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- ABSTRACT

Theoretical predictions using both potential flow analyses and
- solutions to Navier-Stokes equations are made for the operating characteristics
of a two-dimensional virtual impactor. Experiments were performed with 2.5 um
DOP droplets for a wide range of prototype geometries to measure the magnitude
of internal losses and to fully characterize ' the 1nstrument response. The
influence of geometry including the throat angle (38 <B < 58.2° and
normalized void width (0.7 <h/w < 1.5) on the partlcle cutoff diameter,
efficiency curve steepness and propertles of the internal particle loss factor
are presented for fixed instrument Reynolds numbers Re = 1540 and bleed flow

= 0.1. The theory, supported by trends in the empirical data, predicts that
internal particle losses reduce to zero as the normalized void width increases
to h/w = 1.4 + .1 while the data show a minimum at h/w = 1.6 + .1. Increasing
‘the void width, however, is shown to substantially reduce the steepness of
the particle efficiency curves.

Visual observations of the onset of fluid separation for two-dimensional
jets impinging upon a void were conducted with a scaled-up water model and
correlated with theory. It was found that the limiting void width hllm/W
marking the onset of fluid instabilities peaked for a intermediate value of
the fluid deflecting plate angle B =~ 80° with larger values of h1ip/Ww correspond-
ing to smaller throat angles B . The limiting void width hy ;. /w also increased
with larger bleed flows into th void. These instabilities may make it d1ff1cult
to correlate experimental virtual impactor data with theory.
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_Ravenhall, D. G.
TWO~-DIMENS IONAL VIRTUAL IMPACTORS

Final report to Department of Energy under contract No. EE-77-S-02-4319. !
December 1980

KEYWORDS: Aerosols/particle size classifier/particle impactor/air pollution.



C00-4319-6

TWO-DIMENSIONAL VIRTUAL IMPACTORS
FINAL REPORT

L. J. Forney
Schools of Chemical and Civil Engineering
' Georgia Institute of Technology
Atlanta, Georgia 30332

and

D. G. Ravenhall
Department of Physics
University. of Illinois
Urbana, Illinois 61801

DISCLAIMER Uniten States Government.
ney of the H N
py 81 yEiy O N , makes any
as on account of work swm::m:rm‘ o any of their emplovess )
ent nor any ge! \oeah Jiability Of responsibil
oduct, OF

red

This book was Prepd! v
Neither the United S\m?s Govemm ey v
mation, apparaws. O

hors expr

y inions of But
ind opinions. hereof.

1. The views 2
Srates Government of any agency e States Government of 80 05877
131

necessarily staie of reflect those of the

December 1980

Prepared for

DEPARTMENT OF ENERGY
UNDER CONTRACT NO. EE-77-S-02-4319

NOTICE

This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor
the United States Department of Energy, nor any of their
emplbyees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accu-
racy, completeness, or usefulness of any information,
apparatus, product, or process disclosed or represents that
its use would not infringe privately owned rights.

PISTRIBUTION OF TS DOCUMENT 18 UNLIMITER

. P



Section

" I. EXPERIMENTS --

TABLE OF CONTENTS

1. SUMMARY - - ————
2., INTRODUCTION - —
3. INSTRUMENT DESIGN
4. MODEL STUDIES - —_— —
5. PROTOTYPE TESTS ————mmm— e e
6. DATA CORRELATION - - —
7. RESULTS AND DISCUSSION
8. REFERENCES —- — —
II. THEORY ——
1. SUMMARY - —_ —
2. INTRODUCTION - . —_— -_—
3. POTENTIAL FLOW ———- -
3.1 Ideal Fluid Transformations -
3.2 Particle Trajectories -
3.3 Scaled~up Water Model ---- -
3.4 Onset of Instabilities -——————- -

4, VISCOUS FLOW ——————mmmmem— -
4.1 Fluid Fiow Fields ~~— —_
4.2 Particle Trajectories‘—-——— —_—

.5. - OPERATING CHARACTERISTICS ‘

J 6.. kEFERENCES - |
7. EFFICIENCY CURVES -- -

- III. PROJECT MANAGEMENT --- —

1.

2.

PROJECT COMPLIANCE --- —

PERSONNEL CONTRIBUTIONS -

Page

11
16
18
24
25
25
26
28
28
38
39
40
46
46
49
54
61
62
72
72

72



Page

Section
3. PRESENTATIONS —-——-——=——m o — 73
4. PUBLICATIONS - - 73
IV. APPENDIX - - - 76
—_— 76

1. THESIS --—- S



LIST OF FIGURES

Figure-Section I ' ' Page

1. Schematic of Two—Dimensional Virtual Impactor 5

2. Side View of Virtual Impactor --— —- ; - 6

3. Percent of Ink Tracer Lost to Void vs Jet Reynolds Number. Initial
Tracer Position is w/5 from Impactor Wall 9

4. Photograph of Flow.Field Illustrating Jet-Core Instab111t1es for

s/w = 3.0, h/w = 2.8 and Re = 1500 A 10
5. Efficiency Curves. for Varying Clean Excess Air Ratios, Qe/Qo ———-- 12
6. Efficiency Curvés fdr Varying Secondary Flows, Q/Q0 —————————mmeua 14
7. Typlcal Experimental Data for Total Eff1c1ency Curve and Loss

Factor -— —_— _— —_— 15
8. Particle Cutoff Parameter vs Normalized Void Width 19
9. -Relative Dispersion vs Normalized Void Width —-— 20
10. Peak in Loss Factor. vs Normalized Void Width - 21

11. Area Under Loss Factor vs Normalized Void Width - 22

Figure-Section II

1. Transformation Planes - — - -~ 29
2. Fluid Streamlines (potential flow) ' . 37
3. Particle Efficiency Curves (potential flow) - 40
4, Scaled-up Water Model - —_— A—-—— 41

5., Limiting Void Width versus Deflecting Plate Angle 8. Solid Lines
Result from Potential Flow analysis. Solid Points are Visual
Observations of Onset of Fluid Separation on Top of Deflecting
Plate --- - _ - 44

6. Limiting Void Width Versus Magnitude of Bleed Flow f. Solid Lines
Result from Potential Flow Analysis. Solid Points are Visual
Observations of Onset of Fluid Separation on Top of Deflecting

Plate —~——=———mm e e 45
7,' Fluid Streamlines (viscous flow) —_—— —-— 47
8. Fluid Streamlines (viscous flow) — 48

9. Particle Efficiency Curves (viscous flow). e Represents Region where
Particles are in Emerging Jet, p where Particles Strike Fluid
Deflecting Plate and v where Particles Enter Bleed Flow or Void —-- g7



Figure-Section II

10.
11.
12.
13.
14.
15.

16 -24.

Particle Effiéiency Curves (viscous flow) -

Particle Efficiency Curves (viscous flow) =———memmmom

Particle Cutoff Parameter versus Normalized Void Width h/w —————m——n A

1 : :
Relative Dispersion S versus Normalized Void Width h/w ——~—m——eaae

Peak in Loss Factor versus Normalized Void Width --

Area Under Loss Factor versus Normalized Void Width --

Page

52
53
55
57
58

59

Particle Efficiency Curves (viscous flow) ~—--- --63-71



I. EXfERIﬁENTS
1. SUMMARY

Experimental results are ﬁrésented on the operating characteristics
oan,versatile twdFdimensional virtual imﬁactor. The influence of geometry
includiﬁg the throat angle (38° < 8 < 58.26) and normalized void width
(0.7 < h/w < 2.0) on the particle cutoff diameter, efficienéy curve steep-
ness and properties of the internal particle loss factor are presented.
Theoretical solutions to Navier-Stokes equations are used to cofrelate the
data for fixed instrument Reynolds number (Re = 1540) and bleed flow (Q/Qo =
0.1). The tﬁeory, supported by trends in the empirical data, predicts that
internal particle losses reduce to zero as the normalized void width increases
to h/w = 1.4 + .1 while the data show a minimum.at h/w = 1.6 + .1. Increasing
the voidiwidth, however, is shown to substantially reduce the steepness of

the particle éfficiency curves.,
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2. INTRODUCTION

The potential health hazard represented by micron-sized suspended
particles in the ambient air has focused attention on aerosol sizing
instruments. One of the simplest devices capable of size-classifying
aerosols (e.g. respirable vs. nonrespirable) are inertial impactors.
Traditional particle-surface interaction problems associated with
inertial impactbrs such as particle bounce, reentrainment and collection
surface overload have been'largely eliminated recently byAthe replacement
of the solid impaction surface with a slowly pumped stagnate air void.
Progress has been rapid on these new designs called virtual impactors
in recent years (Hounam and Shefwood, 1965; Conner, 1966; Loeo, et al.,
1975; Dzubay and Stevens, 1975; Forney, l9i6; McFarland et al., 1978; Loo
et al., 1979) and several instruments which utilize the virtual impaction
concept are now available commercially.

Most of the research and development on virtual impactors has
focused on axisymmetric geometries (round jets) and these designs have
been incorporated into commercial instruments with excellent results.
However, there are a number of operational difficulties associated with
the use of axisymetric jets. Because these devices are of fixed geometry,
it is necessary to use a number of test aerosbls of varying particle
diameter to calibratg the devices. 1In additionm, constant aif flow rates
restrict the sizing capébilities of the device to é,single particle cutoff
diameter. Moreover, it is necessary to limit the volume flow rate through
a round jet in ordér to prohibit jet instabilities. Nevertheless,
experimental data taken with single stage axiéymmetric virtual impaﬁtors

demonstrate the attractive features of steep particle efficiency curves
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and small internal 4partic1es‘l'osses‘ (McFarland et al., 1978; Loo et al.,
1979). |

Recent attempts fo theoretically predict akisymmetric virtual
impaétor performance have had only limited sueccess (Marple, 1980).
While if.has been shown that one can adequately predict theltotél
efficiency curves for these devices (fraction of particleé projected
into the void énd lost on internal surfaces), attempts to predict internal‘
partiéle losses have been unsuccessful. Earlier ;heoretical work.with
 two-dimensional virtual impactofs by Forney gg_él, (1978).énd Ravenhall
Ei.él- (1978) has provided fun&amental information on'generéi flow
field properties and sizing capabilities of Qirtual impactors, such as
the fluid flow patterns, onset of instabilities, steepness of the
efficiency curves and properties of the internal pafticle loss spectrumi

In the present paper, extensive experimental results with a prototype
two-dimensional virtual impactor are presented and correlated with
theoretical predictions. The impactor, which represents a modification
of an earlier device by Forney (1976), incorporates a number of useful
features. For example, itAhas a variable-slit width similaf to that
develoﬁed by Cooper and Spielman (1974) and Delany and Dolan (1975) which
allpws one to conveniently calibrate the instrument with a single test
véerosol. The -variable-slit feature would also prévide a cumulative
particle sizé distribution on a real-time basisAwith the integration of’
opticai or electrical sensors attached to the primary aii:flow. In addition,
the prgsent geometry minimizes the numbér 6f dimensionless groups which

are necessary to characterize instrument performance.
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3. INSTRUMENT DESIGN

The basic design of the prototype device used in this study and
shown in Fig. 1 is identical to the geometry presented earlier by Forney
(1976). Modifications have been included, howevef, fo eliminate
unnecessary internal particle losses. These modifications consist
of th; addition of filter holders to the exhausts as indicated -in Fig.

