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ABSTRACT

This work is subdivided into four parts. The
first part consists of characterizing high jet veloecity
impactors, developing their scaling criteria to facilitate
instrument design and prediction of impactor performance
under conditions where no calibration data are available.

The second part discusses the problem of
distortion of size distributions by aerosol sampling
instruments because of particle size changes occurring due
to vapor or condensable phase transport to and from the
particles. The severity of the problem is demonstrated both
theoretically and experimentally for a few commonly used
aerosol sampling instruments.

The third part is the development of a 'Particle
Trap Impactor' working on the virtual impaction principle.
The inherent problems of bounce and re-entrainment in
conventional impactors is minimized, without the addition of
substrates such as grease, in these impactors. The result
of operating the unit at high temperature is also
discussed.

The final part is the calculation of the
scavenging rate of particles due to differential impaction.
The results are used to determine upperbounds on the number
concentration of particles entering the impactor to minimize

biasing the measurements.
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CHAPTER 1

INTRODUCTION



1.1 Motivation

Combustion sources and many other high temperature
industrial processes generate large quantities of submicron
particles. These particles provide a large surface for
condensation of vapors (1,2). Hence, they can be enriched
with volatile and toxic species. Although they are only a
few percent of the particle mass generated in coal
combustion, they may account for as much as one=fifth of the
aerosol emitted to the atmosphere (3). These particles are
more difficult to remove than the larger ones. It is,
therefore, very important/to know the size distribution of
the aerosol generated by these processes to enable design of
effective particulate control devices. |

The cascade impactor is an instrument that has the
ability to sample and collect particles with size
segregation. They consist of a series of stages, each
having a converging nozzle through which an aerosol flows
normal to a collecting surface. Particles too large to
follow the gas streamlines deposit on the collecting
surface. Smaller particles proceed to the lower stages with
decreasing nozzle diameters (increasing gas velocities) and
are progressively collected with higher efficiencies.

Conventional cascade impactors (operating in the
incompressible flow l1limit and at ambient conditions) have
been used to obtain reliable aerosol size distributions.

They have been well characterized (4), and can measure size



distribution of particles down to 0.3 micron in diameter. A
few other impactors, using high velocity jets, have been
developed to classify particles down to 0.05 micron in
diameter. Very few calibration data are; however, available
for such instruments. An understanding of the scaling laws
is neéessary if such impactors are to be reliably used at
conditions other than those for which calibration data are
available.

Antibounce coatings (such as grease) cannot be
used for high temperature measurements, thus reducing the
reliability of data obtained from impactors used under such
conditions. Inherent problems of bounce and re-entrainment,
and the need to use impactors at high temperatures, led to
the development of the virtual impactor (5). However,
plumbing and flow control complications make such multistage

impactors impractical.

1.2 ObJjective

This work aims at developing instruments which can
classify particles down to a few-hundredths of a micron, and
can also be used to obtain size distribution data at high
temperatures., The presentation of this work is outlined
briefly.

Chapter 2 aims at developing the necessary scaling
and design criteria for high velocity inertial impactors

which can classify submicron aerosols. Chapter 3 describes



problems in the use of aerosol size measurement devices due
to vapor (or volatile constituent) transport to and from the
particles leading to size changes within the instruments.
The development of a particle trap virtual
impactor is described in Chapter 4. The results of testing
the device under ambient conditions and its advantages over
conventional impactors are demonstrated. The use of the
"Particle Trap' impactor at high temperature is outlined in
Chapter 5. The problem of coagulation of particles in the
impingement region of the impactor by differential impaction
is described in Chapter 6. Chapter 7 summarizes the entire

work and lists the major conclusions.
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CHAPTER 2

BIGH VELOCITY INERTIAL IMPACTORS



2.1 Introduction

The efficiency with which particles of diameter d
will be collected on a given stage of a cascade impactor is
a function of the impaction parameter or Stokes number:

p.Ud?

St or ‘”='1PBUWC (2.1)
vherepp isthe particle density, U is the jet velocity,p
is the dynamic viscosity, D is the width or diameter of the

Jet and C is the Cunningham slip correction factor, i.e.,

¢=1+2 [1.257 + 0.4 exp(-0.55 ¢/3)] @

where ) is the mean free path.

The Reynolds number of the impactor jet, the ratio
cof the jet-to=-plate spacing, S, to the jet width or diameter
D, and the impactor geometry also influence the collection

efficiency. Within a limited range of jet Reynolds numbers

500 < Re(= %9) < 3000

for incompressible jet flows (Mach number M = U/a < 0.3),
and for length ratios in the range
0.5 < s/D < 5,

the collection efficiency is a function of the impaction
parameter alone (1=-3), i.e.,

n=n(y) . (2.3)
Impactors which satisfy these criteria and operate at
atmospheric pressure are generally capable.of classifying

particles larger than a few tenths of a micron in diameter.



