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SUMMARY

This research oneet‘/was concerned with laser/optical techniques for
size and velocity measurements of partfcles and droplets in spray combustion
systems. The initial efforts were directed toward a novel method for

simultaneous size and velocity measurements of individual particles. A

prototype instrument was designed, constructed, calibrated, and successfully
applied. Our efforts to verify the performance and accuracy of this
b'; ‘ diagnostic led to a parallel research eftort on the laser difffaction
o droplet sizing technique. Significant contributions to the calibration and
= scattering inversion aspects of this technique were made. . Discussed below

- are the contributions to the problem of aerosol characterizationrmade as a _
ﬁ ¢ : A"’C)a nfl "(‘ "FS “’lllqu fo ‘H1/.S t
direct result of this research, - are weg A [ m
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: - DISCUSSION OF RESEARCH CONTRIBUTIONS. A T 7{r}1/"3ufJ

1. Laser Particle-sizing Velocimeter ‘/% | -)‘ - :_...
The clear need for simultaneous particle size and velocity measurements R

has prompted constderable research on the topic. We investigated a

particular 1ight scattering method for simultaneously measuring two-velocity —.....

components and the size of in ividual particies in the range 0.3 um - 20v ‘

um. The LSV technique, originally proposed by Hirleman (1978), uses a novel

non-Doppler technique for velocity determination. The method reifes on a

single beam transit-time velocity measurement termed the L1V as discussed by

Hirleman (1980a), Hirleman (1981). One contribution of the work was a new

optical system design which is applicable to conventional laser two-focus F

(L2F) velocimeters {in addition to the LSV as discussed by Hirleman (19&c)

]
and Hirleman and Yue (198). Other researchers have adopted the velocimeter '%
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concepts developed under this project.
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A major consideration for a particle sizina system is that of f;};
calibration. The calibration problem is particularly chalienging for the ;f?;
LSV which requires particles of known and controlied velocity, trajectory, ;Tj?
and size. Conventional methods cannot satisfy these criteria anda {t was S
necessary to develop a new calfbratifon technique by modifying a commercial j?igj

TSI Model 3050 Vibrating Orifice Particle Generator. The standard generator '
produces a stream of monodisperse droplets which, unfortunately, are spaced
about 4 diameters apart. This close spacing places 2 particles in the LSV

probe volume at once which is unacceptable. We developed a programmable

charge deflection system which takes 1 out of 2" droplets out of the stream

using selective electrical charging and a pair of high voltage deflection

plates. The system is described briefily in Yue et al. (1984) and a follow- E:”j

up publication with more detail should be published by Anderson and Hirleman fif:

(1984). ;:;:

Once an adequate calibration system was available we then initiated a %T“T

detailed study of the performance of the LSV. Theoretical and experimental :££ii

analyses of the instrument agreed well and fndicated the ability of the LSV :;;;
)

to measure two velocity components and size of individual droplets using an
optical system comparable to that of a single component laser Doppler
Velocimeter (LSV). We achieved size broadening of about 20% with non-
Doppler velocity measurements accurate to about 1%. A unique feature of the
LSY is an inherent capabilfity of characterizing on-11ine the physical extent &if;
of the optical sample volume through the particle trajectory determination. ‘
The results of the LSV study are presented in detail by Yue et al. (1984),

with some discussfon by Hirleman (1984a). An updated version of Yue et al.

(1984) will be submitted soon to an archival publication.
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Laser diffraction methods for particle sizing are l1ine-of-sight methods
which analyze the scattering properties of an ensemble of particles. The
electro-optical system required is considerably less complex than that used
in single particle counting instruments and for that reason the system {is
more robust. We developed an in-house version of a laser diffraction
instrument to use in aerosol analysis for comparison with the LSV. In the
process of researching the laser diffraction technology we observed some
serious deficiencies. In particular there were problems with calibration,
operation in evaporating or combusting sprays, and inefficient scattering
inversion algorithms. During the tenure of this project we made some
original research contributions in these areas.

The problem of calibration of particle sizing instruments {is always
difficult. There are, however, some nice features of the laser diftraction
technfique which we exploited in developing a new calibration procedure.
Laser diffraction methods are 1imited to partfclies larger than the
wavelength and in that scattering regime the diffractively scattered 11ght
(described by Fraunhofer diffraction theory) dominates over refracted and
reflected 1ight in near-forward detector configurations. For that reason
the forward scattering signature of a spherical particle is accurately
approximated by the diffraction from either an opaque circular disc or a
circular aperture of the same diameter. Our approach was to fabricate 2-D
arrays of chrome discs using photomask technology from the integrated
circuit 1ndustry. The particles were deposited on a glass substrate with a
specified and accurately known size distribution. The concept was
originally proposed by Hirleman (198a, 1983a). This calibration device has
since become a defacto standard for commercial laser diftraction instruments

and is used by over 30 laboratories worldwide. The calibration method was

................................
..............................................
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) and {s used by over 30 laboratories worldwide. The calibration method was 'nj;:
further used with the support of this grant to make a caretul ;f};
characterization of laser diffraction instrument performance by Hirleman L

et al. (1984b).