2 and the éddition of an excess clean air inlet to reduce particle losses
on the inside‘front wall of the device.

As descfibed in the.earlier work of Forney, the instrument is
constructed éf'brass and aluminum stock and is designed to operate at
fixed total volume flow rate Qo and throat éngle 8. The two movable
plates shown in Figs. 1 and 2 are constructed such that both intersect
at a common point on the left throat wall. This feature minimizes the
number of geometric ratios in the problem and allows one to preserve
geometric and dynamic similarity as the slit dimensiqns h and w are
changed with two micrometers indicated in Fig. 2.

It can be showp for thg-geometry of Fig. 1 that the total bafticle
collection efficiency E of the devige, defined as the percentage of
particles which project into the void volume or impact with the horizontal
fluid deflecting pla;e (moﬁabie), must be a function of five diﬁensionless
groups or

E=E (¢, s/w, h/w, Re, Q/Qo). | (1)
‘ Hére, Y is the dimensionless Stokes number: Y = (pPQo/l8uL(d/w§2, Vhere
fp is the particle density (g/cm3), Qo is the total volume flow rate (¢m3/sec),
W the air viscosity (g/cm-sec), L the impactor dimension perpendicular to
the flow (cm), and dAis'the particle diameter (cm). Also, besides the device

dimensions w, s and h as shown in Fig. 1, Q is the bleed flow,pr secondary
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fléw (cm3/sec) and Re = pQo/Lp is the Reynolds number. Moreover, since
“gfw =‘cot ® and one caﬁ~fik the geometfic ratio h/w for anyljet width w
by proper adjustment of the micrometers, the particle efficiency reduces
to E = E (y) for constént throat angle 6 and instrument flow rate Qo in
which case ¥ a (d/w)z. It is therefore possible to éalibrate thé
iﬁsfrument with a single test aerosol and to determine a cumulative size
distribution of a pblydispérsed aerosol by proper adjustﬁent of the

slit widths w and h while preserving both dynamic similarity (éonstant Re)

and geometric similarity (constant s/w and h/w).
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4. MODEL STUDIES

A scaled-up water model of the impactor was comstructed of plexiglas.
Dye injectiop flow visualization techniques were used to deterﬁine general
properties of the flow field. Results of similar studies for moderate
Reynolds npmbers and device geometries are extensively documented in the
earlier work of Forney, et al. (1978). 1In the present study, however,
limitations are suggested for the usable range of device Reynolds number
Re,'and mechanisms are discussed which cén lead to a total breakdown of
the fluid flow field..

Because excessive fluid flux into the void volume prohibits effective
particle sizing with a virtual impactor, a systematic study was conducted
on the causes of intermittent fluid loss to the void. Two problem areas
were identified and their effects were observed with the water model. The
first is the existence of a fluid boundary layer along the throat wall on
the left of Fig. 1 while the second is the onset of fluid instabilities in
the jet core at suffiéient distance from the throat. To measure the effects
of both problems, visual observations were made of the percentage loss of
an ink tracer positioned at a distance of 0.2 w from the left wall of the
impactor throat (éee Fig. 1) and the results of these meésurements are shown
in Fig. 3.

For small jet Reynolds number in the range Re <~700 (large boundary -
layers) a large loss of tracer fluid to the void was observed as can be seen
in Fig. 3. This is a result of the fact that fluid in the boundary layer does
not have éufficient momentum to oversome the adverse pressure gradient along
the wall. However, at large Re (; 1600) or large geometric ratios, jet-core
instaBilities developed as shown in Fig. 4 which also lead to excessive fluid
flux into the void. The results of measurements which indicate both effects

are shown in Fig. 3.
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Fig. 4

Photograph of Flow Field Illustrating Jet-Core Instabilities
for s/w = 3.0, h/w = 2.8 and Re = 1500
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5; PROTOTYPE TESTS

. Laboratory tests were conducted with the prototype device. The
instrumen; was suspended in a 600 liter aerosol holding chamber. The
test aerosol was a monodispersed 2.5 um diameter, uranine tagged,
di—octylﬁhtﬁalate (DOP) 0il droplet. The aerosol was generated in
prefiltered air using a vibrating orifice generator and thefdrépleb“
charge was neu;ralized with a Therﬁo—Systems model 205485Kr source,

Particle efficiency and internal losses wére determined at a
total volume flow rate of Qo = 30 1/min (Re = 1540). The aerosol
was coilecfed on 0.8 um pore Millipore filters at the primary and
secondary (bléed flow) exhausts of the instrument as indicgted in
Fig. 2, The'particulate was washed from the filter, analyzed
fluorimetricélly, and the results were éompared with that collected
frém a third filter mounted near the devicé‘whose total volume flow
rate matched that of the'impactor. A typiéal experimental procedure
was to sample the aerosol for a period of 30 min at each of several
values of the partiéle Stokes number Y while holdiﬁg the geometric ratios
s/w and h/w, the total volume flow rate Qo, and the ratio of flow rates
Q/Qo constant. Thus, collection efficiency E of the prototype sampler
was easily determined over a range of Stokes numbers'w with the same
test aerosol of fixed diameter By simply adjusting the slit widths w
and h. |

Earlier experimental work (Forney, 1976) demonstrated that the

present instrument was subject to internal particle losses on the left

front wall shown in Fig. 1. Section 3 describes modifications to reduce

the magnitude of these losses. The effect of the addition of clean excess
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air into the void space on the magnitude of internal parﬁicle losses
is demonstrated in Fig. 5. It is clear from these data that the

3

magnitude of Qe/QoAaffects internal losses oﬁly at large ¥ ° and that
all internal particle losses for Qalues of w% smaller than.fhe
minimum in the.efficiency near ¢% = 0.9 of Fig. 5 are aAresult of
particles impactiné on the top of the ﬁorizontal flqid defiecting
plate (shown in Figs. 1 and 2). From the data of Fig. 5 the excess
blood flow waé fixed at Qe/Qo = 0.15 for all subsequent experiments.
Moreover, it was concluded that tﬁe complete elimination of all
internal losses at large w% would require some redesign of the void
space.and this was outside the scope of the present work.

The effeét of the mégnitude of secondary flow into the void was
investigated and these results‘a:e shown in Fig. 6. Clearly, increasing
Q/Qo decreases intérnalearticle losses and a value of £ = 0.1 equal
to ﬁhat used on most commercial axisymmetric devices was chosen for
all subsequent experiments.

In cqnclusion, all experimental data with the prototype device were
taken with typical fixed values of secondary Q/Qo = 0.10, Reynolds number
Re = 1540 (Q = 30 l/min) and excess air flow Qe/Qo = 0.15. bne‘typical

set of experimental data is shown in Fig. 7.

-ty
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6. DATA CORRELATION
In order to'fully chargcterize the influence of geometry on impactor
performance, important operating parameters are. introduced similar to
those defined earlier by Ravenhall et al. (1978) to correlate
experiméntal'and theoretical results. These parameters have been
modified here where appropriate to account for the secondary or.bleed
flow into the impactor void. THe first parameter is the value of ¢%

for which the total efficiency is

1+ f ' (1)

where f = Q/Qo is the fraction of total air flow passing into the wvoid.

1+ f£
2

Thus for f = .1 we define a parameter w%(E = ) = w?S proportional to
the particle cutoff diameter. 'This'characterizes the cutoff diameter for
the primary flow. Also of interest is a second parameter S which Qe call
the relative dispersion. This represents a measure of the spréad of the
particle efficiency curve E about the particle cutoff diameter. Fbrmally,
S is an estimate 6f the élope of the efficiency curve d(lnw%)/dE evaluated
at E = .55. .Sinée it is desirable to maximize the normalized slope of the
efficiency curve for an impactq:, one seeks to minimize S. Here, we defihe

S in the segment of the efficiency curve away from the influence of the

secondary flow as

s.= VIE = .84 + .165) - PIE = .16 + .84£) @
(-68)(1-f)w%(E = .5+ .5f)

where, in this study,
Ygse ~ Yau4

S(f = 0.1) = T
(o.slz)w;5

(3)
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Additiénallpafameters defined are the peak value and area undér
the loss factor L. The lpss facfor L represeﬁts the fraction of
particles of a gi§en w% which make‘contac;-with internal surfacés of
the device and do not appear at either the primary or éecondary
instrument exhaust. Thus, with either exberiméntal of theoretical
déta, we define a normalized area under tﬁe loss factor.as

0o - -
1
A =/ L(yHd y* R - W

(o]

Theoretical efficiency and loss factors were determined numeritaliy
using relaxagion techniqqes similar to those described elsewhere (Marple,
,1986). The details of the computations for the present application are
described by Ravenhall et al. (1980).. Variation of the operating
characterisfics w?s, A, Lm; S with changes in the jetth-plate spacing
s/&, and tﬁe normaling void width h/w were determined from ﬁhe experimental.
data. These results were coﬁpared with data derived from the numerical

computations and are discussed in the next section.
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7. RESULTS AND DISCUSSION

Experiments with a scaled~up water modei opefating within a normal
range of geometries indicate that thé flow field in the present two-
dimensional device is subject to irregularities for both small (<700)
and large (>i600) Reynolds nuqbers. However, the lower limit in Re
would not inhibit the opefation of axisymmetric devices while more
research is necessary to clarify the potential problem of jet-core
instabilities in round jets at large Re.. Normally, it would not be
necessary to operate rectangular slit impacfors at large Re since
greater flow rates can be achie?ed in devices of this type with longer
slits at fixed Reynolds numbérs.

Experimental and theoretical data in Fig. 8 indicate thaf the
particle cutoff diameter w?S is independent of the normalizéd void width
h/w. Theory demonstra;es a 257 increase in ¢§5 as the jet-to-plate
spacing s/w increases from 0.62 to 1.28. While the latter trend was not
evident from the expefimental results, theory correlates empiriéal results
to within the scatter of the data of.iZ%.

