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Numerical Investigation of Sheath and Aerosol Flows in the
Flow Combination Section of a Baron Fiber Classifier
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1Department of Mechanical and Materials Engineering, College of Engineering and Applied Science,

University of Cincinnati, Cincinnati, Ohio, USA
2Chemical Exposure and Monitoring Branch, Division of Applied Research and Technology, National

Institute for Occupational Safety and Health, Centers for Disease Control and Prevention, Cincinnati,

Ohio, USA

The Baron fiber classifier is an instrument used to separate
fibers by length. The flow combination section (FCS) of this
instrument is an upstream annular region, where an aerosol of
uncharged fibers is introduced along with two sheath flows;
length separation occurs by dielectrophoresis downstream in the
flow classification section. In its current implementation at
NIOSH, the instrument is capable of processing only very small
quantities of fibers. In order to prepare large quantities of length-
separated fibers for toxicological studies, the throughput of the
instrument needs to be increased, and hence, higher aerosol flow
rates need to be considered. However, higher aerosol flow rates
may give rise to flow separation or vortex formation in the FCS,
arising from the sudden expansion of the aerosol at the inlet
nozzle. The goal of the present investigation is to understand the
interaction of the sheath and aerosol flows inside the FCS, using
computational fluid dynamics (CFD), and to identify possible
limits to increasing aerosol flow rates. Numerical solutions are
obtained using an axisymmetric model of the FCS, and solving
the Navier–Stokes equations governing these flows; in this study,
the aerosol flow is treated purely aerodynamically. Results of
computations are presented for four different flow rates. The
geometry of the converging outer cylinder, along with the two
sheath flows, is effective in preventing vortex formation in the
FCS for aerosol-to-sheath flow inlet velocity ratios below »50.
For higher aerosol flow rates, recirculation is observed in both
inner and outer sheaths. Results for velocity, streamlines, and
shear stress are presented.

1. INTRODUCTION

Exposure to airborne fibers, such as asbestos, is known to

cause lung cancer, mesothelioma, and other pleural disorders

in humans (NIOSH 2011). There is a long experimental history

associating fiber length with cytotoxicity. In an epidemiologi-

cal study, Lippmann (1990) correlated fiber length with asbes-

tosis, mesothelioma, and lung cancer. Hart et al. (1994)

exposed hamster ovary cells to several inorganic fibers (e.g.,

glass, asbestos) and found fiber length to be correlated with

toxicity. In an in vitro study, Blake et al. (1998) used a rat

alveolar macrophage microculture to show that longer glass

fibers are more toxic than shorter fibers. Recent epidemiologi-

cal studies (Stayner et al. 2008; Loomis et al. 2010) indicated

a higher risk of lung cancer with exposure to fibers longer than

10 mm. A direct experimental evaluation of the role of fiber

length in cytotoxicity requires a sufficient sample of length-

separated fibers (NIOSH 2011).

The Baron fiber classifier utilizes dielectrophoresis to sepa-

rate fibers by length (Baron et al. 1994; Han et al. 1994; Deye

et al. 1999; Wang et al. 2005). This classifier has been used by

NIOSH to prepare samples for in vitro testing of the role of

length in fiber toxicity (Ye et al. 1999; Castranova et al. 1996,

2000, 2003; Zeidler et al. 2001; Zeidler-Erdely et al. 2006).

NIOSH is currently increasing the throughput of this Baron

classifier to produce quantities of length-selected fibers suffi-

cient for toxicological investigation (Turkevich and Deye,

2011).

The Baron fiber classifier (Baron 1993; Baron et al. 2001,

2002) consists (Figure 1a) of two major sections, namely, a flow

combination section (FCS) and, downstream, a flow classification

section.

The flow classification section consists of two concentric

metal cylinders across which a large electric field is imposed.

An aerosol of uncharged fibers is introduced into the annular

gap between the cylinders, and the fibers experience both an

aerodynamic drag and the force due to the imposed electric

field. The curved geometry concentrates the electric field on

the inner cylinder. The electric field polarizes the neutral

fibers, which align parallel to the electric field (Lilienfeld
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1985) and migrate toward the inner cylinder. Longer fibers

experience a larger polarization (Lipowicz and Yeh 1989), and

these are deposited upstream on the inner cylinder (electrode).

