ABSTRACT

LINDA D. MCHAELS. A Study of Particle Bounce in

Inertial Inpaction Sanplers. (Under the direction
of Dr. Madhav B. Ranade.)

Environmental and industrial hygiene sanples of fine airborne
particles are commonly collected in inertial inpaction-based devices.

In an ideal formthese devices aerodynamcally separate particles
according to their size. It has been known for some time that solid
particles with high Stokes numbers are capabl e of rebounding from

i npactor substrates and, consequently, distorting the particle size
information obtainable frominertial inpactors. However, the phenonenon
of particle bounce is poorly understood, and little is known about how
particle materials and substrates can affect the amount of particle
bounce.

In this experinent, a method was devel oped for the neasurenent of
particle bounce fromsubstrates of three different materials. The
particle materials were also varied. The relative bounce of particles
over a range of Stokes numbers was conpared to |iterature reported
results of simlar experiments and to values predicted by a tentative
theory of particle capture by surfaces. Experinmental results showed
good agreenent with val ues expected on the basis of theory. @ ass beads
showed unexpectedly high collection efficiencies at small Stokes nunbers

when a dry substrate was used.
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NOVENCLATURE

A Br adl ey- Hamaker const ant
B* Bouncing fraction
C Cunni ngham slip correction

C Collision efficiency

d Particle di aneter
dcf” Particle diameter collected with 50-percent efficiency
D3. Jet di aneter

e Co-efficient of restitution

E, Energy of a particle due to van der Waals attraction

E Energy of a particle on rebounding froma surface

h Adhesi on probability

KE Kinetic energy of a particle incident to a collector

KE Kinetic energy of a particle on rebounding froma surface
K Bul k nmechani cal property

m Mass of a particle

N Nunber of particles colliding with an substrate as a ratio to
the nunmber of particles in the challenge air stream

n Nunmber of replicate sanpl es

OPC Optical Particle Counter

PSL Pol ystyrene | at ex

R Estimate of ri based on n nunber of replicates

Rej Jet Reynol ds nunber

S Vertical distance fromthe exit plane of the jet to
the coll ector surface

St k St okes nunber

vStk™  The square root of Stokes number corresponding to a collec-
tion efficiency of 50 percent
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U Average jet velocity at its exit
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A STUDY OF PARTI CLE BOUNCE

I N | NERTI AL | MPACTI ON- BASED SAMPLERS

by

Li nda D. M chael s

1.0 | NTRODUCTI ON

Inertial aerosol inpactors are instruments currently in comon
useage in the fields of industrial hygiene and air pollution nonitor-
ing. Airborne particles are drawn through a narrow nozzle, while an
obstacle, generally a plate, partially obstructs the air flow at sone
distance following its exit fromthe jet. Particles having |ess
inertia are able to followthe air streamas it passes around the
obstruction, while those particles with greater inertia, unable to
followthe air stream inpact onto the obstacle. Particles smal
enough to pass the inpaction plate can be quantified downstream by
collection on a filter, for subsequent gravimetric analysis, as is nost
comon, or by some other neans. Aerodynam ¢ size segregation of
particles can be controlled by follow ng well established inpactor
design criteria (Marple and WIIeke, 1976).

For inertial inpaction-based devices to be ideal field instru-
nents, the following criteria should be nmet: (1) the collection
efficiency for both solid and |iquid particles, having the sane aero-
dj mam ¢ equival ent diameter, should be the sane; (2) the collection
efficiency shoul d be independent of properties of the material being
sanpl ed, such as particle hardness; (3) collection efficiency should be
reasonably independent of sanple Ioading on the inpaction surface; (4)
the collection efficiency should be a univalent function of Stokes
nunmber as defined in Equation 1.
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Early experimenters with inpaction devices noted that |arge solid
particles were capable of bouncing off the inpaction surface, (Owens,
1922; May, 1945). These large particles becone re-entrained in the
alrstreamand are carried over onto the filter or other type of
collector. As a result of particle bounce and carry over, inpactors do
not show equival ent collection efficiencies for liquid and solid
particles of the same aerodynamic diameter. Several studies report
that inpactor substrate |oading affects the fraction of particles that
rebound fromthe collector. Incomng particles inpact onto accumul ated
particles and rebound back into the air stream suggesting that parti-
cle bounce is closely related to the hardness and surface structure of
the particle material and to that of the surface it inpacts on

A variety of methods have been devised to limt or to prevent
particle bounce. Onens (1922) designed a humdifying chanmber in his
i npactor to noisten the dust particles prior to their collision with
the inpaction plate. Mre commonly, the inpaction surface has been
covered with a thin [ayer of viscous material (Muy, 1945; Davles et
al., 1951; Rao and Withy, 1978). The addition of a viscous |ayer has
not been entirely satisfactory. The thickness of the |ayer, the type
of fluid used, and the particle |oading on the viscous |ayer play an
uncertain role in the reduction of particle bounce fromthe treated
I npactor surface at some specific operating conditions (Ham|ton et
al., 1951; Davies et al., 1951; Fuchs, 1978). \When it was recogni zed
that bouncing can occur at sufficiently large velocities even from
greased surfaces, Hu (1971) used an ultraflne fibrous filter as an
i npaction substrate to reduce bouncing. However, the filter substrate
adversely alters the shape of the efficiency curve (WIIeke and
MFeters, 1975). Moving-plate inpactors have al so been designed pri-
marily to prevent particle bounce from previously deposited material
(May, 1956; Goetz, 1969; Lundgren, 1967).

It has been the common wisdomthat particle bounce in inpactors
occurs primarily at high particle velocities or when the aerosol being
sanpl ed contains very large particles. However, Dahneke (1975) reports
that particle bounce can occur at inpact velocities as low as a few
centineters per second for particles of 5to 10 \m in diameter, while

Bering (1984) observed 95-percent bounce-off for 0.945-ym polystyrene
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| atex spheres and 70-percent bounce-off for 0.22-jjm polystyrene |atex
spheres.

It is clear fromthis discussion that the ideal Inertlal inpaction
device is not currently available. Efforts to substantially elimnate
bounce in convenient field use devices have only been partially
successful. In addition, the mechanismof particle bounce is poorly
under st ood, and experimental particle bounce data reported in the
literature is based on the use of a variety of different test aerosols
and col l ector surfaces with unknown rel ative bounce characteristics.

It is the objective of this report to: (1) study the effect of
(a) varying particle materials and (b) varying collector materials on
the distribution of particle adhesion probabilities in an Inpactor
(2) conpare the results of these experiments to the theory of particle
capture proposed by Dahneke (1971); (3) conpare the data collected from
this study with that reported in the literature for simlar experi=
nents; and (4) develop a rudimentary scale of relative bounce for (a)
particle materials and (b) collector materials, based on these results
and those reported in the literature.

A single stage round jet inpactor designed to have a cutpoint of
5 pmwas built for the study. Removable collection substrates of
pyrex, polished Teflon® and polished stainless steel were used in the
inpactor. Particle materials tested with these collection substrates
wer e anmmoni um fl uorescein and gl ass beads.
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2.0 LI TERATURE SURVEY

2.1 Review of Theory

The mechani smof aerosol size segregation in an inpactor can be
seen as a two stage process. First, the particle nust be transported
to the inpaction plate. This aerodj mamc separation step I's considered
to be wel | understood. Marple (1970) has devel oped a model of fluid
flowin an Inpactor which has been successful in predicting the perfor-
mance of real Inpactors. At the second stage, the particle must adnhere
to the collection surface. This requires the collision to be suffi-
ciently inelastic to dissipate any kinetic energy the particle mght
have in excess of that energy necessary to attract the particle to the
surface. In practice, solid particles inpinging on dry hard surfaces
do rebound. This phenonenon is relatively poorly understood. Dahneke
(1971) has advanced a sinple one-dinmensional theory to describe the
capture of particles by surfaces based on an energy hal ance anal ysis.
However, no satisfactory confirmation of the theory is currently
available. A nunber of investigators have provided partial experi-
mental support for the theory and are reviewed in Section 2.2 of this
report.

Col lision efficiency, C, as used in this discussion refers to the
ratio of particles colliding with the collection surface to the number
of particles in the challenge air stream

nunber of Partic]es colliding with collector
nunber of particles in the challenge air
Adhesion or sticking probability, h, refers to the ratio of parti-

cles adhering to the col lection surface on collision, to the number of
particles in the challenge air stream

, _ nunber of particles adhering to collector
nunber of particles colliding with collector

Bouncing fraction, Bf, Is equal to 1-h
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Ti, collection efficiency, is equal to Cx h, and

_____nunber of particles adherinP to the plate
nunmber of particles in the challenge air stream

WWen all the particles colliding with the plate are collected,
h =1, and the collection efficiency and collision efficiency curves
are the sanme. Calibration of an inpactor is designed to determne
collision efficiency, relying on the operating assunption that al
particles colliding wth the collector are captured. Consequently, an
i npactor calibration curve is often referred to as a collection effi-
ciency curve. This is the case with the theoretical collection effi-
ciency curve in Figure 1-1

2.1.1 Inertial Inpactors

The efficiency of an inpactor is defined by its deposition curve
(assum ng no bouncing), showi ng the dependence of the fraction of
particles collected on their aerodynam ¢ di aneter

Efficiency depends on mean flow velocity in the inpactor nozzle,
U and the nozzle width as well as particle aerodynamc dianeter. |f

particle motion is in the Stokes region, then efficiency is a univalent
function of the Stokes nunber.

pducC

where p is the particle density, dis the particle diameter, Cis the
Cunninghamslip factor, uis the viscosity of the medium and D. is the
jet diameter. The /Stk is proportional to the particle diameter and is
general Iy plotted against collection efficiency. In Inpactor designs
where gas flowis rapidly accelerated through a contracting nozzle
particle velocity my be considerably |ess than that of the gas and its
motion may be occurlng outside of the Stokes region. Under these
conditions, the efficiency curve for the inpactor is no longer a

unival ent function of Stk. A summary nunber often used to identify an

i npactor characteristic is the location corresponding to n =20.5 also
referred to as the d* or the /Stk .
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The shape of the characteristic, or efficiency curve. Is specific
to an inpactor systemand depends, to a degree, on the geonetry of the
| npactor and on the jet Reynolds nunber. Rej.

