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SUMMARY

The operating characteristics of the PILLS IV in situ par-
ticle sizing instrument have been investigated theoretically and
experimentally. The results of both types of work show large
errors in this instrument's ability to size particles. Attempts
to correlate the experimental findings with qualitative theoreti-
cal explanations have been successful. This investigation estab-
lished a sensitivity to particle refractive index and detector
response that seems to account for the observed characteristics
of the instrument. Further measurements would be required to
test this explanation quantitatively.

The prototype device, an extension of the PILLS (Particulate
Instrumentation by Laser Light Scattering) technology to fine
particles, was designed to measure particle size using the ratio
of intensities of light scattered from a particle at two small
angles (14° and 7°) with respect to an incident laser beam. The
intensity ratio was chosen as the sizing parameter because of its
relative independence of particle refractive index. However, the
magnitude of the scattered intensity at 14° is also used for several
important decisions in the electronic processing logic, which, for
this particular optical system, render it especially sensitive
to refractive index and detector variations for determinations of
particle size distribution. Possible solutions to these problems
with only minor hardware changes are offered.



SECTION I

INTRODUCTION

The PILLS* IV is a prototype instrument designed to provide
on-line, in situ determinations of particulate size distribu-
tions in process gas streams. This study of the PILLS IV was
undertaken to 1nvest1gate discrepancies in a set of previous
measurements® in which this device was simultaneously tested with
a cascade impactor. In that work the size distribution of resus-
pended fly ash in a wind tunnel was obtained with both devices.
The results of those tests are illustrated in Figure 1 where the
number frequency per cm® is plotted versus particle diameter (D)
on semllog scales. The number frequency., AN(D)/AD, is the number
per cm?®, per diameter increment. The study reported here was
performed to determine if modifications to the PILLS IV to elim-
inate such discrepancies were feasible.

An evaluation program was carried out in which the PILLS IV
response was investigated experimentally and theoretically. 1In
the experimental work, monodisperse aerosols of PSL spheres were
sampled and checks of the instrument hardware were performed,
thus eliminating several equipment related malfunctions as the
source of the observed discrepancies. In the theoretical work
mathematical expressions were developed for the counting rate of
each channel as a function of the aerosol light scattering prop-
erties. Upon analysis of these expressions, a basic design
problem involving a counting criterion was found to be capable
of producing the large errors indicated in Figure 1. 1In fact,
the PILLS IV data in that figure can be explained quantitatively.
Recommendations that could provide acceptable measurements of
size distributions of polydisperse aerosols are given at the
end of this report.

In Section II, background information related to our theo-
retical study is presented. Then in Section III the relevant
components and operation of the instrument are described. Sec-
tion IV summarizes the experimental work performed in this study.
Section V gives a theoretical description of the instrument's
response; Section VI gives a comparison of this theoretical re-
sponse to the observed response; and Section VII gives our recom-~
mendations to anyone performing measurements with the PILLS 1IV.

*Particulate Instrumentation by Laser Light Scatterlng developed
by Environmental Systems Corporatlon, T212 Pierce Parkway,
Knoxville, TN 37921.
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SECTION II

BACKGROUND

Optical techniques provide the potential for particle sizing
systems where representative data can be obtained in real time
with no perturbation of the aerosol. The PILLS IV is one such
instrument. However, interpretation of optical data to obtain
size is not only difficult but sometimes restricted by ambigu-
ities, as illustrated in this section.

When a beam of light is incident upon a particle, part of
the light is scattered and part is absorbed. The nature of the
scattered light is dependent upon the particle size and other
parameters, including chemical composition, which is characterized
in optical work through the refractive index m (a complex number
expressed by m = n-in'). Figure 2 illustrates this relationship.
The average, scattered intensity at angles of 20-40° and 75-100°
from the beam direction is plotted as a function of particle size
for various refractive indices. The imaginary part of the re-
fractive index, n', determines the amount of absorption by the
particle, which reduces the overall level of scattering. Of
course such sensitivity to particle composition is undesirable
for particle size measurements, so methods have been sought to
minimize that effect.

At angles close to the incident beam the scattered wave is
determined mainly by the diffracted wave, which passes outside
the particle, and the wave emanating from the particle itself.

For a large, homogeneous particle this latter wave is influenced
by diffraction also, to some extent, but unless |m-1| << 1,
refraction at the particle-medium boundary is the dominant factor.
If absorption occurs, the refracted wave passing through the par-
ticle is attenuated. The combined wave observed in the far field,
the result of adding the wave passing around the particle to that
passing through it, is thus determined mainly by diffraction at
small angles, and refraction at larger angles. The above dis-
cussion leads to the well known characteristic that scattering at
small angles (within the forward lobe) is less sensitive to re-
fractive index that at larger angles, as illustrated in Figure 3,
where scattered intensity for spheres is plotted versus the scat-
tering angle 6 and two very different refractive indices.
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Hodkinson"' was the first to point out that although refrac-
tive index does have some effect on the magnitude of scattering
in the forward lobe, the shape of the lobe does not change. Thus
the ratio of scattered intensities at two angles within the for-
ward lobe, while sensitive to particle size, is practically in-
sensitive to refractive index. Figure 4 illustrates this point
in a plot of the ratio versus the dimensionless size parameter
o (=rD/A) for two refractive indices.