The shorter fibers experience a smaller polarization, and

hence, a smaller electric force of attraction to the inner cylin-

der; these either deposit downstream on the inner cylinder, or

are removed at the bottom of classifier (Deye et al. 1999).

Upstream of the flow classification section is the FCS,

which consists (Figure 1b) of the same inner cylinder (HG) as

in the flow classification section, and a converging outer cylin-

der (EF). The fiber-containing aerosol is introduced via an

annular nozzle (AK) and is then sandwiched between two

annular sheath flows (introduced through open-pore-foam flow

straighteners IH and CD). The outer cylinder converges as a

cone EF over the length of the FCS. The FCS is designed to

produce a nearly “parabolic” flow profile at the entrance FG to

the flow classification region of the instrument.

The use of sheath flows is not uncommon in aerosol instru-

ments and is well known (Knutson and Whitby 1975) in its

use in the differential mobility analyzer (DMA). The classical

DMA consists of an annular region between two concentric

cylinders–similar to the flow classification section of the Baron

instrument, but with only a single sheath stream adjacent to the

inner cylinder. The resolution of the DMA, in the non-diffu-

sive regime, scales as R » b¡1, where b » Qaero/Qsh, where

Qaero and Qsh are, respectively, the aerosol and sheath volu-

metric flow rates (Flagan 1998, 1999, 2001). The results of the

present study should have applicability to the design and oper-

ation of this class of aerosol instruments, especially in situa-

tions where higher aerosol flows are contemplated.

While the Baron instrument (in its current configuration) is

effective in separating fibers on the basis of their length, it is

capable of processing only very small quantities of fibers. In

order to increase the throughput of the Baron classifier, so as

to produce quantities of length-separated fibers sufficient for

toxicological studies, the aerosol flow rate needs to be

increased, and this motivates a critical analysis of higher aero-

sol flows within the Baron classifier. In particular, the FCS is

susceptible to flow separation and vortex formation owing to

the sudden expansion of the aerosol at the nozzle exit and the

relatively high ratio of the aerosol velocity to the sheath veloc-

ities. This study models the higher flows in this section of the

Baron instrument.

Deye et al. (1999) conducted a detailed testing of the per-

formance of the Baron classifier. To accompany their experi-

mental diagnostics, they calculated approximate particle

trajectories within the flow classification section; they also

provided a computational fluid dynamics (CFD) study of the

FCS. They concluded that the Baron classifier falls short of its

theoretical efficiency. They provided streamlines and velocity

contours but did not provide a detailed analysis of the velocity,

pressure, and shear stress profiles within the FCS. Their CFD

analysis was performed only for the currently utilized flow

rates. The goal of the present study is to conduct a more

extended, yet still purely aerodynamic (i.e., single phase) CFD

analysis of the aerosol and sheath flows in order to explore

flow rate limitations of the Baron instrument.

The present CFD work considered an axisymmetric model

of the FCS (a three-dimensional simulation is discussed in the

online supplemental information [SI]), and examined velocity,

pressure, and shear stress for four different sets of flow rates

(Table S5 in the SI). The choice of flow rates permitted the

probing of possible flow separation or vortex formation that

might develop. Case 1 embodies the flow rates used by NIOSH

in the classifier’s current implementation. For Case 2, only the

aerosol flow rate is increased by a factor of 10, leaving the

sheath flows at their original levels. The results of this simula-

tion provided insight into the effectiveness of the sheath flows

in keeping an increased aerosol flow away from the FCS walls.

The aerosol flow rate was further increased by a factor of 15

and 20 in Cases 3 and 4, respectively. For these cases, toroidal

vortices develop, due to the large shear between the aerosol

and sheath flows. In all of our simulations, the flow is laminar.

2. METHOD

2.1. Geometry

The FCS (Figure 1b) is bounded by two concentric cylin-

ders; the outer cylinder radius reduces from rE D rD D
3.81 cm to rF D 1.11 cm over the axial length HG, causing a

conical constriction of the flow, before the combined flow

enters the flow classification section of the instrument. The

nozzle is radially asymmetrical in shape, flaring toward the

outer cylinder, with the outer edge terminating at BC and the

longer inner edge extending to IJ. The radial location of this

annular nozzle is closer to the outer cylinder than to the inner

cylinder. Dimensionless radii, r*, and axial lengths, x*, are

scaled to the initial outer cylinder radius rE D rD D 3.81 cm

FIG. 1. Schematic representation of (a) Baron fiber classifier (Deye et al.