D wn»

Rej’ =-ail-J i. (2)

where p Is the density of air. The degree of dependence on these
factors was Investigated by Marple (1970, 1974).

Marpl e model ed the flow fields Inan Inpactor with the aid of a
conputer by solving the Navler-Stoke differential equations of
motion for several model Inpactors. This technique allowed the cal cu-
|ation of the vertical and horizontal conponents of velocity at the
point of Inpact with the collection surface. Wth velocity expressed
as the ratio of particle velocity to average Jet velocity, V /U,

Figure 2-1 shows the horizontal and radial conponents of velocity for
particles entering the Inpactor at point A near the jet axis

(0.553 X D.) and E, some distance fromthe jet axis (1.464 » D.).
Figure 2-2 shows the particle trajectories for particles entering the

i npactor at the same two points. It can be seen fromthese two figures
that at small Stk values, the vertical velocity conponent is very small
and that the particles traveling with these low velocities are collid-
ing with the plate at very small angles.

Thi's nodel is of particular relevance to the question of particle
bounce in inpactors. Several studies have reported the onset of
bouncing points fromuncoated surfaces at very small inpact velocities.
FromFigure 2-1 it can he seen that V., velocity normal to the plate at
the point of Inpact, rises rapidly over the range V/U=10to 0.2. The
range of /Stk covered in this rapid velocity increase corresponds to
those suggested as appropriate design cutpoints by Marple and W/ eke
(1974). The design criteria cover a region of Rej in which collection
efficiencies are relatively unaffected by small changes in design (from
Rej =500 to 3000). At Rej Iower than 500, Marple was able to show
that the boundary layer parallel to the plate begins to thicken and the
sharpness of the col lection efficiency curve deteriorates. This can be

seen fromFigure 2-3 showing the effect of Rej on the velocity profile
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Figure 2-1. Inpaction velocities for round inpactor at Re = 3000 and S’W=1/2.
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Jet Exit Plane

From Marple, 1970

Figure 2-2. Particle trajectories in round inpactor.
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From Marpte and Liu, 1978

Figure 2-3. Velocity profiles at the jet exit plane of the round inpactor.
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at the jet exit and Figure 2-4 showng collection efficiency curves at
various Rej's.

For nmost practical applications, it is desirable to elimnate

particle bounce in the range of /Stk up to twice the /Stk, or twice
the cutpoint particle diameter. FromFigure 2-4, twice an average
IStk is equal to /Stk of about 0.9.

Using the relation for the critical approach parameter, \li:

p/\1/2 1/ 2
Tp = W d( -* (3)

an z p
o

and rearranging it in terms of particles Stokes and Rej:

W2 3y UVAISK R L2

Bering (1984) substituted an average critical value for *, as reported

by Cheng and Yeh (1979), of 0.03 cn/s and sol ved for Rej with a /Stk =
0.9, V/U=10.7, and C=1. She found that the Rej must be |ess than

9 to ensure particle capture at twce the cutpoint.

2.1.2 Particle Capture by Surfaces

Dahneke (1971) devel oped a sinple one-dimensional model of parti-
cle collision in which the collision is characterized in terns of the

energy of the particle-surface system A particle approaches a flat
surface with a velocity normal to the surface, V, with kinetic energy
due to V., KE =1/2 mV.2 where mis the particle mass. The particle
Is attracted to the surface under the Influence of van der Wals
potential, E, and, consequently, has a total energy of Inpact at
collision of KE, + E. Afraction of this energy, e, the coefficient
of restitution, is conservatively stored in an elastic collision and is
regained on rebound. Kinetic energy at rebound fromthe surface is

therefore equal to e2(KE + E). Part of this energy is used to escape
the van der Waals attraction or other attractive forces. Wen the

particle has rebounded beyond the Influence of the surface, it has the
relative kinetic energy:
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From Marpto, 1970

Re

Figure 2-5. Effect of Reynolds number on VATK for a round inpactor at SIW» 1/2.
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KE = e2(KE, + E.) - E . (5)

For sinplification, E=E = E . Wen the particle energy is too | ow,
it will be captured on the surface. Wth a high V, on the other hand,
the particle will have sufficient energy to overcome the surface
attraction and will bounce. Wen KE = 0, particles will be captured.
KE >0 will lead to particle rebound. A critical velocity, V* which

defines this limt between capture and bounce, is:
v* 1 EaEejiRANT\  (6)

E, based on the Bradl ey- Hanaker theory can be cal cul ated from

~ 12= Ly, ~

where A is the Bradl ey- Hanaker constant for the sphere-surface conbi na-
tion, d is the particle dianmeter, and z is the separati on between the
sphere and the flat. Values for z are generally considered to be
0.0004 X 10 ** cm Values for A are frequently not known but vary
between [ O'!'" and | O " ergs (Dahneke, 1971).

The dependence of V* on particle dianmeter can be eval uated from
t he expression:

— ; 1/ 2
V.‘:lT?T'l——’\ /a . 8>
20
This relationship is plotted in Figure 2-6.
Several sinplifying assunptions are necessary for this evaluation:

1. Viscous drag does not significantly influence particle
noti on near the surface.

2. The particles are perfectly snooth nonrotating spheres.

The surfaces are perfectly snooth, solid, flat, or
cylindrical surfaces.

4. The particles approach the surface with normal or near
nor mal i nci dence.

Coefficients of restitution have been deterni ned experinentally by

nmeasuring particle velocity imediately prior to and followi ng the

r ebound. Then:
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From Dahneke, 1973

Figure 2-6. The theoretical dependence of critical rebound velocity on particle diameter
for silica spheres colliding with arigid quartz surface
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A'V'"(’Y\] a- er). (9)

where e is the as3nnptotic [imt of V/Vin the intermediate V range
and Vis the velocity of the particle after inpact.

2.2 Review of Experinental Literature

Theoretical work concerning particle bounce has concentrated on
prediction of a critical particle velocity above which particles wll
begin to rebound froman inpaction surface. A portion of the experi-
mental work reviewed here attenpts to determne a critical velocity and
conpares the experinentally derived value to that predicted by theory.
However, the theory does not provide any distribution of adhesion
probabilities. In inpactor and filter systems, the critical velocity
appears to be so low that bouncing occurs, for all practical purposes,
at the sane point that collection begins. Consequently, a substantia
body of experimental data consists of determinations of adhesion
probabilities of particles having velocities greater than the critica
velocity. Utimtely, it would be useful to be able to predict adhe-
sion probabilities in a given sanpler in order to apply a bounce
correction factor to coll ected data.

Bot h Dahneke (1973, 1974) and Paw (1983) devised experinenta
systems to nmeasure adhesion energy of particles traveling at a range of
vel ociti es.

Dahneke produced a beam of particles by expandi ng aerosol through
a capillary into a vacuum chanber. The particle beamwas directed
vertically upward in a vacuum chanber. A deceleration chanber was
incorporated into the systemwhere particle beamvelocity was con-
trolled by regulating air pressure. Time of flight data for single
particles In the beamwas collected as a particle passed through a pair
of focused HeNe | aser beans. In this manner, particle velocity prior
to inpact with the target and follow ng Inpact with the target was
measured. The coefficent of restitution and the ratio of rebound
velocity to incident velocity for that particle/target conbination was
calculated fromthe tinme of flight data. Latex spheres of 0.5 vm to
2.02 vm in diameter and 1.0-pmsilica particle beans were directed at
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targets of polished quartz, gold on glass, gold foil, and pol ystyrene.
Al'l coefficients of restitution were greater that 0.90, with the
exception of very thin gold foil for which the coefficent was 0.45.
Coefficients decreased with decreasing particle dianeter. The PSL/PSL
conbi nati on showed the | owest coefficent at 0.90.

The shape of V /V. distributions versus incident velocity for
m croscopi c particles measured over a range of velocities by Dahneke
conpares favorably with the better understood theory of bounce for
| arge steel balls. The Dahneke theoretical fornulation of a sinple
expression appears to give a good description of small uncharged
particle bounce.

Conpari son of experinmentally determined critical velocities to
those expected fromtheory was di sappointing. The theory predicted a
val ue several orders of magnitude smaller than the experinmental criti-
cal velocities. Possible reasons for the discrepancy, suggested by the
author, included the inapproprlateness of the Bradl ey- Hamaker expres-
sion to account for the adhesion energy of small PSL spheres, failure
to account for elastic flattening, surface effects due to the stabi -
lizer dried on the particles, and contact charging

Paw generated biol ogical particles into a wi ndtunnel using a
sinmple fluidized bed technique. A cylindrical obstacle with a target
material wapped around it was placed in the tunnel nornal to the flow
Particle trajectories were photographed as the particle hit and re-
bounded fromthe target surface. From exanination of the negatives and
conparison with objects of known size, data consisting of distances
that particles bounced fromthe target, the nunber of particles inping-
ing on the target in a given region of the photograph, and the nunber
of particles bouncing fromthe target in the sane regi on of the photo-
graph—all as a function of w nd speed—as collected. A Runge-Kutta
conputer programwas fornulated to convert the raw data to particle

velocity normal to the target before and after inpingenent. Fromthese

velocities the coefficients of restituti on were determ ned. Resul t ant
values are listed in Table 2-1.
Plots of V /V versus inpingenent velocity for the biologica

particles showed considerably nore scatter than did those devel oped by
Dahneke for PSL spheres, as might be expected for the | ess uniform
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Ref erence

Dahneke (1973)

1.27 vm

TABLE 2-1. SUMMARY REVI EW OF PERTI NENT LI TERATURE REPORTED EXPERI MENTS

| npact or Type

target surface in

a vacuum

Experinental Surface Velocity Particle Material
304 Stainless Steel - PSL
pol i shed

Quartz polished

Resul ts

Vel ocity above which
bounci ng predom nat es:
-83 cnis for stainless
st eel ;
-91 cm's for polished
quartz
e " 0.960 on quartz;

_ 2E 1—e2 1/2
using: W " (- )

me""
gives a theoretical V »
6,3 cm's, * 2 orders of
magni tude smal l er than

experimental val ue.