A major weakness of laser diffraction instruments in general is a
susceptability to errors induced by beam steering caused by refractive index ’ {
(thermal) gradients along the beam. This problem has been observed by
ourselves during some laser diffraction experiments performed on a burning
spray. However the line-of-sight nature of laser diftraction anu the ' 1
requisite extended sample volume make it possible to verify instrument - 1

performance and calibration on-11ne using the calibration devices discussed

above. The known diffraction sfgnature from a calibration source fis
modulated and superimposed on the actual diftraction pattern from the spray.
Phase~-sensitive detection allows one to verify that the calibration size
distribution 1s reconstructed correctly to verify proper instrument

operatfons. This idea and some proof-of-concept experiments are reported by

Hirleman (1983a).
Another consideratfon with laser diffraction instruments is the

scattering fnversion software. The need for kHz temporal resolution for

turbulence studies requires an improvement of about 3 orders of magnitude in
processing speed over that available commercially today. For that reason we .

studied detection strategies in conjunction with inverse scattering

algorithms to impact this problem. Our results are reported by Ruscello ana
Hirleman (1981), Hirleman (1984a) and Koo and Hirleman (1984). We have L ~
studied an integral transform approach which potenttfalily can provide the '
speed necessary. Our publicatfons report on some detector configurations

which can be used to implement this fast reconstruction algorithm,

...................................................................
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Abstract

The problem of droplet sizing in fuel sprays has been the subject of much 5:}f§

research in rocent years. The size distribution of particles and droplets are
of crucial importance to the combustion processes in gas—turbine engines, '

combustion of coal slurries, liquid-fueled ramjets, and solid propellant
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rocket motors. The objective of this paper is to study the merits of the
integral transform approach for measoring particle size distribution, |

Detailed parametric studies were made on both ideal and noisy data. Factors

Ao

affecting the reconstruction of particle distribution were examined.
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I. Introduction

The problem or droplet sizing in fuel sprays has been the subject of much
research in recent years.1-4 The size distribution of particles and droplets
are or crucial importance to the combustion processes in gas—turbine engines,
combustion of coal slurries, liquid-fueled ramjets, and solid propellanmt
rocket motors. Several books have been written covering general aspects of
particle size measurement and analysisS—7 and problems specific to fuel spray
combustion systems.7-10 The overall aim ot detailed spray anmalysis in
combustion systems is to increase combustion efficiency and to reduce emission
of pollutants.

A number of different imaging methods have been usea for droplet sizing in

sprays, such as photographic and holographic methods. A disadvantage of these

moethods is the very tedious post—-processing or data although some progress on

quasi-real-time digital image processingll-12 hag been made. Single particle
size/velocity analyzers based on light scattering have been developed over a

number of years for clean room monitoring, pollution research and other -

.y DACNCNCEEN
[N o 4 A *
e G A
e oLt y
PRLEEN LI S A

studies.13,14 Epgemble (munlti-particle) methods using light scattering or
extiuction generally involve relatively simple electro-optical systems. As a
result, these techniques are better suited for applications requiring
autonomous operation., The trade-off here is the loss of information as the
data is generally averaged over s line—of-sight and droplet velocity canm not f{ff

be ovbtained. The large number of potential applications and the wide-spread

oo e

acceptance ot the MalvernlS jager diffraction particle sizing instruments by :i;f
both the combustion research and indastrial communities warrant further -
research on the method.

The objective ot this paper is to study the merits of the integral

transform approach for measuring particle size distribution, Detailed

.......................................................
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parsmetric studies were made on both ideal and noisy data, Factors affecting

the reconstruction of particle distribution were examined.

II. P D agtio

For measurement of size distribution of clouds of particles in fuel spray,
the Fraonhofer diffraction method has proven to be one of the most convenient
and reliable techiques. The classical Fraunhofer diffraction theory is oaly
rigorously valid for particle sizes large compared with the wavelength
(i.e, ; 2 10). It has been demonstrated that for mear—forward scattering
(small ©) can actually be upproxinatod14 by Fraunhofer diffraction even for
particles with % s 1, This phenomenon is the basis for a number of small

particle sizing instruments based on light scattering. 14,16

A, Theoretical Aspects

Dobbins et 21l have shown that for particle distributions definmed by an
Upper Limit Distribution Function (no particles larger than Do), the scattered
intensity vs the parameter 32%22 was independent of most probable diameter D
where D32 jis the Sauter Mean Diameter. For this reason,D3j can be obtainmed
from the laser diffraction measurement indepemdent of the form of size
distribution. The authorl estimated D3y by measuring the radial distance at
which the scattered intensity falls to 10% of its on-axis value I,