Smaller particles can be classified if impactor
stages are operated at reduced pressures so the particles
begin to slip relative to the gas. If the jet Mach number
is below about 0.3, the particle drag coefficient 1is
constant throughout the impaction region, and the scaling
eriteria described above are still valid.

Impactors in which the pressure is reduced by flow
through a critical orifice so that the low pressure stages
may be operated in the incompressible flow regime have been
constructed (4,5). Particle size cuts as small as 0.05
microns have been achieved in these multiple jet impactors.
The pumping requirements for such instruments are, however,
so large that their use has been limited.

Particles as small as 0.05 micron diameter have
been classified in compact instruments having modest pumping
requirements but in which jet velocities have been increased
to or near the sonic limit. In the instrument developed by
Hering, et al. (6,7) the pressure is initially reduced by
passing the aerosol through a critical orifice. The
pressure is further reduced by the high velocity flow
through the low pressure stages. Pilat, et al. (8) reported
an instrument in which substantial pressure reduction is
achieved without the use of a critical orifice. This
pressure drop must be accompanied by compressible flow
through the jets of some of the impactor stages. Although

the latter instrument has not been fully calibrated, the



size cuts estimated by microscopic analysis of the collected
particles are about a factor of two larger than was
estimated by using the incompressible flow scaling criteria
(8). The former instrument has been calibrated, but only
for one inlet pressure and temperature (P = 745 mm Hg. and T
= 295 K). Nonetheless, this instrument has been used to
obtain size resolved aerosol composition data in land based
studies at elevations as high as 2300 m msl (mean sea level)
(9) and in aircraft sampling at elevations from 2600 to 3000
m msl (10). The sizes of particles collected on the high
velocity stages in these experiments are uncertain due to
the reduction in the inlet pressure. Similarly, use of the
impactor at higher temperatures or in gases other than air
also presents problems in data interpretation.

An understanding of the scaling laws for high
velocity impaction is needed if high velocity impactors are
to be reliably used at conditions other than those for which
calibration data are available. Israel and Rosner (11) have
recently defined a generalized impaction parameter which
takes into account variations in the particle drag
coefficient due to particle Reynolds number effects (non-
Stokesian flow) or fluid property variations. A
perturbation method calculation of the velocity gradient at
the stagnation point was used to incorporate a correction
for flow compressibility up to a free stream Mach number of

0.4 into the generalized Stokes number. High pressure drop
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impactors may be operated with sonic jet velocities (Mach
number, M= 1), well beyohdthe limits of the perturbation
solution. Flagan (12) suggested a somewhatvsimpler approach
which is an approximation to the use of the generalized
Stokes number. Noting that particle drag is most important
close to the impaction substrate, it was suggested that the
impaction parameter be calculated in terms of the Jjet
velocity and gas viscosity and mean free path corresponding
to the stagnation conditions. Although few calibration data
were available for high velocity impaction stages, the 50 %
cutoff Stokes number, Stggs appeared to be independent of
the jet Mach number when St was computed in terms of the
fluid properties at the upstream stagnation conditions.

An experimental study of the aerosol fractionation
characteristics of high velocity impactor stages was
undertaken in order to elucidate scaling criteria suitable
either for the design of new instruments or for the
prediction of the performance of existing instruments when
they are operated at conditions other than those for which-
calibration data are available. Since the performance of an
impaction stage depends on the pressure at which it is
operated and, therefore, on the pressure drops through all
of the upstream stages, the relationship between the
pressure drop and the flow rate through an impactor stage
has also been examined. On the basis of the results of the

experimental study, sample calculations have been performed
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to examine the following two cases of compressible flow
impactor operations:
(i) operation of a conventional impactor at flow rates
large enough that compressibility becomes important; and
(ii) operation of a low pressure impactor which
incorporates choked (sonic velocity) stages at inlet
pressures and temperatures other than those for which

calibration data are available.

2.2 Experimental Method

The impactor used in the present study is based
upon the design of Marple and co-workers (1,2). Extensive
theoretical and experimental investigations of the
performance of this impactor in the 1limit of low Jjet Mach
numbers have been conducted, providing data for comparison
with the results of the present high velocity impaction
experiments (1-3). A single stage impactor in which the
jet-to=-plate spacing and jet nozzle diameter can be varied
was constructed (see Figure 2.1). A filter downstream of
the impaction stage collects those particles which bypass
the impaction plate. The entire system is sealed with O-
rings to allow operation at elevated or reduced pressures.
Pressure taps and feed=through for internal pressure
measurements are also provided.