The dispersion S of the total p#rticle efficiency about the particle
cutoff diameter is plogted in Fig. 9. Theory accurately predicts the trend
of ‘increasing S vs. the'normaliéed void width h/w in the data. ‘HOWever,
;he theoretical predictions - are roughly 50% iower than experimental results.
_As in Fig. 8, differenceé.in experimental results for the dispersion S due
to changes in jet—tb—plate spacing over the range 0.62 < s/w < 1.28 were.
not demonstrated. -

TheoreticallandAexperimental predictions of properties of the particle

loss factor L are shown in Figs. 10 and 11. Theory and experiment for both

the peak in the loss factor L and the area under the loss factor A show a
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marked decrease with 'increasing voia width h/w. Theory indicates that
Lm and A should become negligible for large h/w > 1.4, while experimental
data demon;tratés a minimum at a similar value of h/w ; 1.6; Theorefical '
predictiéns of Lm and A in Figs. 10 and 11 are lower than the empirical
results by as much as 50%. However, theorétical trends of decreasing
Lm and A with QecreaSihg jet-to-plate spacing's/w are roughly correlated

with the experimental data.
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II. THEORY
1. SUMMARY

Theoretical predictions using both potential flow analyses and éolutions
to Navief—étokes equationé are made for the operating charactéristics'qf a
;wo—dimensional virtual impéétor. The influence of geometry includihg the
throat angle (38ofliL§58.20)-and normalized véid‘width160}7§ h/w <1.5) on the
particle cutoff diameter, efficiency curve steepness and p?opertiés of the
internal particle loss factor are presented for fixed instrument.Reynoids
numbers Re = 1540 and bleéd flow £ = 0.1. The theory predicts that internal
particle 1ésses reduce to zero as the normalized void width inéreases to |
h/w = 1.4 j.l. Increasing the void width, however, is shown to.substan—
tially reduce the steepness of the particle efficiency curves.

-Visuél observations of the onset of fluid separation'for two-dimensional
jets impingiﬁg upon a void were conducted with a scaled-up water model and
;orrelated with theory. It was found that the limiting void widﬁh hlim/w

marking the onset of fluid instabilities peaked for a intermediate value

of the fluid deflecting plate angle B= 80° with larger values Of'hlim/W

[w -

corresponding to smaller throat angles 66. The limiting void width hlim
also increased with larger bleed flows into the void. These instabilities
may impede the correlation of experimental virtual -impactor data with

theory.
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2. INTRODUCTION

Routipe methods of‘sampling airborne particula;e matter, until re-
cently, involved either the use of a Hi-Volume Sampler over a 24 hour
period for complidnce with ambient air quality standards or multistage cas-.
cade impactor in specific studies to determine the particulate mass-size dis-
tribution and chemical composition. While the Hi-Volume sampler yields the
total particulate mass concentration on a filter and with further4ahalysis
the toqai chemical composition, it&fails to distinguish bétween parficles of
different sizes, i,e. respirable versus nonrespirable. Likewise, use of
the cascade impactor provides the necessary mass-size distribution but in-
volves the following probiems: pafticles bounce off both treated and un-
treated collection surfaces fesulting in erroneous mass loading, multiple
heavy stages yield lower particu;ate mass loadings per stage resulting in
reduced sensitivity, and gaseous pollutants andlvapors react and absorb on the
surface whilg volatile particulate evaporate. In addition, the fixed .
geometry of the cascade impactor makes it difficult to calibrate.

Recently, attempts have been madg to size-classify or at least to fraé—
tionate suspended particles into respirable and nonrespirable sizes with
what are called virtual impactors (Dzubay and Stevens, 1975; Loo et al.,

" 1975). The axisymmetric virtual impactors direct particle laden air at a
round collection probe where particles either impact into a slo%ly pumped

air void or escape, depending on the size of their aerodyamic diaﬁeters.
These virtual impactors-have replaced the solid collection surface of cascade
devices with a virtual surface or air void énd have eliminated the pa;ticle—

surface-interaction pfoblems.
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Previous theoretical studies of two;dimensional virtual impactbrs using
~a potential flow analysis are those of Forney et al. (1978) Who‘correlated
observations with fluid flow characteristics taken from a scaled-up water
model, and Ravenﬁall.gg_gl. (1978) who characterized the pérticle sizing
capabilities sﬁch as effiéiency curve steepness and properties of the in-
terh;1 loss speétfum. The’geometry analyzed in both of thesé works was a
simple, parallel throat jet impinging on a void with no bleed flow. A
theoretical étudy‘of the fluid flow patterns and particle sizing characteris-
tics of aﬁ axiéymmetric jet impinging on a collection probe has been con-
ducted by Marple (1980), who numerically solved the Navier-Stokes equatioﬁs.
Previous experimental work onltwo—dimensional virtual impactors are those

of forney (1976) and Forney et al. (1980) who provide extensive experimental
data on a self-similar prétotype device.

In the present study theoretical predictions are made of the fluid élow
propefties and the particle sizing characteristics of a two-dimensional
converging throat virtual impéctor. The geometry analyzed has been cons-
rained to minimize the number of dimensionless groups needed to charactérize
instrument performance, as in the previous work of Forney (1976, 1980). |
Properties of solutidns'assuming ideal fluid fiow, which represent an ex-
tension of the earlier work of Ravenhall et al. (1978), .and new solutions

that account for viscous effects are compared and discussed.
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3. POTENTIAL FLOW
3.1 Ideal Fluid Transformations
" The cross-section of—fﬁé‘device is shown in Fig. 1A, together with some

féatures of the'desired flow patterﬁ. Compared with our'previous analyses, two
new characteristics complicate the problem: the converging throat, and the
- bleed flow. While the basic methods used are the same as in our previous
wofk, all aspects are modified considerably. It is necessary, therefore, to
document the transfoimations and analysis.

The physical device, represented in the z-plane, consists of an axial'
wall GO, and a wall Aﬁ inclined at an angle Bo to it, to form a converging
entrance jet. The width of the throat is w. The plate ED which guides the
emerging jet at an angle B to the axial wall, and which has a perpendicular open-
ing h, is to be placed so that its continuation intersects the axis at 0,
coincident with the continuation of AB, This self-similar geometry, a construc-
tionally simplifying property, imposes a constraint which tﬁé subsequent ;raﬁs-
formations must allow for.

A fraction f of the incidentlflow Q is to be bled off into the void‘space.
For simplicity it is assumed that the free streamline bounding the flow," which
leaves the axial wall at the bifurcation point F, continues into the void,
ultimately, at K, paraliel to the plate EF. The plate is assumed to be infinite-
simally thin at E, so that the streamliﬁe which arrives there divides into two
parts, going to J in the bleed flow and’tb D in the emerging jet. The free
streamline BC bounds the other side of this jet. At the point H oﬁ the axial
wall the fluid velocity, zero at G and cénstant in magnitude from F to K,
achieves its maximum value. It is evident that for the device prpperties to be
consistent with ideal fluid flow, H must lie upstream of F, and be distinct
from F. It is this requirement which will limit the value of the opening, h,

.of the plate. The two idealizations in the foregoing description, that the
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bleed flow is ultimately parallel to the plate and thét the platé has infinite-

simal thickness at E, are not essential, and could be avoided. However, because :
of the small rate of bleed flow and of boundary layer effects not inciuded here,

they are not expected to affect significantly the results to be obgained.

The transformatioﬁ planes which permit us to achieve the device are also
shown in Fig. 1. The cbmplex potential W of the flow (where dW/dx==V*, the
complex‘conjugate of v the fluid velocity) is confined to the infinite horizontal
strip ACKG, of width equal to Q, the flow rate. The deflecting plate is horizontal in
this plane, and displaced down a distance fQ corresponding to the fraction f of
bleed flow into the void space. The origin is chosen to be the point F.

The straight boundaries and free streamlines of the device are all repre-
sented as straight boundaries in the plane of the Kirchhoff variable Q==log(ufdz/dw),
uc being the velocity of the emerging jet. The points G and A, the outer ends
of the converging jet where the fluid velocity is vanishingly small, go to in-
finity in this plane. The horizontal lines CD-JK and BA have vertical positibhs
determined from the angles g8 and 30; The positions of the vertical line JK-F
and the point H, related to_ the velocity of the free streamline FK and the
maximum axial fluid velocity, are not prescribable,however, but must be deter-
mined by the mutual consistency of the mapping procedure.

To éonnect the variables W gnd 2, they are both mapped onto the upper
half-plane of a subsidiary variable E. The point F is taken as the origin in
£, and B the point g£=1. The other characteristic points of the W and @
planes, CD, E, JK, ané H, then occur at the £ values ¢'2, e2, 2 and —q2
respectively. These four quantities are parameters whose values must‘be chosen
SO as to‘reproduce if possible the desired dimensions of the z-plane device.

(The variable £ corresponds to the square of the variable ¢ introduced in earlier

work, and it is for consistency of present formulae with that work that the four
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quantities are introduced as the squares of real quantities.) It is evident
2 2 22 '
from the E-plane topology that -q <0<c<e <'Xl.
The Schwartz~Chrlstophe1 transformation which maps the horizontal strip

of the W=plane onto the upper half—plane of £ leads to the differential

.'relatlonshlp

dw W21 2, 2.-1 ‘ .

& e (e= 7 (e ) (g 7 (1)
Integration of this equation, with constants determined by the position of F

and the width Q of the strip, yields

(2)

The condition that the fraction of the bleed flow is f then determines the para-

meter'éz, in the form

2%y (1-F) f . | | - (3)

Thus W is simply related to & by

2 2 ~ .
W c' “= c - \ K
T = f log —'ig + (1-f) log -—f . _ (4)

In g, the flow pattern is that of two sinks at JK and cD, of felative strengths
f and l-f, with E as the stagnation point between them. For any useful value of
f not equal to zero, the relationship between W and g may be'invérted only
numerically.

