size range, but
only at flow rates too small to meet our present objectives.

2. DESIGN CONSIDERATIONS FOR CONTINUOUSLY
CONVERGING MULTISTAGE AERODYNAMIC LENSES

Given the state of the art just discussed, 1 of 4 goals is to
develop a focusing device concentrating highly a wide range of
particle sizes (wide S range) and operating at high flow rates
(high Re). The requirement of focusing a broad range of par-
ticle sizes demands the use of more than 1 focusing nozzle.
But the turbulent transition problem characteristic of all prior
focusing lenses (at all but relatively small values of Re) requires
the development of a new aerodynamic configuration avoiding
entirely flow detachment. This is not possible in the periodic
or quasiperiodic acceleration—deceleration schemes of Maxey
(1987) or Liu et al. (1993), since the converging accelerating
region in each period must be necessarily followed by a di-
verging decelerating region, which is always unstable at high
Re. The new scheme must therefore focus the broad particle
size range of interest in a continuously converging geometry.
A single convergence can focus sharply only a narrow range
of particle sizes, so the new proposed configuration relies on a
ladder of contractions, each of which focuses a progressively
smaller range of particle sizes, without defocusing appreciably
the larger particles previously concentrated.

Designed contraction

Some clarifications with regard to the definition of focal
distance used in this text are pertinent here to avoid confusion
with prior art. Below Sgit, particles passing through a focusing
nozzle do not cross the axis, but the beam can be still narrowed.
Particles trajectories travel approximately parallel to the main
flow while their distance to the axis diminishes asymptotically.
This circumstance is indeed broadly used in focusing lenses to
concentrate particles. But the distance required for the beam
to reach a small diameter is typically high (several times the
nozzle diameter), and those elongated beams would be difficult
to stabilize in a high Re device, even using a single lens, because
the jet becomes turbulent after a few nozzle diameters. For the
application pursued here, we shall focus the beam of particles at
a moderate distance from the nozzle. For § > S, the beam of
particles first converges toward a focal region and then diverges
taking approximately the shape of a sand clock constriction. A
perfect focus would mean that every particle having the same
S crosses the axis at the same axial distance. Yet, aberration
effects spread the trajectories. Rather than a singular point, the
focus is here defined as the smallest section of the sand clock
like constriction. For greater precision, the focal distance f(S) is
defined as the distance between the focal section of the particle
beam and a reference position that can be chosen arbitrarily, for
instance the throat of the nozzle. Note that for § = S;;; the focal
distance tends to infinity and for S < S, the focal distance (as
defined here) simply does not exist.

Smooth focusing contractions. A sectional view of a smooth
focusing contraction acting as the elementary step in this ladder
is shown in Figure 3a, and will subsequently be referred to as a
contraction.

Although this configuration is not restricted to axisymmet-
ric situations, the flow in the contraction of Figure 3a comes
from a circular section of diameter d; and ends in a circular sec-
tion with a smaller diameter d;,. The contraction is therefore
characterized by its shape, length, and the diameter ratio d:

d=d;/di. [4]
The continuously converging geometry described in Figure

3a, with controlled inflexions and moderate radii of curvature,
should be designed to prevent boundary layer separation. Note

Separation bubble ¥ C)

/ Inner lip sepalration
7. N\
Conventional contraction

FIG. 3. Section of an individual focusing contraction. Right: conventional contraction subject to the appearance of a separation bubble at the outer corner, and
flow separation at the inner lip. Left: well designed contraction avoiding these 2 problems.
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the need to sidestep 2 types of instabilities characteristic of
contractions, most readily visualized when sharp steps are in-
volved (Figure 3b). First, the flow tends to separate on the outer
corner where the wall first ceases to be cylindrical and begins to
converge radially. This problem is associated to the instability
of the decelerating (actually stagnating) boundary layer forming
as the corner is approached axially from upstream. The result is
arecirculation region at the corner, with vortices that can be pe-
riodically swept by the flow. Such vortices tend to form not only
in stepped geometries but also in improperly designed smooth
shaped contractions typical of the inlet region of wind tunnels.
So-called Goertler vortex instabilities (Saric 1994) can also in-
duce the instability of the flow in highly convex regions. This
region has to be smooth enough to prevent bubble recircula-
tion and Goertler vortex formation. The second problem is even
more serious, and is associated to the singularity of the fluid
velocity formed at the end of the step, when the wall ceases
to be radial and turns again into an axial direction. The flow
then simply separates, and another recirculating region forms
between the separated jet and the wall. When this second step
is rounded off slightly, the sharp turn forced into the flow cre-
ates a region of relatively high velocity, whereby the flow needs
to decelerate downstream from the corner, leading similarly to
boundary layer separation. This problem eventually disappears
as the corner curvature is decreased, and the wall geometry is
suitably designed downstream from it.