Calibration aerosols were generated by atomizing

solutions of sodium fluorescein with a constant liquid feed
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rate atomizer (13). The aerosol was neutralized by using a
xr85 decharger and then dried in a silica gel diffusion
column. The dried aerosol was then classified with a TSI
model 3071 electrostatic'classifier to produce a
monodisperse calibration aerosol. The electrostatiec
classifier was calibrated by transmission electron
microscopy of samples collected with a thermal precipitator.
Impaction experiments were conducted with glass cover slips
greased with Apiezon-L as impaction substrates. The
quantities of sodium fluorescein collected on the impaction
substrate and on the glass fiber filter were determined by
fluorometric analysis with an Aminco-Bowman spectrophoto-
fluorometer of extracts prepared according to the procedure
of Hering, et al. (6,7).

Stagnation pressures upstream and downstream of
the impaction stage (points 0 and 3 in Figure 2.1,
respectively) were measured. A pressure tap 0.36 mm in
diameter at the center of a flat plate the same size as the
impaction substrate was used to measure the stagnation
pressure on the impaction plate (point 2 in Figure 2.1).
The flow rate through various impactor nozzles was measured
as a function of pressure ratio and the upstream stagnation
pressure in order that the pressure ratio=flow rate

relationships could be elucidated.
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2.3 Calibration Results

The jet velocity may be estimated by using the
isentropic flow relationships and assuming that the pressure
at the jet outlet, P1, is equal to that downstream of the
impaction plate, P3. The jet velocity increases with
decreasing pressure ratio, r = P3/Po, where Py is the
stagnation pressure upstream of the impaction stage, until

the sonic 1imit is reached at

rsiﬂ*s(z)-l (2°4)
y+1 o

Further reductions below this critical pressure ratio have

no effect on the jet velocity since the flow is choked. The
flow in the jet impingement region may, however, continue to
change for r < r'. For this reason, we shall characterize
the impactor performance in terms of the pressure ratio, r,

instead of the jet Mach number. The Jet velocity is

f x-1
\—-Z—YTRT (l-rY) T ro>r*
=10 (2.5)
v:
2 RT :orgrt
\ L "o . s

where y = C,/Cy is the ratio of the specific heats for the
gas, R is the gas constant, and TO is the upstrean
stagnation temperature.

Flagan (12) reported that the pressure at the

center of the impaction plate of a high velocity impactor
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with a small jet-to=-plate spacing (S/D = 0.5) was very
nearly the same as the upstream stagnation pressure for
pressure ratios larger than r’ and decreased to about 83 ¢
of the upstream stagnation pressure at r = 0.2. Figure 2.2
shows the ratio P,/P5 as a function of r for three values of
the jet-to=plate spacing. As the ratio S/D is increased,
the decrease in PZ/PO with decreasing r for choked flow
becomes more pronounced. Hence, the suggestion (12) that
the gas properties be evaluated at the upstream stagnation
conditions becomes questionable for impactors with large
values of S/D.

The flow rate through a converging nozzle is
conveniently represented in terms of the dimensionless mass

flow rate

% - 0 (2.6)

where m is the mass flow rate and A is the nozzle throat
area. The dimensionless mass flow rates for a number of jet
diameters and for a jet-to=-plate spacing of S/D = 2.5 are

shown in Figure 2.3. The isentropic nozzle flow rate

-1
17y %(1_,.Y): P> p

S 1
( 2 )FT 2y

741 T T rgrx

32
"

(2.7)
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is also shown. At pressure ratios greater than ri, the flow
rate decreases with increasing r. For r less than r', the
flow is choked so the mass flow rate does not vary. The
observed variation in flow rate is similar to that for
isentropic flow, but the flow rates are less than the
isentropic flow rate and vary from one stage to another.

The nonideal nature of the impactor nozzle flow
rate may be taken into account by introducing the discharge
coefficient, CD, which is defined as the ratio of the actual
flow rate to the isentropic flow rate through a nozzle of

the same area, viz.

-1

1/v4) 2y _T).
G r Y-l(l r s r>r¥

(2.8)

30
"

1
&

y-1
2 2y .
" (Y*1> Vol Prsr

The discharge coefficient depends on the inlet and outlet

geometries of the nozzles and on the pressure drop in the
nozzle throat. For a given impactor design with fixed S/D,
the geometries of the inlets and outlets of the various
stages are similar, but the jet Reynolds number, Re =pJﬁD/u1,
and aspect ratio, L/D, vary. The major source of the
variation of the discharge coefficient is, therefore,
expected to be viscous dissipation in the nozzle throat.

For a developing lamipnar flow in a tube, the pressure drop
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depends on the parameter ReD/L. The discharge coefficients
for pressure ratios ranging from 0.2 to 0.97 are plotted as
a function of ReD/L in Figure 2.4, The Reynolds number was
evaluated in terms of the fluid properties at the jet outlet
(poeint 1 in Figure 2.1). These data are well correlated by

the relationship

0.310(Red/L)%*1%% . 35 < ReD/L < 1000
0.930

(@]
]

(2.9)
ReD/L > 1000

which is indicated by the s0lid line. Data for S/D = 2.5
are indicated by so0lid points. Also shown as open points
are results for S/D = 0.5. It is apparent that the
discharge coefficient is not strongly influenced by the jet-
to=-plate spacing over this range.