Gravatt,® Shofner et al,® and Chan® have developed prototype
systems for particle sizing that are based on the intensity ratio
concept of Hodkinson. Figure 5 is a schematic of Shofner's sys-
tem, the PILLS IV. The intensities of the scattered light pulses
at the angles 6, and 6, are normalized to the reference pulse at
6 = 0° for synchronization and to account for fluctuations
in intensity of the laser source. The optics and sensors are
kept clean and cool by the use of a purge air system.

The laser used in the PILLS IV is a semiconductor junction
diode (A = 0.9 um). The useful size range for particle sizing is
from 0.2 to 3.0 ym. Shofner states that the view volume of his
system is approximately 2 x 10”7 cm®. The upper concentration
limit for single particle counters is determined by the require-
ment that the probability of more than one particle appearing in
the view volume at a given time be much less than unity. For
Shofner's system this reguirement and the dimensions of the v1ew
volume would set the concentration limit at approximately 10° par-
ticles/cm®, a value much higher than for conventional single par-
ticle counters.
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SECTION III

DESCRIPTION OF THE PILLS IV

A. Basic Optical Components

The light source of the PILLS IV is a GaAs laser diode with
a lens system that focuses the beam to a very small cross-sec-
tion on the order of tens of microns in diameter. Such a beam
is normally described as a Gaussian beam because the intensity
profile perpendicular to the beam direction is given by

I = T,e 2(¥/Bo)? ) (1)

where r is the distance of the point of interest from the beam
axis and By is a measure of the beam width at its focus.

There are three photo detectors at angles of 14°, 7°, and
0° from the incident beam. The detector at 0° is used to moni-
tor the undeviated beam to establish a reference for the 14° and
7° detector signals. The collection optics of the 14° and 7°
detectors are of the annular design so that the detector fields
of view illustrated in Figure 6 form hollow cones of thickness
2b with the beam passing through the common apices of the cones
and alaong their common axis. It is important to note that al-
though the beam is drawn with a finite width of 2By, significant
levels of radiation (determined by Equation 1) propagate outside
of this column. The width of the beam as determined from measure-
ments by the manufacturer is 46 um for 2B, (I/I, = 0.5 for r =
13.5 um) and the width of the detector fields of view are approx-
imately 200 um (for 2b).

B. Counting Scheme

As the laser is pulsed (10° times/sec), the 14° and 7°
detectors respond with signals i;, and i; to the scattered light.
A baseline for i, (or i;) is established by background sub-
traction in which the average of i;, (or i7) for the two pulses,
before and after the pulse of interest, is subtracted from i;,
(or i7). The background subtraction technique is based on the

assumption that if a particle of interest was in the sizing vol-
ume daring a pulse of the beam, then no particle(s) of significant

10
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size were in the sizing volume on either the preceding or follow-
ing pulses. That assumption is valid when the aerosol concentra-
tion is below the limit discussed at the end of Section II. The
counting logic after background subtraction and referencing of i,
and i; to the beam monitoring detector is depicted in Figure 7.

If the ratio i,/i,,, denoted by R, is greater than 1.1, then a par-
ticle size is inferred from its value. If the ratio is less than
1.1, the parameter i,;, is used to determine particle size. Note
that the PILLS IV uses the inverse of the parameter plotted in
Figure 4.

A further criterion is invoked for the instrument to count
a particle whose detector scattering ratio is above 1.1. The
measured signal i;, must be in the range

0.2i01|.(R) i iy i icll,(R) (2)

where ici4 (R) is a predetermined function of R. The purpose of
this criterion is two-fold. It attempts to provide a definition
of the instrument sizing volume by eliminating counts when par-
ticles are near the edge of or outside of the 14° detector view
volume but well within the 7° detector view. It also prevents
the sizing of small particles as larger ones due to large errors
in R produced by system noise. If i,, produced by a particle
with ratio is/i,;, satisfies the criterion then the instrument
adds one increment in the size channel corresponding to the ob-
served intensity ratio. This criterion is not applied to signals
for which R is less than 1.1.

The output of the PILLS IV is the number of particles per
channel in two series of channels, one series corresponding to
values of R and one series to values of i,,. The upper and lower
limits of each channel can be varied by the operator. When R > 1.1
the channel number to be incremented is determined by the value of

R; that is,
R. < R < R, + AR. 3
J - - ] J (3)

where j denotes the channel to be incremented. When R < 1.1 the
channel number to be incremented is determined by the value of

i,y ; that is,
(Ac1u)y < 114 £ (icaw)y + A(dcis)y (4)

where k denotes the channel to be incremented. The operator.then
relates the channels, j or k, to calibration tables for particle

sizes.