Devel ops experi nent al
procedure for neasuring
adhesi on energy rat her
t han adhesi on force.

(conti nue)
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TABLE 2-1 (continue)

Ref erence Dp I npact or Type Re Experinmental Surface Velocity Particle Materi al Resul ts
Loeffler (1974) 3 vm single fiber .63-2.51 Pol yani de fiber gl ass Lowest adhesion to harder
12 (m Q@ ass fiber quartz glass fiber
5 85 v paraffin Hi ghest adhesion

paraffin, quartz, glass

2'12 32 Quartz are irregularly
1'80 m shaped and It appears

’ P shape enhances adhesion
1.25 vm

nore than hardness

enhances rebound.
Smal | paraffin particles

appear to exhibit

partly elastic behavior
Onset of bounce:

10 ym- 0.03 m's glass

spheres on pol yan de
fiber

5 pm- 0.05 ms

Theoretical and experi-
mental critical veloci-

ties conpare favorably
El ectrostatic forces

appear to make a large
contribution to the

transport process as

the particles approach
the fiber.

(conti nue)

00
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TABLE 2-1 (continue)

Ref er ence

Dahneke (1975)

Dp | npact or Type

0.50 pm PSL

0,81 urn PSL target in vacuum
1.27 pm PSL

.27-.81 ym PSL

2,02 vm PVT

.51 limsilica

Experi mental Surface Vel ocity

pol i shed quartz Various to
gol d/ gl ass 300 nm's
pol ystyrene

gold foil

pol i shed quartz

Particle Material

pol ystrene | atex
pol yvl nyl t ol uene

silica

Resul ts

Measur ed experi nental
coefficient of restitu-

tions for various sized
particle materials on
various surfaces.

The general shape of the
curve of Vreflected/
VI ncl dent showed good
agreement with energy
bal ance based on theory
of larger steel ball
bounce.

Magni t ude of f by several
orders of magnitude.
Suggest adhesi on energy
of PSL I's nmuch greater
than predicted by clas-

sical theory.

Verltlcal for 1.27 pm PSL
on quartz =» 120 cmi's.
Verltlcal for 1 pmsilica
on quartz * 10 cnis.
Larger particles |ost
| ess energy In the

bounce than small er

particles.

(continue)
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TABLE 2-1  (continue)

Ref er ence

Rao & Wl t by
(1978)

L11lim
1.01 um
.794 m
.79 um
.822 um

I mpactor Type

round Jet single
stage | npactors

Experinmental Surface Velocity Particle Materia

gl ass _ pol ystyrene | atex
oi | and adhesi ve
coated gl ass

glass fiber filters
What man filters

Resul ts

Bounce significant from
all but oil-coated
sur f aces.

Dry surfaces showed a
maxi mum col | ection
efficiency from20-50Z
and then dropped off

with Increasing parti-
cle dianeter

G ass fiber filter reduc-
ed bounce (over dry
glass plate), but
alters collection effi-
ciency characteristic.

Loadi ng study: on oiled
plate, as collected
| ayer Increased, col-
lection efficiency In-
creased; suggests a
w cklng of oil accounts
for Increased effin-
ci ency.

Concl udes: 1) stage
material significantly
I nfl uences collection
efficiency; 2) theo-
retical stage cutpolnts
are not applicable in
general . Calibration
I's necessary.

(continue)
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TABLE 2-1 (continue)

Ref er ence
Dp . . . .
 npact or Type " Experimental Surface Velocity  Particle Material Resul t's
Es t al. . . .

r(rfig7g) ) 2'24 " single jet single brass - ASTM B36 solid uranine (3| culates bouncing frac-

8.8 (remvable) stage alum num - ASTM B221 tion by countin gf oot
u. 6 | mpactor coated with carbon pri ntsyl eft on gar bon
12.4 bl ack bl ack by bounced parti -

15. 4 cles and particles

retained on the inpac-

tion surface.
I npact energies cal cu-
[ated using Marple's

sol ution for inpact
vel ociti es.

Good correl ation between
bouncing fraction vs.
i npact energy.

Maxi mum adhesi on ener gi es

al uni num  0.477-10. 0x10 °

ergs

brass: 0.350-5.6x10° er g

From experinental data;
A 9. 76x10 1 ergs

Al
vaee 8.9LXI0~'M ergs

z = 4.26x10 ° ¢cm
showi ng good agr eement
wi th | ndependent |y
est abl i shed val ues.
Brass bounder than
al um num

(conti nue)
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TABLE 2-1 (continue)

Ref er ence Dp

I mpactor Type Re  Experimental Surface Velocity Particle Material Resul t's
Cheng and Yeh 11.9 nm i i i i
: radial silt jet -
(1979) 5.70 urn (Sierra) - cascade 667-774 uncoated stainl ess pol ystyrene latex Uses various size PSL
g.ég) :: ?gpﬁres at a range of
. u .
1 01 m Sent-enplrlical method to
0. 822 determ ne V*:
dp A
(pm IStk (cm's) VI/U
5.7 0.455 43,3 0.111
3.40 0.467 88.1 0.137
2.02 0.486 184 0.177
1.011 0.486 355 0.177
0.822 0,501 551 0. 209

Bounce from uncoat ed
stainless steel plate
begins at or slightly
above each stage's cut-
poi nt .

Col I ection efficiency
peaks at from 35-55!!
and reaches a minimm
at ii™k « 0.6 going as
low as 5%

Wal | | oss studies show

bouncin% I ncreases wal
y

| 0sses * B50%at /Stk
* 0.8 and * 14% at

smal | er particle sizes

(continue)
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TABLE 2-1 (continue)

Ref erence Dp
Ell enbecker et al.  Flyash: ctnd
(1980) 0.14 pm
eg - 1.9
DOP: cnd
0.7 pm
ag - 2.05

I npactor Type Experinental Surface Particle Material

stainless steel stainless steel fiber 1.0-8.0 m's

filter - 310 stainless

Resul ts

Col l ection efficiency
the same for liquid and
solid particles unti

* stk of 1, where

maxi mum efficiency Is
reached.

Theoretical efficiency

and liquid particle ef=
ficiency are In agree-
ment. Increase In vel o~
city shows further de-
crease In collection
efficiency which Is

nost marked at high Stk

Plot of particle kinetic

energy agai nst adhesion
probability shows good
correlation with high
probability bel ow

<« 10" J and low
probability above

« 10" J. ~Scatter of
points increased with

I ncreasing kinetic
energy.

(continue)
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TABLE 2-1 (continue)

Ref erence Dp I npactor Type Re Experinental Surface Velocity Particle Material Resul t s
Paw (1983) 20-40 urn covered wooden | eaf sections: Vari ous to | ycopodl um spores Experinent at 60%RH to
cyli nder In | ow - Anerican el m *5ms ragweed pol | en elimnate charging
speed wi nd tunnel -tulip poplar gl ass beads effects.
gl ass Particles introduced |so-

klnetlcally to w nd
tunnel wind speed.
Particle size distribu-
tion for glass beads
not specified.
Found that all the parti-

cle types rebounded
fromsurfaces at a

characteristic critical
I npact speed regardl ess
of surface type.

Coefficient of restitu-
tion determ ned:

3 ass Lycopodl um Ragweed

0. 825 0. 636 0. 514
average from all
surf aces.

Adhesi on energy:

dass: 7.29x10" erg;
Lycopodl um 2. 78x10" erg
Ragweed: 6.78xI 0~ erg

Critical velocity:

G ass: 0.28 nis
Lycopodlum 0.61 m's
Ragweed: 2.87 m's.

Concl udes: 1) critical
rebound speeds appear
to depend on particle
type and be rel atively
I ndependent of surface
type; 2) Bradley-
Hamaker adhesion theory
esti mat es adhesi on
energies at higher than
experinental ly derived
data by several orders
of magni t ude.

(conti nue)
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TABLE 2-1 (continue)

Ref erence

Bering (1984)

Dp

1.8 pm

| npact or Type

Battelle - single round

Jet per stage
Cascade

560- 2200

Experimental Surface

oiled glass frit
dry gl ass

oiled filter

dry filter

Vel ocity Particle Materi al

pot assi um broni de
PSL

Resul ts

Oled glass frit (Ace
Type E) shows no bounce
and no | oading effects.

Dry glass collection
efficiency peaks * 60%
at a /Stk * 4.5,

Dry filter shows a peak
382 at a /Stk at 0.4.

No interference with
chem cal analysis with

ol ei ¢ aci d-coated gl ass
frit.

Ln
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surface structures of the spores and pollens. However, the general
shape of the curves resenbled the Dahneke curves, supporting the
sel ection of Runge-Kutta nodeling technique.