A number of impactor calibration tests were
conducted with a spacing ratio of S/D = 2.5, the inlet air
at atmospheric pressure, and pressure ratios ranging from r
= 0.95 to r = 0.2. The impaction parameter for these tests -
was evaluated in terms of P, (measured in the aforementioned
experiments) and Ty, = T,y d.e.,

o, U, d? 2\
=.P1 2 (2.10)
St or v 18u20c<f) .

The measured collection efficiencies are plotted vs. (St,)”2
in Figure 2.5. These results indicate that the value of the
Stokes number corresponding to 50 § collection efficiency,

Stso, does not vary significantly with the pressure ratio,
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Figure 2.4 Discharge coefficients for impactor stages with
impaction plates installed at S/D = 2.5 and S/D = 0.5
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12,95 mm; € D =0.787 mm, L = 12,12 mm; ® D = 1.0
mm, L =6.35mm; & D= 1.50mm, L= 9,65 mm.
Correlation ( Eq. 9 ) ‘
O Impactor stages with S/D = 0.5
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r« The shape of the collection efficiency curve is also
invariant for pressure ratios larger than 0.5. As the
pressure ratio is reduced below the sonic 1limit, the size
cuts become somewhat less sharp than observed for subsonic
flows. The increased uncertainty (indicated as one standard
deviation by error bars) at large Stokes numbers is due
primarily to the limited ability of the electrostatic
classifier to eclassify particles larger than about 0.1 micron.

At high jet velocities, the pressure and
temperature variation in the Jet impingement region
influences the particle drag coefficient through the gas
viscosity and the slip correction factor, C (which is a
function of the mean free path). A series of experiments
were conducted to determine whether, at a fixed pressure
ratio of 0.5, the shape of the collection efficiency curve
is influenced by the particle Knudsen number. The results
presented in Figure 2.6 indicate that the shape of the
collection efficiency curve does not change with particle
Knudsen number (evaluated for the particle size which is
collected with 50 § efficiency). The reduction of St50 at
KnSO = 0.62 may be due to the large jet Reynolds number of
that experiment.

The impaction parameter for 50 § collection
efficiency is plotted as a function of the overall pressure
ratio, r, in Figure 2.7. The value of Stso obtained by Rao

and Whitby (3) is also shown. The solid points correspond
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to the Stokes number evaluated in terms of the measured
stagnation point pressure, P2, while the open points
correspond to evaluation in terms of the upstream stagnation
pressure, Po. It is apparent that Stso evaluated in terms
of P2 is, within experimental uncertainty, independent of
the pressure ratio. The use of the upstream stagnation
pressure as previously suggested by Flagan (12), on the
other hand, results in a dependence on r for the present

jet=to=-plate spacing of S/D = 2.5.

2.4 Cascade Impactor Performance

A multistage impactor sampling a gas stream at
temperature T and pressure P may be operated entirely in the’
subsonic flow regime. Alternatively, choked flow through a
critical orifice or through one or more impaction stages may
be used to faciltate classification of very small particles.
In the former case, the flow rate through the impactor may
be varied to control impactor performance. In the latter
case, the flow rate through the impactor is fixed by the
first choked stage or orifice. Control of performance of
stages downstream of the last stage which is choked may
still be possible through control of the pressure downstream
of the impactor. 1In either case, iterative calculations are
required to compute the pressures and size cuts of an
impactor which incorporates high velocity stages. The

preceding sections have presented the scaling criteria
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necessary to predict, on the basis of limited calibration
data, the flow rate or pressure drop and the size cut of an
impactor stage. In this section we shall briefly comnsider
applications of these results to predict the size cuts for
two cases of high velocity impactor operation:

(i) an instrument designed for low velocity use which
is operated at flow rates high enough to introduce the
effects of compressibility, and

(1i) a low pressure impactor with sonic stages which is
operated at pressures or temperatures other than those for
which calibration data are available.

Consider first a subsonic impactor in which the
flow rate is known. The pressure ratio across each stage
and the absolute stagnation pressure, P,, must be known to
compute the jet velocity and the size cut. The
dimensionless mass flow rate is related to the pressure
ratio through equation 2.8. The discharge coefficient may
be evaluated by using a correlation such as equation 2.9.
In order to célculate the jet Reynolds number, we need the
velocity and viscosity at point 1. The jet velocity is
calculated by using equation 2.5. The viscosity is a
function of the temperature but is independent of pressure
(14). Assuming the nozzle flow is adiabatic, the
temperature at the jet outlet, point 1 in Figure 2.1, is

related to the upstream stagnation temperature, To, by

u2 ‘
_ 1 : (2.11)
T o2,
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The discharge coefficient, pressure ratio, and jet veloecity
for the subsonic stage may be evaluated iteratively. The
pressure downstream of an impaction stage, P3, becoﬁes the
inlet pressure, Po, for the following stage. Assuming the
'impaetor flows to be adiabatic, the stagnation temperatures
for all of the stages will be equal to the inlet
temperature. The cutoff diameter, d50' for each stage may
be evaluated by an iterative solution of equation 2.10 by
using a measured value for Stso. Impactor performance is
predicted by marching through the successive stages. A
computer program, CASCAD.FOR, to carry out the above, is
listed in Appendix B.1.