'The interior of the ~ "dipper' shaped object of the o plane and the

upper half of the ¢ piéne are linked by the Schwartz—ChriStophel'relatioﬁship

-k .‘ ' '
(-1 ig-c' H T e-cH) T R (gD 5)

Its integral, in the form.
Q =c '{(q2 +c'HF(p\a) + (1f‘c'2')'H(1/c'2;¢\a)}'+D, (e
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involves elliptic integrals of the first kind, F(¢\a), and of the third kind,
T(n;¢\a) as well as constants C and D to be related to the dimensions in the

Q plane. The argument ¢ of the elliptic integrals is

1

o qfeq 127 %

¢ =tan _g_\l < 2] s (7
L& ¢

and the modular angle o is
' 2 2% |
= cos—l ___1=—c < (8)
¢ 2 .— 2| ,

c 1-¢

In the complex plane of ¢ the region of interest covers the vertical half-étrip
0<_Re¢i"/2’ Im'¢2_0. Both functions F and Il have aAbranchpoint at <1;c=<

m/2 + 1 lqg cotd/z, whiie Il has also a pole at ¢p = sin-lc'. Fixing the
constants C and D of the (Q expression requires the values of F and T at the
various extremities of the ¢ region, which for F involve K(a), K'(a) the
complete elliptic integrals of the first kind. For the function H'the

corresponding values are denoted as follows:

. i, H-*Aina(lld'\g) ; (9a)
$>T/2+1i log cot /2, T =» Hb(l/d'\a)'+iﬁc(l/d'\a)- (9b)

In terms of these quantities and of the known dimensions in the @ plane, the

constants C and D may be determined .to be

= - '2 - ‘
C Bo/[kl "I | , (10a)
D=~i g . ) : o (10b)
o .
The g-plane parameter q2 is also fixed by‘the consistency of the mapping to be_

2

q®= <1-c'2>['<"-8+60>ﬂc/80 —Ha] /X' (a) =<' (1)

: 2
Thus there now remain only two undetermined g£-plane parameters,c  and c'z. The
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Aconstrainté fhat implicitly determine them are fhe z-plane parameter ratiolh/w
and fhe requirement qf selfjsimilarity.‘ .
TheAdésign combinétion of Bleed flow with a parallel incident jet is also
accessible at this‘stage. .It involves'the W(E) relationship deduced here, with
the Q(E) relationship obtained in our earlier work. 1In the-présent notation,

" that relationship takes the form

Q ﬁ=log(ufw/Q) {F(¢\a)/F(sinf1c?\a) -11}. (12)

It is thé limitiug case, as Bo-+0, of the more general expression used in the

‘ pfeseﬁt work. |
Anopher limiting case may also be noted, that of a solid plate (h=0) with

a convgrging', incident jet. :This requires f=0‘(no bleed flow) in the W(g) o

expréééion, and an  mapping in which the vertical side jK—F goes to Q=+ =,

The: parameter gz of the g plane is no iOnger needed, and the Schwartz-Christophel

transformation may be integrated in terms of elementary functions,to yield

Q =(80/7T) log[&;'+(£'2 2)2]
-s )%+ (1+c')]

>%+1<1 "]

[g'+(g"

- (1-g/m) log (13)

[g'+(g'2 2

where g' =¢ - l(1+c'2) and s = l'.-(1—c"2‘). The other g-plane parameter q2 has
; 2 2 v

the value

q2=c'(1r—8)/80 . ‘ : e (14)

The relatlonshlp of the W(g) and Q(&) transformatlons to the z-plane, and

i

thus ‘the determination of the device dlmen31ons produced by assumed values of
éz and ¢ 2, is achieved by numerical 1ntegratiqn. In principle the integrals may

be defined by a contour of any prescribable shape in either of the planes W or &.

The definition of @, which on inversion gives
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dz _ 1 @ '
aw  u, © . (1)
f
leads to the two possible integrals for the distance between‘twov

points P1 and P2 in the z-plane:

: WP,
2(P)) - 2(2) = = j 27 AEID gy (16a) -
£ W(Pl) '
£(,) <
} uif 2O g e
£ gy

Inversion of the W(E) relationshib is required in the first of these expressions,
which suggests that the second form may be more convenient.  The con-
verging nature of the flow ip the £ plane, however, means that roughly equal
distancés in z cofrespond to quite different distances in £, depending on how
close to the sinks at c2 and cfz the points Pi and P2 happen to be. A numericai
integral with equal intervals can thus be very waéteful of computer time. The
ratﬁer intricatelnumerical problém of the inversion of w(é), to be done using

Newton's method of linear extrapolation in the complex £ plane, was finally

achieved by the use of four separate starting approximations, for the four

regions of incident jet, outgping jet, bleed jet and the‘region around the
plate edge E. With this inversion available for all W and £, it then proves
much more straightforward to do the integrals in thé W plane. For most of the
integralé involved, the contour is a ‘straight line joining W(Pl)'and W(PZ)'
Integrals starting at the points B, E or F have a square~-root end-point
singularity,ihbwever, which for a small part of the integral near the point
is allowéd for by a suitable change of variable.

To obtain the physical dimensions of the device for assumed values of c
" and c', .the distances are caiculatéd from B to E, and from B to a point P.a

little upstream of H, to give



o
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Im[z(P)-z(B)] =w, - - (17a)

z(B) - z(E) =h-w + id. ‘ (l7b)
The first of these results determines w, and thus the‘physigai.scale of the.
device. (The quantity Q/uf introduces the dimension of léngth into the problen,
but w itself is not prescribablg.) By trigonometry, the"inteféections.of the
incident‘jet wall AB and of‘the platé DE with the axial wall GO may then be |
calculated. These two infersections will not in general be coincident. For a
given value of c, a search is made on c' by Newton's method to find the value at

which the continuations of the walls intersect at one point, at which stage

“self—similarity of the device has been achieved. The device at this stage

has known dimensions w and h. The value of h/w‘may now be explored as a func-
tion. of the angles Bo and B.

For self-similar geometries'(i.e. a determined value of c¢' for a given c)
a search may now be made on ¢ to obtain a prescribed.value'of h/w. As with an
earlier‘study with a parallel incident jet, it is found that h/w may not>take

on all possible values. There is a superior limit h m/w which occurs (at

1i
varying values of c¢) when q2 becbmgs equal to zero. In the z plane, the point
H, where the axial velocity‘reaches its maximumvvalue, "touches F, the end
éf phe free streamline on which the‘velocify is constant in magnitude. In the
8 plane the indentation HF . disappears. It is evident in either plane
that fﬁrther métion of H 1s prohibited. For several values of‘the throat angle

BO, the value of h m/w as a function of the plate angle B is shown in Fig. 5.

1i

A typicgl set of fluid streamlines for a determinate géométry (i.e., h/w <

hlim/w) is shown in Fig. 2.
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The limitation on h/w is a property of the mapping we have chosen
(Fig. 1) rather than an absolute limitation on the applicability of potential

flow. The appropriate mapping for h > h corresponds to detachment of the

lim
emerging jet from the fluid deflecting plate. A free streamline starts at
the plate edge, and forms the lower boundary of the emerging jet. The trans-

formations corresponding to these mappings are straightforward, but are not

given here.
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3..2 Particle Trajectories

The quite standardlmethods used in earlier work to calculate the trajectories
of injected particles were made sufficiently flexible that they work in these
generalized flow patterns with no substantial changes.The equatioh of motion of

. . . . 3 . + - 3 . -+ .
a particle of mass m, moving with velocity v in fluid of velocity V., is accord-

f

ing to Stokes' Law

n k@ -9 . o - | ‘ (18)

The unit used for fluid velocities (in the definition of Q, for example), and
for v is Ug, the velocity of the outgoing jet. -The unit for the device size
and for -the particle position X (where 3==d;/dt) is w the throat opening:. The

dimensionless equations to be solved are thus
d(x/w)/dt =??/uf , S (19a)

d@/up) fat = Gplog=Viu/u (19b)

where t=uct/w, and p=muc/Kw. With the simple assumption that m= %ﬂ a3p R

where a is the particle radius and p its density, and that K=6mna where n 'is the
. . . 2 2, -
fluid viscosity, then u=7g puga [wm.
The convenient dimensionless quantity to quote in practice should involve
not u. but Go==Q/w, the average fluid velocity at the throat. The ratio uf/Go==R
is obtained during the calculation of the flow pattern. The customary dimension-

less variable Y is thus given by ¢=u/R and it is thé'quantity

5 a o5 fum) (20)
) —a(§ pu_/wn) , | .
directly proportional to the particle radius, that is used to characterize the
" particle-sizing properties of the device.

For a given device configuration a file of information is calculated which

contains positions in the z plane and fluid. velocities on a grid of points,
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rectangular in the W plane, that adequatel& cover the device. 'By third-order
two-dimensional inferpolation from the four clqsest points, the fluid velocity

at aﬁy position ;, 3f(;), may be obtained. Particles.are inserted into fhe
incident jet, at some reasonabledistance from tﬁe throat, with initial velocities
equal to the local fluid Veloéity. The ipitial posifion is in fact specified

in .the W plane, as WS==(£w—iyw)Q. The starting coqrdinatesﬂ;S calculated by
Eq.(16® from WS, for Ve ranging from zero to one, lie approximately on a circle
centered at 0, the wall intersection point. As a function of the Stokes para-
meter u? and- of the starting position as specified by Yo the rest of the problem
is' the same as it was for a straight jet. ‘A trajectory is.followed until (A) it.
enters the void space or the bleed flow, or (B) it collides with the plate or
will AaSymptotically do so, or (C) it escapes with the emerging jet; Functions
yw(wg) corresponding to the A:BC separation (frqm those particles which hit the
edge E) and .to. the AB:C separation are shown in Fig. 3. It is evident from the
procedure described that these are, or provide the material for (in the case

35

that yw(w ) is double-valued) the separation efficiencies desired.

3.3 Scaled-up Water Modgl

| ‘Features of the impactor flow field were observed and recorded with. a
scaled-up Plexiglas water model as illﬁstrated in Fig. 4. The ﬁodel was
immersed and anchored in a 25 gal water tank with the outlet connected
directly tg a centrifugal pump. Dye was injected into the throat of the
quel from tygdn tubing connecting three stainless steel iﬁjector nozzle;
to a cylindrical reservoir suspended above the tank. Tubing clamps

i

regulatéd the flow of wasﬁéble water diluted, black India ink into .the
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three injection lines positioned at the model throat in a plane midway
between the top and bottom model surfaces. The model was designed with
a fixed throat angle Bo = 45%nd a variable deflecting plate angle

o

B = 101°, 90°, 79°

, and 68°.