Coefficients of restitution calculated for the biologica
particle/target conbination were [ow, which is consistent with the
intuitive sense of rebound froma thin, soft |eaf target. Dahneke also
found that thin gold foil showed very much reduced coefficient of
restitution conpared to the gold on a rigid glass substrate target.

Pol len particles on a glass target had a |ow coefficient of restitu-
tion. The ragweed pollen particles appear to be | ess prone to bounce
(conpared to a simlar but smooth particle) despite splney surface
protrusions which mght be expected to contribute to particle bounce by
reducing the area on the particle surface in contact with the target's
surf ace.

Critical rebound velocities for all particle materials tested by
Paw were |ower than the those reported by Dahneke. Paw used particles
of 20 to 40 ymdiameter. Since critical velocity I's proportional to
the inverse of particle mass (Equation 6) larger particles would be
expected to have nmuch |ower critical rebound velocities than mcron-
si zed particl es.

Paw reported no significant difference in critical rebound vel oc-
ity for different target surfaces while very significant differences
were present in critical rebound velocities among the three particle
materials studied. This observation has not been supported by the work
of other investigators (HIler and Loeffler, 1974; Rao and Vit by,

1978; Esmen et al., 1978; Bering, 1984).

Paw does not provide sufficient information to establish whether
heavy target |oading conditions were present during the w ndtunne
testing. However, when heavy |oading of the target occurs, the target
surface becones a layer of the particles. The particle-target materia
interaction is replaced by a particle-particle layer interaction. Such
conditions may account for the apparent |ack of difference hetween
glass and leaf targets. Avariety of altered collection efficiency
effects have been attributed to the loading of particles on the target
surface. Rao and Withy (1978) found that collection efficiency was
increased when a heavy deposit of PSL bead was formed on an inpactor


NEATPAGEINFO:id=B4308931-203D-4CFB-9B05-AC910EEDC7C6


27

surface (possibly due to wicklng of the oil used to enhance adhesion of
the loading |ayers of particles), while Reischl and John (1978) and
Bering (1984) found that particle |oading decreased collection of a
substrate using PSL or potassiumiodide particles. In the pilot study
report in Appendix A collection efficiency of ragweed pollen particles
and 20-ym ammoni um fl uorescein particles on greased stainless stee
under heavy |oading conditions were conpared. Wen anmmoni um fl uores-
cein particles essentially inpacted on amoni um fluorescein particles,
col lection efficiency dropped rapidly approaching the |evel of bounce
found on bare stainless steel plates. Ragweed pollen collection
efficiency remained constant under heavy |oading conditions and was
conparabl e to the collection efficiency obtained under normal |oading
conditions with a greased collection substrate. Evidently, the pollen
particles collected themsel ves effectively, while the ammonium fl uores-
cein particles provided a very bouncy target surface for thensel ves.
Simlar particle-particle collection characteristic differences may
account for differing observations concerning particle |oading effects.

Paw s cal cul ations of adhesion energies, using Bradl ey-Hamaker
theory, were reported to be high by conparison to the experinentally
nmeasured adhesion force for the same particle surface-pairs by a factor
of 4 to 200 times, even after adjustment was made to account for the
| arger z (as measured by scanning el ectron mcroscopy) of 1 ym

Esmen et al. (1978) selected an Inpactor systemto examne the
relationship between theoretically and experimentally derived adhesion
energies. \Wile the use of Inpactors to this end are limted due to
the conplexities Involved In the calculations of inpact energies, Esmen
was able to show excel l ent experinental agreement with Dahneke's
t heory.

Fraction of particles bouncing froman alumnumand a brass
substrate were determned by optical mcroscope counting of "foot-
prints" left on a thin layer of carbon black on the Inpaction surface
by particles which struck but failed to adhere to the plate. Inpaction
energy of particles striking the surface was calculated using Marple's
met hod, and fromthese, inpact energy was cal cul ated. The square root
of the fraction of particles bouncing correlates extrenely well with
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the calculated inpaction energy in the case of both substrate materi-
als, with the harder brass show ng |ower inpaction energy required for
a given bouncing fraction as woul d be expected.

By extrapol ating the bouncing fraction back to 0, the maxinmum
energy of adhesion was determned for each particle size and substrate.
These val ues vary from.477 » 10~" to 10 x 10 * ergs for al umnum and
0.350 X 10~" to 5.60 » 10~ ergs for brass. In order to verify experi-
nental and theoretical agreenent, values for particle bul k mechanica
property, Kp, Bradl ey-Hamaker constants. A and separation distances
between particle and surface, z, were calculated fromthe experinenta
data and conpared with Independantly reported values. In addition, if
Dahneke's theory is consistent, values of Az and ratios of dianeter
and energy to their dinenslonless counterparts shoul d be constant over
the experinental conditions. Reasonably good agreement was found in
all these tests of experimental agreement with theory. The experi-
mental |y determned values of for Awere 9.76 x 10 " ergs for al um -
num 8.91 X 10~"" ergs for brass, and for z, 4.26 x 10 * cm

El I enbecker et al. (1980) and Loeffler (1974) exam ned particle
bounce fromfibers. Ellenbecker nmeasured bounce of fly ash particles
frommts of stainless steel fibers inthe 1- to 8-ms particle veloc-
ity range. When particle kinetic energy was plotted agai nst adhesion
probabilities, a reasonably good correlation was seen with scatter
increasing as particle kinetic energy increased. Considering differ-
ence in particle shape and inpaction surface geonetry, good agreenent
was observed when conpared to Esnen's data for bounce froma brass
pl ate.

Loef fl er measured adhesi on probabilities of glass, quartz, and
paraffin particles on polyam de and glass single fibers. Fromtheory,
a plot of critical particle velocity versus particle dianeter at
coefficients of restitution ranging from0.1 to 1.0 was produced. Hi gh
speed photographs of particle trajectories in the vaclnity of the fiber
enabl ed the cal culation of the coefficients of restitution and experi-
nmental critical rebound velocities. Critical velocities for quartz
particles were 15 and 8 cm's, and for glass spheres were 5 and 3 cm's

for 5- and | O-pmparticles, respectively. These velocity conpared
favorably with those predicted by theory.
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Cheng and Yeh (1979) used a sem-enpirical nethod to predict the
onset of particle bounce ina Sierraradial slit jet inpactor. The
col lection efficiency of each inpactor stage was measured with adhesive
coated stainless steel plates and PSL spheres. The procedure was then
repeated with uncoated steel plates over a range of particle /Stk from
0.3to 0.8 Inpact velocities at the stagnation point of the collec-
tion surface were nodel ed over the range of /Stk using approximtions
proposed by Mercer and Chow (1968) and Mercer and Stafford (1969).
Critical rebound velocities were cal cul ated using Dahneke's theoretica
formilations. On the first stage, rebound occured at /Stk of 0.455,
whi ch corresponded to a velocity of 43.3 cm's. The highest critica
rebound velocity was 551 cmi's in the last stage. Cheng and Yeh found
that no critical rebound velocity, expressed in units of average jet
vel ocity, exceeded 0.209.

A general formulation of mninmuminpact velocity:

VA d <5 X 10" nfs,

was advanced to limt the occurrence of bouncing to particles that are
| arger than the stage cutpoint size.

In addition to determning a critical rebound velocity, the work
of Cheng and Yeh provides sone insight into the adhesion probability
distribution for the inpactor system Adhesive coated stages were not
successful in conpletely elimnating bouncing. The collection effi-
ciency on all coated stages never exceeded 89 percent, while |iquid DOP
particle efficiencies reached near 100 percent on all inpactor stages.
On all but the stage | abeled No. 4, bouncing began at or slightly above
the stage cutpoint. In stage No. 4, with a cutpoint of 1.0 vm collec-
tion efficiency was reduced to approximately 35 percent at the
theoretical 50-percent collection efficiency point. Al of the
col lection efficiency curves for bare stainless steel plates had a
simlar shape with a maxinumcol | ection efficiency occuring at a
slightly larger v Stk than the cutpoint, with values ranging from
approximtely 35 to 55 percent and dropping off rapidly to mninuns of
from5 to 25 percent at a /Stk of about 0.6.

The Cheng and Yeh data describing bouncing distributions accu-
rately reflects the work of other investigators (Rao and Wil thy, 1978;
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Esmen, 1978; Ellenbecker et al., 1980; Bering, 1984). Collection effi-
ciency curves collected in all the work reviewed follow the the "no
bounce" curve up to sone point near the inpactor cut point and then
drop sharply to a mininum Hering (1984) reported the collection
efficiency of 1.8-)jmpotassiumbronide particles on both dry glass and
Teflon® filter inpaction surfaces dropped to a mninumof near
0 percent at a /Stk of less than 0.8. Ellenbecker et al. (1980), cal-
culating the single fiber collection efficiency fromtests using a
stainless steel filters (not In an inpactor), found the same mninumto
occur for fly ash particles sanpled at a velocity of 8.0 nfs at close
to a /Stk of 100. However, for fly ash particles sanpled at a velocity
of 1.5 ms, even at /Stk greater than 100, the mnimm collection
efficiency did not drop bel ow 20 percent. Rao and Withy (1978) found
the mninumto occur at /Stk close to 0.55 with an efficiency of about
25 percent for 1.10- and 1.011-ym PSL particles on uncoated glass. The
col lection efficiency rose after this mninumwas reached up to
approxi mtely 30 percent at a /Stk of 0.65 where data collection ended.
Several investigators have exam ned the effect of inpactor sur-
faces on particle bounce. Rao and Withy (1978) conpared bounce
characteristics of PSL particles on oil coated glass, glass fiber
filters, Watman filters, and bare glass. The untreated glass showed
ext ensi ve bounce, never exceeding a collection efficiency of
55 percent, while the oil coated glass appeared to have collection
characteristics approaching those of Marple's theoretical inpactor
The glass fiber filter reduced bounce somewhat; however, collection
efficiency did not exceed 75 percent. The Watman filter showed
general 'y poor collection characteristics. Both the glass fiber and
bare glass inpaction surfaces were nore efficient than predicted on the
basis of inpaction alone at /Stk bel ow about 0.45. This |atter point
tends to suggest other collection mechanisms are at work in the region
bel ow the inpactor cutpoint. Loeffler (1974) made a simlar observa-
tion with glass particles collected on glass filters and concluded that
electrostatic forces mde a large contribution to the transport process
as the particles approach the filter. In a subsequent study, Loeffler