The predicted variation with flow rate of the size
cuts of the circular jets of the Sierra Instruments Model
266 impactor, an instrument with a single jet per stage,
based on Marple's design, is shown in Figure 2.8. The solid
lines indicate the size cuts predicted when compressibility
effects are taken into account. The jet Mach numbers for
the fifth and sixth stages are also shown. As the flow rate
is increased above about 5 lpm (liters per minute), the
sixth stage enters the compressible flow regime and its size
cut begins to deviate from that estimated for incompressible
flow. At the sonic limit for this impactor, the dSO is
about two-thirds of the value estimated on the basis of
incompressible flow. |

If r < r" for any stage, the flow through that
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Figure 2.8 Variation of aerodynamic cutoff size with flow rate for

stages 1 to 6 of the Sierra Impactor Model 266.
compressible flow prediction

-------- incompressible flow prediction

Also shown are jet Mach numbers for stages 5 and 6.
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stage is choked. The mass flow rate is then determined by
the first stage (or orifice) which is choked according to
equation 2.8, The pressure upstream of the choked stage is
determined by the pressure drops across the preceding
subsonic stages, so an iterative solution is required to
calculate the flow rate. A flow rate is first assumed.
Following the procedure outlined above for the
incompressible flow impactor, the inlet pressure for the
choked stage is calculated. If the calculated flow through
the choked stage differs from that used for the subsonic
stage calculations, a new flow rate must be estimated and
the subsonic flow calculations repeated. The pressure
downstream of the choked stage then becomes the iteration
parameter for any low pressure stages downstream of the
choked stage. Under some circumstances two or more stages
in series may be choked. The floﬁ rate through each choked
stage must be matched to the flow rate through the impactor
by iteration. If none of the downstream stages is choked, -
the impactor outlet pressure becomes a control variable
which must be matched by iteration,

This procedure has been used to predict the
performance of the low pressure impactor of Hering, et al.
(6,7) as a function of inlet air temperature and pressure.
This eight stage impactor uses a critical flow orifice with
no impaction plate to reduce the pressure for the last four

stages. In addition to the orifice, the seventh and eighth
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stages are choked at the calibration conditions (P0,1 = T45
nm Hg., Ty = 295 K). The predicted variation of the size
cuts with inlet préssure and temperature is shown in Figures
2.9 and 2.10. The size cuts may be expected to vary
dramatically if the inlet pressure or temperature differs

significantly from the calibration conditions.

2.5 Conclusions

Inertial impactors can be successfully operated
with jet Mach numbers substantially greater than the limit
for incompressible flow. The cutoff Stokes number, Qﬁso, is
to a reasonable approximation independent of the impactor
stage pressure ratio, provided the impaction parameter is
calculated in terms of the fluid properties corresponding to
the stagnation point on the impaction plate. The flow
through an impactor stage may be modeled as the flow through
a nonideal nozzle with a discharge coefficient which is a
function of ReD/L.

These results provide a basis for estimating
impactor performance at conditions other than those for
which calibration data are available and for designing high
velocity impactors. The errors on size cuts introduced by
operating a conventional impactor in the compressible flow
regime were found to approach 30 § as the Mach number

approaches unity. The cutoff diameter of a low pressure
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Figure 2.9 Variation of aerodynamic cutoff size with inlet pressure
for stage 1 to stage 8 of the low pressure impactor (6,7).
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impactor with sonic stages was found to vary substantially
with inlet pressure and temperature. Operation at a 3000 m
elevation reduces d50 for thé low pressure stages by.about
50 9. Increasing the impactor operating temperature also
reduces the cutoff diameters of the low pressure stages.
Gas composition can also be expected to influence the size
cuts through changes in the ratio of specific heats, Y, and
the viscosity U.

Although methods for estimating the pressure drops
across the impactor stage and the pressure in the jet
impingement region have been presented, these pressures
should be measured for the particular impactor geoﬁetry
under consideration, preferably at conditions close to those
of ultimate impactor use. These simple and inexpensive
measurements can minimize error accumulation in the
calculation of pressure drops through successive stages.