1999), and (b) flow combination section; dimensionless lengths listed in

Table S1.
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(Table S1). Dimensionless velocities, v*, are scaled to the

initial outer sheath velocity, vout sh D 3.89 cm/s. The pressure

and axial shear stress, sxr D ¡m @vr
@x

C @vx
@r

� �
, are made dimen-

sionless by reference to 1/2 r vout sh
2.

2.2. Grid Generation

Grid generation is an important part of any CFD simulation.

The grid has a significant impact on the rate of convergence,

on solution accuracy and on the CPU time required for the

solution. An appropriate grid needs to resolve the inlet region

of the entering annular flows and the regions near the wall.

Pointwise 16.02 was used to generate a high-quality structured

multi-block mesh for the complex FCS geometry, which has

several high-gradient regions. Details are discussed in the SI

(Tables S2 and S3; Celik et al. 2008).

2.3. Mathematical Formulation

The governing equations for the present flow are the conti-

nuity and the Navier–Stokes equations. The flow is treated as

incompressible and is laminar (Reynolds number Re < 2000):

for Case 1, at the aerosol nozzle entrance, ReAK � 14; at the

outer sheath inlet, ReCD � 25; at the inner sheath inlet, ReHI �
50; at the FCS exit, ReFG � 400.

For an incompressible fluid, the continuity equation reduces to

r : v
! D 0 [1]

and the momentum equation becomes

@ r v!ð Þ
@t

C r : r v
!

v
!� �

D ¡ r pC r : t
� �

[2]

where the stress tensor is

tDm r v
! C r v

!T
� �

¡ 2

3
r : v

!
I

� �
; [3]

and v
!

is the velocity field, p is the static pressure, r and m are,

respectively, the density and the dynamic viscosity of air, and I is

the identity tensor. Gravity has negligible impact on the air flow,

so there is no body-force term in Equation (2).

2.4. Numerical Solution

The equations were solved numerically using a finite-volume

solver (Fluent 6.3, based on an algorithm of Patankar 1980). A

pressure-based solver (incompressible flow) is used, with SIM-

PLE (semi-implicit method for pressure-linked equations) as

the pressure–velocity coupling method, with the default values

for the relaxation parameters (0.3 for continuity and 0.7 for

momentum)–we note that convergence was fastest when these

relaxation parameters were used. A second-order up-winding

scheme for convective terms, and a second-order central-differ-

enced scheme for diffusion terms were used to integrate the

equations in space (our results do not appear to change when a

third-order upstream centered scheme, MUSCL, is used instead

for the convection terms). Temporal discretization was per-

formed using a second-order implicit scheme.

2.5. Material Selection

In our calculations, all three fluids (aerosol, inner, and outer

sheaths) are taken to be dry air at T D 20�C (The fiber concen-

tration in the NIOSH instrument is naero » 6 £ 104 fibers/cm3,

which corresponds to a solids volume fraction of f » 6 £
10¡7; this low solid volume fraction motivates a purely aero-

dynamic treatment of the aerosol flow.). In the operation of the

Baron classifier, both the aerosol and sheath flow air need to

be humidified to RH D 50%, so as to facilitate fiber polariza-

tion (Wang et al. 2005), as well as to minimize Coulombic

fiber–fiber interactions (Turkevich and Deye, 2011). However,

for our simulations, we have neglected humidity; while humid-

ity influences the fiber polarization, it is not expected to alter

the aerodynamics of the aerosol.

2.6. Boundary Conditions

The aerosol is introduced at the nozzle inlet (AK) with a uni-

form inlet velocity. The nozzle axial length AB D 3.17 cm is

25 times longer than its hydraulic diameter at the inlet: the

entrance length (calculated for a straight annulus, using the

hydraulic diameter), for the Case 1 flow rates, is 0.085 cm. The

uniform inlet velocity profile (at AK) will thus become fully

developed flow by the nozzle exit (BJ). The sheath flows are

introduced via foam diffusers (at CD and HI) so that these flows

enter the FCS with uniform inlet velocity. The nozzle and FCS

surfaces are non-porous solid walls, with zero tangential (no-

slip) and normal components of the velocities at the walls. The

outlet pressure (at FG) is set at gauge pressure (p D 0).