3.4 Onset of Instabilities

The potential flow solution for virtual impactor geometries becomes
ind;términate for lafge'nOrmalizéd void widths hjw (Forney, et al., 1978;
Ravenhall, gg_gl.ll978). The value of h/w = hlim/w at the onset of theoreti-
cally indeterminate geometries marks the developmeént of fluid instabilities
near the leading edge of thée fluid défle¢ting plate. Thése instabilities
appear as an unstéady kink or curl on the fluid stieamline ihtetsecting the~
leading edge of the plate. If the void width h/w is increased further the
jet begins to protrude down into the void space below the impaction region
arid to separate from the defecting plate (see Fig. 7, Sec. 4) and the élow
field, in genéral, becomes less stable. These instabilities unddubtedly'
contribute to thé disparity which currently exists betweén'éxperimental vir-
tual impactor data and theoretical predictions. Recent attémpts to theoreti-
cally correlate axisymmetric virtual impactor data have beén unsuccessful
(Marple, 1980) with regard to the magnitude of thé internal particle losses.
Attempts to correlate characteristics of the internal particle losses for
two-dimensional virtual impactors (Formey.et al., 1980) have been moderateiy'
successful but the disparity between theory and experiment increased with
fargetAvoid widths h/w. These latter results appéar to be éonsiStentAwith
our observations of incteased lévels of instability in the scaled-up water

models as the wvoid Yidth increased.
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Theoretical values of the limiting void width hiim/w have been
determined over a range of deflecting plate angles B for each of three

°, 45 and 60° with bleed flows of £ = 0 and 0.1

throat angles Bo== 30
where f represents the fraction‘of the total flow which escapes into thé
void épace. These resulté are shown in Fig. 5. Visual observations of
the 6nset of instabilities for a constant throat angle Bo; 45° have been
»recordgd with the watér quel and these values are also indicated in Fig. 5.
As caﬁ be seen, the flow fields appear t0vbé theorétically and experimentally
more stable for interﬁediate values of the fluid deflecting plate anglé |
B v 80° at all values of throat angle Bo and bleed flows f. In particular,
the experimental observations suggest that for a typical bleed flow of
f = 0.1, plate angle B = 900 and throat angle Bo = 450; one may expect to
have incrgasing difficulty correlating experimental virtual impactor data
aé{h/w'inc;eases beybnd'h/w v 1.1, |

The effecf of the secondary flow f én the magnitude of hlim/w was also
determined theorétically and experimentally. Fig. 6 demonstrates that the
range'éf determinate geometries increases with increasing secondary flow f.
It is'apparent ffom these results that larger bleed flows into the void
space ‘would tendAto stabilize the fluid flow pattérns of ‘two-dimensional

devices.
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4. VISCOUS FLOW

4.1 Fluid Flow Fields

The Navier-Stokes equations were s6lved for flow field.geometfies of
the type shown in Figs. 7 and 8. .The eqﬁatiqnsiwere written in finite
difference form and a relaxation technique was used to provide values of
the stream function and fluid velocity at each of the node points in a
rectangular grid. For the application of similar -imethods tg axisymmetric
virtual impactprs the redder is referred to Marple (1980). The impactor
géometries are cqnstrained in this section, as in section 2, such that pro-
jections of the inclined throat walls of Figs. 7 and 8 and the fluid
deflecting plates would intersect at a common point on the left wall of both
figures. The dimensions of'the dévice are expressed in terms of throat
angle Bo, fluid defiecting plate angle B and norméiized void widtﬁ h/w
in the samé manner as iliustrated in Fig. 1A.

Numerical calculations were performed for fixed B = 90°, bleed flow

f = 0.1 and Re = % = 1540 for each of three throat angles B = 38°, 45%nd

58.20,'covering fhe range of normalized void width 0.6< h/w <I:5. The "

value of Re = 1540, corresponding to some of our éxperimental observationms,

s

was chosen since little difference in fluid flow properties was noted for
Re > 103 and it would be unusual to operate’ at smaller valueés of Re.

Fluid streamlines are shown in Figs. 7 and 8 for h/w. =.l;0,~l;5,» interior
streamlines representing percent of fluid flow passing to the left“of each
streamline within -the thrbat“are shown for values.of lO%,.SO%.and‘9OZ. In
addition outer streamlines fepresenting4the boundary between redirtulating
-flow and. the :jet are shown. As noted in Fig:. 7 the 10% streamline has just

begun to protrude into the void space and there is some separation on

the horizontal fluid deflecting plate. This is consistent with the
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prediction of the onset of separation for this geometry at h/w = .95 from
the results of the potential flow analysis indicated in Fig. 5. At larger
void widths the fluid protrudes further into .the void space with grea;erl

separation on the deflecting plate as shown in Fig. 8.

4.2:‘Particlé'Trajectories

Fluid véiocities-at each §f the node points in the rectangular grid
systém covering the device geometry are inserted'inté the equations of
motion (Stokes' Law) for a particle. The procedure for following parti-
cle trajectories in the flow field is similar to that outlined in Section
3.2 where Stokes Law and other dimensionless quantities are defined. It
is assumed here, as before, that‘pafticles are distributed uniformly across
the throat entrance. Particles are'inserted'into the iﬁcident jet, at . |
some reasonable distance from the throét, with initial velocities equal to
;he local fluid velocity.

Particles afe followed in the flow field és a function of starting

%

position and Stokes parameter ¢ °, and the remaining procedure is siﬁilaf to
that outlined in SectionA3f2. Referring to Fig. 9, a trajectory is followed
until (A) it enters the void space or the bieéd flow which is designated as
region v, or (B) it collides with the plate ‘designated by region p,.or ©
it escabes with the emerging jet designated by region e. In the absence of
doubled valued contours with respect to w% which can occur in both potential
or viscous flow fields, it is eésy to construct, as shown in Fig. 9, the
totalAefficiency ET repreéenting the fraction of particles entering the
device which do not éscapg ;n the emerging jet. Likewise, EV represents

the fraction of particles which enter the void space or the bleed flow. The
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fraction of'particles which strike the fluid deflecting plate is L, the

or L=E, - E_.

T v
For the device geometry of Fig. 9 the void width is narrow and the

vertical distance between ET and EV
fraction of particles which s;rike the plate is large. As the void width
h/w is increased the region p representing the fraction of particles
striking the plate collapes until it can représent a quite irregular region
as shown in Fig. 10. These contours are clearly double valued with respect

1
to w6 and care must be taken to construct the efficiencies ET and EV, For

these device geometries, particles‘pass do&n into the void.space'with the
jet near the leading edge of the fluid deflecting and some may bg swept
back up into the emerging jet and down onto the top of the fluid deflecting
platé. As the void width h/w is increased the régiqn.p disappearé in which

case no particles strike the plate and ET = Ev'ag shown in Fig. 11.
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Fig. 11 Particle Efficiency Curves (viscous flow)
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5. OPERATING CHARACTERISTICS

Particle efficiency curves were determined for fixed bleed flow f = 0.1
and fluid deflecting plate angle B = 90° for each of three thfoat.angles

0

B = 387, 45° and 58.20. The potential flow calculations for the mappings

0
assumed were constrained by a upper limit to the normalized void width
hﬁ#= hlim/w' There were no constraints on the magnitude of h/w for viscous
flow calculations and particle.efficiency curves were détermined for the
fange 0.7 < h/w < 1.5, |

To fully characterize the influence of geometry on virtual impactor
performance, several important operating'paramegeps are defined which
describe salient features of the particle efficiency curves. These are
identical to those defined earlier by Fornéylgglgl, (1980). The first
parameter called the particle cutoff diameter is the value of w% for which
the total efficiency is

where f is the fractigh of the total air flow in the bleed flow. Thus for

f = 0.1, we define a parameter

L ! '
VPE=1+E) =yl | (22)

proportional to the particle cutoff diameter, This characterizes the cutoff

diameter for the primary flow. The results of the numerical computations

AN

1 ’ 1 :
of wgs are shown in Fig. 12. The computed values of w?s appear to be rela-

tively insensitive to changes in void width.
Also of interest is a second parameter S which we call the relative
dispersion., This represents a measure of the spread of the particle

efficiency cdrve E. about the particle cutoff diameter. Since an ideal

T
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impactor would provide values of S equal to 0,one seeks to minimize S for
real devices. Formally, S is an estimate of the slopé of the efficiency
curve d(1ln w%)/dE evaluated at ET = .55 for £ = 0.1. Here, we define S in
the segment of the efficiency curve away from the influence of the secondéry
flow as |

VHE = .84 + .16F) - y(E = .16 + . 84£) (23)
(.68) (1-£) Y*(E = .5 + .56)

S =

where, in this study

TR
Vgs6 ~ Y244

S (f = 0.1) = —= -
(0.612) “’;5

The numerical computations of the relative dispersion S are shown in Fig.'13,
It is clear from TFig. 13 that the relative dispersion S.increases, and

the device becomes less desirable as a partiple size classifier, as the void
width h/w increases. Impro&ed performance is also indicatéd for larger
throat aﬁgles Bo for both potential and &iscous flow calculations.

An additional parameter defined is the peak Lm in the loss factor L
which represents the fréction of particles of a given w% which make contact
with the fluid defecting plate shown in Figs. 1(A) and 7. The results of the
numerical - calculations of Lm are showﬁ in Fig. 14. The sharp peak values
of Lm computed by potential flow calculations shown in Fig. 14 are b;unted

when one includes the.effects of viscous boundary layers. In addition, the

peak values of-Lm are sharply reduced as the void width,h/w increases.
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The final parameter defined is the area under the loss factor L. Thus

we define a normalized. area under the loss factor as

A= 1T LY 4 e - < (25) -

The results of numerical computation of A are shown in Fig. 15. As indi-
cated there is a marked decrease in A as the void width increases to the
value of h/w = 1.4 + 0.1 where A > 0. 'The viscous flow calculations also

indicate that some improvement would result by operating at larger throat

angles 80.
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Fig. 17 Particle Efficiency Curves (viscous flow)
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Fig. 19 Particle Efficiency Curves (viscous flow)
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PREFACE

Flowlproperties of parallel—throat virtual particle
impactors, assuming‘an ideal fluid in two dimensions,‘are
derived from conformal mapping techniques. The aerosol
impinges on a rectangular voida Fluid deflecting plates are
.inclined'at~arbitraryAangles to the incoming jet. Numerical
simulation of partlcle trajectorles and the inclusioén of

variable secondary flows into the void augment the scope of

the study. Partlcle sizing capabllltles for various theoreti-

cally admissible instrument geometries are explOred- Useful
ranges of normallzed void width ratio h/w and normallzed
jet-to~-plate spacing s/w, at fluid deflecting plate angles

B = 70°, 90°, define‘the geometry. Numerical results
demonstrate that internal partiecle losses are reduced as

the v01d width is increased.

Py
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" I. INTRODUCTION

The presence of micron size particles in the atmosphere
implies a developing technology COncerned with understanding
the aerodynamic properties of fine suspensions. " These small
partlcles, typically on the order of 3 um in diameter, represent
a potentlal health hazard,as they may penetrate into the inner- -
most regions of the lungs. Also, the llght—scatterlng abllltles
of small partlcles cause hazy ambient condltlons whlch reduce
visibility. |

Commonly, mﬁltistage cascade impactors or hi-volume samplers
are used to sample airborne particulate matter. Problems asso-
ciated with these devices have stimulated additional research.
' Single stage particle impactors are oommonly used today. Both
virtual and inertial imgactors find application in particle
'sizing. A particle-laden fluid stream approaches a collection
surface; a sharp turn draws'tne fluid away from the region where
the heavier particles impact. Small particles also exit the
device, so that the impactor may ciassify aerosols with regard
to their aerodynamlc particle size. The advantage of the virtual
1mpactor over the solid-plate (i.e., inertial) impactor is the
elimination of partlcle—surface 1nteract10ns. Large particles
cross into a stagnant region below the collecting plate, leaving
a void .space at the outside of the turning fluid A secondary
flow, drawing a fraction of the 1nc1dent fluid into the void,
also functions to allow large particles to leave the flow

field quickly and efficiently.



