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ABSTRACT

Two Linear Slot Nozzle Virtual Impactors for Concentration
of Bioaerosols. (August 2003)
John Steven Haglund, B.S., Montana State University; M.S., Texas A&M University

Chair of Advisory Committee: Dr. Andrew R. McFarland

Two experimental configurations of linear slot nozzle virtual impactors were
constructed and experimentally investigated for use as bioaerosol concentrators. In one
configuration, the Linear Slot Virtual Impactor (LSVI), the nozzle was a straight slot
having a length of 89 mm (3.5”). In the second configuration, the Circumferential Slot
Virtual Impactor (CSVI), the nozzle was curvilinear following a circular path having a
diameter of 152.4 mm (6.0”) and the resulting total slot length was 479 mm (18.8”).
Multiple prototypes of the two configurations were constructed having nozzle widths
that varied from 0.508 mm (0.015”) to 0.203 mm (0.008”). Optical and physical
measurements were made of the nozzle dimensions in the critical region of the virtual
impactor units. For the LSVI units the misalignment between the acceleration nozzle
and the receiver nozzle was measured between 6 um (0.00025”) and 29 pum (0.00114”).
This represented a range of 2% to 10% misalignment relative to the acceleration nozzle
width. The CSVI Unit 1 and 2 misalignments were measured to be 15 um (0.00061”)
and 9 pm (0.00036”), or 10% and 1.8% relative misalignment, respectively. The virtual
impactors were tested with liquid and solid monodisperse aerosol particles. For

operation at flow rate conditions predicted from the literature to produce a cutpoint of

111



0.8 um AD, an acoustic resonance was observed, corresponding to significant nozzle
wall losses of particles and an absence of normal particle separation in the virtual
impactor. The onset of the resonance phenomenon was observed to begin at a nozzle
Reynolds number of approximately 500 for the LSVI configuration, and 300 for the
CSVI configuration. For flow rates just below the onset of resonance, normal virtual
impactor behavior was observed. The value of Stksy was 0.58 for both devices,
corresponding to a particle cutpoint size of 1.1 um AD for the LSVI configuration and
2.2 um AD for the CSVI. The collection efficiency was greater than 72% for all particle
sizes larger than twice the cutpoint up to the largest particle size tested (= 10 um AD).

The peak collection efficiency for both concentrators was greater than 95%.
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INTRODUCTION

Background

Systems for the detection of dangerous airborne particulate matter in real-time at
a specific location- point detection systems- include devices for the detection of nuclear,
biological and chemical (NBC) aerosols. There are both military and civilian
applications for such devices. In the nuclear industry, radioactive particulate continuous
air monitors (CAMs) provide protection to personnel in laboratories and industrial
facilities with radioactive materials. The U.S. military has field-deployable chemical
and biological (CB) agent detection systems to protect military personnel in the event of
a CB attack. In addition to the military application, the anthrax attacks experience by the
U.S. Postal Service in 2001 and the sarin nerve-agent attack in the Tokyo subway system
in 1995 have suggested a civilian need for CB detectors in sensitive locations. Although
chemical agent and radioactive particulate detectors have matured through several
design generations, practical biological point detection systems are relatively new, and
significant advancements will be required before biological agent detects achieve
performance capabilities on par with chemical agent and radioactive particulate matter
monitors.

The U.S. Army deployed the first biological agent point detector in 1995, the
Integrated Biological Detection System (BIDS). The U.S. Navy also deployed a similar

system, the Interim Biological Agent Detector (IBAD), aboard the USS LaSalle in 1994

This dissertation follows the style and format of Aerosol Science and Technology.



(Wolf and Hohe, 2000). The BIDS and IBADs devices were stop-gap systems
assembled from available technologies and were intended for subsequent replacement by
the next generation of “ground-up” designed biological point detectors. In 1996, the
four service branches of the U.S. military enacted a joint program, the Joint Biological
Point Detection System (JBPDS), to develop a biological point detector to replace the
BIDS and IBAD systems (Moshier and Buonaugurio, 2000). As the JBPDS was
intended as joint service equipment, it must operate over a wide range of environmental
conditions. In the current configuration, the JBPDS system is capable of sampling
ambient air at a flow rate of 780 L/min for the presence of ten biological agents. It has a
minimum detection threshold less than 25 agent containing particles per liter of air
(ACPLA). The size and weight of the JBPDS are significantly greater than chemical or
radioactive particulate monitors.

Research and development is currently underway on the second generation
device, Block II JBPDS. Furthermore, a variant objective of the joint biological point
detection program, the Joint Biological Tactical Detection System (JBTDS) calls for a
system specialized for portability and rapid forward deployment. A special emphasis of
the research and development on the JBPDS Block II and JBTDS is placed on
minimizing the size and weight of devices. In January 1998, the Aerosol Technology
Laboratory at Texas A&M University was contracted by the U.S. Army Soldier
Biological Chemical Command (SBCCOM), Edgewood Chemical Biological Center
(ECBC) for studies supporting the JBPDS program. The studies discussed below were

conducted in support of the contract.



Virtual Impaction for Bioaerosol Concentration

One of the major obstacles that must be overcome by a biological point detector
is the relatively low concentration of biological agent particles that can constitute a
serious threat. In general, a release of bioagent particles may be a few tens of ACPLA,
potentially orders of magnitude below ambient background aerosol concentrations
(Farthing, 1998). The point detector must collect and identify any biological agents
present in the vast background of ambient particulate. There are several detection
technologies among which are: nucleic acid-based, antibody/antigen reaction-based, and
ligand-based. These detection methods require that the biological particles be collected
in an aqueous suspension (hydrosol). The detection threshold for most approaches is on
the order of at least 10° particles (Rosen, 1999). In order that biological point detector
detect the presence of a few tens of ACPLA within a response time sufficient to protect
personnel, the aerosol sampled by the detector must be concentrated many orders of
magnitude. Typically, concentration factors on the order of 10° are required (Rosen,
1999). One of the critical tasks in the development of small, portable, biological agent
detection systems suitable for field applications is efficient concentration of airborne
particles. Such concentration devices and their associated power supplies must be small
and lightweight.

Virtual impaction is a technique widely used for aerosol concentration. The two
common configurations of virtual impactor geometry are the axi-symmetric (circular or
round nozzle) and the planar-symmetric (rectangular or slot nozzle) virtual impactor. In

the case of the axi-symmetric virtual impactor, a pair of opposed round nozzles form the



impactor, in the case of the planar-symmetric virtual impactor, the nozzles are in the
form of linear slots. For both geometries, aerosol is drawn into one nozzle, the
acceleration nozzle, and impinged on an opposed nozzle, the receiver nozzle, having an
aperture usually 50% larger than the acceleration nozzle (Figure 1). The momentum of
the fluid leaving the acceleration nozzle carries the particle-laden airstream into the
receiver nozzle where it doubles back out of the receiver nozzle in a hairpin turn. Most
of the flow then is then drawn off in the gap between the nozzles and is carried away
from the nozzle centerline. The remaining flow (typically 10%) is drawn under vacuum
from the receiver nozzle. Particles above the cutpoint size- defined here as the size at
which 50% of the particles divert from the major flow and enter the minor flow stream-
have sufficient momentum to carry them beyond the hairpin turn and enter the receiver
nozzle flow, thus forming an aerosol of greater concentration than that entering the
device.

For bioaerosol concentration, the virtual impactor should have a cutpoint below
the particle size range of interest. Although a specific virtual impactor will have a fixed
flow rate for a desired cutpoint, arbitrary throughputs can be achieved by operating
several virtual impactors in parallel and greater concentration factors can be achieved
through multiple stages of virtual impaction operated in series.

When designing a virtual impactor/concentrator, consideration should be given to
the relationship of the virtual impactor/concentrator within the overall bioaerosol
detection system. The concentrated aerosol which is the product of the virtual impactor

is passed to a detector, either directly as an aerosol in the case of dry-based optical



detection or after conversion to concentrated hydrosol in the case of wet-based PCR or
antibody/antigen detection. In either case, there will be a minimum number of
bioaerosol particles or organisms that can be recognized by the detector. The need to
meet the detection threshold establishes the minimum volume sampled by the virtual
impactor for a given concentration of the ambient bioaerosol. Looking at the problem on
a rate basis, there is a minimum flow rate required to achieve detection of a given
concentration of biological agent within a given response time. Thus, the basis of
evaluation of virtual impactor designs for use as bioaerosol concentrators should be for

identical flow rate and cutpoint.



THEORY
The particle and gas phase flow behavior in the virtual impactor is governed by

two dimensionless parameters, the Stokes number (Stk) and the Reynolds number (Re):

D;-C,-U
StkLC:pp P c o
18- 41, L,
U L
ReLC:pf o c
Hy

where:

D, = particle diameter

pp= particle density

C.= slip correction factor

U,= mean velocity at acceleration nozzle exit

= fluid kinematic viscosity

L.= critical dimension; for circular jets L. is the nozzle radius (D/2) for Stk
and nozzle diameter (D) for Re, for slot jets L. is the nozzle half-width

(W/2) for Stk and the full-width (W) for Re.

The Stokes number is the dominant parameter governing particle behavior in the

virtual impactor. The cutpoint Stokes number (Stksp) - the value of the Stokes number



corresponding to the particle cutpoint size- is weakly a function of Reynolds number
owing to minor differences in the flow field inside the virtual impactor nozzle at
different Reynolds numbers.

For bioaerosol concentration, it is also important to consider the pressure drop
incurred in moving air through the virtual impactor. The pressure drop is a function of

the acceleration nozzle throat velocity:

2

U
AP=K. =L %
2

where:

K= the minor loss coefficient.

The theoretical power required for operation of the virtual impactor, i.e. the
minimum power required to move air through the virtual impactor without consideration

of blower/pump inefficiencies or pressure losses within the flow handling system, is

given by:
Wideal = QAP
where:
Wideal = the ideal power required

0= total flow rate through the virtual impactor



From the standpoint of virtual impactor design for bioaerosol concentration, it is
useful to group the fluid and particles properties appearing in the Stokes number into a

single parameter, the particle relaxation time,

-U
Sth, = "¢
LC
2
P, -C,.-D,
18- 41,

This form of the Stokes number is insightful from a design standpoint as the
parameters U, and L. reside within the freedom of the designer while the biological
agent and ambient air conditions determine the parameters in 7. For bioaerosol
detection, the cutpoint of the virtual impactor should be low enough to concentrate the
smallest particle size that can be expected in a biological agent release. A bacterial
agent like anthrax may consist of single-spores having aerodynamic diameter of about
0.9 um AD. In order to achieve a cutpoint low enough to concentrate particles of this
size, the virtual impactor must have the proper nozzle dimension and mean nozzle
velocity. For a given cutpoint, the choice available is between larger nozzle dimensions
and larger mean nozzle velocity, or smaller nozzle dimension and smaller mean nozzle

velocity.