2.7. Convergence Criterion

The solution of the equations was considered to be con-

verged when the scaled residuals for the continuity and

momentum equations decreased to 10¡12 (from initial values

»10¡1). All simulations were performed under this conver-

gence criterion.

2.8. Streamlines

In cylindrical coordinates, the axial velocity, vx, is related to

the stream function, c, by

vx D 1

r

@c

@r
; [4]
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which is easily integrated at the inlet, as the inlet axial velocity

is uniform. If c1 and c2 represent values of the stream func-

tion at radial locations r1 and r2 at the inlet, then

DcDc2 ¡c1 D vx
r22 ¡ r21

2
: [5]

This permits an identification of streamline contour values

(Figure S3, where we have used uniform contour spacing,

given in Table S7).

3. RESULTS AND DISCUSSION

In this section, we present and discuss the results of our

CFD simulations. Special attention is given to the flow veloci-

ties, pressure, and shear stress. We also compare our results

(Case 1) with those obtained previously (Deye et al. 1999).

3.1. Axial Velocity and Shear Stress Profiles

3.1.1. Importance of the Sheath Flows

In order to understand the effect of sheath flows, we consid-

ered a preliminary case, in which the sheath flows have been

suppressed, while the aerosol flow rate is kept the same as in

Case 1. This is discussed in detail in the SI. Even though the

flow remains steady and laminar (Re < 20), toroidal vortices

develop on either side of the nozzle (near the outer and inner

cylinders). The aerosol jet quickly expands to the confining

cylinders; aerosol deposition on the cylinder walls may be

expected immediately downstream from the vortices. As will

be seen below, a major effect of the sheath flows is to suppress

vortex formation within the FCS.

3.1.2. Case 1

The flow rates for Case 1 are the flow rates used in the cur-

rent implementation of the NIOSH instrument (Deye et al.

1999). The aerosol flow rate is 1 L/min, while the sheath flow

rates are each 4.5 L/min: vaero/vin sh D 3.96, vaero/vout sh D 3.12.

The development of the non-dimensional axial velocity, u*,

as a function of the non-dimensional axial distance, x*, is

shown in Figure 2. The nozzle outer edge terminates at x* D
0.860 (before the inner edge), where the aerosol enters the

FCS; the outer sheath is also introduced into the FCS as plug

flow at x* D 0.860. The zero slip on the nozzle outer edge

gives rise to the local minimum at x* D 0.900, r* » 0.75; as

the outer sheath and aerosol flow develop, this local minimum

eventually disappears by x* D 1.013. The inner sheath flow is

introduced as plug flow at x* D 1.013, and contacts the com-

bined outer sheath and aerosol flow. The zero slip on the noz-

zle inner edge results in a local minimum at x* D 1.100, r* »
0.660, as the aerosol contacts the inner sheath flow. The veloc-

ity of the flow is higher close to the inner wall, a direct result

of the introduced inner sheath velocity. As the outer wall of

the FCS converges along the length, reducing the cross-sec-

tional area, the average axial velocity increases (so as to con-

serve mass flow). At the FCS exit (x* D 4.347), the radial

profile of the axial velocity is very nearly parabolic. Note the

different velocity scales used in these figures.

The radial variation of the axial velocity is primarily

responsible for the behavior of the shear stress (Figure 3); the

higher gradient of axial velocity results in a higher shear stress.

The local minimum (x* D 1.100) of the axial velocity, and

concomitant local maximum of the shear stress gradually

decrease (x* D 1.500), and finally disappear (x* D 2.000),

with the development of the axial velocity profile. The large

shear stress near each of the cylinder walls is a direct result of

the high velocity gradient near the walls. At the exit (x* D
4.347), the shear stress is radially sigmoidal (with higher shear

stress near the walls, and zero shear stress near the center of

the annulus).

We have performed an additional simulation (not discussed

in this report), where all three of the flow rates have been

FIG. 2. Non-dimensional axial velocity profiles for Case 1.
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increased by a factor of 4. The total flow rate at the exit

becomes Qtot D 40 L/min, so that the local Reynolds number

at the exit Re » 1524, just below the transition (Rec » 2000)

to turbulent flow in the annular duct (Hanks and Bonner 1971;

Dou et al. 2010). Qualitatively, all the flow characteristics of

Case 1 are retained.