(1975) nodel ed single fiber collection efficiency taking into account
el ectrostatic, inertial, and gravitational forces in a Lanb's flow
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field. The resulting theoretical collection efficiency curves show
Increased efficiencies would be expected (as conpared with the nodel
neglecting electrostatic force) at low/Stk, dipping to a mnimm at
some point less than /Stk = 1. The nodel, including electrostatic
forces, then parallels the model which excludes the latter effect.
Investigation wth charged particles, charged fibers, and real filters

supported the conclusion that electrostatic effects can modify colli-
sion efficiency e

Esnen et al.(1978) found that a brass inpaction surface in an
| npactor resulted in a larger fraction of particles bouncing than did
an alumniumplate under conparable conditions. Dahneke (1974) re-
ported a higher critical rebound velocity for quartz than for stainless
steel inpaction targets. The rigidity of the inpaction surface was
also noted as a factor affecting relative bounce. Dahneke noted that
the coefficient of restitution for thin gold foil was approxi mately

hal f the value for a thin gold layer on a rigid glass surface. These
observation are consistent with information on the relative hardness of

materials (Mhs hardness scale values are listed in Table 2-2).
TABLE 2-2. Mhs Scale of Hardness for Selected Materials

vat eri al Mohs Har dness Scal e

C R Ii1&=>2 v © = WV

Sttt el s - S38. S
A ass 4. 5 — e, S
Br as s = — e B
ol d 2. 5 — =

Al uMm ni um 2 - 2.
N\AL >< O O oOo. 2

Sour ce: CRC Handbook of Physics and Chem stry,
52nd Editi on.
Corn and Stein (1965) found that particle adhesion was reduced on
rough surfaces. Further, relative humdity greatly affected adhesion
of glass heads and fly ash to a glass surface. He found that a force
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of 0.66 dyne was required to remove 50 percent of adhering 37-pm
particles at a relative humdity of 35 percent, while at a relative
hum dity of 75 percent, 0.96 dynes were required to remove the sanme
proportion of 37-pmparticles.

Very little information has been collected on the relative bounci-
ness of particle materials. Loeffler (1974) observed that quartz
particles showed |ess bouncing than did smooth glass spheres even
though quartz is a harder material. This was attributed to a particle
shape effect. Irregular quartz particles would have a |arger nunber of
contact points than the smoth glass spheres. Paraffin wax particles
were found to be sonewhat bounder than mght be expected, falling in
the sane range of adhesion probabilities as did the quartz particles.
The wax spheres appear to exhibit a partly elastic behavior at the
m croscopi ¢ size level. Loeffler verified this latter observation by
repeating inpaction tests with a tacky fiber. Paraffin particle adhe-
sion was greatly increased under these conditions. In the pilot study
reported in Appendix A, the collection efficiency of a stainless stee
| npaction plate with 20-pmparticles of ammoniumfluorescein, glass
beads, and ragweed pol | en was conpared. The particles were collected
with efficiencies of 38 percent, 52 percent and 78 percent, respec-
tively. The same relative bounclness of ragweed pollen and gl ass beads
col lected on a glass target was noted by Paw (1983).

Summary

A review of experinmental literature shows general agreement on the
nature of solid particle bounce frominpaction surfaces whether they be
fibers or plates. A variety of target and particle characteristics
have been reported to affect the fraction of particles bouncing in a
given system In general, the properties of the surface that have been
shown to affect collection efficiency are surface hardness, particle
| oading on the surface, other surface coating such as water, greases,
surface roughness, and rigidity of the surface. Particle materia
characteristics were observed to affect the collection efficiency of a
given system Particle hardness may play some role in this; however,
determning hardness on the scale of a mcroscopic particle has not


NEATPAGEINFO:id=705B0007-C6A2-4CD5-95AC-2E4A0029FBCA


33

been attenpted in the studies reviewed. Irregular particle shape was
reported to reduce particle bounce.

Qther particle material characteristics have also been reported to
affect the fraction of particles bouncing in all but one of the studies
revi ewed.

Determ nation of critical rebound velocities was attenpted in
fundanental studies, as well as sem-enpirically in inpactor systens
and with single fibers. Because of the range of experimental condi-
tions involved, it is difficult to comment on overal|l agreement.

Tabl e 2-3 summarizes experimental and theoretical values fromthe
literature for critical rebound velocity and experinental values for
coefficients of restitution. Mst researchers clainmed good agreenent
with theory. In all cases reasonable correlations between particle
kinetic energy at inpact and adhesion probability were reported
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TABLE 2-3. COVPARI SON OF LI TERATURE REPCRTED VALUES FOR COEFFI CIENT OF RESTI TUTI ON AND CRITI CAL REBCUND VELOCI TY

Ref er ence

Dahneke

(1971, 1973,
1975)

Paw (1983)

Loeffler (1978)

Broom (1979)

Cheng & Yeh
(1979)

Particle Material

PSL
Silica
PSL
PSL
Silica
PSL
PSL

PSL

d ass
d ass

Lycopodi um Spor es

Ragweed Pol | en

Quartz

d ass
WAX

Quartz

d ass
d ass

PSL
PSL
PSL
PSL

Diameter (pm) Collector Material

.27
0

81
.50
51
.27
81

© opooopp

.81

[

.27

20-40
20-40

20-40

20- 40

10
10

10

40
02
. 011
. 822

or Ny

pol i shed quartz
pol i shed quartz

pol i shed quartz
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3. 0 EXPERI MENTAL METHODS

3.1 Pilot Study

A pilot study was undertaken to select appropriate methods and
experimental designs for the examnation of particle bounce in inertia
| npaction devices. A stainless steel and brass inpactor (wth a
removabl e stainless steel collector) was friction fitted to the inlet
probe of a Climet Mdel 208 light scattering Optical Particle Counter
(OPC). The OPC was nodified to permt detection of particles |arger
than 20 ymin diameter and to permt an interface with a Radio Shack
TRS-80 conputer which was used to acquire and manipulate data. Parti-
cle mterials used in the study were glass beads, ragweed pollen, and
amoni um fl uorescein. Details of the pilot study experinent are
contained in Appendix A

Based on the findings of the pilot study, the follow ng factors
were considered In the design of the final experiments: (1) The OPC
was a reasonabl e nethod of analyzing particle bounce information using
the above particle materials. Differences in the penetration of the
three materials were detectable with the OPC and were found to be
signicantly different fromeach other. (2) Particle |oading on the
col | ector affects particle penetration through the inpactor replacing
measurements of particle-collector effects with particle-particle
effects. To mninze uncertainty concerning the presence of |oading
effects, the challenge concentration should be maintained at the
m ni num necessary for reasonable detection. (3) The fluldized bed used
to generate glass heads in the pilot study was unable to provide a
constant aerosol concentration for any period in excess of 10 mnutes
This was due to the reduction in the |oad of beads available for
suspension in the bed over time. It was noted that the same generation
systemdelivered a constant concentration of ragweed pollen over a
period of time in excess of 25 mnutes. Some other technique, capable
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of producing a constant concentration of glass beads over a period of

time in excess of one hour, would be necessary.

3.2 Met hods

The coll ection efficiency of a given particle-material conbination
was determined in the current study with a Cinet OPC. Mnodi sperse
amoni um fl uorescein particles were generated using a TSI Mdel 3450
vibrating orifice aerosol generator. d ass beads were generated with a
modi fied Tinbrell asbestor generator (Tinbrell et al., 1968). The
aerosol was passed through a 10-nCi Kr-85 source charge neutralizer
(TSI Model 3054) before being sampled by the inpactor. The optical OPC
was | ocated i mredi ately downstream of the inpactor. To reduce the
concentration of particles in the sanple, the aerosol was diluted with
clean dry filtered air introduced through a porous tube diluter up-
stream of the inpactor. The experinental set-ups are diagramred in
Figures 3-1 and 3-2.

The use of an OPC to evaluate particle penetration offers the
advant ages of near real-tinme data collection and short duration sam
pling periods. The short sanple duration allows the acquisition of a
| arge data base requiring no further |aboratory analysis. In conmbina-
tion with the addition of dilution air, short sanpling periods prevent
the buildup of sanpled naterial on the substrate.

The "no bounce" case was determ ned by generating liquid oleic
aci d-uranine particles and counting the number of particles passing the
various substrates. Since the oleic acid particles were generated as
nonodi sperse aerosol, a second "no bounce case" was established for the
pol ydi sperse gl ass beads by adding an ol eic acid soaked glass frit (Ace
G ass, type E filter disc) collector to the random zed test series.
Bering (1984) reported excellent particle capture characteristics for a
simlar oiled glass frit, and she found no apparent particle buil dup
effect with the substrate. The calibration curve generated with the
glass frit and gl ass beads was conpared to the ol eic acid-uranine
calibration curve. 1In addition, the glass frit was added to the 7-ym
amoni um fl uorescein sanpling series to allow conparison of collection

efficiency on the glass frit between particle materials.
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The chal | enge concentrati on was determ ned by renmoving the inpac-
tion stage and counting the nunber of particles penetrating the unob-
structed "shell" of the Inpactor. Collection efficiencies were cal cu-
lated using the follow ng fornul a:

nunber of particles penetrating inpactor X 100
nunber of particles penetrating "shell"”

Bounce or rebound is defined as the difference between the coll ecH

tion efficiency of liquid particles and the collection efficiency for a
given test aerosol having the same aerodynam ¢ equival ent dianmeter as
the liquid particles.