13



SECTION IV

EXPERIMENTAL INVESTIGATION OF THE PILLS IV RESPONSE FUNCTION

An aerosol generation system was developed to evaluate the
PILLS IV empirically. The system, depicted in Figure 8, consists
of a nebulizer* containing a suspension of uniform latex spheres, T
a drying chamber, rectangular ducts to and from the PILLS IV probe,
and an optical particle counter** with diluter. The rectangular
ducts were constructed with the same shape and size as the opening
in the probe which contained the sensing region. The entire aer-
osol stream flowed downward to eliminate settling losses. The
aerosol stream exiting the PILLS IV probe was sampled isokinet-
ically by a particle counter or filter for independent determina-
tion of particle concentration.

Sampling experiments were performed with the PILLS IV purge
air lines stopped and an aerosol stream velocity of 25 cm/sec.
Velocity measurements made in the duct with a thermal-anemometertt
demonstrated a flat profile across the duct within *10%. The
nebulizer flowrate of 10 LPM introduced 0.61 cm of the latex
sphere water suspension per minute into a total air flow of 50
1l/min. This gave a residence time of 8 seconds before particles
passed through the PILLS IV. For each size of PSL spheres, aer-
osols of two concentrations were produced. One was low in par-
ticle concentration for calibrating the dilutor, and one high in
concentration to evaluate the PILLS 1IV.

Figures 9-14 give aerosol size distributions in terms of
AN/AD as derived from the PILLS IV and the Climet Instrument in

* Retec X70/N; Civitron Burton Division, Retec Development
Laboratory, Van Nuys, CA 91406.

t Polystyrene (0.357 ym, 760 um, or 1.099 um dia.), Poly-
vinyltoluene (2.02 um dia.), or Styrene/Vinyltoluene (2.77 um
dia.); Dow Diagnostics, P.O. Box 68511, Indianapolis, IN 46268.

** Climet Instruments 0208A Particle Analyzer; Climet Instruments
Co., Redlands, CA 92373

tt Sierra Instruments Model 440/441; Sierra Instruments, Inc.,
P. O. Box 909, Carmel, CA 93924.

14
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conjunction with a multi-channel analyzer. In some cases, the
concentration of PSL spheres was also determined from filter
catches. The PILLS 1V sizing volume was assumed to be that given
by the manufacturer, 2 x 10~/ cm?.

The general features of the particle size distributions ob-
tained with the Climet Instrument are as one might expect from
the aerosol generator. There is a high concentration of parti-
cles counted around the diameter of the nebulized latex particles.
The presence of doublets is usually observable as distinct peaks
of considerably lower concentration. There are also substantial
concentrations of particles apparently produced by dissolved wet-
ting agents in the stock solution in which the latex particles
must be stored.’ When a droplet from the nebulizer is dried the
wetting agent forms a particle of unknown structure with light
scattering properties which makes most of them appear to be be-
low 0.3 uym as sized by the Climet instrument. This explanation
also agrees with measurements in our laboratory where a stock
solution from which the latex particles had been filtered was
nebulized and dried. The number of "small" particles seen by
the Climet was unaffected. Further, it was found that dilution
of the stock solution with water reduced the number of small par-
ticles detected by the Climet instrument.

The data in Figures 9-14 show two major characteristics of
the PILLS IV relative to the Climet Instrument. Its responses
to PSL spheres with diameters of 2.77 um (Figure 13) and 1.099
um (Figure ]1]1) are comparable to that of the Climet Instrument,
while its responses to the other PSL spheres, 2.02 uym (Figures
12 and 13), 0.760 um (Figure 10), and 0.357 ym (Figure 9) are one
to two orders of magnitude low. Such responses to latex parti-
cles are qualitatively explained by the theoretical response
function given in the next section. Sizing of the three largest
size particles is performed by the ratio 1i;/i,, with the count-
ing criterion invoked on i;,. The PILLS IV response to the two
smaller sizes of latex particles depends on i, only. The other
major characteristic of the data given in Figures 9-14 is that
relative to the Climet Instrument, the PILLS IV frequently indi-
cates a large concentration of particles of sizes other than
that of the latex particles under study. The origin of these
counts is not known, although a possible source is discussed in
Section VI.
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SECTION V

THEORETICAL INVESTIGATION

The results of the experimental investigations revealed
large errors in sizing particles with the PILLS IV. However, it
was not determined whether the discrepancy is due to a basic de-
sign problem, an error in calibration, or a subtle malfunction-
ing of a component. In order to determine if the design or logic
of the PILLS IV prototype was faulty, a theoretical analysis of
the system has been performed.