In order to promote focusing effects, it is desirable to make
the geometry of the contraction as abrupt as possible. On the
other hand, a stable aerodynamic configuration calls for smooth
geometries. A contraction must therefore be abrupt enough to
produce focusing effects with relatively low Stokes numbers,
but smooth enough to avoid Goertler vortex formation and flow
detachments downstream of the rounded corner region produc-
ing high velocities zones.

The contractions needed for present purposes have an un-
conventional f(S) dependence. As other conventional focusing
lenses, they also have a critical S, Sy, at which the focal distance
tends to infinity. In a conventional focusing lens, characterized
by d >> 1, the focal distance f decreases monotonically with
increasing S (Figure 1). In contrast, for the alternative con-
tractions of interest to this study, where d is of order 2 to 3,
f(S) exhibits a characteristic minimum at a certain S,, > Scit.
Figure 4 has been constructed by integrating the particle tra-
jectories using the Stokes drag law and a potential flow for a
simplified abrupt contraction having d = 3 (note that the results
of Figure 4 can only be interpreted qualitatively since such an
abrupt geometry is usually incompatible with a potential flow).

The qualitative interpretation of this result is that there is a
certain band of S values, centered at S,,,, which is well tuned to
the contraction, and is focused effectively at a moderate focal
distance. Substantially larger or smaller S values focus much
less efficiently, as indicated by their large focal distances. We
shall subsequently refer to these lenses as narrow band or band
lenses. Their novelty does not reside in their inefficient focusing

3.5
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FIG.4. Schematic of an f(S) curve for particles accelerated through a focusing
contraction in which d is comparable to unity.

of small particles (small S), but on their inefficient focusing also
of large particles (S >> 1). A second important feature of band
lenses follows from the minimum arising in the f(S) curve, which
makes the focal point relatively independent of § in the vicinity
of S,,. This effect is crucial for the design of a series of wide
range focusing contractions, and deserves some discussion.
Note first that the band focusing phenomenon is favored by
values of d of order unity (around 2 and 3). In a conventional
aerodynamic lens, where d >> 1, 2 undesirable things tend
to happen. First, particles with S >> S have a long conver-
gence path over which they can accelerate to relatively high
radial speeds, in spite of their high inertia (sluggishness). Con-
sequently, their trajectories cross the axis at a focal point, and
tend to open up radially downstream from it, landing at the end
of the process closer to the wall of the aerodynamic lens than
they were initially. This is the overfocusing or defocusing phe-
nomenon discussed by Liu et al. for S larger than a certain value
Smax- As a result, a succession of lenses is useful only to con-
centrate particles for which S < Siax. This overfocusing effect
is evidently moderated or even eliminated when d ceases to be
large, since particles with high S have no time to acquire suf-
ficient radial speeds. The second important difference between
conventional lenses and band lenses is analogous to the first, but
involves the particle velocity in the axial direction. At d >> 1,
axial flow velocities right before the contraction are very small
(the initial axial velocity to nozzle velocity ratio is proportional
to 1/d%), so that large particles tend to spend plenty of time
in the contraction region, which favors overfocusing. However,
when d is of order unity, the large particles have a substantial
initial axial velocity, and can cross the contraction region in
a relatively short time. In other words, the large particles are
entrained through the contraction by their initial axial velocity
without any significant focusing or defocusing. The net result of
this entrainment effect is that large particles are not defocused
in a contraction suitable to sharply focus smaller particles. This
high axial velocity could cause big particles to impact the walls
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of the contraction when the flow path becomes narrower, but as
we shall discuss later, this effect can be minimized in a ladder
of contractions by narrowing the beam of particles in a previous
contraction working at S < Scyj.