High collection efficiencies were achieved for the
collection of solid particles when greased substrates were
used on impactor stages with sonic jets; i.e., particle
bounce is not necessarily a more severe problem at high

velocities than at lower velocities.
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Nomenclature

a8 : Speed of sound

A : Area of nozzle throat
€C : Cunningham slip correction factor

CD ¢ Discharge coefficient

(2]
°0

Specific heat at constant pressure

Specific heat at constant volume

d ¢ Particle diameter

D : Diameter of nozzle ( or jet )
L : Length of nozzle throat

B : Mass flow rate

m : Dimensionless mass flow rate

M : Mach Number of jet ( = U/a )

P Pressure

Qo ¢ Volume flow rate at 1 atmosphere
r : Pressure ratio ( downstream of impaction stage to that

upstream )
R : Gas constant
Re : Reynolds number
S : Jet-to-plate spacing
St : Stokes number

T : Temperature

(=]
oo

Velocity of Jet
Greek Characters
vy ¢ Ratio of specific heats ( = Cp/Cv )

n ¢ Efficiency of particle collection
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Nomenclature ( Continued )

Density of particles

u ¢ Dynamic viscosity

p ¢ Stokes number ( = St )

Subscripts

0, 1, 2, 3 ¢ Locations in the impactor (see Figure 2.1)
p ¢ Particle

8 ¢: Isentropic

Supersecript

8 : Critical



(1)

(2)

(3)

(4)
(5)

(6)

(7)

(8)

(9)

(10)

(11)
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CHAPTER 3

DISTORTION OF SIZE DISTRIBUTION BY AEROSOL SAMPLING

IESTRUMEHRTS
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3.1 Introduction

Aerosols_containing volatile species or
condensable vapors may be altered by changes in pressure,
temperature, and vapor concentration. When such changes
occur within aerosol sampling instruments, the measured size
distribution may be distorted significantly. Pressure drops
are associated with most flows. In low pressure impactors,
the pressure is reduced intentionally to facilitate
collection of small particles. The air flows in the
instrument may be heated by pumps and electrical
dissipation. On the other hand, if the flow is accelerated
to high velocity, aerodynamic cooling may result.

Most aerosol instruments are calibrated with dry,
non-volatile particles in the absence of any condensable
vapors. However, they are routinely used to sample aerosols
at non-zero humidity (atmospheric conditions), and in the
presence of condensable vapors (combustion exhausts).
Extreme conditions approaching or exceeding 1009 relative
humidity are occasionally encountered, e.g., in sampling
fog. Pressure and temperature changes within these
instruments may disturb the vapor equilibrium and bias size
distribution measurements. Roeber (1) reported that particle
adhesion in impactors improved at high jet velocities due
to a thin layer of water forming around the particles.
Hochrainer and Zebel (2) looked at this problem for the

impactor built by Mercer, et al (3). With non-hygroscopic
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aerosols, no condensation was observed, unless the inlet
aerosol was highly supersaturated. Hygroscopic aerosols
showed condensation only if the inlet humidity was above the
deliquescent point. The occurrence of condensation was
determined qualitatively, by observing whether the particle
deposit was wet or dry. The use of polydisperse hygroscopic
aerosols made it difficult to determine whether size changes
occurred within the impactor. Their calculation (2) for 2
micron particles at saturation conditions in the last stage
of the Mercer impactor (3) (corresponding to an inlet
humidity of 12.7 ¥) indicated no significant size increase.
However, with impactors sampling at higher inlet relative
humidities and/or classifying smaller particles, size
changes may be more severe.

This work explores both theoretically and
experimentally the distortion of particle size distributions
in a number of commonly used instruments:

(1) . & low pressure impactor (4)

(11) a six stage impactor, operated in the
incompressible flow regime (5)

(114) a laser optical particle counter (6)

(iv) a large particle counter (7).,

Ammonium sulfate aerosols under humid conditions
are taken as a test case for this study. Ammonium sulfate
was chosen because activity data are readily available

(10,11,12), and it forms a droplet whieh is chemically
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stable, thus making data interpretation easier. Droplet
growth within the instrument was predicted for different
inlet conditions. Experiments performed corroborate the
predictions and uncovered some additional problems in the
use of these instruments. Some modifications were also made

to eliminate sampling biases.

3.2 Theory

The amount of vapor in a gas is expressed in terms
of its partial pressure. If the vapor is water, the more
commonly used term is humidity. The relative humidity, RH,
is defined as the ratio of the water vapor pressure present
to the saturation vapor pressure at the local temperature.
A similar definition could be used for vapors other than
water. In this paper, relative humidity is used in this
broader sense.