Equations (5) represent the total signal from the three in-
strument detectors on the nth pulse of the beam:

- 2 _
iis(n) =i, (n) +1i (n) + C14014E14(x,2)e 2(r/B°)I(,e T
14 my

2
i7(n) = iy (A) + i’ (n) + Cro7£5(xr,0)e 2 (/B 1 T (5
7 0

. -T
leo + Colge

ig(n)

Of all the parameters given, only o1, and o7, the differential
scattering cross sections at 14° and 7°, are directly related to
the particle of interest. The other parameters are defined in
Table 1. Through background subtraction and referencing of i,
and i; to io, the processed signals, ipis and i_ , can be ob-
tained with errors denoted by Aipxu and Aip7: p7

-2(x/By)?

where ipl“==6%iolhf1“(r,l)e + Aiplh (6)
C 2
: = 7 -2(]’.'/Bo) + .
and 1p7 5;07f7(r,2)e + Alp7 .

Optimum performance is obtained from the instrument when

A'p1 = A1p7 = 0, and accurate values of £,;(r,2)/f.14(x,2), Co,
4
C;, and C,4 have been determined by calibration measurements.

As described in Section III, the ratio of signals lp /i D1
and i are used to deduce a particle size and to decide if

14 .
the particle should be counted. In this analysis, the counting
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TABLE 1.

DEFINITIONS

The portions of the signals due to
electronic background noise.

The portions due to aerosol particles
other than the one of interest on the
nth pulse.

The signals from the 7° and 14° detect-
ors after background subtraction and
referencing to the 0° detector signal.

System conversion factors that relate
light intensity at the detectors to
the signals which are processed for
size evaluation.

Intensity of the beam after trans-
mission through the aerosol.

Variation of beam intensity with posi-
tion in the aerosol. (r is depicted
in Figure 6).

Optical transfer functions which re-
late actual scattered intensity to
that reaching the detector (r and %
are depicted in Figure 6). The func-
tions are expected to decrease mono-
tonically as r and % increase.

The differential scattering cross sec-
tion of a particle at 7° and 14° with
respect to the incident beam. The
units are those of radiant sterance,
radiant flux per unit area per unit
solid angle.

A reference function programmed into
the PILLS 1V, aside from an adjustment
for the detector response, to estab-
lish a counting criterion which the
14° detector signal must satisfy.
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scheme is first analyzed assuming the optimum conditions, and
then the changes in behavior, which would result if those assump-
tions are violated are discussed. Also, it is assumed that the
programmed function icl“(R) was established for particles at

the center of the view volume where i = (C14/Cp)0;:4 and
i, = (C2/Coas. Pru

Ideally, the ratio R (= ip7/ip1u) is determined by 07/0.4.

When this ratio is above 1.1 then the particle is counted if

i is in the .21 < i < i
P1s range 0 21CI$R) < 1pl“_ lcl“(R). However,

since iplu is a function of r and &, the number of particles hav-

ing a given value of R which are counted after many pulses
depends upon the position of each in the beam as well as the
value of o014. In this manner a sizing volume of the instrument
is established. On the other hand, if 0,4 (R) varies due to dif-
ferent composition or shape from that used in calibration to
establish iclu(R), then the sizing volume varies, decreasing

with 0,4 (R) for a given R. More specifically, the volume in
which particles are counted is determined by values of r and 2
for which

_ 2
0.2 < 1% __ £ .(r,2)e 2(x/Ba)" 4 i (7)
- oclh (R) ' -

Particles for which R < 1.1 produce results whose analysis is
somewhat more complicated. The count in channel k is incremented
when the criterian:

Ao )
G1y4 -2(r/By) 2 Civ g
1< T————T—-flu(r,l)e <1+ T (8)
oClu k 001» k

is satisfied where (crc“)k and (ocH)k + A(ocH)k correspond to

the lower and upper limits of the kth channel. Thus we see that
in principal the channel in which a particle is counted depends

upon r and £ as well as the value of 0,;,, which is determined by
the particle's properties. For example, a particle with a high

014, positioned near the edge of the instrument view volume

- 2 3 -
where £14(x,2)e 2(r/Bo) is small, could not be discriminated
from a particle with a low o:1., positioned at the center of the

- 2
view volume where f,,(r,2)e 2)x/Bo) is maximum. Of course,

detailed descriptions of f,.,(r,%) and o:14(D) are necessary to
evaluate the degree to which this property of the counting
scheme effects the results.
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We see from Equations 7 and 8 that the two functions f£14(r,%)
and 0,4/0c1+ must be known or otherwise accounted for to reduce
PILLS IV data in terms of the aerosol size distribution and con-
centration. The most important question is whether for a given
particle size 0:4/0c14, Which is determined by the composition of
the particles themselves, varies enough to cause significant
changes in the response of the PILLS 1IV.