Once the required cutpoint and flow rate for the detection system are fixed, the
power required to operate a virtual impactor is only a function of nozzle width. For
fixed flow rate and cutpoint operation, the power increases with the square of the nozzle
width (for constant value of the minor loss coefficient). For example, we may fix the
cutpoint at 0.8 pum AD and the flow rate at 500 L/min (17.7 CFM), and assuming the
value of the minor loss coefficient is approximately unity, the ideal power increases with
the square of the nozzle dimension (Figure 2).

Virtual impactors with smaller nozzle dimension require less power to operate
for a given cutpoint and flow rate. The comparison can be made, to the first
approximation, to virtual impactor designs having different cutpoints and flow rates.
Since the cutpoint is largely controlled by Stokes number, and the Stokes number varies
with the square of particle diameter, the nozzle velocity can be varied to adjust the
cutpoint. Halving the cutpoint requires increasing the nozzle velocity (and hence total
flow) by a factor of four. On this basis, the virtual impactor design using the smallest
nozzle dimension will always use the least power per unit volume of aerosol
concentrated for a given cutpoint. Nozzle minimization is a vital consideration for
reducing the size, weight and cost of a bioaerosol sampler using virtual impaction as the
means for concentrating the ambient aerosol.

As noted, virtual impactors can be of either the round or slot nozzle
configuration. Practical bioaerosol detection systems require flow rates of many tens or
hundreds of L/min to detect the concentration of biological agents that can be expected

in a release. For small dimension round-nozzle virtual impactors, an array of many



nozzles (tens or hundreds) is usually required, and for slot nozzles, the total slot length
must be sufficient to supply the required total flow, either as one continuous slot, or as
an array of slots of intermediate length. From the standpoint of manufacturability, either
approach has difficulties, especially as the nozzle critical dimension approaches the level
of tolerance control for the manufacturing process. For an array of many round nozzles,
the risk of producing defective nozzles, particularly considering that each nozzle
requires small dimension chamfers and fillets, becomes high. For slot nozzles, nozzle
edge straightness and parallelism become difficult to achieve as the nozzle dimension
becomes small. Both designs require precise alignment mechanisms to align the centers
of the receiver and acceleration nozzles.

Apart from manufacturing considerations, slot nozzles maintain one advantage
over round nozzles: greater resistance to fouling from debris. Round nozzles are more
easily bridged by airborne fibers. Once a fiber bridges the nozzle, additional particles
attach to the fiber, eventually fouling the nozzle and preventing proper function of the
virtual impactor. Although slot nozzles can also become bridged by fibers, their long
dimension allows them to avoid fouling to a greater degree than round nozzles.

Two significant theoretical and practical considerations of bioaerosol
concentrator design are:

e in order to minimize blower power (and hence sampler size and weight), the
critical dimension of the virtual impactor nozzle should be made as small as

practically possible.
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e for small dimension virtual impactors, slot nozzles have a greater ability to resist
fouling and are easier to construct for large volume flow rate applications than

are arrays of many round nozzles.

The objective of this study was to design, characterize and optimize a prototype
slot nozzle virtual impactor scalable for use in a bioaerosol concentration system. The
present study focused on slot nozzles, as both straight nozzle elements and also as a
curvilinear slot in which the slot ends were joined. To evaluate the potential of slot
nozzle virtual impactors for use as bioaerosol concentrators, and to optimize their
geometry for minimum wall losses, a parallel numerical and experimental study was
undertaken. Results of the numerical study are to be reported in the work by Hari

(2003).
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LITERATURE REVIEW

Substantial research, both experimental and theoretical has been conducted on
the subject of virtual impactors. The original concept proposed of the virtual impactor
called for the replacement of the ‘real” impaction surface in a normal inertial impactor
with a ‘virtual’ surface formed at the inlet of a near-stagnant air cavity, thus eliminating
problems associated with particle bounce and re-entrainment effecting normal impactors
(Hounam and Sherwood, 1965; Conner, 1966). Several early virtual impactor studies
proposed methods for separating the fine mode particles (aerodynamic particle size, D, <
2.5 um AD) from coarse mode particles (D, > 2.5 um AD) typically present in ambient
background aerosols. Subsequent theoretical studies sought to predict performance and
improve virtual impactor design (Ravenhall et al., 1978; Forney et al., 1978; Hassan et
al., 1979). Early studies relied on the assumption of potential flow to determine the flow
field inside the impactor. Later studies (Marple and Chien, 1980) included viscous
effects by numerically solving the time-averaged flow field with the full Navier-Stokes
equations and applying subsequent particle tracking to determine the particle behavior
inside the virtual impactor. One of the issues addressed in the theoretical studies was the
problem of particle wall losses observed in earlier experimental studies, particularly for
particle sizes near the cutpoint.

Loo and Cork (1988) conducted an extensive experimental study to optimize
nozzle geometry in axi-symmetric jet virtual impactors for minimum particle wall losses.

Their recommendations define the benchmark in axi-symmetric virtual impactor design.
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The results of Loo and Cork (1988) demonstrate the need to maintain accurate alignment
between the acceleration and receiver nozzle to minimize nozzle wall losses. They
observed a 1% increase in nozzle wall losses with each 0.05 mm (1.6% relative to the
acceleration jet diameter) increase in nozzle misalignment.

Besides theoretical studies, Forney et al. (1982) experimentally investigated the
sensitivity of the ratio of acceleration nozzle to receiver nozzle width with using a half-
plane slot nozzle having infinitely variable acceleration nozzle and receiver nozzle
width. Forney et al. (1982) also studied the flow field in their device by use of tracer
dye in a water analog model. Their flow field studies indicated a discrete regime of
stable flow field behavior for acceleration nozzle Reynolds numbers from 700 to 2000.
For Reynolds numbers greater than 2000, periodic fluctuations or unstable behavior in
the flow field was observed. Han and Moss (1997) conducted a similar water analog
study of axi-symmetric virtual impactors and found the regime resulting in stable
laminar flow to be for nozzle Reynolds numbers from 2000 to 7000. Outside of this
regime, different portions of the flow field would exhibit period fluctuations, even for
Reynolds numbers below 1000.

Studies have been conducted on axi-symmetric virtual impactors having a clean
air core introduced at the acceleration nozzle inlet to eliminate the fine-particle
contamination normally present in the minor flow stream (coarse particle stream) of a
typical virtual impactor (Masuda et al.,, 1979; Chen and Yeh, 1987). Chein and

Lundgren (1995) used the clean air core virtual impactor to generate near-monodisperse
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test aerosols by processing polydisperse aerosol sources with the clean air core virtual
impactor.

Multistage virtual impactor systems have been constructed for use as bioaerosol
concentrators. In 1976, Peterson (2003) developed a slot-nozzle virtual impactor that
was later incorporated as a component in a commercial multi-stage virtual
impactor/concentrator system (SCP Dynamics Model 1001, Minneapolis, MN) for use in
the BIDS bioaerosol point detection system. The SCP Dynamics system had four stages
of virtual impaction, the second of which utilized a short rectangular nozzle (L/'W = 1)
for bioaerosol concentration. The device had a particle cutpoint of approximately 2.5
um AD, but was observed to have significant nozzle wall losses for particles larger than
about 6 um AD (Haglund et al. 2002).

More recently, studies have been conducted on submicrometer cutpoint and
linear slot nozzle virtual impactors for concentration of fine mode ambient aerosols.
Sioutas et al. (1994a) developed a multi-jet, axi-symmetric nozzle virtual impactor for
concentration of ambient fine particles having a reported cutpoint between 0.1 and 0.2
pum AD. Higher aerosol throughputs have been achieved by using long slot (L/W >> 1)
linear nozzle virtual impactors. Sioutas et al. (1994b) explored the influence of
Reynolds number and flow ratio using two long slot (L/W = 43, 65) virtual impactors.
The value reported for the cutpoint Stokes number was between 0.3 and 0.25 for nozzle
Reynolds numbers of 2370 and 1100, respectively, at a minor flow ratio of 0.1. Sioutas
et al. (1994c¢) studied a long slot (L/W = 170) virtual impactor concentrator having an

acceleration nozzle width of 0.33 mm (0.013”) and a total flow rate of 225 L/min (7.9
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ft’/min). They observed the value of the cutpoint Stokes number to be 0.20 at a
Reynolds number of 4460 and at a minor-to-total flow ratio of 0.1. Ding and Koutrakis
(2000) have made as similar study of short slot nozzle (L/W = 2.5) virtual impactors and
observed higher values for the cutpoint Stokes number. They report values of the
cutpoint Stokes number to be between 0.68 and 0.80 for most nozzle Reynolds numbers
between 4400 and 15,000. A summary of cutpoint Stokes numbers for virtual impactors

1s found in Table 1.
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PROTOTYPE DESCRIPTIONS
Conceptual Bioaerosol Concentrators

In order to concentrate the ambient aerosol at the volumetric flow rate required
for practical bioaerosol detection systems- a provisional value of 500 L/min was
assumed at the outset of the study- by means of a minimized slot nozzle virtual impactor,
long total slot lengths were required (L/W > 5000). Two basic geometrical
configurations were proposed: an array of approximately eight slot nozzle elements each
having a total slot length of 127 mm (5.0”) operated in parallel, and a circumferential
slot nozzle having a diameter of 152.4 mm (6.0”) having a total slot length of 479 mm
(18.87).

In the case of the array of linear slot nozzles, the inlet flow was first to be divided
among the elements of nozzle array and the minor flow from each element then
combined to form the concentrated aerosol output. The major flow exhaust was to be
recovered at either end of the array stack (Figure 3). The concentrated minor flow could
then be processed by a geometrically similar second or even third stage impactor for
further concentration (with appropriately reduced total slot length in each subsequent
stage to reflect the reduction in volumetric flow).

In the case of the circumferential concentrator, the inlet aerosol was to enter on
the circumference of the blade inlets, following a path radially inwards to the virtual
impactor blades. The concentrated minor flow was to be collected at the central axis of

the device, and the major flow was diverted to a vacuum plenum on the outer annulus of
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the device. Subsequent stages of virtual impactors could then be nested within the outer
stage impactor for additional concentration (Figure 4).