If the amount of vapor condensed is negligible
relative to the total amount present, the relative humidity,
(RH)4, at a temperature, T,, and pressure, P,, can be

expressed as:

o)
(RH)1 = (RH)0 ® ®
p_..(T.)) P
where, Psat is the saturation vapor pressure, and P the
total pressure. Temperature and pressure variation are the
two factors that lead to changes in the relative humidity

(in the absence of vapor absorbing or desorbing surfaces).
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A drop in total pressure tends to decrease the relative
humidity, whereas a drop in temperature leads to an increase
in relative humidity since pg,4 decreases with a decrease in
temperature. These two effects are shown in Figures 3.1a
and 3.1b for water vapor in air. The value of (RH)./(RH),,
when both temperature and pressure vary can be obtained by
multiplying the individual ratios obtained from Figures 3.1a
and 3.1b. In the case of an adiabatic, isentropic flow, T
PY"/Y(Y =C

p/cv)’ leading to an increase inrelative

humidity with decreasing pressure as shown in Figure 3.1(c).

3.2.2 Particle Growth

Consider a droplet as shown in Figure 3.2. The
vapor pressure is py at the droplet surface, and Pyap far
from the droplet. When P4 equals pvap' there is a vapor
equilibrium and no net transport of vapor. However, a
change in ambient conditions (such as pressure or
temperature) would lead to vapor transport until a new vapor
equilibrium state is attained. The equation for vapor

transport can be written as (8)

2nDdv
dv _~ ~  m, - « F(Kn) 3.1)
dt KT (Pygp~Pa) * F
where,
v : volume of droplet at time t (= "/6 d3)

D ¢ Diffusion coefficient for the vapor
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® P
T
®p = RH
vap psct (T)
Pd
| pvcp > Py . Droplet growth

pvcp < pd . Droplet shrinkage

Figure 3.2 Droplet in a humid environment,



b7

d : droplet diameter at time ¢

m : molecular volume of the vapor
k ¢ Boltzmann constant

T ¢ Temperature

F(Kn) : correction factor to account for vapor transport in
the transition #nd non=continuum regime, a function of the
Knudsen number. A number of different expressions for F
have been suggested; a detailed description can be found in
Appendix A.1. The modified Fuchs=Sutugin expression is
reasonably accurate over the entire range of Knudsen numbers
and was used for the present calculations., The vapor

pressure in the region surrounding the droplet, can be

pvap’
expressed as

The vapor pressure at the droplet surface, Pg>s is given by:

) 40vm
Pq © aw(m) * exp( dkT >.psat(T)

=RH; * p, (D) (3.3)

where, ays the water activity of the droplet solution, is
a function of the molality, m, of the droplet solution. The
exponential term is the Kelvin expression which accounts for
the increased vapor pressure at the surface due to
curvature. For simplicity, the product of this term and the
activity is called RHd.

Substituting equations (3.2) and (3.3) into (3.1),

and rewriting in terms of the particle diameter:
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T
d(d) _ 4DV Pog { ). [RH - RH,] ° F(Kn) (3.4)
dt dkT d .

Given the ambient conditions, initial size and composition
of the droplet, activity data, (3.43), can be integrated to
deseribe particle growth or evaporation. We may define a
time scale which is a characteristic of the time required

to reach equilibrium

d® KT (3.5)
T = . o e
4Dv Peat (ARH) ° F(Kn) .

This is of the order of about a few microseconds for an
ammonium sulfate droplet 0.1 micron in diameter, and a
relative humidity difference of about 26 g. The variation
of the characteristic time with particle size is shown in
Figure 3.3. Most hygroscopic aerosols are deliquescent;
that is, they do not become wet until a certainrelative
humidity called the deliquescent point, RHD. For example,
ammonium sulfate particles which are initially dry at 20°C
will remain dry as RH is increased below a humidity of 81 %,
above which they deliquesce to form liquid droplets. When
the relative humidity is reduced from above the deliquescent
point, the transition to a dry state does not occur at RHD,
but at a lower value due to the 'hysteresis' effect. The
relative humidity at which the droplet solution erystallizes
is called the 'Crystallization Humidity', RHC. This value

is determined experimentally, and is between 36% and 40% for

ammonium sulfate droplets (16,17).
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3.3 The low pressure impactor
3.3.1 Description

The instrument developed by Hering, et al. (4) is
an eight stage cascade impactor with a eritical orifice
between the fourth and fifth stages. The last four stages
operate at a reduced pressure, thus allowing the
classification of smaller particles. The last two stages
are operated at high jet velocities (Mach number = 1),
leading to considerable aerodynamic cooling. The pressure
at each stage is measured, and listed in Table 3.1. The
temperatures calculated by the expressions given in (9) are
also listed.