3.1.3. Case 2

In this case, the aerosol flow rate was increased to 10 L/min

(by a factor of 10 from Case 1), while the sheath flow rates

were kept at 4.5 L/min: vaero/vin sh D 39.57, vaero/vout sh D
31.17. Detailed descriptions of the flow profile and shear stress

are contained in the SI. Qualitatively, the “finger” velocity pro-

file of the aerosol is present from the initial injection, the slower

sheaths merging into the aerosol as the flow progresses down-

stream, evolving into a roughly parabolic exit profile. Oscilla-

tions in the shear stress are more pronounced than in Case 1,

but the desired sigmoidal stress profile is still recovered at the

exit.

3.1.4. Case 3

In this case, the aerosol flow rate was further increased to

15 L/min, while keeping each sheath flow at 4.5 L/min: vaero/

vin sh D 59.35, vaero/vout sh D 46.76.

The non-dimensional axial velocity profiles, u*, as a function

of non-dimensional axial distance, x*, are shown in Figure 4.

The velocity protrusion (at r* » 0.7 for the x* D 0.900 profile)

is larger in magnitude than in Case 2, owing to the higher aero-

sol flow rate. The zero slip at the nozzle upper edge gives rise

to a local minimum (r* » 0.760). Notice that the change in

velocity scale causes this local minimum to appear fairly flat.

Downstream (x* D 1.013), this local minimum washes out;

however, the velocity protrusion is reduced only slightly. At x*

D 1.100, unlike in Case 2, the higher aerosol velocity stretches

the tip out so that the local minimum (at r* » 0.620 in Case 2)

is less prominent. Momentum is transferred from the aerosol to

the sheath flows during the downstream progression of the

flow, and the velocity minimum gradually disappears. However,

the tip of the nozzle remains prominent, because of the high

aerosol velocity, and it takes the flow a longer distance to

develop (x* D 1.750). At x* D 1.750, the velocity is negative

for 0.80 < r* < 0.85; this is a signature of a recirculation

region, confirmed by an analysis of the streamlines (discussed

below). The small negative value of the velocity indicates the

weakness of this vortex. Again, at the exit (x* D 4.347), the

velocity profile is radially quite parabolic.

Radial variations of shear stress at various axial distances,

x*, are shown in Figure 5. The effect of the recirculation on

the shear stress is apparent at x* D 1.750, where the shear

FIG. 3. Radial distribution of shear stress for Case 1.

FIG. 4. Non-dimensional axial velocity profiles for Case 3.
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stress becomes negative. At the exit, the shear stress remains

radially sigmoidal, with no evidence of the upstream

recirculation.

3.1.5. Case 4

In this case, the aerosol flow rate was increased to 20 L/

min, while keeping each sheath flow at 4.5 L/min: vaero/vin sh

D 79.14, vaero/vout sh D 62.35. Detailed descriptions of the

velocity and shear stress profiles are contained in the supple-

mental material. Compared with Case 3, a second recirculation

now forms near the inner cylinder. Despite the presence of

both weak recirculation regions, the qualitative behavior of

both the velocity and the shear stress profiles are very similar

to those of Case 3, with the desired parabolic flow profile and

the desired sigmoidal shear stress profile being achieved at the

exit of the FCS.

3.1.6. Summary

In summary, the radial profiles of the axial velocity and

shear stress for Case 1 (current flows of the Baron instrument)

exhibit the desired laminar, focused aerosol behavior, free

from any recirculation; this flow behavior is maintained even

when all of the flows are increased evenly by a factor of 4.

Increasing the aerosol flow rate by a factor of 10, without

increasing the sheath flow rates (Case 2), maintains this flow

behavior. When the aerosol flow rate is increased by a factor

of 15 (Case 3), a vortex develops near the outer cylinder;

when the aerosol flow rate is increased by a factor of 20 (Case

4), a second vortex develops near the inner cylinder. This

behavior will be clarified with a streamline analysis. However,

in all the cases studied, despite the detailed flow variations

within the FCS itself, the instrument design is sufficiently

robust so that the aerosol velocity exhibits the desired para-

bolic flow profile, with the concomitant desired sigmoidal

shear stress profile, upon exiting the FCS.