On the basis of virtual impactor theory relating to the particle separation
characteristics of slot nozzle virtual impactors, either the linear array or the
circumferential slot nozzle should perform identically as a bioaerosol concentration
device, provided the total slot length and critical geometries are equivalent (note: the
radius of curvature in the circumferential slot nozzle is approximately 150 times greater
than the slot width). This equivalency is exclusive of any end-effects or differences in
aerosol aspiration that the conceptual designs may have. One important advantage the
circumferential design has over the linear array design is relative compactness for the
same total slot length.

The complete conceptual designs were not constructed for this study; however
the critical single-stage elements of each proposed system were fabricated and
characterized in order to determine the expected performance of bioaerosol
concentrators based upon the conceptual designs. In the case of the linear array, a series
of linear slot nozzle virtual impactors (LSVI) were constructed and evaluated
individually (Figure 5). For the circumferential device, two geometrically similar ‘outer’
stage circumferential slot nozzle virtual impactors (CSVI) were constructed and tested
(Figure 6).

LSVI Units
The construction of the LSVI units, nine in total, occurred as a progression where

subsequent units incorporated remedies to problems encountered in earlier units. Some
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changes were in response to problems in manufacturing while others were reflective of
geometric improvements suggested by aerosol experiments or the numerical predictions
of the companion study (Hari, 2003).

Although each LSVI unit had differences in geometry or manufacturing
approach, all LSVI units were built up from a basic four-block assembly (Figure 7). The
blocks were stacked in such a way that the lower left and right blocks formed the
receiver nozzle while the upper left and right blocks formed the acceleration nozzle. The
major flow passages exited from the sides of the four-block assembly. The nozzle
blocks were aligned with dowel pins and fastened with 10-32 machine screws. The
overall length of the stack was 152 mm (6), however since a portion of each end of the
blocks formed a sealed interface, the slot length varied between 89 mm (3.5”) and 127
mm (5.0”) for the nine LSVI units. The slot width varied from 0.457 mm (0.018”) to
0.305 mm (0.012”), so all units were effectively infinite-length linear nozzles (L/'W >
200).

The aerosol entered and was recovered from the LSVI unit critical zone through
four rectangular ports 25.4 mm (1) wide and having length equal to the slot length. In
order to introduce aerosol into and recover aerosol from LSVI Units 0-6, four cover
plates were placed over each port. The cover plates had a 15.9 mm (0.625”) diameter
hole and a 152 mm (6”) length segment of smooth-bore tubing to deliver aerosol to a 47
mm (1.9”) diameter filter for analysis. The cover plates were attached with machine
screws and sealed with vacuum grease or o-rings. The final two LSVI units constructed

in this study, LSVI Units 7 and 8 had an unreduced channel passage equal in cross-

18



section to the rectangular flow ports described above, connecting to flow streams (minor
and major) to a 102 mm (4”") diameter filter.

The nominal blade geometries of the LSVI units are given in Figures 8 to 11.
CSVI Units

Preliminary measurements revealed difficulty in maintaining tolerance and
alignment within the desired precision for the LSVI units. These problems were
attributed to the tolerance limits that could be achieved on the CNC milling machine
used to manufacture the LSVI units. It was assumed that greater tolerance and precision
could be achieved with the circumferential slot virtual impactor in which the critical
dimensions are machined on a CNC lathe. In the CSVI units, the nozzle throats are
formed on the circumference of four annular blades. The flow enters the acceleration
nozzle flowing radially inward. The major flow was then diverted both up and down
axially in the impactor, and then exhausted through a series of ten evenly-spaced
‘spokes’ to the vacuum annulus as described above and shown in Figure 4. The minor
flow containing the concentrated aerosol continued on the radially inward trajectory and
was collected at the central axis of the device. This concentrated aerosol was drawn
through a 25.4 mm (1.0”) tube for subsequent collection on a 102 mm (4.0”) glass fiber
filter.

Two single-stage CSVI prototype devices were constructed. The first, CSVI
Unit 1, had a nominal acceleration slot width of 0.203 mm (0.008”). The second device,
CSVI Unit 2, had a nominal acceleration slot width of 0.508 mm (0.020”). One

significant difference in the manufacturing of the two devices was that, although both
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were constructed from 7075 Al on a precision CNC lathe, the first unit was clamped
during machining using a hydraulic chuck. For CSVI Unit 2, the blades were first
threaded onto a custom mandrel and held with axial (rather than radial) pressure during
manufacture. Aside from differences in nominal slot width and fixturing technique, the
two CSVI units were otherwise identical (Figures 12 and 13).
Pressure Drop

As noted above, the pressure loss incurred in moving air through the virtual
impactor is an important consideration for minimizing the size and weight of bioaerosol
concentration systems. The pressure drop at various flow rates for the LSVI and CSVI
units was measured Figures 14 and 15). For the LSVI, the minor loss coefficient, K,
averaged 1.9 for nozzle Reynolds numbers from 223 to 445. For the CSVI the minor
loss coefficient averaged 1.5 for Reynolds numbers from 157 to 367. Different pressure
drops were noted on the left and right major flow path of the LSVI unit when the flow
system was adjusted for constant flow through each passage. The reason for the
different AP values was due to slight mechanical skewness in the nozzle and is discussed

below.
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MEASUREMENT OF CRITICAL GEOMETRY

LSVI Units

Since proper nozzle geometry was identified as one of the critical parameters
influencing virtual impactor performance, measurements of nozzle width and alignment
were made on all the LSVI and CSVI units studied. It was discovered that standard
measurement techniques requiring physical contact (micrometers, calipers, feeler
gauges) caused deflection of, or damage to, the nozzle blades. In order to inspect the
nozzle geometry, each LSVI unit was mounted on the stage of a compound microscope
with the receiver slot facing the objective lens. The microscope was equipped with a
digital camera and had total magnification of 40X. The camera was focused on the edge
defining the inlet plane of the receiver nozzle and the image stored electronically. Since
the receiver nozzle was nominally ' wider than the acceleration nozzle, the camera was
refocused to bring into view the edges of the acceleration nozzle visible just inside of the
receiver blade edges, and another image was then recorded. The LSVI unit was then
rotated 180 degrees in the image plane and another pair of like images were taken.
Comparison of the original and rotated image pairs eliminated any camera parallax.
This process was repeated for each end and at the center of the LSVI unit, resulting in 12
total images.

Once the nozzles were photographed, the images were imported into image
editing software. For each image, a line segment was fit by inspection to a substantial
length of each nozzle edge visible. It was determined that the manual fit of the line

segment was within one or two pixels of that determined by least squares regression of
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points along the irregular nozzle edge. The pixel locations for the endpoints of the fitted
line segment were then recorded. A third line segment connecting the midpoints of the
two edge segments was computed. By comparison of the midpoints of the acceleration
nozzle edges and the receiver nozzle edges, the nozzle misalignment could be
determined (Figure 16). Also, by comparing the slopes of the fitted line segments, the
parallelism of the nozzle edges could be determined. The pixel data was then converted
to physical dimension by calibration of the microscope/camera with a stage micrometer.

Nozzle misalignment ranges from 29 pm (0.00114”) to 6 pum (0.00025”) in
absolute measurement, or 10% to 2% relative to acceleration nozzle width (Table 2).
The measured relative nozzle misalignment was greater than the value of 1.6%
recommended by Loo and Cork (1988) for axi-symmetric virtual impactors required to
keep nozzle wall losses to a minimum. The difficulty in achieving sufficiently low
relative misalignment in the LSVI units was a prime motivation for development of the
CSVI designs.
CSVI Units

Unlike the LSVI, it was not possible to use microscopy to inspect the nozzle
throat on the CSVI. To measure the nozzle alignment of the CSVI, the device was
separated into two half-assemblies, each half comprised of one receiver blade and one
acceleration blade. The physical locations of six points on a ray from center to edge of
each half-assembly were taken with a Coordinate Measurement Machine (Mitutoyo
America Corporation, Model Bright 910, Aurora, IL) using a 300 micron probe tip.

Three points were measured to determine the elevation of the half-assembly interface,
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the acceleration throat, and the receiver throat. Three more points were measured to
determine the radial position of the acceleration nozzle outlet, the receiver nozzle inlet,
and the pilot taper (Figure 17). By comparison with the elevations on each half, the
nozzle widths and centerline misalignment were computed. Data from the radial
position predicted the eccentricity and deviation from circularity of the nozzle. The set
of six measurement points were repeated at 48 positions evenly-spaced around the
circumference of each half-assembly. This data, in combination with a timing reference
mark on each half-assembly, provided a 360 degree assessment of the nozzle geometry.

The average nozzle width, nozzle width variance, and alignment are seen in
Table 3. With respect to Table 3, the nozzle deviation was defined as the average of the
deviation (either positive or negative) of the nozzle centerlines around the circumference
of each CSVI unit. The nozzle misalignment was defined as the average of the absolute
value of the nozzle centerline deviation. The misalignment of CSVI Unit 1 was much
greater than the deviation, indicating nozzle misalignment resulting from a consistent
defect around the circumference of the unit. The misalignment of CSVI Unit 2 was
significantly less than for Unit 1, and was nearly equal to the deviation of CSVI Unit 2,
indicating misalignment error due only to variance of nozzle profile around the
circumference rather than a machining defect.

For CSVI Unit 1, the elevation data reveals a variation in throat width and nozzle
alignment to be 13 um (0.00056) and 15 um (0.00061”), respectively. The plot of the
nozzle throat location relative to the unit parting line around the circumference of the

device exhibits a sinusoidal wave pattern of periodicity three (Figure 18). In discussions
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with the machinist, it was determined that this deviation was the result of deformation
cause by the hydraulic chuck that held the components during manufacture. The radial
variation of nozzle position shows a different pattern. Here the deviation was clearly a
single sine wave (Figure 19). This pattern was the result of eccentricity between the
half-assemblies. The radial misalignment as a result of eccentricity averaged 36 um
(0.0014”).