Roberts and Webb2 carried out a study to determine the sensitivity of
Dobbins’ method to different forms of size distribution, They concluded that
the method was applicable to essentially any non-monodisperse particle
distribution, Lefebvre et al have proven the practical usefulness of the

method by an extensive series of measurements on fuel atomizers using Dobbins’

........................................
...........................
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method.3,17,18 One drawback of Dobbins’ technique is the fact that only the -

032 rather than the complete distribution is measured. :
Swithenbank et al117,18 have proposed a modified version of Dobbins’ method

based on the measurement of the scattered '’energy distribution’’ rather than -i

the intensity distribution, Light is collected in an entire annular ring at a

given angle in the focal plane rather than by a small detector., The general

rosult is that one can determine the entire size distribution rather than

only D

32°
The near—forward scattering intensity Ie = 1(0)/1(0) from s general
polydisperse aerosol is given by:

@® -
L = I 72 (x0)x%n(x)dx (1) -
(-] 1 1 :
o .

where: x is the particle size parameter given by EE,

A

n(x) is the particle size distribution function,
O is the scattering angle (approximation $in® . @ has been made),
11 is a Bessel function of the first kind and of order umity,

C1 is a constant,

Equation (1) assumes that multiple scattering is insignificant and Fraumhofer
diffraction applies.

The essence of the general laser diffraction particle sizing problem is to

invert equation (1) to determine n(x) from the measured values of IO'

S Equation (1) can be rewritten in a discretized form .

o o

;;:- n s
s

) -

2 2
Ie = 01 2 Jl(xie)n(xi)xiAx (2)

i=1

—~ T
[}
w
i
1
i
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where ns is the number of discrete particle sizes. Now let Ni = n(xi)Ax. be -
the number of particles is the ith gjze interval and define Ai = Nixi which
is proportional to the projected particle area in the ith gize interval. Then

equation (2) can be rearranged as follows:
n
s
2
Ig=C ) AJi(x.0) (3)
i=1

For a sories of measurements at ng ggparate scattering angles, Equation (3)

can be represented as a system of n4 gquations in ng unknowns:

1
I=2CA (4) ]
1
where: I is the scattering intensity measurement vector of length mng, :
. b
C is an ng by ng scattering influence coefficient matrix;

and A is the unknown area distribution solution vector of length ng,

d4
o
o
F)
Real detectors do not measure intensity but radiant flux, or inteansity  ;j
integrated over the finite area of the detector, Thus, the measured {
scattering pattern will not be just proportional to IO‘ bat will require
integration of equations (2) or (3) over the finite A® window for each

detector.,

B. X mental Appa

The basic concept ot the laser diffraction particle sizing method is
illustrated in Figuore 1. A collimated monochromatic laser beam is passed
through the particle field, A Fourier transform lens is usea to direct the
light pattern onto s photodector., VWhen particles ot different sizes are

present in the 1light beam, a series of dark and 1light

.......
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rings are generated at various radii, each light ring being a function ot - -
particle size, The analysis of the measured light intensity distribution into
particle size distribution is dome by using appropriate numerical imversionm

techniques,

E C. Numerical Scheme
: The diffraction pattern is the sum of Bessel-squared terms, each with a
t: different weighting coefficient given by the particle number or surface area
distribution.

There are two basic approaches in solving the equations for n(x), either

an integral (or series) Bessel transform on Equation (2) or a matrix inversion

4‘7‘—vv

process on Equation (3). The two approaches are discussed below:

E s, Bessel Trans Inversio .“A-,'

Chin et 2119 (1955) were the first group of workers that attempted to

:i: perform an integral transform on Equation (2) for droplet sizing. Equation

(2) is a classical Fredholm equation of the first kind.20 Ap inversion

relation due to Titchmarsh 21 gives the distribution functionl9: )

2 d 3
a(ns? = c, J’ 3, (x0)Y, (x0)20 5(6 1,)d0 (s)
[+ ]

where Y; is the first order Bessel function of the second kind,

C2 is a proportionality constant.