A. Variation of 0:14/0c14 with Refractive Index

The exact function oci1+ programmed into the PILLS IV was not
available. However, Dr. G. Kreikebaum, one of the developers,
kindly provided a description of the procedure by which it was
obtained. That procedure was reproduced in this study as follows:

Oci1s for Particles with o07/0:14 > 1.1

The differential scattering cross sections o014 and 07
proportional to the respective scattered intensities, were
calculated using Mie theory for a broad range of refractive
indices* which one might expect the PILLS IV to encounter
and for the diameters 0.3 pym - 4.0 um.t From these, the
function o0, versus R was obtained for each refractive
index. Then for each R-value, oci1s (R) was set equal to
the maximum value of 0:1s versus refractive index for that
value of R. Values of R > 10 were excluded from this
analysis since a unique size cannot be associated with
those R values."

oci1s for Particles with ¢0,/0:4 < 1.1

The calibration curve oci1s(R) for R < 1.1 was set equal
to 014 for a particle refractive index of 1.59 - 0.0i.

The resulting function 0ci14 (R) is given in Figure 15. The
top scale shows 0¢,;, in relation to particle diameter, D, assum-
ing the relationship between D and R predicted by diffraction
theory or by Mie theory with high absorption. Knowledge of

*The refractive index m is a complex number, n-in'. The
values of n' employed were 0.0, 0.01, 0.05, 0.1, 0.5, and 1.0. For
n' = 0.0, n was varied from 1.33 to 1.96 in increments of 0.0l.
For the other values of n', n values of 1.33, 1.40, 1.45, 1.50 to
1.65 in increments of 0.01 were employed. In addition, calculations
for the refractive index of carbun, 1.96-0.661i, were included. These
may not be the exact refractive indices used for programming the
PILLS IV; however, the differences are believed to be insignificant.

fThe calculations were carried out by varying the Mie size
parameter a("D/A) in increments of 0.2 from 0.9 to 13.9 where D
is the particle diameter and A is the wavelength, 0.904 um.
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oc1s (R) enables one to determine the relative response of the
PILLS IV to particles of differing refractive index.

To predict 014/0c14 the results of the Mie theory were used
again. In addition, some calculations using diffraction theory
were performed to check the appropriateness of Mie theory. The
Mie theory of scattering assumes that the incident radiation is
an infinite plane wave, and some differences in the actual par-
ticle scattering could be expected because the intensity of the
PILLS IV beam is Gaussian in form and the intensity of light is
not uniform across the scattering region associated with the par-
ticle. The results of the diffraction calculations show no sig-
nificant change in 07/014 at different positions in the Gaussian
beam (By; = 23 um) until the particle diameter reaches 6 um or
higher. Thus Mie theory using the intensity of the wave at the
center of the particle is suitable for the particles of interest
here.

Figures 16-21 give theoretical response functions versus
particle diameter for particles of five representative refrac-
tive indices, as expressed by the ratio ci14/0c14(R). The value
oci1s (R) 1is given in Figure 15 using the appropriate value of R
for each D. The ratio R versus D is also given for these refrac-
tive indices. When 014/0c14+ has a value of one and R > 1.1, par-
ticles of that size and refractive index are counted with maximum
sensitivity; that is, the sizing volume for these is maximum.

The magimum sizihg volume Vp,y is determined by the optical-field
transfer function of the collection optics and the beam profile
as expressed in Equations (7)-(8). As 0i4/0cis(R) decreases,

the effective sizing volume decreases, since for a smaller value
of 014 the particle must be closer to the more intense central
portion of the beam. When 0:4/0c14+ is below 0.2, no particles
with R > 1.1 would be counted.

The significance of o0,4/0¢ci1s for particles in which R < 1.1
is most directly related to the deduced particle size. The
higher values of gi14/0ci14 for the same position in the view vol-
ume are counted in channels of the instrument corresponding to
larger particles and two particles with the same value of
O14/0ci1s could be counted in different channels if one were posi-
tioned closer to the center of the view volume than the other.

B. The Optical Transfer Function £i.,(r,2)

The fluctuations in 014/0c14 are important only if they
cause a significant change in the counting volume associated with
each channel of the PILLS IV output. To determine these volumes
precisely one must know the optical transfer function £:4.(r,).

The manufacturer performed measurements in which a 2 um
latex particle on a glass slide was traversed through the view
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volume while monitoring the detected intensity of scattered
light. It was found that values of r and & for which