For CSVI Unit 2, the variation in nozzle width and radial position did not exhibit
a clear sinusoidal variance, and overall variance was much reduced from CSVI Unit 1
(Figures 20 and 21). The improvements in nozzle tolerance of CSVI Unit 2 were
attributed to the change in the fixturing process during manufacture.
Nominal and As-Measured Nozzle Geometry

The data from measurement of nozzle geometry was used to construct three
nozzle profiles for the LSVI units for incorporation into the parallel numerical study.
The first profile was the nominal geometry, i.e. the objective geometry of the
manufacturing process. The second profile generated was the average as-measured
nozzle dimensions. For dimensions that could not be measured, the nominal dimension
was used in the second profile. The third profile was the ‘worst-case’ profile. The worst
case was taken as the combination of measured quantities from the set of three
measurements along the length of the slot that resulted in the greatest
misalignment/skewness. It should be noted that at no point along the length of the slot

were the ‘worst-case’ dimensions measured, but this geometry was assumed to represent
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an outer boundary of dimensional inaccuracy within which the nozzle was assumed to

lay at all points along the length.
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EXPERIMENTAL METHODOLOGY
Preliminary Monodisperse Liquid Fluorescent Aerosol Tests

Tests were conducted with monodisperse liquid aerosols to characterize the
collection efficiency in the major and minor flow of the virtual impactors. Liquid
monodisperse test aerosols were generated with a Berglund-Lui (Berglund and Lui,
1973) vibrating orifice aerosol generator (TSI Model 3050, St. Paul, MN). The non-
volatile liquid was oleic acid tagged with 10% sodium fluorescein salt (uranine)
fluorescent tracer for subsequent determination of aerosol mass. The mean size of the
aerosol droplets was determined by impacting them on a glass slide coated with an oil-
phobic film. The droplets were then measured with an optical microscope. From
knowledge of the degree of gravitational flattening of the oil droplets on the slide, the
original spherical size of the droplets was calculated (Olan-Figueroa et al., 1982).

An Aerodynamic Particle Sizer (APS Model 3310, TSI, Inc., St. Paul, MN) was
used to monitor the size distribution of the test aerosol throughout the tests. Because
liquid droplets are known to distort when accelerated in the APS measurement section
(Griffiths et al., 1986; Chen et al., 1990), the APS data was corrected from the optical
measurement data. A scaling factor was applied to the APS particle size spectrum so
that mode size of the APS spectrum matched the aerodynamic particle size determined
by the optical measurement of the impacted droplets.

The generated test aerosol was drawn into one end of an aerosol delivery duct.
At the opposite end, a sample was extracted and collected on a glass fiber filter after

passing the aerosol through the virtual impactor. For tests with the LSVI units, separate
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filters where collected for the left and right major flow path, and the minor flow. Next, a
reference aerosol sample was extracted and collected on a filter where the point of
extraction and flow rate were the same as that for the virtual impactor inlet (Figures 22
and 23). Setting the flow rate of the reference sample to that of the virtual impactor, and
by using reference filter geometry with minimal losses, the reference aerosol sample was
representative to that entering the test device. For most experiments, three or more pairs
of reference and test configuration samples were collected for each particle size studied
to ensure repeatability of the results. For a few scoping experiments, a single long-
duration test was run in order to accumulate visible quantities of possible wall losses,
and any scoping tests are noted as such in the results section. The filters were placed in
solutions containing 50% isopropyl alcohol and 50% distilled water (v/v) to elute the
fluorescent tracer. The total solution volume varied between 20 mL and 80 mL, where
less liquid was used for smaller test particles to increase the fluorescent concentration of
the solution. The relative concentrations of fluorescent tracer in the solutions were
measured with a fluorometer (Turner/Barnstead Thermolyne Model 450, Dubuque, IA).
By dividing the relative concentration of fluorescent tracer in the test filter solution by
the relative concentration of the reference filter, and correcting for any differences in
sample volume, the percentage of particulate mass collected in the major and minor
flows relative to total test particulate was determined.
Polystyrene Latex Particles with Aerodynamic Particle Sizer

For tests with particles smaller than 2 microns a different test aerosol was used.

For small particle tests, a suspension of solid monodisperse polystyrene latex (PSL)
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microspheres (Nanosphere Size Standards, Duke Scientific, Palo Alto, CA; Estapore
Uniform Microspheres, Bangs Laboratories, Inc., Fishers, IN) in distilled water was
injected continuously into an airblast atomizer of custom design. During the atomization
process, the water component of the atomized suspension evaporated, leaving an aerosol
composed of the test microspheres and a number of condensation nuclei resulting from
the evaporation of water droplets not containing a PSL microsphere. The test aerosol
was conveyed through an aerosol delivery duct to an Aerodynamic Particle Sizer (APS
Model 3310, TSI, Inc., St. Paul, MN). Five, one-minute samples were collected by the
APS and the average PSL aerosol concentration in the aerosol delivery duct was
determined (Figure 24). Next, the virtual impactor was inserted between the duct and
the APS. In one set of tests, the major flow path was connected in line with the APS and
in another set the minor flow was connected to the APS. Five samples at each of several
flow rates were then taken for both the major and minor flow configurations. Reference
configuration tests were repeated during the change from major to minor flow
configuration to ensure consistency in aerosol output of the atomizer. By assumption of
constant particle generation and low particle losses in the straight tube test section, the
collection efficiency of the major and minor flow path was determined from the ratio of
aerosol concentration in the test configuration relative to the reference configuration.

In order to operate the APS at the different vacuum loads found in the inlet,
major and minor flow configurations, a calibration of APS sample flow rate was
necessary. As the APS manufacture provides calibration values of flowmeter voltage for

only unloaded APS inlet conditions (no vacuum pressure), serious flow deficiencies (and
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hence particle concentration errors) occurred if these voltage values were applied to the
loaded inlet conditions that occurred during minor and major flow concentration
measurements. In order to prevent measurement errors of this kind, the true APS sample
flow rate was measured over the range of vacuum loads that occurred in the aerosol tests
and the appropriate voltage values for constant sample flow rate were determined.
These flowmeter voltage values corresponding to constant APS sample rate were then
used to configure the APS during the aerosol tests.
Acoustic Measurements

In the course of conducting aerosol tests on the LSVI and CSVI units, an acoustic
‘ringing’ of the virtual impactor nozzle was observed for all flowrates above threshold
value. In order to characterize the nature of the phenomenon, sound recordings were
made on the prototype virtual impactors at various flow rates. To make the sound
measurements, the virtual impactor outlets were connected to the same flow
measurement and control systems used during the aerosol tests and the inlet was left
open to the ambient environment. No difference in the ringing phenomenon was
observed whether the virtual impactor inlet was connected to the aerosol duct or if left
open to the ambient environment. The vacuum pump or blower used to operate the flow
system was located in a sound isolation chamber to minimize the background noise in
the sound recording. An electret unidirectional condenser microphone (Radio Shack
Model 33-3007, Fort Worth, Texas) was placed approximately 2 cm ('2”) from the
virtual impactor inlet with the axis of the microphone coincident with the inlet axis. At

each of several flow rates an approximately three second sound recording was made.
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The recording was made directly to a PC through the microphone input on the PC sound
card. The sampling frequency of the A/D conversion was either 22.050 kHz or 44.100
kHz, and with a resolution of 16 bits. Five, 5000-point sub-samples were extracted from
each recording and a Discrete Fourier Transform (DFT) was performed on each sub-
sample for power spectrum analysis. Comparison of the five sub-samples allowed for
the discrimination of acoustic signal emanating from the virtual from variable
background noise.

Monodisperse Liquid and Polystyrene Latex Fluorescent Aerosol Tests

Upon completion of preliminary analysis of liquid and solid particles tests on the
LSVI and CSVI units, and after identification of the problems associated with nozzle
misalignment and acoustic ringing of the virtual impactors, a final set of characterization
tests was conducted on the ultimate prototype of the two virtual impactor configurations
(LSVI Unit 8 and CSVI Unit 2) at the maximum flow rate for each device that avoided
acoustic ringing.

Monodisperse aerosol tests using both liquid fluorescent particles and solid
fluorescent PSL microspheres were conducted. For the liquid particle experiments, wall
losses were directly measured by disassembling the virtual impactor units between each
set of three test runs at a given particle size and recovering deposited particles. The
particle losses were recovered from the critical region by wetting a cotton swab with
isopropyl alcohol and swiping the nozzle throat. Four swipes of the nozzle throat were
made to ensure maximum particle recovery. Following the swabbing procedure, the

nozzles were rinsed with isopropyl alcohol to remove any trace of unrecovered deposits
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and to establish a zero base line for the next experiment. The cotton swabs containing
the fluorescent deposits were immersed in the same solution as for the aerosol filters,
and the fluorescent concentration was analyzed as described above.

In the case of the solid fluorescent PSL microspheres, a suspension of PSL
microspheres and distilled water was atomized using a Collison nebulizer (BGI Inc.
Model CN311, Waltham, MA). The mass concentration of PSL in the suspension varied
between 0.02% and 0.08% and was well below the limit proposed by May (1972) to
prevent significant numbers of doublet PSL particles due to two microspheres occupying
the same water droplet during atomization. The particle size spectrum generated by the
nebulizer was periodically sampled throughout the tests to identify any potential doublet
particles. In addition to aerodynamic particle size spectra, the PSL microsphere size
spectrum was analyzed in the hydrosol state with a coulter counter (Beckman Coulter,
Inc., Model Multisizer 3, Miami, FL).

As in the liquid aerosol tests, a reference filter was used to determine the relative
concentration of the test aerosol entering the virtual impactor. However, unlike the
liquid aerosol tests, the duration of the aerosol sample collected was not determined by
length of time in which flow was drawn through the virtual impactor or the reference
filter. Rather, for each test the vacuum pump was first activated on the device (either the
virtual impactor or reference filter). Next, 138 kPa (20 psi) was applied to nebulizer by
means of a pressure regulator and solenoid valve (Figure 25). The pressure was
maintained constant and for a fixed duration (usually ten minutes), thus producing an

approximately constant aerosol generation rate. At the end of the test, the solenoid valve
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was closed halting aerosol generation. The vacuum pump of the reference filter or
virtual impactor was allowed to run for an additional minute at the end of particle
generation to fully evacuate the aerosol delivery duct. APS samples taken at the test
section of the delivery duct confirmed that all test aerosols were removed from the
delivery duct within approximately the first ten seconds of shut-down of the nebulizer.
Conducting experiments in this manner allowed for approximately six to eight
consecutive tests (either reference or test configuration) to be run before re-filling of the
nebulizer was required. This equates to a liquid consumption rate of about 20 mL/hour
and was also consistent with the observations of May (1972). The configuration of
aerosol delivery system and nebulizer are seen in Figures 20 and 21.