3.2. Streamlines

All of the flows studied are steady and laminar; the aerosol

streamlines are preserved, and the aerosol never mixes with

the sheath flows. For a typical fiber (d » 1 mm, L » 10 mm,

which yields an aerodynamic diameter daero » 1 mm), we can

calculate a Stokes number, Stk D (rpart/rair)*(dpart
2 U)/(18 nair

D), where we consider glass fibers (rpart » 2.58 g/cm3), and

where we take the nozzle width as the sharpest length scale

over which the flow can be diverted, D » rA – rK D 0.64 cm.

For Case 1 (the usual operation of the Baron instrument), the

aerosol velocity at the nozzle is U » 15.4 cm/s, whence Stk »
2 £ 10¡4; for Case 4 (the most extreme case considered), Stk

» 4 £ 10¡3. These estimates hardly change when asbestos is

used instead of glass. Figure 6 shows the streamline contours

(uniform contour spacing, given in Table S7) for the different

cases studied.

The streamlines for Case 1 (Qaero/Qsheath D 0.22, vaero/vin sh

D 3.96, vaero/vout sh D 3.12) are shown in Figure 6a. The flow

is free from recirculation. The fibers are confined near the mid-

dle region at the exit, away from the walls. The presence of the

sheath flows (Figure 6a) inhibits the formation of recirculation

regions (toroidal vortices), which develop in the entrance

region near the outer and inner cylinders when these sheath

flows are absent (Figure S3). Also, in the absence of sheath

flows, the aerosol, emerging from the nozzle, tends to spread

out along with the edges (at the exit, the aerosol extends over

the entire annular region 0.210 < r* < 0.291). The sheath

FIG. 5. Radial distribution of shear stress for Case 3.

FIG. 6. Streamlines for: (a) Case 1, (b) Case 3, (c) Case 4; black represents

aerosol, blue, and red represent outer and inner sheath flow, respectively.
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layer is effective in confining the aerosol, preventing deposi-

tion on the walls (at the exit, the aerosol is confined to the cen-

tral annular region 0.249 < r* < 0.255). The bending of the

streamlines near the nozzle edges is strongly affected by the

sheath flows: without the protection of the outer sheath flow,

the aerosol would deposit on the outer wall (as suggested by

Figure S3) as it emerges from the upper end of the nozzle; the

sheath flows (Figure 6a) refocus the aerosol annulus and

inhibit wall deposition.

In Case 2 (no illustration), the aerosol flow rate has been

increased 10-fold (Qaero/Qsheath D 2.22, vaero/vin sh D 39.57,

vaero/vout sh D 31.17) without vortex formation; at this higher

aerosol flow, at the exit, the aerosol now extends over a

slightly expanded annular region 0.233 < r* < 0.271.

Case 3, which represents a further increase (15-fold) in

the aerosol flow rate (Qaero/Qsheath D 3.33, vaero/vin sh D
59.35, vaero/vout sh D 46.76), suggests a possible flow rate

limitation of the FCS. Figure 6b shows the streamlines at t

D 5 s following the flow initiation (steady state has been

achieved at this time). A weak recirculation region has

developed near the outer wall. The origin of this recircula-

tion may be tracked with earlier time solutions (t D 0.1,

0.2, 0.3 s, computed with convergence at each time step).

At the earlier times, the velocity mismatch, between the

aerosol and the outer sheath flow, initiates the formation of

a vortex near the entrance region, which is then pushed

downstream, close to the outer cylinder.

Figure 6c shows the streamlines for Case 4. At this further

(20-fold) increase in the aerosol flow rate (Qaero/Qsheath D
4.44, vaero/vin sh D 79.14, vaero/vout sh D 62.35), a second weak

recirculation region develops, initiated by the large velocity

difference between the aerosol and the inner sheath flow; this

is accompanied by a strengthening of the outer vortex. This

structure, of a weak inner vortex accompanying a stronger

outer vortex, mimics the same structure that was found (Figure

S3) for the case in the absence of sheath flows. The relative

strengths of the two vortices are given by the maximum values

of the stream function (Table S7).

The critical aerosol flows for the onset of these recircula-

tions were determined to be: (i) outer vortex formation at Qaero

» 13.2 L/min (Qaero/Qsh » 2.93, vaero/vsh » 52); (ii) inner vor-

tex formation at Qaero » 15.9 L/min (Qaero/Qsh » 3.54, vaero/

vsh » 50)–these critical aerosol flows are confirmed by the full

three-dimensional simulation (Table S8). Additional simula-

tions (not reported here) confirm that these vortices may be

suppressed by further increasing the sheath flows.