The relative humdity of the sanple air streamwas nonitored
during each run and never exceeded 10 percent.

3.2.1 I npactor Design

I ndustrial hygiene and air pollution uses of inertlal inpactors
usual ly require the separation of particles capable of penetrating into
the lung, fromlarger airborne particles. As a generalized case of
such a device, the inpactor used in this experiment was designed to
have a 50-percent collection efficiency for particles having an aero-
dynam ¢ equi val ent diameter of 5 pm

The sinplest possible configuration of an inpactor was used to
allow the Isolation effects due to particle bounce fromother factors
whi ch m ght be peculiar to nmore conplex Inpactor designs. The experi-
mental device was a single-stage Inpactor with one round jet of 0.47 cm
in dianeter, operated at a flowrate of 7100 cc/mn, drawn by the OPC
punp. The jet velocity and Reynolds nunber were 682.1 cm's and 2125,
respectively. The nozzle was constructed of brass tube; the main body
of the inpactor was made of alum num and the inpactor stage was made
of stainless steel. The design criteria reconmended by Marple and
Wl leke (1976) were used. Figure 3-3 shows the theoretical character-
istic curve of this inpactor.
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I npactor Theoretical Paranmeters

D =0.47 cm Rej = 2115.8
SO =20 D50 = 5.0 nm

V]  =682cni's Q = 7100 cc/nin
vSTRgo = 0. 48

From Marple and Wtleke, 1976

Figure 3-3. Theoretical characteristic curve of experimental inpactor.
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The nozzle of the inpactor was 6.2 cmlong beginning with a
7-degree externally tapered section. The internal diameter was 0.47 cm
its entire length to the jet exit. Al sanples were drawn fromthe
centerline of an open duct connected to the generation system (Fig-
ure 3-1). The jet exit was 0.94 cmfromthe inpaction surface, giving
ajet-to-plate ratio of 2.

Figure 3-4 diagrans the inpactor showi ng the renovabl e stage.
Stainless steel and Tefl on® substrates were polished to renove any
obvi ous surface inmperfections. Al substrates were washed in acetone
and allowed to dry on a clean Kimm pe between sanpl es.

3.2.2 Particle Generation

Monodi sperse anmmoni um fl uorescein and ol ei ¢ aci d-uranine particles
were generated using a TSI Mdel 3450 Vibrating Oifice Aeoroso
Generator (VGAG. Particle dianmeter was determned fromparticle
sol ution concentrations and VGAG operating parameters (Liu et al.

1974) and were verified by collecting a sanple of the aerosol on a
treated glass slide and nmeasuring particle dianeters with a traveling
hai r eyepi ece calibrated against a stage mcroneter. Correction for
particle spread was applied to liquid particles according to the method
described by Liu et al., (1972). d ass beads were separated with a
Donal dson Accucut aerodynam c particle separator (Mjack Conpany) to
the desired size fraction. The glass bead feedstock was Potter |ndus-
tries (Hasbruck, New Jersey) 5000 Series glass beads. Operating
conditions selected for the operation of the Donal dson Accucut were
designed to produce a fine size fraction consisting exclusively of
particles | ess than 20 ym aerodynani ¢ dianeter (p glass 2.65 g/cc). A
New Porton eyepi ece graticule calibrated with a stage mcroneter was
used to size the fine fraction of the separated beads. A sanple of

gl ass beads was collected fromthe aerosol streamto check for evidence
of gl ass bead breakage using an optical microscope. |In addition, the
Pyrex collector particle | oad was vi ewed under the mcroscope to assess
particle distribution on the collector plate and the level of particle
| oadi ng. d ass bead sanples coll ected on the Pyrex Inpactor substrate

were al so sized and average nunber of particles per field area were
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calculated to nmonitor particle loading. A summary of particle genera-
tion nethods is provided in Table 3-1.

For this experinment, a glass bead generator capable of delivering
ai rborne beads at a constant concentration for a mininmumperiod of two
continuous hours without altering the size distribution of the powder
was necessary. A variety of generation techniques were found to be
i nadequate to this task including a fluidized bed and a brush-based
generator. A system based on the asbestos generator described by
Tinmbrell et al. (1968) was tested for conpliance with the necessary
performance criteria and net performance requirements in all tests.

The Tinbrell generator performance testing procedures and results are
given in Appendix B. Figure 3-5 is a diagramof the glass bead

gener at or,

3.2.3 Particle Detection

Particles were detected with a Cinmet 210 Optical Particle Counter
in conjunction with a Cimet 225 Multichannel Analyzer. Background
counts were subtracted fromchall enge and sanple counts. 1In the
channel s of interest, the background | evels accounted for an average of
| ess than 2 percent of challenge counts.

For amoni um fl uorescein particles which are dark red-brown in
color, it was expected that excessive |light absorption conbined with
fluorescence might pose difficulties in a light-scattering-based
detection system In calibration of the OPC with nonodi sperse anmroni um
fluorescein particles using a Tracor Northern Mddel TN 1705 Pul se
Hei ght Anal yzer for signal analysis, considerable spread was noted in
the signal voltage peak. |In addition, the peak appeared in channels
correspondi ng to about half the voltage expected, based on the PSL
calibration curves for a IOymparticle offered by the manufacturer
To ensure that the OPC count results could be reliably used, OPC counts
were conpared to fluorometry nmeasurements of filter collected sanples
of the sane aerosol.

A series of 14.3-liter sanples were taken with the | npactor shel
in the three-stage configuration. Filter sanples were collected by
placing 4.7-cm gl ass-fiber type AAE Gelman filters on the support on

the | ast stage of the inmpactor with and without the collector in place.


NEATPAGEINFO:id=28B713BA-70D7-46BD-BD3D-5777088C7758


TABLE 3-1. PARTI CLE GENERATI ON METHODS

Diameter (\im

Bul k Density Particle D aneter
Particle Material Raw Feed (g/cc) Aer odynani ¢ Physi cal Gener at or Operating Conditions Reference Verification
Oeic Acid ol ei c acid and 0. 8935 3.2 TSI Model 3045 Dilution Air: TSI Manual 1) VOAG paraneters
Ur anl ne ur anl ne di ssol ved 5.3 Vi brating 23000 cc/nmin
i n nmet hanol 70 . Orifice Aerosol Dispersion Air: 2) Collection on 2X
10.0 10 Gener at or 1500 cc/min Ny_ebar cpat ed _
Downstream Di | uti on Berglund & slides sized with
Air: 27336 cc/nin Liu (1973) stage m croneter
traveling hair
eypi ece; optical
m croscope (0 an
et al.. 1982)
Aaaonl ua fluorescein 1.35 2.6 Soae as above Sane as above Vander pool 1) VOAG paraneters
Fl uor escein di ssol ved In 4.3 (1984)
O I N NH. OH 2) Collection on
4 7.0 6.0 . .
10. 0 5 6 g_I ass _sI i de sized
Wi th mcroneter
calibrated travel =
ing hair eyepiece
d ass Beads Potter | ndustries 2. 65 Pol ydl sperse Modi fi ed Supply Air: Tlnbrell 1) Donal dson Accucut,
Seri es 5000 Tl nbrel | 40000 cc/min et al. Maj ack Co., with
gl ass beads Range 0.5-15 pm Downstream Di | uti on (1968) cutpoint < 20 urn
cmad: 3 \im Air: 3000 cc/min aerodynani ¢ dl am

2) Optical mcroscopy
usi ng New Porton
graticul e sizing;
m ni rum 100 field

or 100 particles

3) dIinet Cl-225 OPC
and Cdlnmet Cl-210
Mul ti channel

Anal yzer

Covered in detail in Appendix A *-

*e
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Conpressed Air in

M Xxi ng
Mot or Chanber

Particles in Carrier
Air Stream

S, /
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View 1. Generator in normal operating configuration.

Conpressed Air

\
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M xing Bl ade (Scraper)
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Syringe Punp Fed " Syringe Punp
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View 2: Cross section of mixing chanber. View 3: Cut away of mixing chamber.

Figure 3-5. G ass bead generator based on the design of
Tinbrell et al. (1968).
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Those were alternated with sanples counted by the OPC with no filter in
pl ace.

The filters were desorbed in a 0.1-N solution of amoni um hydrox-
ide, and an aliquot was analyzed in a Turner Mdel 112 Fl uoroneter.
The fluorescence reading was converted to mass from conparison with a
fluoroneter calibration curve generated using successive dilutions of
the 10-vm anmoni um fl uorescein particle solution. This mass reading
was converted to count by dividing the total mass collected by the nmass
of one 10-pmparticle. Agreement between the OPC determined collection
efficiency and fluorometry results was within 5.0 percent.
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4.0 RESULTS AND DI SCUSSI ON

4.1 Estimation of Error

Estimation of errors was cal cul ated using a nethod devel oped by
Kashdan (1984), specifically for the conparison of inpactor data.
Standard deviation of the collection efficiency ratio estimate, Rt was

cal cul ated with:

S0 Dev (R =R T ((OENY2+(CQsamle)2- M, (10)

Q00 = -1 7 T -SAT e v S (1)

and n is the nunber of replicate sanples, Nis the nunber of particles
penetrating the inpactor when all collisions with the substrate result
in particle capture, and CVis the ratio of the standard deviation of
the replicates to their nean.