A fundamental understanding 6f the nature of the flow'field
at every point can bé derived from solving the Laplace eqﬁation'
of potential fluid flow. Davies and Aylward [1] were the first
to involve conformal mapping techniques in deriving these

closed-form analytical expressions for ideal fluid flow. Their

solution described a two-dimensional jet impinging normally on
a solid plate. Ravenhall and Forney ([4]), [6], and [7]) have
adapted potential flow theory for virtual impacfors. The focus
of this researchvis a parallel throat virtual impactor, including
secondary flow, with'afbitrary’geometry. Because ﬁhe jet
Reynolds numbers are typically large (> 103), an ideal fluid
solution presents a good approximation of the flow pattern.
The potential flow theory of Section 2 develops'the
" equations needed to connect the complex planes which map the
fluid flow. A discussion of thé numerical procedureé involved>
in constructing the figures is éontained in Section 3, while
Section 4 describes the significance of such curves. Section 5

concludes this work.



2. THEORY

2;1 Ideal Fluid Trahsformationsl

‘ The z-plane of Figure 1 is a representation of the desired
fldw pattern for the‘iﬁpactor.' A line of 'symmetry, on which lies
point F, divides the full device into two cdnceptually convenient
halves. In fact, point F represents the blfurcatlon point of the
.fluld flowing down the plpe with outer wall AB. The void space
is defined by h, the.perpendlcular distance from the line of‘
symmetry to the leading edge of the deflecting plate, point‘E-'
The distance s, perpendicular,from the leading edge Etto the'end
of the throat at point B, is the jet-to-plate spacing. The width
of the enterlng jet, the distance w, is the scaling factor for
- the devlce geometry. That 1s, the normalized dlmen51on1ess
, ratios'h/w and s/w characterize the systeﬁ geometry. The fluid
deflecting plate, represented by ED andlghidind the emerging iet,
-may be inclined at any angle B8 relative td'the parallel walls
of the entering pipe.

A fraction of the 1nc1dent flow Q is to be. bled off into

the void space. Thus, in the w—plane,,the distance fQ represents
: the_bled fraction'of the total incoming flow. Boundary condi-:
tiohs for the outermost portion of the secondary flow are that
. the fluid starts at the bifurcation point F and continues into the
void space, ultimately becomihg parallel to the plate ED at the
point K. At the 1ead1ng edge the plate must be 1nf1n1tely thln,

{e} that .the fluid arr1v1ng there can separate into two. parts,
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. one going to J in the bleed flow,“and'one going to b in tﬁe

emerging jet. Also, both FK and BC are free streamlines. The

entering veloeity is u_, and ug is the exiting fluid velocity.
The potentlal flow solutlon to the problem involves a

complex potentlal W, where
a : _ (2.1)

and V* is the complex conjugate of the fluid veloc1ty. ‘Because
the device is two-dlmen51onal the analysis depends on-: the two
-Carte51an coordinates (x, Y). For any analytic function W of the
~complex ergument (x + iy) = z, both the real and imaginary parts
satisfy
viw=0 , C(2.2)

which is Laplace's'differentiai equation. From

W(x + iy) = ¢(x,y) + i ¢ (x,y) (2.3)

it can be shown that

55 = iag - : S (2.4)

Since

W' _ 39 . oY

% " 5% + i Ix (2.5a)
and

W _ 39 , . 3y . :

7w S &gt 1, 2.5b

ay y 9y ‘ . ( )

@

=
e
b



99 _ 3y . ~
3% - 3v - ° ' (2.6b)

<

W(z) is the stream function, with ¢ being the poténtial function.

From Equations (2.6),

<
|
|

(2.7a)

vy T T ae - |  (2.7Dp)

As a consequence of satisfying the Cauchy-Riemann equations, the
curves ¢ = constant and ¥ = constant are everywhere orthogonal
in the flow field. Hence, fluid velocities are perpendicular to
the lines of cbnstant potential, implying that ¢ ='COnstant'is

a streamline, upon which velocity is conétant. In this way,

one méy alsotconceiﬁe of Yy as a stream function.

Conformal mapping fécilitates solving Laplace's equétion
in a particular region by transforming that région intoAthe unit
circle or an upper half-plane. Once thé solution is found in |
the new location, subsequent transformation back to the original“
region results in the desired solution.

Referring to Figure 1, the W-plane is an infinite strip of
width Q, where Q is the volumetric flow rate. The deflécting'
~plate ED is.horizontal, at a distance vabeiow,the real axis.
Therefore; the horizontal plate AB must lie a distaﬁce Q'below¢‘
the real axis. Point F'is simély chosen as the Qrigin;‘ |

Beyond the point B, the emerging jet is bounded by the
free streamline BC;.similarly, SubSequent toApoint F, the free

streamline FK bounds the flow. One can envision another complex
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lplane inlwhich straigﬁt lines represent the boundaries to the
flow. The introduction of the Kirchhoff variable © =

log (uO dz/daw) 1éads to the f-plane, whérein ImQ =86 -,

Qhere 6 is the chaﬁge in angle of the'fluid velocity. The clésed
reqtangular area in this diagram represents the flow-boundariés |
of the:device. The Quantity»uo is the veiocity of the incident

' jet', far enough upstream of the throat‘té bé constant across_the.
Cross section. The fluid, ﬁravelling parallél.to AB, does not
"change angle until it feaéhes.the-throat; Thus, AB is on the
real axis in the Q-plane. From B to C the fluid follows a.free

( streamline, whereon the magnitude pf veiocity'is constant, but
'angle is constantly changing; thereforé; EC iies vertiéally;

Ih a similar fashioﬁ, FK is a verticallline,lwhereas DE and EJ
are horizontal lines in the Q-plane. The distance from B to CD

(or JK to F) is determined by the magnitude of B, the ang1e of-"

- the deflecting plate relative to the incoming fluid velocity

vector. Although the locations of the sides JK-F and CP-B are not
_ prescribable, they define the magnitﬁde of the fluid §elocity _
at the free streamlines.

A subsidiary variablé § connects the complex variables W
and Q. The,région betWeenAthe boundaries in the W-plane, as
well as the interior of the rectangle in the Q-plane, are mapped
"onto the upper half;pléhe of the'E-plane by‘a straightforward
application.of the Schwartz-Christophel thedrem. The transforma-
fion includes all of theAsalient features of the © and W planes.

Point F is taken to be the origin, and B is chosen to be at 1



on the real_axis.’ The points JK, E, and'CD also lie on this
axis, at'cz, e?, and.c'z, respectively. This ﬁotation is
consistent with earlier work by Ravenhall [3]. These g-plane
parameters have‘values~which are cohsistent_with the dimensions
of the actual device. By iﬁspection,‘o < c2 <~é2 < c'2 < 1.
From the Schwartz-Christophel theorem, the dlfferentlal
relationship between W and g is
Fe-chTe-ete-At, (2.8)

Integration of this expression gives

| 2 _ 2 2 2 2 2

_Q |c'® ~ e c'” - e” - c c - -&1

"= [—z—z tog =—o— * Ty 3 log —TJA(”)
c - c” c c'" - ¢ Ke :

apart from constants which are found from the p051t10n of F and
the w1dth Q in the W-plane.

To ensure that f describes the bleed fracﬁion of the total
inéoming flow, COhsider thevfldw field in the W-plane. Here,
the flow muét separate into two parts about the ‘stagnation poiht
E; a ffaction f continues to infinity at JK, while the remaindef
goes to CD at infinity. . The E—plane_reinfbrces this‘cbndition;.
the:points4cz‘énd c'?‘représent sinks of re;ative_magnitudé £
and.(ll— f), with é2 as Ehe intermediate stagnation point.  It

foilows that.

(2.10)'

0]
!
Hh
Q

or

e T S o (2.11)



Using the latter expression, W and £ are related by

W ¢ log c_ - & + (1 - £f) log SL————JQ . (2.12)
Q : C2 c.2 .

Clearly, there is no analytical solution for £ # 0 in terms of
W and constants; hence, numerical inversion must be employed.

A second Schwartszhristophel transformation_links Q with E:

dQ

-4 — '5 '2
e (- DTHE - o

)R g - AT (2.13)

The boundary condition on the flow is that the ex1t fluld

'

veloc1ty is uf, 1ntegrat10n of the last equation reveals

2(€) = log (Gf) {F(o\@) /F(x\a) - 1} . - (2.14)
o _

F represents an incomplete elliptic integral of the first kind.

The modular angle a of this function is given by

2 2 1, .
cos a = | & (1 -2c )2 : ’ (2.15)
(1 - ¢c%) ¢! E _

- the argument ¥ of the'constaht factor involving F By

. y o | o

c
—_— ' _ (2.16)
[:1 —‘c'z:} ' : ‘ , B

and'the ¢ dependence of the argument ¢. by

: I ' 2 . L '
tan ¢ = L < 5= 1:' , ' (2.17)
. » ) 1 - cl g |

._tah X

~

as shown by.Ravenhall (41.
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Knowing the height m - B of the rectangle in the Q-plane,

the ratio R = uf/uo“can be determined from Equation (2.14):

ln R =4(ﬂ'— BY F(X \ a)/K'(a)‘, o (2.18)
whereAK;(a) is the complete elliptic iﬁtegral

K' (a) = F([m - BI\[r- 8 ~a]) . (2-19)

Numerical integration relates the W(§) andlﬂ(E) transforma-
tions to the z-plane. In this way, assumed values of cz and c'2
determine the shape of the physical device representation. Any
prescribable contour in either the W or the £ plane will

theoretically permit COmputation'of distances in the z-plane. -

From the'definition of the Kirchhoff variabie,

1 ' A A
————ﬁ—-e . _ (2.20)
Distances in z may be found bj/either

W(PZ)

z(Py) - z(P,) =:§; (BN gy (2.21)
W(P,)
or ‘
E(P,)
- =1 {7727 _Q(8) aw
2(e)) - 2(R)) = "8 oM ag . (2.22)

g(pl)
Although Equations (2,12) and (2.14)-appeaf to make evaluetion
of Equation (2.22) easier'(since numerical inversion of.Equatien
(2.12) is required for evaluating.the other integral), it turns
out that the Wfplane contours are better:suited for numerical

integration. 1In the £-plane, the flow pattern converges in the
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region.of'the‘sinks at c? and ¢'? on the real'axis; If P, and
sPé’are in this‘area, relatively small intervals are needed to:
perform the integration, an effort that is wasted elsewhere.
Such a time-consuming approaoh was abandoned in favor of a

numerlcal scheme to invert the W(&) relatlon of Equatlon (2 12).