2
0.2 € f14(r,2) (014/0cru)e 2(Fr Bo)® <y (9)

formed a cylindrical surface 20 pym in diameter and 600 um in
length. This suggests that f,4,(r,%) is uniform in the central
diamond-shaped portion of the view volume and decreases very
rapidly near the edges of this region. Attempts to measure the
view volume in this study were not conclusive but were consist-
ent with the manufacturer's results, i.e., f,,(r,%) is given by

fis(r,R) 1l for r < (b/sin 14°-%)tan 14° (10)
0 for 0 > r > (b/sin 14°-%)tan 14°,

where b = 82 um.
C. The Response Function of the PILLS IV

With £,4,(x,2), R(D), and o014 (D)/0c1uv (D) known, theoretical
behavior of the PILLS IV for a given aerosol can be predicted
from Equations (7) and (8) and the relationship of R as a func-
tion of diameter D. Equations (7) and (8) determine the count-
ing volume for each particle size with given light scattering
properties described by o% (D) and 0,4(D). For channels in
which R > 1.1 the count rate is the product of the particle con-
centration in the channel-size interval and the average counting
volume over the size interval. For channels in which R < 1.1
the count rate is more complicated, because the channel in which
a particle is counted depends upon its position in the beam.
Thus particles having the same o7 (D) and 0,4 (D) can be counted
in different channels. The counting volume for each particle
size depends upon the lower and upper limits of the channel of
interest. The total count rate of a channel is then the summa-
tion over all size intervals (for which R < 1.1) of the products
of particle concentration in each size interval times the average
counting volume over the size interval. This may be considered
unusual behavior, but the count rate of each channel is actually
similar to a measurement of the cumulative concentration of par-
ticles with sizes between that for which R = 1.1 and the size
associated with each channel. A method for obtaining the size
distribution from the count rate is discussed further in Section
VII. The remainder of this section is concerned with character-
izing the counting volumes as a function of particle light scat-
tering properties and the channel limits. The most desirable
behavior is obtained when V is independent of these parameters.

The counting volume is cylindrically symmetric about the
optical axis. The intersection of its bounding surface with any
plane parallel to the optical axis forms a trapezoid (see Fig-
ure 6) whose base and top are determined by minimum and maximum
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values of r which satisfy Equations (7) or (8). The size of this
volume is given by

27 2 2 1 3 3 ]
V= — b -rc. - r -r’., . 11
tan 14° [ (TraxTmin) ~ 3 Fmax Tmin’ (11)
where r . 2 0. By inserting f,,(r,%) of Equation (10) into

Equatiogén(7) and (8) the values of rpax and rpjp can be obtained
from

2 2
-E%_ln[oélb(R)/olu(D)] < r? g -E%_ 1n[0.20c1u(R)/Oxu(D)](l2)

for channels in which R > 1.1 and from

2 O14 (D) G14 (D) -

for channels in which R < 1.1. Characterization of the PILLS IV
behavior is straightforward for the upper channels governed by
Equation (12), because the channel limits, set by the operator,
are not involved. However, for the lower channels the behavior
depends upon the channel limits. Characterization of the instru-
ment's full potential then requires including the channel limits
as a parameter.

2 (o ) Ao ) 2
T Cly

Equation (13) can be put into the same form as (12) by not-
ing in Figure 15 that oci1s for R < 1.1 is proportional to D® and
by identifying particle diameters D¢ + D¢ + ADc from calibration
tables associated with (o0¢is), + (0ciu)x + A(oci1s), for channel
k. Then we find that k k

5
(°c1u)k = ocu(Dc) ='°c1u(D) (Eg)
014 (D) 014 (D) c14 (D) \D

5 5
and (o 1g)k = 0c1u(D) (EE_) (l + ADC ) -1
GlulDi 014 (D D D

C

Thus, Equations (12) and (13) actually have the same form expres-
sed by

-B ? 2 < =B 2
o 1n [L(R)oclu/°1u] S r* s o 1ln [L(R)H(R)001q/01u] (14)

2
where
L(R) = (D_/D)% (1 + AD_/D_)°
¢ c ¢ for R < 1.1
H(R) = (1 + ADc/Dc)'s
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and L(R) =1
for R > 1.1
H(R)

0.2

Equation (14) inserted into (ll) gives V as a function of
o014 (D) for the upper channels and as a function of ¢,,(D), D,
and the channel limits for the lower channels. V is given in
Figure 22 in the form of V/Vpyx where Vpax is the maximum count-
ing volume occurring independent of particle light scattering

properties. Vmax' given by
= 27T _ bB02 _ _ BOZ 3/2 ’
Vmax tan 14° [ 3 1nH(R) 1/3( > 1nH (R) , (15)

depends upon H(R), constant for the upper channels and variable
for the lower channels. Note that V approaches zero when the
abscissa approaches H(R). That is when rp,y approaches zero.

To describe the response to particles with R > 1.1 from
Figure 22, the curve for H(R) = 0.2 is employed. Sizing of par-
ticles is performed from R, but the number counted, proportional
to V, depends upon 014/0c14. If 014/0c14 is below one (see Fig-
ures 16-21) then V changes rapidly for small changes in 014/0¢c14.
Indeed, for the calibration function oci1y presently programmed
into the PILLS IV 0:14/0¢c14 is always less than or equal to one.
It is desirable, however, that if o014 (R > 1.1) were reduced so
that o0:14/0c14 is always greater than one, V/Vpax is essentially
constant for all refractive indices.