3.3. Pressure Variation

Figure 7 displays the pressure along the length of the FCS

(at a distance Dr* D 0.042 from the outer cylinder) for the

four simulations studied (at the exit, this corresponds to a

radius midway between the inner and outer cylinders). The

inviscid contribution to the pressure for Case 1 is estimated

(applying Bernoulli’s equation along a streamline close to the

converging cylinder) to be »62% of the total pressure. For all

of the simulated cases, the pressure (along the line plotted) is

effectively constant along the first 80% of the FCS length,

with almost 90% of the pressure drop occurring over the last

20% of the FCS length. The pressure is insensitive to the

detailed structure of the upstream combination of the aerosol

and sheath flows. The pressure shows no obvious signature of

the recirculation regions (Cases 3 and 4). The pressure is radi-

ally quite constant (not shown here), with maximal variation

of »8% (5%) at x* » 4.2 for Case 1 (Case 4); near the inlets,

the radial variation of the pressure is also small (»0.2%).

3.4. Axial Velocity Contours and Comparison with
Previous Work

The flow rates for which Deye et al. (1999) performed their

calculation correspond to our Case 1. The pattern of the

FIG. 7. Axial pressure variation inside FCS along a line parallel to outer cylinder and located at r* D 0.25 at exit.
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streamlines for Case 1 (Figure 6a) is similar to that of Deye

et al. (1999); in particular, Deye et al. (1999) did not detect

any vortex formation. The focusing, by the sheath flows, of the

aerosol streamlines, as they exit from the nozzle, is common

to both works. However, our axial velocity contours

(Figure 8a) differ from those of Deye et al. (1999) near the

inlet. Their contours indicate a higher velocity near the outer

cylinder upstream. However, since the outer sheath inlet area

is larger than the inner sheath inlet area, the outer sheath inlet

velocity must be smaller than the inner sheath velocity. We

believe the contours of Deye et al. (1999) are in error near the

inlet. The general structure of the axial velocity contours

(Case 1) is a ramp, increasing from the inlet nozzle to the flow

combination exit, and falling off as either cylindrical wall is

approached. With the increase in aerosol velocity (Figure 8b

for Case 4), the recirculation regions introduce axial velocity

contour wells, radially on either side of the overall ramp, and

these wells tend to pinch the ramp upstream.

3.5. Discussion of the Recirculation Regime

It is instructive to consider the aerodynamics of the FCS

confined laminar annular jet in two ways: (i) with a time-

dependent description and (ii) within a steady-state

description.

When a circular jet discharges into an unconfined quiescent

fluid, the boundary layer on the jet nozzle forms a free shear

layer, originating at the nozzle lip and extending downstream

(Reynolds et al. 2003). This shear layer is subject to a Kelvin–

Helmholtz instability (Schlichting 1933; Ho and Huerre

1984). Axisymmetric ring vortices form in the jet shear layers.

These vortices are advected downstream, interact, detach,

become unstable, and break down, giving rise to downstream

turbulence in the far field.

When the jet is confined (as by the outer and inner cylinders

of the FCS), the time-dependent behavior may be stabilized

due to competition between vorticity generation at, and its dif-

fusion away from, the jet boundary layers. If the out-diffusion

dominates (Figure S2a: Reaerosol » 13, Reout » 25, Rein » 50),

vortex rings do not form. If the out-diffusion balances the vor-

ticity generation (Figure S2b: Reaerosol » 117, Reout » 25, Rein
» 50), a steady-state recirculation develops downstream of the

nozzle; in the FCS, the radial asymmetry of the nozzle introdu-

ces asymmetry in the generation of the inner and outer vorti-

ces. Presumably, at still higher Re (which we did not

investigate), the flow will become time-dependent, unstable,

and, ultimately, turbulent.

The effects of confinement may also be understood within a

steady-state description (Landfried et al. 2012). When a

steady-state jet discharges into an unconfined quiescent fluid,

the external fluid is entrained, and the jet spreads (Pai 1954).