-+ D. G. Ravenhall explains the computatlonal detalls more fully in

'sl a study of a related device contalned in Reference [3]

Assumlng values for the E-plane‘parameters cz and - c'2

" the physical'dimensions of ‘the device are obtained from judicious
~ choices of P, and P, in EQuation'(Z 21). The computed dlstance

between B and E leads to determlnlng the void w1dth h, since
z(B) - z(E) = (h -w) +id, ~ (2.23)

for .some imaginary diStanoe d. Also, given a value for the plate.

angle B, the value of s is obtained from

_ _h :
s=fmg*td - (2.2

The dinensionless parameters s/w and h/w describe the allowable
device geometries; As there is a theoretical limitlon the magni-
‘tude of h/W,'tne investigation of flow field3properties and device
,characteristios-ls only numerically pursued for'a-range of
-permissiblelgeometries. A.typical set of.streamllnes is depicted

"in Figure 2.

2.2 Particle Trajectories
Stokes' Law relates effective partlcle mass m to fluld

velocity Ve and the particle's own velocity v in ‘the vector'



. Figure 2. Ideal Fluid Streamlines .

A
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differentialbequation of motion

av L ,

magg =K (vg -v) +» (2.25)
whefe K is a proportionality constant. This equation governs
the motion of a particle initially moving with fluid streémlinés'
in thé entering flow. Particle trajectories may extend into the E
Void'Space, ihtercept the plate ED, of continue with the exiting
jet.” Exactly where alpérticle willAgo depéhdé on'its étarting
position Yo upstream of ‘point B (in the"W—plane, 0> Yo > -w),
the'consténts K and m, and the fluid flow pattern; A dimension—
less relaxation time T characterizes particle motioﬁ. .In the
sdaiing uﬁits‘ué.and w, |

ugt .
T= -  (2.26)

]

so that the normalized equations tracing the particle's

trajectory'are

a (¥ v o B
-d—_r-[-\,;v—]=a—— (2.27)
o S
and :
v N (v v _ :
R S (2.20)
0 o o A

This last equation clearly demonstrates that the Stokes number
mu

Y = TE? characterizes particle motion in flow fields. The

‘simplest assumption is that of spherical particles, wherein

m'= %Aﬂa3p, if p,is.the density and a is the radius. Also,

K 6mua, where u-is the fluid viscosity. By substitution, the
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Stokes number may now be expressed as

v =%,a20 u,/wp . o (2.29)
However, it is more expedient tb have a dimensionléss parameter
proportional to particle radius. Therefore, one defines the
quantity
| V7 = a(% puo/wu)y2 . | (2.30)

Particle trajectories are determined from the numerical
integration of Equation (2.28). The necessary information is
obtained from the previously computed fluid properties for a
particular device geometry. Interpolation between tabulated
‘velocities yields Ve at any point in the flow field. Assumed
values of starting position and Stokes number, together with the
-intégration of Equation (2.28),'determine particle-destinétions.
Because of its mass (and so its momentum), a particle may not
remain 6n fluid streamlines as the jet ﬁurns the corner.down-
scream of point B. Only the small particleé{will leave with the
- exiting jet. Thus, it is useful to define tﬁo fractionating
efficiencies, one for particles plunging into the void, and the
other for those-particlés collected on the Surfaée-of thevplaté
ED. E, is the fraction of particlés‘of-a certain size wﬁiqh
enter the void, numerically equal to the value of |yo|/w for.
which the trajectory hits the leading edge of thegplate. All
particles passiné upstream of point E, fhen, are éollécted:by
the void. Note that any particle starting with ly l/w < £ will

surely go into the veid, since particles cannot get out of the
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hleed flow for any value‘of w%. Therefore; the;vertical axis.
intercept'must be numerically equal.to*the bleed fraction f.-

| The fraction of 1ncom1ng particles whlch are collected by
‘a:'elther the void or the collectlng plate is ET ' The numerlcal |
value of [y | /w for a trajectory which asymptotlcally 1ntercepts
’ the plate, for a glven particle size, is the quantlty ET. ~Thlsh
'.tetal efficiency manifests the -ability of such a.device to
remove partlclee of a certain Size from a fluid stream.

Implieit in.the'Calcﬁlatien Of'efficienciee are the
aesumptlons'of a uniform density of.particles across a"starting
"' section of the ineeming jet and of a monotonie and increasing
fnnctional'relation between Ys and w%. Indeed,:each'virtualv
impactor COnfiguration<here investigated‘exhibited this behavier;
A further assumptlon was that the partlcles began w1th unlform

veloc1t1es, so that they would 1n1t1ally all travel with the

fluld. This condition necessitated numerical 1n3ectlon of the

- partlcles suff1c1ently upstream of the throat at B to reach a.

". cross section of unlform fluid velocity. Several significant

o three‘partlcles are the same size (w

particle trajectories in a typical flow scheme are illustrated‘

in Figure 3. Trajectory Tl enters the void space, T, hits the

2
leadlng edge of the plate, while T3 asymptotlcally 1ntercepts
‘the plate far downstream of the prlmary impaction region. The
g = ,45), but their startlng
DOSltlonS were chosen to 1llustrate the varlety of impactor |
'partlcle paths.

A loss‘factorvL; where
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L =E, - E. ’ "(2.31i

represents the fraction of particles of a giveh size which are
collected on the plate. EXperimentéiiy, such.particles‘are
Aéluéive, and. it is.difficult té evaluate the performancglof the
aevice, The locué of points'L-evaiuated‘over all w% is a.loss
.specﬁrUmi the s-shaped fegion of the typical efficiencies plot

of Figure 4. Thé maximum”efficiency of the device for any size
particle is given by thé‘maximum value of this curve, L, This

- loss spectrum maximum is also equivalent to the Fifference

“(Bp = EQ), when E, = 1.0.

T T

Another useful gquantity is the area under the loss spectrum,
A. Integration yields the total number of particles lost to the

. ' ’ 1
plate; for a variable 6.= y? ,

A = I. L(6) 4o . ' (2.32)
0.

Aé the void width increases to its tHeoretical maximum, the area
under the loss'spectrum decreaées. "Figure 5 displays this
property of loss spectra.

For an impactor, partidle discrimination capabilities may

%,prOportional to that

be estimated from a "éutoff"lvalue of y
~size particle for which the -device has a :emovél efficiencyvdf
.50. That is, w?o for a particular device ‘implies that larger
particles are capturéd, whilé smaller particles eséape in £he

exit jet. The accuracy of this last assumption depends on how

o . : , L ) 1
steep the total efficiency curve is in the region about wgo.

So. that one may effectively compare efficiency curves for a



1.0 T T T T
B = T70° R
s/w =128 -
h/w = 1.4
f=01
> N
ps
m’-
-
Ll —_
| | l | ~
1.0 1.2 .4 1.6 1.8 20
g2 |

Fiijure 4. Total and Void Efficiency Curves, Loss Spectrum,. '
A =0.1808, s = 0.541, L, = 0.627, tb'sio = 0.538

8T



- 08—

06—

. B =‘90° '

s/w =128
f=0.1

10

\PIIZ

Figure 5. Comparative Loss Spectra -




20

large range of particle diameters, a plot of efficiency as a
L .

function of log y? is required. Such a technique assures a
~uniformity of shape which would otherwise depend on particle
size. Then it is the relative.steepness of this type of curve
- that is significant. The slope is defined as

. Li ! .

- d(log ¥°) o - ‘

S ik ' (2.33)

which may be evaluated numerically from
k5 .S

B _ Ve -6 + RPN
s=(BNU-DHFE TCIOA -5 + £ (2.34)

(.68) (1 - f£) wf,so)(l - f) + f

where S is the relatlve dlspers1on of Stokes parameters about
w?o for a partlcular efflclency curve. The fractlonatlng

- capacity of an 1mpactor is enhanced by max1mlzlng the slope
of its ‘efficiency curve in this crltlcal region’ about the

~cutoff partlcle dlameter. Therefore, the quantlty S must be

minimized for optimal performance.
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3. NUMERICAL PROCEDURES

The potential flow theory developed in Section 2 allows
‘one to compute flow field properties for a range of éevice
geomét;ies. The jet-to-plate.spacing; void openiﬁg, bleed
fraction, and deflecting plate anéle may all be varied, althoggh
not independently. To solve for any given quéntity, it is
necessary to specify two. of the other three. For example, to
calculate a particulaf void space, one might specify deflecting
plate angle (B) and bleed fraction (f). Once these‘faﬁios are
, specified, it is sufficient to propose the é-plane parameters
'cz and-é'z; which iﬁply'the additionai parameter e2 of.Equation
.(2.10); Because the point B is always at (1, 0) in &, evéluation
of Equationg (2.20) and (2.21) will now lead to computation of
'the void opening. The contour of integration is the straight
line in W between the two triél points ﬁapped from the E-blane
to the W-plane. ‘Once the distance froﬁ B to E is known, the
void width h‘follows straightforwardly from trigonometry. The
jet-to-plate spacing s also results from this latter compﬁtafion.
Hohever, to-determiné a particular geometry, one must also
specify s initialiy so that an iterative search may'ensure that
éz and c'2 have the correct values for the desired device
~aimensions. Besidéslthis latter check within the iterations,
there are other means by which the procedure maintéins self-
consistency.. Obviously, the salient features of the mappings
must correspond to the'thSical syétem; Additionally, the

procedure should necessarily yield a_device in which the
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entrance has a width 1 (in unlts .of w), ‘and in whlch the

N

emerglng jet width (w ) satisfies
u, _ -
Yem SV |5 . , | - (3.1)

which is required of an incompressible- fluid. Ravenhall'
presents computational details, particularlyvregardingjthe
evaluation of the elliptic integrals for Equations (2.14) and
"(2.18);in Reference [4]. | |

As’the parameters c2 and'.c'2 tend to 1, the‘walue of h/w
approaches‘a theoretioal limit. - A perusal of Figure 6 shows B
the numerlcal sens1t1v1ty of computlng a limiting void w1dth
In fact, calculatlons in this regime necessitate determlnlng

h/w and c 2.from.g1ven values of s/w and c2.