The fact that lenses with a moderate contraction ratio d do not
defocus particles with high S values, and may even focus them
slightly, has been previously reported in the case of moderately
corrugated periodic nozzles (Fernandez de 1a Mora 2006). This
periodic geometry, however, contains unstable divergent regions
and cannot operate at the high Re of interest here.

2.1. Composite Focusing Nozzles for High Re and Wide
Stokes Range

Wide particle size range focusing at high Re as proposed
here is based on a series of contractions, each of which focuses
sharply the band of particle sizes which is designed to con-
centrate, without appreciably defocusing the various bands of
progressively larger particles previously focused by prior con-
tractions. In a general situation, contractions could be subjected
to important particle losses by inertial impaction when the walls
are narrowed, but this can be avoided by focusing particles in
two stages within the ladder of contractions. Particles are first
slightly prefocused in 1 contraction at S < S, and enter the sub-
sequent contraction where they are sharply focused at higher S.
Once focused, particles cross the rest of subsequent contractions
without defocusing or impacting the walls. Obviously, particles
entering the first focusing stage cannot by prefocused. To avoid
particle losses, the first focusing stage has to be of the type
d >> 1. Avoiding overfocusing and wall losses is a necessary
condition for success; but it is not sufficient. In addition, all
particles within a wide size range must have closely matched
focal points. The strategy to achieve this goal is discussed next.

Figure 5 illustrates qualitatively the f(S) response of 2 succes-
sive contractions. The one most upstream has relatively large d
and entry diameter. It therefore focuses particles with a relatively
large S, and is characterized by the monotonically decreasing

3.5¢ Band focusing (Figure 3 like) f(S) curve
Ve

Range of collected

Composed f(S) curve focus positions

L&
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Focused Stokes range
—————————————————————

0 0.5 1 15 2 25 3 3.5 4 4.5 5
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FIG. 5. Schematic of an f(S) curve for particles accelerated first through
a contraction with d >> 1, and then through a second contraction with d
comparable to unity.
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FIG. 6. Schematic of the f(S) curve for a composite focusing nozzle formed
by a sequence of N consecutive contractions.

(Figure 1 like) f(S) curve shown to the right. The second con-
traction has a moderate d value, associated with the f(S) curve
characterized by the band focusing (Figure 4 like) shown to the
left. The f(S) curve resulting from coupling both contractions in
series is represented qualitatively in Figure 5 as a hybrid of the
other 2 curves. The f(S) curve resulting from placing in series 3
contractions is similarly shown in Figure 2.

The wavy pattern seen in Figures 2 and 5 permits having a
broad range of S values focused within a relatively narrow axial
region. Clearly, as illustrated in Figure 6, each additional con-
traction stage added would lead to a new wave in the composite
f(S) curve, further extending the range of Stokes numbers that
could be narrowly concentrated at a common focus. Note that
Figures 2, 5, and 6 are freehand drawings constructed to intu-
itively explain the behavior of succession of composite nozzles,
so these results should be understood qualitatively.

Achieving acommon focus is nontrivial because the compos-
ite desired custom f(S) curve is affected by interactions between
the various stages. But various iterations of fine tuning of the
parameters d and the longitudinal distances characterizing the
various contractions permits achieving the goal of minimizing
the vertical amplitude of the waves (variation of focal distance),
and controlling its mean position and the length of the wavy
region (range of Stokes numbers focusable).