4.2 Collection Efficiencies

Results of the studies of collection efficiencies are plotted in
Figures 4-1 to 4-6, and Table 4-1 lists the estimte of collection
efficiency. Figure 4-1 shows the calibration curve generated using
oleic acid-uranlne particles with the theoretical inpactor curve and
that determned with polydisperse glass beads on an oiled glass frit.
The two experinmental curves show close agreement and simlar slopes
The glass frit curve shows a maximm collection efficiency of
92 percent with an uncertainty of 8.84 percent at the 90-percent
confidence level using a students t-test, showi ng good agreement with
the findings of Bering (1984). Both curves indicate an inpactor cut-
point of approximately 5.3 ymwhich Is close to the design point of
5 ym The two experinental curves show considerably shal | ower cut
characteristics than woul d be expected based on the ideal curve for the
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Figure 4-1. Conparison of calibration curves for the experimental inpactor generated with
oleic acid-uranine particles on a pyrex collector and glass beads on an ol eic

aci 0-soaked glass frit, with the theoretical collection efficiency curve.
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Impactor. This Is likely due to the formation of nonideal flow pat-
terns in the inmpactor chanber i mediately above the inpaction plate.
The ideal Inpactor has no such chanber, and the jet plate runs infin=
itely parallel to the Inpaction plate plane in the nodels (Marple,
1970).

Figure 4-2 shows the effect of changing the collector material on
the collection efficiency of ammonium fluorescein particles. Based
upon the significance of collection efficiency differences at the
90- percent confidence limt, onset of bounce occurs between 3 and 5 ym
on all three collector materials, with no significant difference at
7 ymwith the stainless steel collector surfaces. A conparison of the
peak collection efficiency for the three surfaces shows a significant
di fference between all three nmaterials. At 10 ym however, there is no
significant difference between the collector naterials.

The apparently anomal ous reduction in bounce at 7 ymon the
stainless steel surface nay be related to the size, shape, and spacing
of surface irregularities. Surface Irregularities have been reported
by Corn and Stein (1978) to Increase collection efficiency.

The rel ative bounci ness of Pyrex and stainless steel seemto
correspond to relative hardness in agreement with the findings of Esnmen
(1975) with brass and al um nium col |l ectors discussed in the literature
review. However, Teflon® is clearly a softer material than either of
the other two materials. Hering (1984) reported simlar results when
conparing dry glass inpaction surfaces with a 10-ympore Tefl on® Mem
brana filter with test aerosols of PSL spheres. The dry glass tests
reached a maxi mum col |l ection efficiency at over 60 percent while the
Teflon® filter maxi mumwas | ess than 40 percent. The two materials
showed the same collection efficiency at a /Stk of approximtely 0.6,
corresponding to a collection efficiency of near 18 percent.

The strong fluorocarbon bonding in Tefl on® appears to be a greater
determinant in the particle-collector interaction than is the relative
hardness of the materi al s.

Figure 4-3 conpares the relative bounce of glass beads on the
three coll ector surfaces. Mst striking in this figure is the "over
col lection" of glass bead particles belowa /Stk of 0.6. The differ-

ence between the collection efficiencies for all three coll ector
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Figure 4-3. dass bead collection efficiencies on four collector materials.
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materials is significant at the 90-percent confidence |evel. The
di fference between Pyrex and stainless steel is not significant at any
poi nt along the respective curves. There is, however, a significant
di fference between the points for stainless steel and Pyrex fromthose
for Tefl on®

The gl ass bead data was collected in tw different sanpling
regimes. Small volume 2.84-1liter sanples were taken with four
replicates for each collector in randomorder in the first experinent.
In the second experinment, one 142-liter sanple was taken for each
substrate in randomorder. The |arge volunme sanple was nonitored at
1-liter intervals so that 142 consecutive 1-liter sanples were drawn
for each substrate and for the inpactor shell with no substrate in
place. A smaller sanple consisting of 10 consecutive 1-Ilter counts
was selected randomy fromthe series of 142 sanples. The neans of
both sanple types are reported in Table 4-1. The data in the figures
consi sts of averages of ten consecutive 1-liter sanples. Agreenent
between the two sanple types was well within the experinental error

The Pyrex col |l ector was exam ned microscopically to determne the
size distribution of the collected particles.

Tabl e 4-2. Conparison of Mcroscopy and OPC Results
d ass Bead Col |l ection on Pyrex Collector

Col |l ection Effijci ency - Four - M nut e Sarrp|e

d oPC (9
M cr oscopy

(yrr) (% ol eic acid g| ass

(m d-range) on Pyr ex frit
2.5 28.1 0 5
3.5 13.3 5 13
4.9 21.5 43 39
6.9 98.1 77 82
9.9 100. 0 98 92

Table 4-2 shows the ratio of glass beads collected on the sub-
strate as a ratio to the nunmber of glass beads in that size Interva

which were found in the raw feed material. The other two col unms show

the collision efficiency of oleic acid-uranlne particles and glass
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071 1.05
146 0.75
044 e
065 10. 50
064 2.50
054 2.16
082 0. 94
071 0.67
051

043 28. 00
044 4.50
041 2.56
062 1.17
082 0.95

duration sanpl es.

55

Nunber of
Sanpl es

10
10
10
10
10
10

(4)10
(4)10
(4)10
(4)10
(4)10
(4)10

(4)10
(4)10
(4)10
(4)10
(4)10
(4)10

I N N N NN

Val ues reported in this colum are for ten 1-mnute consecutive sanples sel ected

randomy froma | arger sanple.
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beads on an oiled glass frit substrate as deternmined with the OPC and
taken fromthe calibration curves for the inpactor. An unexpectedly
hi gh count of glass bead with an aerodynam c di aneter of |ess than

2.5 pm(md-range of the sizing interval) appear on the glass plate
when exani ned under the mcroscope. It should be noted that mcro-
scopic sizing of particles collected on the glass plate was perforned
in the case of only one 4-m nute sanple of glass beads. Further,
conmpari son of mcroscope counts of the oleic acid-uranine particles and
OPC col | ected data was not undertaken as part of this study. However,
t he conparisons presented in Table 4-2 do tend to support the increase
in collision efficiency noticable in the OPC coll ected data when gl ass
beads are used with any of the collector substrates.

A simlar over collection of |ow Stokes nunber particles was
present in data reported by Rao and Whitby (1978). Using PSL parti-
cles on glass fiber filters, Whatman filters, and dry glass collection
surfaces in two different inpactors, collection efficiencies for /Stk
| ess than approximately 0.48 were higher for the listed substrates than
for an oiled glass surface. The detection nethod used in this study
was optical particle counting with a Royco 220 OPC. Loeffler (1974)
also noted a simlar Increase in collision efficiency when testing
pol yanmi de fibers with glass beads, quartz particles, and paraffin
particles. He concluded that electrostatic forces nake a large contri -
bution to particle transport processes as the particles approach the
fiber. 1In a subsequent study, Loeffler (1977) nodeled the collection
of particles by a single fiber with and without taking into account
el ectrostatic forces. Mddel curves of collection efficiency versus
St okes nunber showed that particles with snall Stokes nunbers are
collected very efficiently. The collection efficiency due to inertia,
gravity, and electrostatic forces reaches a nmaxi num at a Stokes nunber

near zero. The collection efficiency then drops off to a m ni num near

a Stokes number of 1. When electrostatic forces are not included in
the nodel, the curve is nore or less flat at a nmuch smaller coll ection
efficiency until a Stokes nunber of 1 is reached, and then collection
efficiency rises steeply with increasing Stokes nunbers.

Al of these experinental studies, including the current study,
used sone neans to neutralize the charge on the particles. The
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collector is grounded through its metal base. |n the present study,
the activity of the neutralizer was nonitored before and after the
experiment and found to be about 80 percent of the full 10 nC activity
| evel corresponding to a reasonable decay rate given the half-life of
Kr-85. The total air volune through the neutralizer was |ess than 50
1/mn, well belowthe neutralizer's recomended capacity of 150 1/mn.

Contact charging, either by pure contact or by trlboelectriflca-
tlon due to friction may be responsible for the Increase in collision
efficiency of smaller glass beads. |f contact charging were taking
place, it would be nore likely to appear with a pol ydi sperse aerosol
I n nonodi sperse suspensions of small particles, inertial forces do not
bring any particles in contact with the collection surface. However,
with a pol ydi sperse suspension, large particles would hit the plate,
giving an opportunity for charge to transfer to the plate. The charge
bui I dup on the plate would preferentially draw small particles to the
surface when they cane in the vicinity of the charged collection plate.
In addition, particles which would not be collected by the nmechani sm of
impaction travel in a path nearly parallel to the inpaction plate with
relatively high radial velocities and small vertical velocities unti
the air stream passes through the holes in the inpaction plate. This
passage of the particle near the plate with sone potential for friction
to occur, particularly with collected particles resting above the
coll ector surface, mght enhance triboelectric effects. (G ass is
general |y placed at the extrene positive end of a triboelectric series,
while Teflon® is usually at the extreme negative end.) This would be
consistent with the Tefl on® going from being the bounciest of the
surfaces with amoni um fl uorescein particles to being the | east bouncy
surface with gl ass particles.

Figures 4-4 to 4-6 conpare the collection efficiency of the two
particle materials. Ammoniumfluorescein is clearly the bounciest
particle material on all surfaces.