All of the curves in Figure 22 depict the variation of the
counting volume of lower channels. Each channel has a curve
determined by the channel limits through H(R). Note that ADc,
the width of each channel, must be decreased to increase H(R).

The counting volume depends upon the independent variable
(014/0c1s) (D/Dc) *H(R) . To facilitate understanding of the depend-
ance of V on 014/0¢c14 and D the upper scales in Figure 22 show
how V varies with (014/0c14) (D/Dc)° for specific values of H(R).
Each scale refers to a different curve.

As an example, consider a monodispersed aerosol of latex
particles where 014/0c14 is 1 for all diameters and D; ;, the
diameter at which R = 1.1, is 0.75 ym. Then the n er counted
in the channel with associated diameters Do + Dg + AD., assuming
ADo/De = 0.27, is given by the curve labeled H(R) = 0.3 in Fig-
ure 22. A channel for which D, = D would receive no counts
since V approaches 0 when the independent variable approaches
H(R) or less. The number of counts would increase for decreas-
ing Dg until Dg = DIH(R)175 = 0.87D where it would become
essentially constant for lower channels. For a polydisperse
aerosol of latex spheres the counts in any channel would be due
to particles for which Dc £ D £ D3,)}. The number of counts in a
given channel increases as Do decreases for two reasons:
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because V/Vpayx is larger for lower D¢ - values, and also the range
of D-values which contribute to the channel is larger for lower

D¢ - values. Inspection of the curves shows that the one for
which H(R) = 0.75 or higher is the most desirable for each channel
since V is nearly a step function. Then for a polydisperse aero-
sol of latex spheres the count rate of each channel would give

the cumulative concentration of partlcles with diameters in the
range D¢ £ DXDj,;. The differences in count rate between suc-
cessive channels would give the concentration in the size range

Dc to Dg + ADec. This approach is discussed further in Section VII.

For particles other than latex spheres oc14(D)/0ciuv(b) is not
one and it varies with D as seen in Figures 16-21. For such par-
ticles the lower channels count particles for which
(o;u/oclu)-’/%D SpD<D This means variation in particle type
produces some viriation lﬁ the lower sizes of particles which a
channel counts.
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SECTION VI

THEORETICAL VERSUS OBSERVED RESPONSE

The theoretical description of the preceeding section ex-
plains the instrument's observed response to fly ash in Figure 1
if the function for oi14(D)/0c14 (D) given in Figure 23 is chosen.
Since very little is known about the optical properties of flyash
the accuracy of this deduced function cannot be evaluated with
certainty. 1In comparison to homogeneous spheres it agrees within
20% with the scattering of spheres having refractive index m =
1.5 - 0.5i. With the exception of a very small region around
0.8 um, it could also be constructed of a combination of refrac-
tive indices with low imaginary parts and real parts varying from
1.5 to 1.96. Other factors effecting oi14/0c1s are particle shape
and internal structure. It must also be recalled that the func-
tion given in Figure 23 is deduced with the assumption that the
detector constants Cis and Co of Equation (6) remain constant
after calibration as well as the ratio f5;(r,2)/f14(r,%) related
to optical alignment of the lenses. These factors that can effect
R are especially critical for sizes around 0.75 um. For example,
in this region a 15% lower value of 0;4, (D) causes R to be 18%
high. If R > 1.1 this particular error would cause o¢,, (R) (see
Figure 15) to be more than a factor of 5 higher, and ocis/0Ociw
would be less than 0.2 of its correct value. Thus, such an error
in the deduced o014 (D) would eliminate essentially all counts. It
appears then that such an error would also cause 014/0c1s for m =
1.5 - 0.1i (Figure 19) to appear similar to that in Figure 23.

The response function [Equation (11)] also qualitatively ex-
plains the response to latex spheres, determined in this study.
This is seen by comparing the values of 0:14/0c1s at the appropri-
ate diameter (Figure 18) to the response of the PILLS IV at the
five diameters studied, given in Figures 9-14. 1In the case of
0.760 um particles, it appears again as described above for fly
ash that R was deduced to be slightly too high due to a shift in
the optical constants, causing the chosen oci1s to be so high that
014/0c14 was too low for counting to occur.

The high count rate, which occurred in some instances, at
sizes other than that of the nebulized latex, can only be explained
by the presence of particles other than latex. The light scatter-
ing by these other particles must be such that the deduced size
with the Climet is much smaller than with the ratio o7/0:14 used
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by the PILLS IV. This suggests that the high PILLS IV counts
compared to the Climet counts were due to particles formed from
wetting agents in the stock solutions in which the latex particles
are stored. Fuch's’ discussion of these particles (called "emp-
ties"), and observations of them, indicates that very little is
known about their formation. Apparently the size and structure
are very sensitive to humidity and concentration of the nebulized
solution. If the effective refractive index of these particles
were close to one, the differences in the PILLS IV and Climet

data in Figures 9, 11, and 14, would be explained. The light scat-
tering at large angles (used by the Climet) decreases relative to
small angle scattering (used by the PILLS IV) as the refractive
index decreases. Thus, such particles would appear to be smaller
when sized with the Climet instrument. Another explanation not
related directly to light scattering is turbulence encountered by
particles in the inlet line to the Climet. If the "empties" are
fragile, then breakage could result to form small fragments.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