The composite focusing nozzle already described could be
used without further additions to concentrate narrowly into a
focal region the particles suspended in a large sampled flow
rate of gas. These particles could then be interrogated optically,
for instance to determine if they contain dangerous pathogens
(Davitt et al. 2006; Kasparian et al. 2007). Alternatively, the
focused particle beam could be impacted on a surface for various
purposes. For instance, the beam could be used to write a narrow
line, to alter this surface as a result of the spatially concentrated
high-speed impact of relatively hard particles, or to cut the
surface, etc. Higher particle velocities could be achieved without
degrading the focus by extending longitudinally the final nearly
cylindrical region of the last nozzle section, as in a gun, keeping
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FIG. 7. Meridional section of a composite focusing nozzle formed by a series of 3 axisymmetric contractions, and capable of focusing a wide range of particle
sizes in the same region at high Re. S = 300, 100, 30, 4, and streamlines, from right to left.

it slightly conical to provide acceleration to maintain the laminar
flow. While a comparable result may be achieved by means of
a single-shot focusing nozzle with particles of uniform size,
the use of several contractions in series would permit focusing
particles with a broader size distribution, which can generally
be procured more economically.

Focusing virtual impactor for high Re, high C, and wide
Stokes range. Coupling a composite focusing nozzle with a
collector to make a focusing virtual impactor would bring to-
gether the advantages of permitting high flow rates (high Re),
and high concentration factors (C) over a wide range of particle
sizes. Figure 7 shows a half meridional section of an axisym-
metric composite nozzle specially designed to maintain an al-
most fixed focal distance through a wide range of S facing an
impaction plate. Streamlines and particle trajectories are also
plotted respectively for § = 4, 30, 100, 300. Figure 8 represents
the corresponding diameter of the focused beam D,, normalized
with the nozzle exit throat diameter, at a fixed axial position,
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FIG. 8. Stokes number dependence of the diameter of the focused beam (nor-
malized with the nozzle throat diameter) formed by the composite focusing
nozzle of Figure 7 at a fixed axial position. This diameter has been computed
for Re = 7000, and a realistic nonlinear aerodynamic drag law valid for particle
Re below 800.

and as a function of S. In this case, with only 3 contractions, a
range of almost 3 orders of magnitude in S is concentrated at a
radius 20% of the nozzle throat radius.

Figure 9 includes the composite nozzle of Figure 7 facing a
large collector piece with a centered inlet hole. In this case, the
major flow would be deflected radially. A small portion of the
jet flow (the minor flow) would be sampled through the centered
hole in the collector, at a flow rate controlled downstream of this

Major flow

/ \

/ Composite nozzle

)
Deflected major flow 4/ \; Deflected major flow
W/W%ﬂr SLHBNN
Collection orifice Collector

FIG. 9. Coupling of the composite focusing nozzle of FIG. 7 with a collector
having a centered sampling orifice.
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hole. Due to their high inertia (focused particles have S in the
range from 2 to 1000, much higher than the impaction critical
Stokes Numbers and that of conventional focusing lenses which
are typically in the range S~0.1), the particles having been
focused toward the collecting orifice would be almost unaffected
by the minor flow. Accordingly, those focused particles confined
within a diameter smaller than the opening in the collector will
penetrate through it. All the particles in a prescribed size range
can in fact penetrate if the hole in the collector is made slightly
larger than the width of the focused particle beam. For instance,
according to Figure 8, any particle with Stokes ranging from 2
to 300 will enter a collector orifice 1/10 of the nozzle diameter.

Design strategy: designing the geometry of the focusing im-
pactor of Figure 7 has comprised the following steps:

(1) First computations using stokes drag law and potential flow
(incompressible and irrotational) to find particles trajecto-
ries. This very raw model permits iterating very quickly to
set the longitudinal distances and the contraction factor of
each stage that better produces a constant focal distance and
minimizes wall loses. Evaluating the shape of the ripples of
the f(S) curves produced in this process one can quickly
see if a contraction needs to be located more upstream or
more downstream. For instance, if the focal distance corre-
sponding to a given contraction is higher than its neighbors,
one would accordingly reallocate that contraction more up-
stream. The optimum value of d can also be easily tuned
by analyzing the amplitude of the wavy pattern of the f(S)
curves, the useful range of S and the amplitude of a wave
associated to 1 contraction is decreased by decreasing the
associated parameter d. Having an impaction plate located
downstream the nozzle actually limits the domain where
f(S) can be calculated. Rather than optimizing the f(S) curve
shape, we have optimized the D,,(S) curve shape. In first ap-
proximation, the value D,, grows linearly with the distance
between the focal section and the impaction plate, and the
qualitative considerations used to correct the shape of the
nozzle can be as well discerned by analyzing the shape of
the D,,(S) curves. Particles whose inertia is expressed in 1
stage will also be affected in the more downstream stages.
Tuning first the most downstream contractions and then the
1 more upstream allows meaningfully decoupling the design
of the different stages.