The glass fiber filters containing the fluorescent microspheres (Pall Gelman
Sciences Model A/E 102mm, Ann Arbor, MI) were immersed in 20 mL of ethyl acetate
to dissolve the polystyrene latex and liberate the encapsulated dye. The filters were
immersed for a minimum of eight hours. The relative fluorescent concentration of the
solutions was measured with a digital fluorometer (Turner/Barnstead Thermolyne
Quantech Model FM109515, Dubuque, 1A) using optical filters appropriate for the
excitation and emission wavelength of the fluorescent dye of the PSL (Table 4). It was
discovered that a moderate agitation of the filter solutions by swirling the liquid was
sufficient to uniformly mix the solution. Multiple samples (~ 5 mL) taken from the
same original solution mixed in this manner were indistinguishable from multiple
fluorometric readings of the same sample. Thus, it was necessary to only measure one

sub-sample extracted from each mixed solution.
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Nozzle wall losses were not recovered in the fluorescent PSL experiments.
Wetting a cotton swab or tissue wipe with either isopropyl alcohol or water failed to
remove the PSL deposits. Due to its relatively high volatility, swabs wetted with ethyl
acetate did not recover deposits sufficiently for analysis. More aggressive use of ethyl
acetate (i.e. a squirt bottle) resulted in the loss of rivulets containing the dissolved PSL.
In principle, one could recover wall losses by complete immersion of the virtual
impactor, but the volume of ethyl acetate required in this study would have resulted in
solutions too dilute to give fluorescent readings sufficiently greater than the background
fluorescence of the ethyl acetate reagent.

Quality Assurance

To ensure reproducibility of the results of the study, efforts were made to identify
and correct any potential problems in experimental procedure. First, all devices used in
for aerosol collection (the virtual impactor units, the reference filter holders and the flow
system used for gas flow measurement and control) were checked for leaks by a pressure
decay test. The outlets of each device were sealed and then the component was
subjected to a vacuum of 10 kPa (40” H,O). The time required for the pressure to decay
to 7.5 kPa (30” H,O) was observed. All devices maintained vacuum above the threshold
for at least 30 seconds, but typical results were more than a minute. Pressure decay tests
on the virtual impactors and reference filter holders were periodically run during the
aerosol tests to ensure that gaskets and seals maintained integrity throughout the study.

To determine the possible influence of any ambient background aerosol on the

fluorescent measurements, several “blank” reference filter samples were taken from the
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aerosol delivery duct. Additionally, the fluorescence level of the liquid reagents
(isopropyl alcohol and water for liquid aerosol tests, ethyl acetate for PSL tests) were
explicitly determined by setting the fluorometer “zero” using an optical block in the
measurement section. The ambient background samples were indistinguishable from the
fluorescent level of the blank reagents, and the reagent fluorescent reading was never
more than 0.75% of the average reference filter fluorescent reading (greater than 100:1
signal-to-noise ratio) for the liquid aerosol tests. For the fluorescent PSL experiments,
limits on mass concentration and duration of particle generation of the Collison
nebulizer (May, 1972) as well as a limit on the minimum volume of ethyl acetate reagent
(20 mL) necessary to fully wet the filter limited the maximum signal-to-noise ratio to
20:1 for some of the experiments. The maximum background reading relative to
reference reading was 4.5%. Consideration of background fluorescence is discussed in
the uncertainty analysis below.

When particle sizes were changed in the nebulizer, the nebulizer was first rinsed
with ethyl acetate and refilled with distilled water prior to introducing the new PSL
particles. A background reading of the nebulizer output was taken to ensure that no
particles or residual fluorescent dye (which would be a component in the condensation
nuclei) remained from previous tests. It was observed that rinsing the nebulizer with
alcohol or water was not sufficient to remove the PSL or fluorescent dye deposits,
however when the nebulizer was washed with ethyl acetate, no particle “carry-over” was

detected.
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Uncertainty Analysis

Measurement errors can be divided into three categories (Beckwith and
Marangoni, 1990):

¢ Bias or systematic errors

e Precision or random error

e Mistakes or blunders

The approach that was taken with respect to the error types was to reject any test
data containing a mistake (repeating the measurement as necessary) and apply
Pythagorean summation to determine total uncertainty for precision error and estimated
bias errors. Some of the parameters potentially contributing to a source of bias error
were derived from stochastic sources (e.g. nozzle width measurements). In these cases,
the estimated systematic error level was taken as two times the variance observed of the
stochastic quantity.

The two data parameters treated for uncertainties were the measured Stokes
number (for each test particle) and measured minor collection efficiency. These

measured quantities were reduced to their fundamental measured or reference quantities:
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Ppc=  test particle density

Dy=  diameter of impacted and flattened test particle

Fy= flattening factor of impacted test particle

C.= slip correction factor

Oug= average total flow rate over duration of the test

My=  air viscosity

L= slotlength

W= slot width

FIC = ‘fluorescent intensity units’ defined by manufacturer for the fluorometer
output proportional to fluorescent concentration

V= fluorescent solution volume

t= duration of test

Applying the uncertainties and precision error estimates for each quantity in the
measured values of the Stokes number and efficiency, and adding any additional terms

gives the total uncertainties of the measured quantities:
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Sgen =

relative uncertainty in particle density

relative uncertainty in the measured diameter of flatten particle
relative uncertainty in the flattening factor

relative uncertainty in flowmeter due to bias error

relative uncertainty in flowmeter due to reading error (precision

error)

relative uncertainty in air viscosity (due to temperature variations)
relative uncertainty in nozzle length measurement

relative uncertainty in nozzle width measurement

relative uncertainty in fluorometric reading due to non-linearity

crror

variance in fluorometric reading due to repeatability (precision

error)
number of strokes of dispenser used to prepare solutions

relative uncertainty in volume delivered by dispenser
relative uncertainty in timing mechanism

variance in aerosol generator output
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The uncertainties of the various parameters were determined from manufacturer
reported data, from observations of repeatability of measured quantities, or from
reasonable assumptions of error when no data was available. For particle density (0.957
g/em® for oleic acid with 10% sodium fluorescein), an uncertainty of £0.01 g/cm’® was
assumed to allow for any variances in fluorescein concentration. An uncertainty of +
0.01 (dimensionless) was assumed for the flattening factor (Olan-Figueroa et al., 1982).
The value for pupr was determined from the average variance of the flattened particle
measurements over all tests (1.21 microscope hairline units). The uncertainty in the
flowmeter measurement was taken from the manufacturer (Dwyer Instruments, Inc.,
Models RMC Ratemaster 102 and 104, Michigan City, IN) as + 2% of full scale, and an
additional error equivalent to ' of the minimum scale division of the flowmeter was
applied to account for precision errors resulting from reading the flowmeter. Possible
error in the viscosity value was taken to be the variance associated with a + 3 °C
temperature change from the reference temperature. Hinds (1982) gives the variation of
the viscosity of air with temperature as the power 0.74, implying a relative variance of
0.74% over the assumed temperature variance. The uncertainty in the nozzle length was
assumed as = 0.127 mm (0.005”") due to precision limits of the caliper. The nozzle width
uncertainty was taken as two times the variance of the 48 circumferential measurements
for CSVI Unit 2 (2.37%) and the maximum deviation of the three measurements of
LSVI Unit 8 (6..13%). The value for y; was determined by the precision of the timing
device (£l sec) divided by total test time. The value for puy was given by the

manufacturer of the dispenser used to measure liquids for the fluorescent solutions
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(Barnstead Thermolyne Model 3020A, Dubuque, IA) as 0.1%. The precision error of
the fluorescent intensity readings was determined from the average variance of replicate
readings of the same sample observed over the whole study; 0.13% for the liquid
fluorescein-tagged particles (Turner Model 450 Fluorometer) and 0.19% for the
fluorescent PSL particles (Turner Quantech Model FM109515). The non-linearity error
estimate in the fluorometer reading was given by the fluorometer manufacture as 0.1%
of full scale for both models. The potential non-linearity error was relatively small as
the maximum difference between the test and reference readings was never more than a
10:1 ratio.

One final source of precision error estimation bears discussion, and that was
random error due to the non-constant aerosol generation rate (a manageable but
inevitable error source with the use of either the VOAG or Collison nebulizer). One
explanation for the change in observed aerosol generation rate for the VOAG may be
due to the change in concentration of the non-volatile liquid (oleic acid in the present
study) supplying generator when changing particle sizes due to contamination of the
fluid lines and filtration from prior tests. For the Collison nebulizer, one should expect a
slight change in aerosol production due to the fact that the atomization rates are not the
same for the solid particles and distilled water that make up the source suspension, hence
the suspension becomes either more or less concentrated with time, depending upon the
relative atomization rates of the components. It was observed that submicrometer
particles tended to atomize more readily than the water, while the reverse was true for

particles larger than one micron.
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The fact that the observed variances for some sets of reference and test filter
particle concentration measurements were larger than that predicted from precision error
analysis was taken to be a result of non-constant aerosol generator output. This
assumption was supported by the fact that for some VOAG test particle experiments, a
linear change in generator aerosol output was observed (R* > 0.9 to a linear fit of
measured reference filter concentration vs. elapsed time). It should be noted that the
average change in aerosol generator output was relatively small, averaging 5.6% per
hour over all tests conducted, and that the change across two consecutive test and
reference configurations (~ 20 minutes turnaround time) was less than 2%.

The temporal variation of the Collison nebulizer tests was somewhat higher than
the VOAG (9.3% per hour), but had the advantage over the VOAG in that the temporal
variation was more consistent (always either increasing or decreasing for the same
particle size), so that applying a linear fit to the reference data produced a reliable
comparison to the test measurements.

For all tests the value of minor collection efficiency was calculated from the ratio
of averaged reference filter concentration to averaged test filter concentration. This
averaging technique was different than that used in other studies in which the ratio of
test/reference filter concentration for consecutive tests was averaged. This second
method potentially introduces a bias error if the aerosol generator output is
monotonically increasing or decreasing.

Although the efficiency measurements were not effected by the temporal

variance of aerosol generation, the apparent precision of the measurements was unduly
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exaggerated for the tests when the variance of the data was determined from the
averaged quantity. For three cases of VOAG tests (R* = 0.82, 0.94, 0.99 for the linear fit
equations) and all Collison nebulizer tests, the precision was estimated from the
residuals of the linear fit. An ‘aerosol generation’ variance, Sgen, Was estimated from this
procedure, and was found to be 2.98% for the VOAG tests and 2.29% for the Collison
nebulizer tests. The generator variance was treated as a precision error for the purposes

of total error estimation.
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RESULTS AND DISCUSSION
Preliminary Monodisperse Liquid Fluorescent Aerosol Tests

LSVI

Contrary to the numerical predictions, the initial experimental results showed
significant particle deposition within the LSVI units. When operated at total flow rates
required for a 0.8 um AD cutpoint (75 L/min), LSVI Units 0 to 6 have collection
efficiencies below 50% for particles larger than 2.5 microns (Table 5). After significant
modifications to blade profile and manufacturing process, LSVI Unit 7 was shown to
have collection efficiency of 50% and 67% for 2.2 and 6.8 um AD particles,
respectively. However, at flow rates well below that rate required for a 0.8 um AD
cutpoint, efficiencies were greater than 80% for two single-run tests conducted at those
off-design flow rate conditions.