It appears that the major problem that cause the PILLS IV to
disagree with other sizing devices is the dependance of the instru-
ment counting volume upon 0:4/0c14+ at low values of 0:14/0c1s as
seen in Figure 22. It is interesting that as 014/0c1s increases
the sizing volume reaches a maximum volume and remains essentially
constant. This suggests that the major discrepancies could be
eliminated if o, (D or R) were reduced so as to increase 014/0cis.

The calculations performed in this study for homoneneous
spheres showed that if ociy for R > 1.1 were reduced by a factor
of 4 then 0:4/0ciy would always be close to 1 or greater. Then
for R > 1.1 the counting volume would be constant; thus eliminat-
ing the sensitivity to particle composition. This improvement
would also be accompanied by a slight increase in the counting
volume to include more of the fringes of the 14° detector view.
Particles in this portion of the volume would be sized incorrectly;
however, their contribution to the total count would be small.

For R < 1.1, decreasing 0¢g,, (D) would also improve the in-
strument response; however, the present scheme of reducing the
data must be modified. If oc;, for R < 1.1 were adjusted so that
(014/0c14) !/ %is close to one, then from Figure 22 it can be seen
that the counting volume V goes from 0 to Vpax as D goes from
Do to Do + AD, and is essentially constant at Vpayx for larger dia-
meters. In the range of D/from Do to D, + AD., the average count-
ing volume for (c14/0c14)!/ %= 1 is given by

‘\’i/v]max =1+ 5/1nH + D_/AD
x %—for small AD_/D_ (<0.3).

Thus, for (01u/0c1u)’A close to one, half the particles in Vpgx

with Dg £ D < Dg + ADc would be counted in the channel associ-

ated with Ds. In addition all of the particles in Vpay for

Dc + ADg £ D £ D3] would be counted. This means that in ‘the high-
est channel (k = K), where Dc + ADc = Dj.1, only particles in the

size range Do X D X Dg + AD; would be counted. The actual concentra-
tion in that size range is thus given by

(AN/AD) (AD )y = 2 ANK/[n(Vmax)K]
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assuming that AN/AD does not vary much over the size increment.
ANK is the number of counts in the highest channel and n is_ the
number of laser pulses. The number of counts in the (K-1) th chan-
nel would be given by

ANp 1 = n(Vmax)K_ll(AN/AD)K(ADC)K + %(AN/AD)K_l(ADc)K_l]

The same logic would hold for lower channels, so we find that the
actual size distribution could be determined; i.e.,

K
(AN/AD), = 2[ANk/n(Vmax)k ;=ii€N/AD)i(ADc)i]/(ADc)k. (16)

The accuracY of the scheme for R < 1.1 depends upon keeping
[014 (D) /0c14 (D)] A close to one. The effect of deviation of its
value from 1 would be to shift the particle,diameter range counted
in each channel by a factor [l—(cxu/oc1u)‘V‘]. The errors intro-
duced by this factor could be minimized by a simple on site ad-
justment using the PILLS IV itself. The instrument should be mod-
ified so that oci1s could be varied by a known adjustable factor.
The procedure for that adjustment would use the highest channel
for which R < 1.1 (i.e., channel K where (Dc)g + (ADg)g =

Dj.3 = 0.75). This factor would be varied until

0141D1,1) /9¢14(D1,1) = [D1.1/(Dc)g1~°. The value of o¢,, (D1.1)
that produces that condition could be identified when tﬁe count
rate in channel K goes to zero while increasing o6¢ci4(D3.1). This
procedure would produce a measurement of 0is4(Dj, j) that would

then be used to set oo1s so that 0i14(Dy . 1)/0c14(D1,1) = 1.
According to the calculation of o4 (D) for homogeneous spheres
illustrated in Figures 16-21 this could leave 014 (D)/0ci1s (D) # 1
for lower D-values of particles for some refractive indices. How-
ever, the maximum expected error in particle size would be less
than 30% and more typically less than 10%. Of course the errors
involved in this procedure could be reduced with some representa-
tive measurements of o014 (D) for aerosol particles encountered in
the different types of process streams. Such measurements could
also provide the possibility of changing the form of J,14(D) as
well as its magnitude to something more appropriate for the aero-
sol under study.

Another recommendation to improve measurements with the
PILLS IV is the development of a method to easily calibrate the
detectors. This would eliminate the potential problem discussed
in Section VI concerning small shifts in Cis, C7, and Co, produc-
ing large errors in counting particles with diameters close to
D1.1. One possible method would be the temporary insertion of a
known diffuse light source into the instrument's view volume.
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