(2) Once an outline of the shape of the nozzle including the
impaction plate is computed, introducing a step to consider
the stability of the flow is required. Here, computational
fluid dynamics (CFD) plays a key role, and we are well
aware that analyzing the proposed geometry is a complex
task, especially when focusing calls for abrupt geometries
that tend to be detached. The fluid domain is separated in
2 main regions. In a first region, the flow is attached and
accelerated through the ladder of contractions, in the sec-
ond region, the accelerated flow exits the nozzle to form a

free jet that impinges against the impaction wall. The free
jet exiting the nozzle is known for producing intense turbu-
lence in its shear layer, but experimental studies also show
that the axis of the jet remains laminar for a few nozzle
diameters (as long as the flow arriving at this final section
remains laminar). As particles of interest will be confined
within the center of the jet, we have hypothesized that they
will simply be unaffected by turbulence. The model utilized
(Steady, axisimmetric, and incompressible Navier Stokes)
is not converging in the highly turbulent free jet region at
high Re, but having an approximated solution at least in the
vicinity of the axis of the free jet is necessary to compute
the particle trajectories. In order to produce this simplified
solution at an affordable computational price, the numerical
domain has been artificially split in 2 regions: an accelerat-
ing and attached region, and a detached and turbulent region.
The attached flow in the accelerating region has been com-
puted using steady, axisimmetric and incompressible Navier
Stokes equations at increasing Re. The mesh was refined to
assure capturing the boundary layer evolution. As primary
stability criteria, the numerical stability of the solution has
been used. Visual inspection of the boundary layer allowed
assuring that the solution is free from flow separation and
bubbles. Reaching numerical stability requires modifying
the design of the nozzle. Again, trial and error method was
used to redesign the geometry. The detached flow in the
free jet region is calculated imposing an artificially low Re
to force numerical convergence of the solution.

(3) After modifying the geometry, the D,,(S) curve requires re-
tuning. In this stage, as Re of the nozzle is known (because
it is limited), the particle’s Reynolds Number Re, (based
on the particle diameter and its drift velocity) can also be
known as a function of S and the nozzle’s Re. As a first
approximation, the particle’s Re*, based on the particle di-
ameter and the fluid velocity through the nozzle gives an
idea of the maximum Re,, that may be achieved,

Re* = [18S-Re- 2 5]
14 pp

Where p/p, is the gas to particle density ratio. For Re = 7000,
plpp = 1073, and S = 300, yields Re*, = 195 which is below
the sphere critical Re but far over the Stokes law region.
Particle trajectories are therefore computed using a non linear
transitional aerodynamic drag law valid for spherical particle’s
having Re, below 1000. The particle’s drag coefficient Cp is
computed using the approximated empirical expression:

24
Cp = Re, (1+0.15Re)™) [6]

Finally, iterating to reach smooth D,,(S) curve while main-
taining a “stable” configuration permits retuning the geometry
similarly as done with the simpler model. The final focusing
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FIG. 10. Dimensionless pressure along the nozzle wall (arc length parameter),
Log scale permits showing the acceleration produced in each contraction.

efficiency is evaluated by characterizing the diameter of the
beam impacting the collector. These results are shown in Figure
8 for a Nozzle Re of 7000.

AtRe =7000, and a fluid velocity of 100 m/s, the dimensional
diameter of the last contraction shown in Figure 7 is 1.05 mm,
and the flow rate is 5.20 lpm. According to Figure 8, the particles
focused within a beam diameter of 200 microns would range
from 2 to 58 microns (for a density of 1000 Kg/m?).