Besides qualitative fluorometric analysis, each LSVI was inspected for particle
deposition following each liquid particle test. Regions of significant deposition of the
fluorescent particles produced a stain visible under UV illumination. Three significant
sources of deposition were identified; on the outlet taper plane of the receiver nozzle, on
the port cover plates, and irregular spots of deposition on the nozzle throats associated
with blade irregularities.

It was discovered early in the study that much greater deposition occurred on the
receiver nozzle than on the acceleration nozzle (Figure 26). In the earliest LSVI units
with simple taper receiver nozzles, the deposition was seen to begin at a point almost

immediately below the vertex of the tapered wall. For this reason, a 0.508 mm (0.020”)

42



abrupt expansion was incorporated to the receiver blade profile. All LSVI units after
LSVI Unit 5 retained this feature. After adding this feature, the deposition pattern was
observed to move to a location about 5 mm (3/16) below the vertex of the taper angle,
possibly corresponding to the reattachment length of the receiver jet. A second abrupt
expansion was added to the receiver nozzle in LSVI Units 7 and 8 to reduce the
influence of this deposition mechanism (Figure 27). The second expansion began at the
point 3.2 mm (0.125”) below the taper angle vertex in the aligned direction. After
incorporation of this compound expansion receiver nozzle profile, visible particle
deposition was almost eliminated from the receiver nozzle (see Figures 8 to 13 for a
comparison of the nozzle profiles).

Another source of particle losses was associated with the blade irregularities and
imperfections. An example of these losses was deposition observed on LSVI Unit 7 at
one end of the receiver nozzle due to a burr in the opposed acceleration nozzle (Figure
28). On the acceleration nozzle, a burr approximately 2 mm (1/16”) long and protruding
into the flow path about 60 um (0.005”) was found at one end of the acceleration nozzle
(but several nozzle diameters above the nozzle throat). Particle deposition was observed
on the receiver nozzle directly below this burr, but not on the opposite end of the LSVI
unit. This result demonstrated the sensitivity of wall losses to nozzle geometry in the
critical region.

CSVI

Monodisperse liquid particle tests were conducted on the CSVI unit as well. As

in the LSVI, significant deposition losses were observed on the receiver throat (Figure
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29). The total collection efficiency was measured to be 10% for 6.6 um AD aerosol
particles at a nozzle Reynolds number of 430, and 20% for a nozzle Reynolds number of
165 for CSVI Unit 1.
Polystyrene Latex Particles with Aerodynamic Particle Sizer

The collection efficiency curves from the PSL test showed two distinct regions of
behavior for LSVI Unit 7. For flow rates below 35 L/min (1.2 CFM), classical virtual
impactor performance was observed with the estimated value of Stks) equal to about 0.7
(Figure 30). For flow rates above 35 L/min (1.2 CFM), a departure from classical
behavior was observed and the LSVI asymptotically approached the behavior of a high-
loss mixing element. At a nozzle Reynolds number of 1000 (90 L/min or 3.2 CFM total
flow), the highest flow rate tested, the aerosol concentrations in the major and minor
flow paths were approximately equal and independent of particle size; i.e. there was no
concentration of particles in the minor flow stream even at particle Stokes numbers
significantly greater than unity, contrary to normal virtual impactor behavior (Figure 31).
Furthermore, the sum of the collection efficiencies of the major and minor flow path was
observed to decline with increase in total flow rates beyond 35 L/min (1.2 CFM),
evidence of increasing particle losses.
Acoustic Measurements

During the course of the PSL testing, a previously undetected acoustic “ringing”
of LSVI Unit 7 was observed. When the virtual impactor was connected to the vacuum
system and the flow rate gradually increased, a distinct audible tone was observed to

emanate from the LSVI units for all flow rates above about 45 L/min (1.6 CFM),
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corresponding to acceleration nozzle Reynolds number of 540. As the flow was
increased above 45 L/min (1.6 CFM), the intensity of the tone increased with flow rate
up to the highest flow rate tested, 90 L/min (3.2 CFM). Below 45 L/min (1.6 CFM), no
“ringing” was observed (Sound Media Files 1 to 4). For the CSVI Unit 2, with nozzle
width of 0.508 mm (0.020”"), a similar trend was observed where the critical flow rate
corresponding to the onset of ringing was 140 L/min (5 CFM), corresponding to nozzle
Reynolds number of 310. For CSVI Unit 1, with nozzle width 0.190 mm (0.0075”"), no
critical flow rate associated with the onset of ringing was identified, and intermittent
ringing was observed for all flow rates from 20 to 220 L/min.

For the LSVI Unit 8 and CSVI Unit 2, the power spectrum analysis of the sound
recordings agreed well with qualitative observation. For the LSVI, no distinct frequency
in the sound power spectrum was observed over the five sub-samples analyzed for flow
rates below 45 L/min (Figures 32 and 33). At every flow rate above 45 L/min, a
consistent ring tone was observed having a fundamental frequency of 2850 Hz (Figures
34 and 35). A consistent ringing tone was also measured at the first octave of the
fundamental. Further increases in flow rate above the critical flow rate did not change
the frequency of the tone, but did increase the relative intensity of the tone by a factor of
ten when the flow increased from 50 L/min to 70 L/min (Figures 36 and 37). The tone
of greatest sound intensity was observed to be the second octave of the fundamental for
LSVI Unit 8. For the CSVI Unit 2, similar sound spectra were observed for flow rates
just below and above the critical flow value (Figures 38 to 41). The frequency of the

fundamental tone was observed to be 1310 Hz, but the power spectrum analysis did not
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show as great of a change in sound intensity at the onset of resonance for CSVI Unit 2 as
for LSVI Unit 8 (Figures 42 and 43).

In an attempt to restrict any possible motion of the blade tips of the LSVI nozzle,
the acoustic experiments were repeated after fitting five 0.6 mm diameter (0.020”) wire
segments between the acceleration and receiver nozzle. The wire diameter and material
(copper) was such that the wires were firmly compressed between the acceleration and
receiver nozzle, effectively clamping the nozzle tips at five points along the nozzle
length. The sound measurements of this ‘clamped’ LSVI virtual impactor were identical
to those obtained with the unclamped unit, further indication that the ringing
phenomenon was not associated with the elastic properties of the nozzles (Figures 36
and 37).

The non-dimensional parameter associated with periodic fluctuations of a fluid is

the Strouhal number, S:

nWw
S=—
UO
where:
n=  the characteristic frequency (fundamental tone of resonance)

W= the nozzle width

U,= mean nozzle velocity

For the LSVI, the Strouhal number associated with the onset of ringing was

0.032 and for the CSVI Unit 2 it was 0.069. For flow-induced vibrations or
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phenomenon associated with vortex shedding or other period flow disturbances, the
Strouhal number usually has a value within an order of magnitude of unity. For
example, the Strouhal number associated with vortex shedding behind a cylinder in cross
flow is 0.17 to 0.25 for Reynolds numbers from 10” to 10’ (Roberson and Crowe, 1993),
implying near-proportionality between frequency and velocity over a wide range of
Reynolds number. Because in the present case S << 1 and the frequency was observed
independent of flow rate, vortex shedding or periodic flow fluctuations were not likely
the source of the resonant tone.

A more probable explanation for the ringing phenomenon is that described by the
Helmholtz resonator. In basic form a Helmholtz resonator consists of a relatively small
mass of air in a throat or aperture oscillating, due to an applied agitation, in resonance
with a larger cavity of air fluidly connected to the aperture. An example of a Helmholtz
resonator is the whistle produced when blowing air across the inlet of a bottle. Fletcher

and Rossing (1998) give the resonance frequency of the Helmholtz resonator, f,, as:

c A
fo - \VL
where:
c=  speed of sound in air
A= area of the aperture

V= volume of the cavity behind the aperture

L= throat depth of the aperture
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Using the throat length of the receiver nozzle as L, and the volume of the minor
flow channel in LSVI Unit 8 predicted a fundamental frequency of 650 Hz, significantly
lower than the resonance tone observed. However, it should be noted that the
impingement of the fluid jet on the receiver throat may have lowered the effect depth of
the oscillating fluid mass and hence raised the frequency of the fundamental tone.
Liquid and Polystyrene Latex Fluorescent Monodisperse Aerosol Tests

When the characterization tests were conducted with LSVI Unit 8 and CSVI Unit
2 at flow rates below the onset of ringing for the respective concentrators, classical
virtual impactor performance was observed. The data for all tests, along with
uncertainty estimates determined from the methods described above, are seen in Table 6.

LSVI Unit 8

The collection efficiency in the minor flow of LSVI Unit 8 at 38 L/min (1.3
CFM) corresponding to nozzle Reynolds number 445 is seen in Figure 44. The particle
cutpoint corresponding to 50% collection efficiency was 1.1 um AD. The collection
efficiency peaks at a value of 95% at a particle size of 3.5 um AD. The collection
efficiency reduced with particle size to a value 72% for 9.6 um AD particles.

The total major flow collection efficiency shows a complimentary reduction in
collection efficiency for particle sizes near the cutpoint as expected (Figure 45). One
interesting result was the skewness observed between the left and right major flow
collection efficiencies (Figure 46).  As noted above, LSVI Unit 8 retained some

skewness in nozzle geometry, and the pressure drop across the left and right major flow

48



path was not identical when the flow rates were held identical. At particle sizes below
the cutpoint, the relative difference between the left and right collection was low (35%
right, 45% left for 0.6 um AD particles). As the particle size increased above the
cutpoint, the reduction in particles entering the respective flow streams was nearly the
same, so that for particles larger than about 1.7 um AD, all particles that entered the
major flow (16%) entered only on the left major flow stream.

The wall loss analysis of LSVI Unit 8 shows losses approximately constant
nozzle wall losses between 5 and 10% for particle sizes between 2 and 7 um AD (Figure
47). Losses were at a maximum of 26% for the largest particle size tested (9.6 um AD).