Each stage has four regions as indicated in Figure
3.4. The region of interest is in between the jet and the
impaction plate. This can be divided into two zones: a zone
close to the exit of the jet, where the gas velocity equals
the jet velocity, and theother closer to the plate. The
first zone extends to about half the distance between the
jet and the plate (3). This is also observed in the
streamlines plotted for the high velocity stages by Flagan
(18). Plane stagnation flow, or Heimenz flow conditions
were used to obtain the flow field in the other region (19).
In reality, viscous boundary layer effects complicate the
flow field (20). The relations in Chapter 2 were used to
obtain the temperature variation. The variation of relative

humidity, RH, was calculated knowing the variation in
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pressure and temperature,

There is not much change in relative humidity in
the first two stages. The reduction in temperature is more
significant than the pressure drop in stages 3 and 4,
resulting in an increase in relative humidity of 1.5% and
11¢, respectively. The orifice operates at a Mach number of
1, and due to the aerodynamic cooling there is a large
increase in relative humidity (see Table 3.1). Stage 5
operates at a lower pressure, which is the dominating
effect, and a large reduction in RH results. On going down
to stage 7, though the pressure has dropped considerably,
the temperature drop is significant (high veloecity ﬁet), and
there is a threefold increase in relative humidity. Though
stage 8 is also a high velocity stage, the reductionin
pressure is considerable, and it offsets the drop in
temperature, and there is a net reduction in reiative
humidity.

The growth equation, (3.4), is then integrated to
obtain the size history of the particle as it goes through

the impactor,
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Table 3.1: CONDITIONS FOR THE LOW PRESSURE IMPACTOR
Conditions at throat for a 1 lpm flow rate
Inlet Pressure = T45 mm Hg.
Inlet Temperature = 298 K

Stage Veloecity Pressure Temperature Residence (RH) .

Time (RE)}ovet
(m/s) (mm Hg) (K) (microsec)

I 3.5 T4y 297.9 1635 1.005

II 11.0 743 297.9 544 1.004
IIX 22.0 T40 2977 272 1.015
IV 54.0 720 295.7 111 1111
Orifice 300.0 150 248 .4 20 9.750
v 93.0 140 292.2 65 0.268

VI 150.0 106 275.3 40 0.627
VII 300.0 56 248.4 20 3.254

VIII 300.0 29 248 .4 20 0.521
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3.3.2 Growth calculations

A computér code was developed to integrate the
growth equation (see Appendix B.2) and determine the
partidle size at each stage of the impactor. Two cases of
inlet relative humidities are examined here: one slightly
below the deliquescent point ( = 81% for (NHy),S0, ), and
the other at high values (90 to 100%).

The results are shown in Figure 3.5. There is not
much change in size in the first two stages of the impactor.
For example, at an inlet humidity of 80%, the particle is
entering the impactor in a dry state; increase in size may
occur as soon as the surrounding humidity exceeds the
deliquescent point of 819. A dry particle, 3 micron in
diameter, at an inlet humidity of 80%, grows to about 4
micron in stage 3, a 30% increase. A 0.04 micron diameter
particle at the same inlet humidity of 80%, grows to about
0.07 micron, an 80% increase in size. Due to considerable
reduction in humidity on stages 5 and 6, droplets tend to
lose their water content and shrink in size. A 0.15 micron
diameter ammonium sulfate droplet at an inlet bhumidity of
95%, shrinks to about 0.07 micron at stage 5, a 65% decrease
in size. A large increase in the relative humidity on stage
T leads to considerable growth of particles. .A particle
entering at a humidity as low as 25% grows in stage 7. A

0.03 micron droplet, at an inlet relative humidity of 95%,
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grows to about 0.06 micromn (100% increase in size) in stage
7, whereas the same size particle at a 25% inlet humidity
grows to 0.04 micron (33% increase).

The cumulative effect of these size changes can be
seen clearly when one plots the fraction of particles
collected at each stage as a function of the aerodynamic
diameter at the inlet. They are plotted for stages 3 to 8
in Figures 3.6 (a) through (f) for several inlet relative
humidities from 0 to 95%. Density changes occurring with
size changes as the droplets passed through the impactor
were taken into account for these computations. The solid
lines-are obtained from the calibration data using dry
particles in the absence of any condensable vapor, i.e., RH
= 0% (4), Consider stage 3: about fifty percent of 2 micron-
size particles entering the impactor are collected on this
stage, the other 50% being collected on the upper stages;
and about 50% of particles 1 micron in diameter are also
collected on this stage, the other 50% proceeding to the
lower stages to be collected there. At an inlet humidity of
80 ( < RHD = 81% ), particles grow, increasing the
collection of small particles on stage 3. The increase in
fraction collected is more than that for an inlet humidity
of 95% (wet droplets at inlet), because at the 80% inlet
humidity, particles are in a dry state (see Figure 3.6a). A
similar effect is observed on stage 4 (Figure 3.6b). The

fraction of larger particles collected on this stage
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decreases because of the increased collection on stage 3
(due to growth occurring there) reduces the number of
particles entering stage 4.

As expected, the fraction collected on stage 5
decreases substantially due to the considerable drop in
relative humidity (Figure 3.6c). It is more <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>