Confinement of the external fluid restricts this entrainment. If

the jet is confined purely by a lateral cylindrical wall (a

“ventilated jet”), fluid upstream from the jet nozzle may still

be entrained, and the jet spreads to the confining wall. If, how-

ever, there is also a back wall, obstructing the axial flow exte-

rior to the jet nozzle, recirculation of the “dead fluid” is

induced as the jet spreads. If the back wall is sufficiently far

upstream from the nozzle, the recirculation occurs exterior to

and upstream of the nozzle, and the jet spreads, essentially as

FIG. 8. Non-dimensional axial velocity contours for (a) Case 1 and (b) Case 4.
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it would were there no back wall present (Landfried et al.

2012). If, however, the back wall is flush with the nozzle, then

the recirculation is forced downstream and interferes with the

spreading of the jet–this is precisely the geometry of the Baron

FCS. The recirculation transition may be understood as a

cross-over from the low aerosol flow regime (Figure S2a),

where there is sufficient exterior sheath flow to permit entrain-

ment, to the high aerosol flow regime (Figura S2b), where

there is insufficient exterior sheath flow for the entrainment,

and recirculation occurs downstream of the nozzle.

Of importance for a particular aerosol instrument is the pre-

vention/control of this recirculation through various instru-

mental innovations. The tapered FCS design delays the

appearance of both the outer recirculation to Reaerosol » 171

(DRe D Reaerosol ¡ Reout » 146) and the inner recirculation to

Reaerosol » 204 (DRe D Reaerosol ¡ Rein » 154). The CFD sim-

ulation demonstrates how this conical convergence in a real

instrument stabilizes the flow against formation of outer and

inner vortices (Qaero/Qsheath » 8.1, 9 goes to 13.2, 15.8).

The usefulness of the tapered geometry to stabilize flows,

where aerosol and sheaths are introduced, has long been appre-

ciated by aerosol instrument designers; however, to our knowl-

edge, elucidation of the alternative flow patterns that actually

develop within the mixing region, and their quantitative sup-

pression by the tapered geometry, has not been explicitly

pointed out to the aerosol community.

4. CONCLUSION

With the current flow rates used by NIOSH, our CFD study

indicates that the flow inside the FCS is free from any separa-

tion or vortex formation (Case 1). One of the key findings of

this paper is the onset of weak recirculation when the ratio of

aerosol inlet velocity to the sheath inlet velocity exceeds 50.

This recirculation region becomes more prominent as the ratio

of the velocities increases. Owing to the nozzle shape, the

aerosol tends to spread out as it enters the FCS. However,

sheath flows, in conjunction with the conically converging

outer wall, are effective in preventing aerosol deposition on

the FCS walls. The aerosol remains in the middle region

between the two cylinders at the exit in the four cases studied.

The aerosol is well confined to the center of the exit annulus;

as the aerosol flow rate is increased, the aerosol spreads out

and progressively occupies a larger fraction of the exit annu-

lus. This finding is also supported by the shear stress profiles

at the exit. Near the exit, the shear stress vanishes around the

middle region, precisely where the aerosol fibers are expected

to be concentrated. In all the cases studied, despite the detailed

flow variations within the FCS itself, the instrument design is

sufficiently robust so that the aerosol velocity evolves to the

desired parabolic flow profile, with the concomitant desired

sigmoidal shear stress profile, upon exiting the FCS and enter-

ing the flow classification section (the working portion of the

instrument).

NIOSH has a long-standing program to test whether fiber

length is a salient variable in asbestos toxicity. The Baron fiber

classifier has demonstrated utility as an analytical instrument

to separate fibers by length so as to characterize fiber samples.

However, in order to be useful as a sample-prep instrument

(for toxicology studies), the throughput of the instrument must

be increased. Given that current aerosolization techniques can

only achieve an aerosol concentration of n » 6 £ 104 fibers/

cm3, one way to increase the instrument throughput would be

to increase the aerosol flow rate through the instrument. This

motivated the present CFD study–a use of CFD to probe inher-

ent limiting operational parameters of the instrument.

The results of this CFD study lend confidence that the aero-

sol flow rate may be increased by an order of magnitude before

the new flow pattern is established. This upper limit on the

aerosol flow rate essentially sets a limit on the instrument

throughput. Of course, the actual performance of the instru-

ment will probably degrade as the aerosol flow rate is

increased (q.v. the brief discussion of DMA resolution)–we
have yet to assess whether this resolution degradation compro-

mises the usefulness of the instrument at these flow rates. To

increase, the flow rates will involve significant instrument

modifications. However, the encouraging results of this CFD

study support such an approach to increasing the instrument

throughput.
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