CSVI Unit 2

The collection efficiency in the minor flow of CSVI Unit 2 at 122 L/min (4.3
CFM) is seen in Figure 48. The particle cutpoint corresponding to 50% collection
efficiency was 2.2 um AD. The collection efficiency peaks at a value of 96% at a
particle size of 4.7 um AD. Further increases in particle size reduced the efficiency to a
value of 77% for the largest particle size tested (9.8 um AD). As for LSVI Unit 8, the
reduction in minor flow efficiency was attributed to particle losses. However, for CSVI
Unit 2, wall losses in the critical zone were significantly less than for the LSVI unit
(Figure 49). These reduced losses in the critical zone were attributed to the lower Stokes
number of the corresponding particle size of the CSVI unit relative to the LSVI unit, and
the relative superiority of the nozzle precision of CSVI Unit 2 over LSVI Unit 8. The
sum of the measured wall losses and minor flow collection did not account for all the

particulate mass for the CSVI Unit 2 tests. A likely explanation for the observed mass
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defect was losses that occurred in regions other than the critical zone due to the
relatively more torturous flow path required of the aerosol entering the CSVI unit
compared to the LSVI unit. Aerosol entered the CSVI device through a 50.8 mm (2”)
diameter tube and was then deflected radially outward by a blunt deflection cone. The
aerosol was then aspirated into one of ten oblong cross-section entrance ports in the
entrance annulus of the CSVI unit (Figures 4 and 6). Once aspirated, the flow was again
diverted radially inward through an aerodynamically smoothed transition and accelerated
in the impinging nozzle.

Despite the similarity in minor collection efficiency results at large particle sizes,
it should not be assumed that there would be equal performance of the LSVI and CSVI
units having the same nozzle width and total flow rate. The several LSVI units would be
required to provide the total slot length of a single CSVI unit, and additional particle
losses due to nozzle end effects and flow splitting/diversion in the LSVI array could be
expected.

Modeling

When the minor flow collection efficiency data of the LSVI and CSVI units were
compared on the common basis of particle Stokes number, near equivalent particle
concentration behavior was observed for all particles sizes except those well above the
cutpoint due to the differences particle loss mechanisms described above (Figure 50).
Within experimental uncertainty, the cutpoint and collection efficiency curves were
identical despite the differences in nozzle Reynolds number (445 for the LSVI and 270

for the CSVI unit). In order to describe the collection efficiency for a long-slot virtual
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impactor for Reynolds numbers between 445 and 270, the following model was

proposed:
T =1-— ") ;
o,
Stk s,
where:
Mminor = minor flow collection efficiency
Stk = particle Stokes number (the independent variable)
Stkso= the particle Stokes number corresponding to the cutpoint
b= coefficient determining sharpness of collection efficiency curve
r= minor/total flow ratio

The model has only two parameters; Stksy), which is determined from particle
cutpoint and the exponent, b. Although the data in the present study covered a range of
Stokes numbers from 0.04 to 38, the model has the proper asymptotic behavior in the
respective limits of Stokes number, namely that the minor flow concentration
approaches the minor flow splitting ratio as Stk — 0 and approaches 100% as Stk — .
The proposed model was intended to describe the inertial separation characteristics of
the virtual impactor and not include effects of the particle losses on the nozzle wall or

due to other mechanisms that were observed at Stokes numbers well above the cutpoint.
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For this reason, the experimental data was corrected to remove the effect of particle
losses when determining the best-fit values of the model parameters.

To remove particle loss effects for the purposes of fitting data to the model, a
simple linear fit to minor collection efficiency curve for Stk >> 1 was determined.
Because wall losses were not the same for the LSVI and CSVI units, a separate wall loss
equation was fit to each data set. The wall loss correction was significant only for the
largest particles tested (25% for Stk = 38) and was 0.3% at the cutpoint. The losses
predicted from the linear fit were then added to the measured minor flow collection
efficiencies and a single data set was generated (Figure 51). The model parameters were
then fit to the common data set by minimization of the squares of the residuals (least-
squares fit). The values obtained for the model parameters were Stks) = 0.568 and b =
1.79 (Figure 52).

Treatment of Polydisperse Test Aerosols

As described above, APS particle size samples were taken of the monodisperse
test aerosols generated in the characterization experiments. In addition to the
aerodynamic spectra of the liquid particles, coulter-counter samples of the solid PSL
microspheres were taken. For all ‘monodisperse’ test aerosols, a small but finite
variance in particle size distribution was observed. Because inertial classifiers often
have sensitive dependence on particle size for particles near the cutpoint, errors can
potentially result from assigning measured collection efficiency values to a discrete

particle size. In order to properly account for the variance in particle size of the test
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aerosols, an iterative procedure for fitting the model parameters to the measured
collection efficiency data was applied.

For each test aerosol, a discrete fractional mass spectrum was computed from
particle the count data. Based upon assumed values for the model parameters (Stksy, b),
the integrated product of fractional efficiency and mass fraction was computed. This
integrated mass percentage was compared with the measured mass fraction (efficiency)
and the residual computed ([computed value — measured value]®). The residuals of all
tests were summed, and an iterative procedure was applied to determine the values of
model parameters that minimized the total residual. The value of Stksp was nearly
identical for each procedure- 0.577 for the polydisperse treatment and 0.568 for
monodisperse assumption, but the coefficient » was 1.56 for the polydisperse analysis
and 1.79 for the monodisperse assumption. A comparison of the calculated collection
efficiency curve and the size distribution of three representative test aerosols is seen in

Figure 53.
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SUMMARY

Two linear nozzle virtual impactor/concentrators were constructed and characterized.
Both devices were longer-slot (L/W), lower Reynolds number, and lower pressure drop
than previous studies of such virtual impactors (Table 7). The value of Stksy was 0.577
for both devices, corresponding to a particle cutpoint size of 1.1 um AD for the LSVI
configuration and 2.2 um AD for the CSVI. The collection efficiency was greater than
72% for all particle sizes larger than three times the cutpoint up to the largest particle
size tested (= 10 um AD). The peak collection efficiency for both concentrators was
greater than 95%.

An acoustic resonance was observed at Reynolds numbers above 500 for the LSVI
configuration, and above 300 for the CSVI configuration. The Strouhal number was
0.03 and 0.07, respectively, and attempts to fix the blade tip position had no effect on the
resonance, an indication that the phenomenon was not associated with either periodic
flow disturbances in the nozzle or mechanical motion of the blade tips. For flow
conditions with acoustic resonance, normal virtual impactor behavior broke down, and

high particle wall losses were observed.
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Table 1. Comparison of cutpoint Stokes numbers of virtual impactor studies at minor/total flow ratio of 10%.

Reference Nozzle Type  Nozzle Width L/W Re Pressure Drop  (Stksp)'"? Stkso
(mm) (kPa)

Hinds (1982) Circular * * * * 0.49 0.24
" Rectangular * * * * 0.77 0.59

Sioutas et al. (1994b) Rectangular 0.35 43 2,370 12.20 0.55 0.30
" Rectangular 0.23 65 1,110 8.50 0.50 0.25

" Rectangular 0.23 65 1,780 18.10 0.48 0.23

Sioutas et al. (1994c¢) Rectangular 0.33 170 4,460 30.00 0.45 0.20
Ding and Koutrakis (2000) Rectangular 3.05 25 1,500 0.04 0.69 0.48
" Rectangular 3.05 25 4,400 0.35 0.71 0.50

" Rectangular 3.05 25 7,300 1.02 0.68 0.46

" Rectangular 3.05 2.5 12,000 2.74 0.70 0.49

" Rectangular 3.05 2.5 15,000 4.11 0.68 0.46
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ENTRAMCE FLOWY, QT
CONTAINING LARGE AND SMALL PARTICLES

MAJOR FLOWY ~ 90% QT
COMTAINING SMALL PARTICLES

MINOR FLOW ~ 10% QT
CONTAINING ALL LARGE PARTICLES
ANMD 10% SMALL PARTICLES

Figure 1. The concept of virtual impaction.
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Figure 2. Theoretical power required for a slot nozzle virtual impactor/concentrator operating at 500 L/min with 0.8 um AD
cutpoint (minor loss coefficient, K = 1).
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Figure 3. Conceptual design of a bioaerosol concentrator based on multiple stages of linear slot nozzle virtual

impactors.

INLET

First Stage Exhaust

~

FIRST STAGE,
LINEAR SLOT
VIRTUAL IMPACTOR
ARRAY

~ Second Stage Exhaust

SECOND STAGE,
LINEAR SLOT VIRTUAL IMPACTOR

THIRD STAGE,
AXISYMMETRIC VIRTUAL IMPACTOR

b Third Stage Exhaust

Outlet Particle Concentration 1000X
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First Stage Second Stage Exhaust
xhaus

Circumferential Circumferential

: Exhaust
Slot Vlrtual |mpact0r Slot Virtual |mpactor
Particle Concentration 1000X
Third Stage Axisymmetric
Virtual Impactor

Figure 4. Conceptual design of a bioaerosol concentrator based on multiple stages of circumferential slot nozzle virtual
impactors.
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Figure 5. Photograph of prototype LSVI unit.
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Figure 6. Photograph of prototype CSVI unit (split into half-assemblies).
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Figure 7. Four-block assembly of LSVI units (left acceleration blade detached).
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Dimensions:

Acceleration nozzle width: 0.381 mm (0.015)
Receiver nozzle width: 0.635 mm (0.025”)
Slot length: 127 mm (5.000”)
Receiver nozzle taper: 30°

Material: Al 6061

Figure 8. Nozzle cross-section of LSVI Unit 0.
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Dimensions:

Acceleration nozzle width: 0.305 mm (0.012”)

Receiver nozzle width: 0.457 mm (0.018”)

Slot length: 127 mm (5.000”)

Receiver nozzle taper: 60°

Material: Al 7075 (LSVI Unit 2 304 Stainless Steel)

Figure 9. Nozzle cross-section of LSVI Units 1 to 4.
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Dimensions:

Acceleration nozzle width: 0.305 mm (0.012)

Receiver nozzle width: 0.457 mm (0.018”)

Slot length: 127 mm (5.000”)

Receiver nozzle taper: Compound; 0.508 mm (0.020”) step, 60° taper
Material: Al 7075

Figure 10. Nozzle cross-section of LSVI Units 5 and 6.
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Dimensions:

Acceleration nozzle width: 0.305 mm (0.012)

Receiver nozzle width: 0.457 mm (0.018”)

Slot length: 89 mm (3.500”)

Receiver nozzle taper: Compound; 0.508 mm (0.020”) step, 60° taper,
13 mm (0.5”) step

Material: Al 7075

Figure 11. Nozzle cross-section of LSVI Units 7 and 8.