Figure 4-7 shows a log-log plot of particle adhesion probability
(as defined on Page 5) for ammoni um fluorescein versus the kinetic
energy of the particle normal to the collector at the point of inpact.
The kinetic energy was cal cul ated frominpact velocities normal to the
plate at point of inpact estimated from Marple's nmodel as shown in
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100

0.4 0.5 0.6 0.8 1.0 2.0
V8Tk

« Oeic acid

2 Ammoni um f | uor escei n

O d ass beads

Figure 4-4. Collection efficiencies of glass beads, anmmonium fluorescein and oleic acid
on a stainless steel collector.
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Figure 4-5. Collection efficiencies of glass beads, ammonium fluorescein and
oleic acid on a pyrex collector.
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100

0.4 0.50.6 2.0

e Oeic acid
& Anmoni um fl uorescein

O d ass beads

Figure 4-6. Collection efficiencies of glass beads, ammoniumfluorescein,
and oleic acid on a teflon collector.
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Figure 2-1. The data fits a power fit relatively well with a correl a-
tion coefficient of 0.71. However, with so few data points, it is
difficult to draw conclusions fromthe fit. Figure 4-8 shows the
anmmoni um fl uorescein on stainless steel data with other literature
reported values for netal substrates. The data agrees well with that
reported by Esnen et al. (1977), who used uranine particles on brass
and alunminumcollectors. The third set of data points are for fly ash
particles on stainless steel fiber mats. The irregular shape of the
fly ash may be responsible for sone of the variation in this curve

By projecting the power fit back to 100-percent adhesi on probabil -
ity, an estimate can be nade for the kinetic energy of the particle at
i mpact where no bounce occurs. Fromthe value for kinetic energy, the
V* and the Bradl ey- Hanaker constant can be cal cul ated for ammoni um
fluorescein. The critical kinetic energy based on the power fit Is
1.5 X 10 * ergs, which gives a V* of 14.6 cm's and a Bradl ey- Hamaker
constant of 2.4 x 10 " ergs for a unit density S-ymparticle. Both
these val ues agree well with the theory and with literature reported

values for simlar experinents and are listed in Tables 2-1 and 2-2
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5.0 CONCLUSI ONS AND RECOMVENDATI ONS

A study of particle bounce In a |aboratory constructed | npactor
using two particle materials and three different collector substrates
has been undertaken. The experinental results, using amonium fluores-
cein particles and substrates of polished stainless steel and Pyrex,
show good agreement with literature reported values for simlar experi-
ments. Based the results of this study and of simlar studies
revi ewed, the follow ng conclusion are drawn:

1. Arudinentary relative scale of substrate bounciness
m ght be based upon the hardness of the collector
mat eri al. Rel ative bounciness for netal substrates and
gl ass correspond well with the Mhs hardness scale, for
I nstance. However, a polished Teflon® collector used in
this study was found to cause nmore particle rebound than
either of the other two harder surfaces. This result

was supported by the only other study found which used
Tef | on® substrat es.

2. On the basis of experimental results with pol ydisperse
gl ass beads, transport mechanisnms in addition to iner-
tial forces may be necessary to fully account for
particle collision with the plate. One nechani sm
proposed is that of contact charging of the plate in the
presence of a suitable polydisperse aerosol

3. Calculations of critical velocity for onset of bounce
and the Bradl ey- Hamaker constant for the materials from
the experinental results were nade according to the
t heory proposed by Dahneke (1971). These estinated
val ues agreed well with Independantly reported val ues,
tending to support the theory.

Based on the findings, the follow ng recomendations are made:

1. These experinents should be repeated with soft materials

other than Teflon® to test the proposed relative bounce
scale which is based on the relative hardness of the
mat eri al s.

2. Experinents should be conducted using a detection method
other than optical particle counting which will confirm
whet her or not collision efficiency I's increased with
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dry collectors and gl ass beads as conpared to gl ass
beads on an adhesi on coated surface.

If a collision efficiency increase is confirmed, experi-
ments shoul d be conducted to deternine if and where

particle or collector charging is taking place.
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APPENDI X A

Pi |l ot Study

A study was conducted to select materials and nethods for the
experinmental procedures used in the current report. A single-stage
round i npactor designed to have a outpoint of 10.0 ymwas constructed
of stainless steel and brass. The inpaction plate of polished stain-
| ess steel was renovable fromthe device. The inpactor was pressure
fitted to a dimet 208 light scattering OPC. The OPC was nodified in
the fol |l owi ng ways:

1. The wiring was nmodified to allow renoval of the optics

probe to a distance up to 1.5 mfromthe instrunent
frane,

2. The particle size detection range of the OPC was ex-
tended to 20 ymby insertion of a potentioneter on the
power supply board. A toggle switch on the back apron of
the instrument was wired to the w per connecting the
added potentioneter to the existing one so that the
range could be selected fromoutside of the instrument.
The effect of this alteration was to increase the
intensity of the light source |located at one end of the
optics unit which supplies the scattering light to the
sanmpl e vol une.

3. The digital signal to the OPC pixel tubes, which display
total counts at a preselected channel, was tapped and
connected to an digital to RS232 convertor and from
there to a TRS-80 personal conputer. The conputer
control |l ed data aquisition and storage.

Ragweed pol |l en, gl ass beads, and ammoni um fl uorescein particles
were the test aeorosols. The pollen and gl ass beads were generated in
a sinple fluidized bed generator. Mnodisperse ammoni um fl uorescein
having an aeorodynam c diameter of 20 ym was generated using a TS
Model Vi brating Aerosol Generator.

d ass beads with a medi an aerodynam ¢ di ameter of 20 ymwere

separated from Potter Industries Inc., 5000 Series glass beads using a
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wat er sedi nentation technique. The final test aerosol had a geonetric
standard deviation of 1.3. Figure A-1 shows the effect on the gl ass
bead count distribution of the separation technique.

The rates of penetration of the particles with a greased inpaction
substrate and with an ungreased stainless steel plate in place were
conpared to the OPC particle count when no inpaction plate was in
place. A 28.4-liter sanple size was used in the pilot study.

Ammoni um fl uorescein particles were found to rebound fromthe
ungreased surface in significantly higher nunbers than did the ragweed
pol l en. However, greasing the plate with vaseline reduced the amoni um
fluorescein and gl ass bead penetration by nore than 30 percent but only
reduced the pollen penetration by 10 percent. d ass beads were far
nore effectively collected on the greased plate than were the other two
materials. Even with a greased inpaction plate, the penetration of
amoni um fl uorescein was greater than 25 percent of chall enge concen-
tration. Figure A-2 is a bar graph showing rel ative bounce of the

particle collector conbinations, where percent penetration is defined

as:

nunmber of particles passing the collector

nunmber of particles in challenge air stream
expressed as a percentage

A study of the effect of particle |loading on a greased inpactor

pl ate was conducted using pollen and amoni um fl uorescei n particl es.
The greased substrate was left in place over a 20-min period, while 20
consecutive 1-min particle penetration counts were taken. Challenge
concentrati on was neasured in the sane manner with no collector in
pl ace. Sanples fromchall enge and bounce sequences were paired on the
basis of their respective positions in the sanple tine series to
determ ne per cent penetration. Ammonium fluorescein particle penetra-
tion increased rapidly and reached the test limt of 50 percent within
8 mnutes. The pollen penetration showed no increasing trend over the
20-min period. The results of the |oading study are plotted in Fig-
ure A-3, where Cinp = the nunber of particles passing the collector

plate, and C = the nunber of particles in the challenge concentration.
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Particle Bounce Testing Using Inpactor
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Fi gure A-2.
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Effect of Particle Loading on Greased Inpactor Surface
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The fol |l owi ng concl usions were drawn fromthe pilot study test

results:

1. Particle bounce can reasonably be studied using an OPC
and specially fitted inpactor. Relative particle bounce
appears to be a function of particle material, and
collection surface and difference in materials' penetra-
tion is sufficiently large to allow the use of an OPC

2. dass beads generated in a fluldized bed showed a
decrease in concentration over tine as the quantity of
beads in the bed was reduced. Consequently, an inproved
gl ass bead generation system capable of maintaining
concentration constant over a period of several hours
was required to adequately study bounce effects.

3. The aerosol concentration should be kept |ow during
particle bounce studies to avoid |oading the substrate
with the test particles, since particle |oading affects
particle bounce and masks the bounce induced in a given
particle-collector conbination.
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APPENDI X B

Pef or mance Testing of the Tinbrell Generator

A nodified Tinbrell asbestos generator (Tinbrell, et al., 1968)
was tested for the followi ng perfornmance requirenents:
1. The generator nust deliver a constant concentration of
gl ass beads for a mninumtest period of 20 nin.

2. The generator nmust be able to operate continuously for a
m ni mum of two hours.

3. The generator nust not alter the size distribution the
feed materi al .

4. It woul d be advantageous if the concentration delivered
by the generator could be altered by changi ng one or
more operating paraneters.

The generator was operated with a bl ade speed of 3450 rpm a
di spersion air flowrate of 40 1pmand a dilution air flow rate of
4 1pm The air was supplied froma conpressor at a pressure of 30 pslg
and was dried and filtered upstreamof the neutrall zer

The gl ass beads used were water sedl mendat|on separated having a
nmean aerodynam ¢ di aneter of 20 pmand a geonetric standard devi ation
of 1.3 (Figure A-1). The feed material was conditioned by baking it in
an oven at 200" C for one hour and then storing it in a desslcator
overni ght.

The bead stream fromthe generator was sanpled froman open duct
with a Cinet 208 OPC over a 20-nmin time period in one-mnute inter-
vals. The feed rate of the syringe punp was increased, and the experi-
ment was repeated. Figure B-1 shows a of plot concentration over time
for the two experiments with the upper curve representing a higher
syringe punp setting.

A sanple fromthe bead streamwas collected on glass m croscope
slides at various times during a two-hour period and beads were sized

under an optical mcroscope using a New Porton Gaticul e which had been
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calibrated against a stage mcrometer. No significant difference was
found between the sanples taken of the aerosol and the raw feed
material. The generator was found to meet the four stated performnce
requiremnents.
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