2,2

The topology of
~ the E-plane map requires 0 < ¢“ < ¢

< 1, which restricts the

2A= c?z.

allowed values of s/w and h/w to the reglon above c
Prior work by Forney, Ravenhall and Winn [4] demonstrates that
such a limit is con51stent with the assumed mapplngs. A brancb.;
p01nt in the analytlcal expres51ons for h/w ex1sts at c' 2 = l;
SO that larger values of h/w are not allowed. Forney, Ravenhall,

and Wlnn [4] present some phy51cal arguments for an upper bound

u on v01d w1dth

i)

Also 1nherent in the £-plane Configuration is a relation
between the secondary flow fraction and the location of the

sinks. The fraction f of the incoming flow is -envisioned. to

2

arrive at point E (e in &), while the remainder goes to CD»
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(c'2 in £). The transformation planes of Figure 1, drawn fér
the case B'= 70°, s/w = 1.28, £ = 0.1, and h/w = 1.4, the same
geometry for which the efficiency curves were dréwn, illustrate'
a self-consistent set of stfeamlines. The stream functibn-w
varies between,the values at the bOundaries, 0 and 1.0. It

is readily apparent that the bleed streamline, ¥ = 0.1, alWays
sinks at point E. Also, it is clear from the insert of the -

'E—plane that

e2 - c2 ' .
£ =", | (3.2)

or. that E is f of the way from JK to CD.

The numerical sénsitivity_enCOUntered as ¢ and ¢'? tended
to 1 complicaﬁed the determination of hlim/w' Increased numerical
precision was required as the parameters approached 1 in the
E-plahe. But to have sufficient computational accuracy when the
gquantity kl - c2) was émall would have meant making the calcula-
tions in other regions needlesSly.tiﬁe4éonSUming and expehsive;
lAs a result, values éf‘h/w as (1 - c2) went to 0 became large,
clearly above the correct limit. Carefui observation of the
consistént numerical.behaﬁior-of h/w, plotted as a function of.;
(1A—'cz), revealed a tangential~;pproach to a line intersecting
hlim/w'On the ordinate. Thatjis, for decreasing values of

(1 - c?),’h/w'béCame linear before‘diVergihg'numefically to
approachﬁthe vertical axis more gradually as (1 - cz) + 0.
- Hence é4g£aphical procedure for determining the limiting vdid

width was adopted to circumvent this problem.A Extrapolating a
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plof_of h/w as a function of (1 - cz) when”the curve becomes -
1inear_determines hlim/w. Figufe 7 is a sample extrapolation
for the case B = 70°, s/w_= 0.8, £ =0.1. ‘The vertical
intercept defines the theoretical upper bound for.e device
of this geometry as 1.386. |

The numerical construction of efficiency curves follows
precisely the pactern deVeloped in Section 4; one may either fix
particle size ana,scan efficiencies, or the reverse. Since
fluid streamlines are horizontal lines in the W-plane, a
judicious choice for beginning,tfajectOries is the right-hand
side of this map (see Figure 1).: Because the width of the strip:
is hnity, the ordinate of an efficiency curve also,represents '
particle starting position. In hhisuway, one may specify a
-starting position in W (and so in the entering flow) and scan
particle sizes, conceptuallyimore realistic. In order to compute‘
fluid velocities anywhere in the flow field, a systehatic grid

i
of information proved useful. . Dividing the W-plane into equal

strips under the imaginary axis, flow properties-Were computed. .
along each "streamline" at intervals equal to the vertical
increment; fhis scheme created a square'mesh which followed
fluid streamlines, so that in the z-plane, the grid actually iay
in curvilinear coordinetes. A third—order interpolation of
information at the four ciosest mesh points determined the

fluid velocity Ve fof any point in the flow field.b Because ﬁhe

particle's initial velocity was assumed to be equal to the local

fluid velocity, it Qas necessary to begin the mesh'suitably
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dliead of the throat at B, so that the fluid velocities were
nearly constant at the initial cross-section. And although the
velocities were always withiﬁ 1% of each othef at the mesh
origin, particles were inserted at the third grid point to
ensure accurate computation of the derivatives in Eqﬁétions
(2.27) and (2.28).

‘As a means for effectiQe cémparisoh of device characteris-
tics, the loss spectrum areas were normalized with respect to
the unit area of an efficiency vs. Stokes' paraméter graph.

The unit square was a conVenienﬁ quantity, especially for
relating the parallel throat results to prior work on converging
throat impactors. An analytical technique for detérmining areas
seemed cumbersome and wasteful, since any nﬁmerical schenie would
‘rEquire systematic interpolation of the efficiency curves. |
Alternatively, a graphical procedure involving the use of a
standard planimeter proved adequate for finding the area under
the loss spectra.

The numerical procedures conveyed herein are conveniently
self-checking. If the mappings (of Figure 1) produce a deviCe
representation of the intended‘COnfiguration, then the solution

is valid and meaningful.
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4. DISCUSSION OF RESULTS

Particles .of various sizes and starting positions may be
ndmerically injected into a flow pattern and traced as they-
move according to Stokee' Law. The characteristic eff1c1en01es'
of a parallel throat virtual 1mpactor are shown in Figure 4.

The curve Ev represents the efficiency of the void scace‘for
collecting approaching particles. The other curve represents
the total efficiency of the device. The sigmoidai nature of E
reflects the real device property of coilecting some large
particles in the void epace.

" There are two ways to interpret the efficiency curves.
AEach size of particle has certain associated eff1c1enc1es,
depending on the 1n1t1al throat p051tion.f Also, particles of
various sizes may have a given efficiency. From Figure 4, any
point above or to the left of o reéresents a particle lost to
the main stream exit; any point below or to the right of. E,
depicts a partlcle caught in the void space. Then the region
between the curves ET and Ev accounts for the particles which
impact on the deflecting plate;. ET'and E -themselvee represent
the limits of partlcle collection on the plate. 'A point just
to the left of Ep exits with the jet, while its neighbor on Eq
asymptctically approaches the plate far downstream. vsimilarly,
a point on”E represents-a particie which interceptslthe 1eading
edge of the plate, whlle the next larger particle (i.e., hlgher"
w *) continues into the void space. The trajectories T2 and T3
of Figure 3 illustrate these limiting cases. Threevparticles
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of wg~; 0;45 were placed along a cross éectién far upstream of
the iméaction plate, and their representativé trajectories
demonStréte Where particles may ‘'go in the de?ice.

| The inherent flekibility of the theory of Section 2 allows
one to rapidly explore vafious device'configurations for flow:"
field properties. Eigures 8, 9, 10, and 11 relate jet—-to-plate
épacing}.plate angle, and bleed fraction to limiting void space.
E.W. Cannon experimentally explored s/w and £ as functions of
hlim/Q’ Aiow‘values of s/w and small bleed flows were trouble-
some in the laboratory, and the theoretical corrélation in these
regions is fair. ‘However; over much of the ranée of interest,
~agreement is'gbod. The'secondary flow data in particular ére
consistent with theltheory: The limiting .void width increases

'~ with both f and s/w. Figure 10, a plot of h /w as a function

lim
of B, sﬁggesfs that the theoretically admissible void space
increases with decreasing plate angle, givén a particular f and
s/w. This figure clearly reiterates that for a giveﬁ £, the
limiting void width increases with increasing s/w.

As demonstrated in Figure 5, the sizé of the loss spectrum
decreases with increasing void width. This reduction in area is
also reflected in Figures 12 and 13. On the other hand, Figures
14 and 15 imply that reaucing h/w would benefit a desigﬁ, since
a sﬁall value of Slpromotés effective particle sizing. The
parametersls and w?o (the efficiency steepness and particle

cutoff value) are both computed from ET’ the total efficiency

curve. Optimization of device geometry would involve
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determination of the relative importance of these opposing
parameters, which is beyond the scope of this text.

All of the composite curves (Figures 12-19) span a
particular range of h/w, from 1.0 to 2.0. As Fiéures 12 and
13 demonstrate, a lower limit exists for the geometries of
interest. If h/w were less than 1.0, any particles starting
to the right of the upward projection of point E (refer to
Figure 1) could never make it into the void. An eff1c1ency
curve (E ) for such a device would asymptotlcally approach
some llmltlng eff1c1ency less than 1.9. As it is, a parallel
throat impactor with h/w = 1 has an 1nf1ni£e1y large loss
spectrum. Figure 12 in particular indicates that A decreases
more slowly for higher vaiues of h/w. Fiéﬁres 16. and 17
suggest that the choice of s/w may not be. very critical, at
least regarding L - As shown in Figureé 18 and 19, the cutoff
Stokes' parameter decreases with increasing h/w. Interestingly,
the € curves cf Figures 14 and 1% increase first rapidly[ then
more sléwly; before diverging for large h/w. Since thé aim is
to minimize both S and'A, choosing an intermediate h/w might
be a good compromise for both curves.

Because these figures are only two—dimensionai, and A; S,
L., and w?o each vary with 8; f, s/w, and h/w, one must fix -
three parameters for each cémposite curve.  Given B8 and £,
contours of_constant s/w span fhe desired range of h/w. For
Bl= 70°, thfee jef—to—plate spacings are chosen to'cofrespona

with convergingvthroat angles 38°, 45°, and 58.2° of the
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self-similar VirtUal_impactof of an earlier work [3]. For the

éoﬁverging throat,
o ‘ 5 .

where By is‘the throat angle. When B = 90°, the iimiting void
width'for s/@ = 0.62 isdonly 0.957, bélow.the h/w range of
interesff Ten percent bleed fldw (£ = 0.1) and a 90° deflecting
plgté angle represent a typibal virtgdl impactor afrangement.
Vériation of the plate angle (e;g., to B = 70°) ‘allows one.to.
compare different device geometries.

One may evaluaﬁe changing~the plate angle by comparing each
pair of composite éurves. While B ='90° has éonsistenﬁly smaiier
areas tﬁan B = 70°, S is always smailer for the smaller plate
angle.” Also, L for B = 705 lies just abové its corresponding
value When B = 90°. The w?o curves are too close to ascertain
‘ any'meaningful treﬁd, ‘Resblution of the conflicting tendencies
of smaller A but greafef.s for B = 905 might lead to determination

of an optimum plate angle. While Figure 8 shows that h m/w is

' 1i
a stronger function of s/w for B = 70° than for B = 90°, it is
not clear that this is a desirable property. Further investiga-

tibﬁ of the intended applications for the device may lead to a

more rational set of design criteria.
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5. CONCLUDING REMARKS

Conformal mapplng techniques have produced a potent1a1 flow

The fluid deflecting plate angle, jet-to-plate spacing, void
width, ahd fraction of secondary flow are varied numericélly,
allowing rapid exploration of a range of interesting device
'geometriee. Salient feeturescof particle efficiency curves
suggest deéign criteria. 1In particular, particle lcsses to,thé
collecting plate should be minimized for ease of operation.
Additionally;vparticle‘sizing capabilities are enhahced with a-
sharp device cutoff cﬁdracter. These cohsideratiOns ccnflict
for void widths of interest; - Operating a device at or near its
4theoretica11y limiting VOid width would minimize particle losses,
but hinder size—classifying. Optimization of impector design
requires clarification of the relative importance of these
ccntradictory tendencies. - The aim of this text was simply to
develop a solution scheme for tracing the movement of particles

in an ideal fluid, under the influence of Stokes' Law. .
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