72



Dimensions:

Acceleration nozzle width: 0.203 mm (0.008™)

Receiver nozzle width: 0.305 mm (0.016”)

Slot length: 479 mm (18.8”)

Receiver nozzle taper: Compound; 0.508 mm (0.020”) step, 60° taper,
13 mm (0.5”) step

Material: Al 7075

Figure 12. Nozzle cross-section of CSVI Unit 1.
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Dimensions:

Acceleration nozzle width: 0.508 mm (0.020)

Receiver nozzle width: 0.762 mm (0.030”)

Slot length: 479 mm (18.8”)

Receiver nozzle taper: Compound; 0.508 mm (0.020”) step, 60° taper,
0.508 mm (0.020) step

Material: Al 7075

Figure 13. Nozzle cross-section of CSVI Unit 2.
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Figure 14. Pressure drop in major flow for LSVI Unit 8 at 10% minor/total flow ratio.
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Figure 15. Pressure drop in major flow for CSVI Unit 2 at 10% minor/total flow ratio.
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Figure 16. Image pair for LSVI nozzle width and alignment measurement (upper half
acceleration nozzle, lower half receiver nozzle).
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Table 2. Nozzle width and misalignment of LSVI units.

Position On Nozzle LSVI3 LSVI4 LSVI5 LSVI7 LSVI8
(mm)
Left End
Acceleration Nozzle Width 0.316 0.294 0.289 0.316
Receiver Nozzle Width 0.415 0.402 0.376 0.482
Offset 0.016 0.007 0.014 0.006
Middle
Acceleration Nozzle Width 0.234 0.260 0.259 0.300 0.319
Receiver Nozzle Width 0.413 0.363 0.342 0.495 0.483
Offset 0.003 0.008 0.038 0.011 0.009
Right End
Acceleration Nozzle Width 0.310 0.291 0.279 0.303 0.338
Receiver Nozzle Width 0.417 0.398 0.393 0.479 0.476
Offset 0.006 0.004 0.035 0.010 0.004
Average
Acceleration Nozzle Width 0.287 0.281 0.276 0.302 0.324
Receiver Nozzle Width 0.415 0.388 0.370 0.487 0.480
Offset 0.008 0.006 0.029 0.010 0.007
Average Relative Misalignment: 2.9% 2.3% 10.5% 3.4% 2.0%
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Figure 17. Locations of points measured by coordinate measurement machine for survey of CSVI nozzle geometry
(receiver blade in gold, acceleration blade in gray).
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Table 3. Nozzle width, variance and misalignment of CSVI units.

Acceleration Acceleration Receiver Receiver Average Nozzle  Average Nozzle

Nozzle Width Nozzle Variance Nozzle Width Nozzle Variance Alignment Deviation Misalignment

CSViI (mm) (mm) (mm) (mm) (mm) (mm)
1 0.154 0.0144 0.257 0.0144 0.0028 0.0154

2 0.499 0.0029 0.762 0.0070 0.0088 0.0090
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Figure 22. Test apparatus for liquid and solid PSL monodisperse aerosols for LSVI units.
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Figure 23. Test apparatus for liquid and solid PSL monodisperse aerosols for CSVI units.
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Figure 25. Configuration of Collison nebulizer and pressure control for constant
generation of PSL particles for fixed duration.
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Table 4. Optical filters and tracer dye used in fluorometric analysis of test aerosols.

Emission Peak

(nm)

Fluorometer

Excitation Filter
(nm)

Emission Filter
(nm)

Particle Type Tracer Excitation Peak
(nm)
Oleic Acid Sodium Fluorescein 492
Polystyrene Latex Duke Scientific, Green 468
Polystyrene Latex Duke Scientific, Red 542

516
508
612

Turner Model 450
Turner Quantech
Turner Quantech

Narrow Band 490
Narrow Band 460
Narrow Band 540

High Pass 515
High Pass 500
High Pass 585
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Table 5. Preliminary results of testing LSVI units with liquid monodisperse aerosols.

Nominal Test Conditions Efficiency
LSVI Unit No. Test Replicates Total Flow Rate ~ Flow Ratio Particle Size Minor Major Losses
(L/min) (Minor/Total) (um AD)

0 3 28.3 10% 2.8 19% 52% 29%
3 1 42.5 10% 2.8 22% 34% 44%
3 3 75.5 100% 2.5 41% 0% 59%
3 3 75.5 10% 2.5 64% 7% 29%
3 3 18.9 10% 2.4 35% 56% 9%
3 1 37.7 10% 2.4 83% 6% 11%
3 1 18.9 20% 24 97% 3% 0%
6 3 75.5 10% 2.8 44% 6% 50%
6 3 75.5 10% 2.5 40% 10% 50%
6 3 75.5 20% 2.5 18% 46% 36%
6 3 75.5 10% 10.0 20% 0% 80%
7 5 75.5 10% 2.2 50%

7 3 61.3 10% 6.8 67%

06



(b)

Figure 26. Comparison of particle deposition on LSVI Unit 3 on the acceleration nozzle (a) and the receiver nozzle (b) for
2.5 um AD monodisperse liquid aerosol particles tagged with sodium fluorescein tracer.
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(a) (b)

Figure 27. Comparison of particle deposition on LSVI Unit 6 receiver nozzle WITHOUT secondary expansion (a) and LSVI

Unit 7 receiver nozzle WITH secondary expansion (b) for monodisperse liquid aerosol particles tagged with fluorescent tracer.
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@ ~(b)

Figure 28. Deposition of 6.8 um AD monodisperse liquid aerosol particles on the receiver nozzle in LSVI Unit 7 (b) due to
the presence of a burr on the opposed segment of the acceleration nozzle (a).
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Figure 29. Deposition of 6.6 um AD monodisperse liquid aerosol particles on the receiver nozzle throat in CSVI Unit 1.
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Figure 30. Collection efficiency of LSVI Unit 8 for solid monodisperse PSL particles sampled by APS for nozzle Reynolds

numbers below 400 at 20% minor/total flow ratio.
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Figure 31. Collection efficiency of LSVI Unit 8 for solid monodisperse PSL particles sampled by APS for nozzle Reynolds
numbers above 400 at 20% minor/total flow ratio.
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Figure 32. Sound power spectrum of LSVI Unit 8 at a total flow rate of 42.5 L/min.
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Figure 33. Variance of sound power spectrum of LSVI Unit 8 at a total flow rate of 42.5 L/min.
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Figure 34. Sound power spectrum of LSVI Unit 8 at a total flow rate of 47.2 L/min.
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Figure 35. Variance of sound power spectrum of LSVI Unit 8 at a total flow rate of 47.2 L/min.
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Figure 36. Frequency of maximum acoustic intensity for LSVI Unit 8.
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Figure 37. Amplitude of peak acoustic tone for LSVI Unit 8.

80

<01



100000

10000 -

1000 -

100 -

Relative Sound Intensity
- )

10000
Frequency (Hz)

Figure 38. Sound power spectrum of CSVI Unit 2 at a total flow rate of 130 L/min.
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Figure 39. Variance of sound power spectrum of CSVI Unit 2 at a total flow rate of 130 L/min.
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Figure 40. Sound power spectrum of CSVI Unit 2 at a total flow rate of 140 L/min.
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Figure 41. Variance of sound power spectrum of CSVI Unit 2 at a total flow rate of 140 L/min.
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Figure 42. Frequency of maximum acoustic intensity for CSVI Unit 2 at a 10% minor/total flow ratio.
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Figure 43. Amplitude of peak acoustic tone for CSVI Unit 2 at a 10% minor/total flow ratio.

801



100%

75%

50%

25%

Fraction of Particles Entering the Virtual Impactor

0%

Figure 44. Collection efficiency in the minor flow of LSVI Unit 8 at a nozzle Reynolds number of 445 at 10% minor/total

flow ratio.
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Table 6. Final results of testing slot-nozzle virtual impactor units with monodisperse test aerosols.

Efficiency/Losses

Device U, Re D, C. Stk Minor Maijor Wall Loss
(m/s) (um AD) (+/-) (%) (+/-) (%) (+/-) (%) (+/-)

LSVIUnit8 21.78 444 9.63 1.018 38.17 2.01 721% 5.01% 0.0% 0.00% 26.6% 1.85%
LSVIUnit8 21.80 445 6.88 1.025 19.63 1.27 89.5% 6.21% 1.1% 0.07% 7.3% 0.51%
LSVIUnit8 21.80 445 496 1.034 10.30 0.78 92.2% 6.40% 09% 0.06% 7.3% 0.50%
LSVIUnit8 21.80 445 347 1.049 511 0.55 95.1% 6.60% 1.8% 0.12% 6.7% 0.47%
LSVIUnit8 21.80 445 1.63 1.104 1.18 0.21 79.8% 5.53% 19.3% 1.34% 9.5% 0.66%
LSVIUnNit8 21.79 444 1.05 1.160 0.52 0.02 48.3% 3.23% 56.5% 3.77%

LSVIUnNit8 21.79 444 0.76 1.223 0.28 0.01 30.2% 2.02% 67.7%  4.52%

LSVIUnit8 21.79 444 056 1.299 0.17 0.01 21.0% 1.40% 79.0% 5.28%

CSVI Unit 2 8.59 270 9.78 1.017 10.07 0.48 76.6% 2.76% 20% 01%
CSVI Unit 2 8.57 269 578 1.029 355 0.22 87.7% 3.15% 1.0% 0.0%
CSVI Unit 2 8.59 270 473 1.036 240 0.18 95.9% 3.44% 0.2% 0.0%
CSVI Unit 2 8.59 270 347 1.049 131 0.14 78.7% 2.82% 22% 01%
CSVI Unit 2 8.59 270 1.63 1.104 0.30 0.05 32.2% 1.15% 0.2% 0.0%
CSVI Unit 2 8.57 269 1.05 1.160 0.13 0.00 17.0% 0.52%

CSVI Unit 2 8.57 269 0.76 1.223 0.07 0.00 14.3% 0.43%

CSVI Unit 2 8.57 269 056 1.299 0.04 0.00 12.8% 0.39%
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Figure 45. Collection efficiency in the major flow of LSVI Unit 8 at a nozzle Reynolds number of 445 at 10% minor/total
flow ratio.
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Figure 46. Collection efficiency in the left and right major flow of LSVI Unit 8 at a nozzle Reynolds number of 445 at 10%
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Figure 47. Wall losses in the accelerator and receiver nozzle throat of LSVI Unit 8 at a nozzle Reynolds number of 445 at
10% minor/total flow ratio.
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Figure 48. Collection efficiency in the minor flow of CSVI Unit 2 at a nozzle Reynolds number of 270 at 10% minor/total
flow ratio.
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Figure 49. Wall losses in the accelerator and receiver nozzle throat of CSVI Unit 2 at a nozzle Reynolds number of 270 at

10% minor/total flow ratio.
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Figure 51. Wall-loss corrected collection efficiency in the minor flow of LSVI Unit 8 and CSVI Unit 2 at 10% minor/total
flow ratio.
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Figure 52. Model fit to wall-loss corrected collection efficiency data of LSVI Unit 8 and CSVI Unit 2 at 10% minor/total flow

ratio.
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