Because most commercial CFD packages are unreliable to
predict the onset of turbulence (especially in the relevant limit
of abrupt geometries), the proposed solution still requires ex-
perimental validation. Figure 10 illustrates the evolution of the
pressure (more specifically the parameter 2P/(U,* - p) which is
forced to be respectively 0 and —1 in the numerical domain inlet
and outlet) along the wall of the nozzle.

Figure 10 shows first a smooth acceleration produced by the
flow movement toward the nozzle; each contraction produces
an abrupt acceleration followed by almost straight canyons with
small adverse pressure gradients. Figure 10 also shows two spu-
rious acceleration regions near the inlet and outlet numerical
domain associated to the inlet and outlet boundary conditions.
The spurious outlet acceleration is associated to an artificial ac-
celeration of the boundary layer produced because a flat velocity
profile is imposed at the nozzle exit. The effect of these spurious
accelerations on the particles can be neglected as these spurious
acceleration regions are sufficiently far from the contractions
to assume that the important region (near the contractions and
near the particle trajectories) remains unaffected. The proposed
solution is numerically stable at Re = 9 - 10*. Though the sta-
bility of the flow is uncertain at such high Re, and especially if
certain adverse pressure gradients appear, one can still reduce
the Re in order to stabilize the flow. For instance, following our
earlier study (Vidal and Fernandez de 1a Mora 2009); Spielman
et al. (2009) have developed a growth tube followed by a lens
for particle focusing and concentration using a set of two abrupt
contractions working properly at Re as high as 700. In an origi-
nal configuration comprising 1 single lens they efficiently focus
particles ranging from 1 to 4 um; in an improved configuration

comprising two abrupt contractions they expand the range of
concentrated particles up to 16 um. Their experimental suc-
cess with the two contractions shows the practical viability of
the concepts presented here. One could worry that the adverse
pressure gradients could spoil the performance of the focusing
nozzle, but other devices working at very high Re such airfoils
also work under adverse pressure gradients and turbulence ap-
pears only in the boundary layer before stalling. As the new
nozzle would also work at relatively high Re, having a turbulent
boundary layer would be affordable as long as the majority of
the flow remains laminar.

More precise simulations (non stationary, compressible, 3D)
could lead to better designs, perhaps able to work at higher ve-
locities and Re. Indeed, sonic conditions would be most desir-
able to concentrate smaller particles, handle higher flow rates,
and to prevent upstream traveling perturbations. Longitudinal
and transversal instabilities could also be analyzed (Goertler
instabilities have not been considered in the present design).
Such an in-depth analysis, optimal design and the experimental
validation shall be undertaken in the future.

3. CONCLUSIONS

A new aerosol focusing element consisting of a smooth con-
traction with contraction factor d around 3 has been proposed
and studied numerically. These contractions remain aerodynam-
ically stable at high Re and focus efficiently only a band of parti-
cles sizes. A smooth and continuously converging ladder of these
contractions has the potential to focus a wide range of particle
sizes in a common focal region and at high Re. Each contraction
would concentrate a narrow band of particle sizes not defocus-
ing the particles previously focused by upstream contractions.
The conjunction of each contractions narrow band covers a
wide range of particles sizes. This ladder of contractions has
the potential to produce very high aerosol concentration factor
if coupled to a virtual impactor having a small collection orifice
to sample the focused particles beam. Designing this focusing
device is a nontrivial task. Each contraction size and position
must be selected such that all narrow bands cover together the
entire wide range of particle sizes and are focused in the same
focal region. Focusing calls for abrupt geometries wile stability
calls for smooth geometries. A careful analysis of the fluid flow
is required to approach the maximum focusing effects without
spoiling the aerodynamic configuration.

An iterative design strategy allows matching the differ-
ent contractions as well as designing abrupt-smooth balanced
geometries that permit focusing while maintaining a laminar
flow. As an example, a focusing ladder composed of three con-
tractions and followed by an impaction plate was designed and
numerically studied. Working at Re = 7000, this concentrator
would focus particles ranging from S = 3 to 300 within a beam
ten times smaller than the nozzle’s diameter was designed in this
study. The purpose of these calculations was to provide an initial
view of the practical potential of the proposed geometries, and
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to illustrate the usefulness of the design rules proposed. Further
experimental verification is still required.
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