For practical purposes, intensity measurements can only be made over a

finite range ot scattering angles 6. In the case of minimam angle Og,4,, it is

*‘ limited by the overwhelming intensity of undiffracted light near the axis at

@ = 0, For upper boundary, Oy4; will be controlled by decreasing scattering

e e Y %m L te e T T . . .
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intensity at larger angles, i.e. signal/noise detection considerations, Based

on the above, the Bessel transform integral of Equation (2) is approximated

as: T

_ Onaz B
F a(x)x® = K f "_ (031(0)) : (xO)!l(xO)deO (6) -

Onin a0

o Chinl9 et al, Abiss22, Fymat23 and Raoscello and Hirleman24 studied the
m scattering problem and found that this integral transform method is feasible. -
The accuracy of reconstructing size distribation of differeant types of

particle size distribution will be discussed in the last sections. Potenmtjial

parameters of importances are Oyi,, 6,,,, A® and the experimental errors in

I Results of some computer experiments im the solution of Equation (5) are

e.
shown in the following section. The results in the following section indicate

that droplet size distributions can be accurately recomstructed with this -

technique.

b. Ma Inv M

ﬁ The second approach to the problem is to solve a discretized version ot

3 Equation (2) by inverting the influoence coefficient matrix C, Untortunately C

b;‘ is ill-conditioned and near singular, making it impractical to invert

+' directly. Due to the above nature, this becomes an ill-condition inverse R
o problem. For this reason, least squares or minimization of error solations

are gonerally attempted. A set of values for nj(x) are found which minimize

the sum square error between the experimental measurement vector I and the -

2 matrix product CA in Eq. (2). Nomerous workers have studied this

approach, including Felton25 , Alger26 , Caroon and Bormanl7 , Ruscello and

Hirleman248 and many others. The accuracy of the method of previous workers -

shows satisfactory results. j-_'.:;-:
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III. Part D on Functio or Sprays

A pomber of mathematical expressions28,29 have been developed to model the
droplet size distributions of sprays. Generally measured size distributions
are discretized. Four typical size distributions are shown in the following;

a, Arithmetic normal distribution29 by number

dN 1 (d-a)2

—_— —_— (7
de oJ2W 20
where d is the mean size, o is the standard deviationm

b. Log-normal distribution
This equation has resulted from the application of a statistical analysis
of the breakup of liquids. The size distribution is based on an expression

such as the following:29

WS em(- L8 (®
dd a2 od 20 d

where d is the median for the log-normal distribution and o is the standard
deviation,
¢, Rosin-Rammler distribution

This equation was originally developed to express ths size distribution of

pulverizea fuel and is usually oxpressed in the form,31

R = exp (~(a/D)Y) (9)

Y




where R is the volume fraction of particles with diameters greater than d, d
is the Rosin—Rammler mean diameter, and N is a parameter related to the width
of the distribution,

Differentiating equation (9) gives29:

N-1
v _ Nd N
L — = —g— exp(-(d/d)") 10
3 dd d

d. Nokijama—-Tanasawa distribution

This equation has the following form,29

SE = axzoxp(-bda) (11)
dd

where a is a constant and § varies little from unity,

-~
The avove form types of size distribution were used in the computer ;
experiments and resolts will be discussed im Section IV, :u%
Iv. ctors A ng Reconstructjon P S D on :Tu?
Some examples for the recomstructing of the size distribution will now be }ﬂ;
discussed.
In general, only three msjor factors will be affecting the inverting of 7;21
the scattering data. They are (a) Maximum allowable angle (8gh,5), (b) Angular | Ei
- Resolution (A@), and (c) Noise. :Ei?
%‘; In actual experiments, the ideal behavior of scattered light intenmnsity T
;i} I(8) would be degraded by optical, electromic or mechanical noise. Different 3:{5
o workers have pfoposoé various methods in modelling noise in their analyses. : {i
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In practice, the measuored light intensity I(0) is equal to the theoretical

intensity I4(0) with added noise in the following manner,

I"‘g) = 1,(8) + &(8) az)

The c(Oi term can be simulated to include three contributioms:

(a) a normally distributed ramdom error with a standard deviation

proportional to the magnitude of It(O).z5’ 7,32

(b) a normally distributed random error with a constant standard
deviation independent of the local valoe of 1(6)22, The standard
deviation can be normalized by the on—axis scattering intensity I(0)
or by the I(6,,7) at the maximum scattering angle.

(c) a normally distributed random error with standard deviation (©) which
is a function of this scattering angle as in ¢(0) = Cs(0)0%,
The sbove contributions can be represented with am error expression

in the following form,

2(8) = a + 6™ + oI (0) (13)
where 8, b, ¢, and = are arbitrary constants,

In all the computer experiments, the initial conditions for the random
number generator were made the same, so that identical sequences of random
nmmbers were produced and the effects of errors arising from the background
and intensity-dependent noise sources can be separately investigated.

A log normal particle size distribution with a geometric mean size equals
45 um and a geometric standard deviation of 1.1 (denoted by LN-45, 1.1) was

used for the parametric studies throughount this paper.
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Maxzimom Allow An
Figure 2 shows a typical noiseless plot of intenmsity., I(6)/I(0) with

a8’1(e))
de
equstion (6) was plotted against (0) in figure 3 to serve as a criterion in

scattoring angle, © for 6444 = 3° and A = 0.6328 um. The term in

determining the O,,; valus for experimental and numerical purposes.

Figures 4-6 clearly shows that when O, ., departs from its optimal value,
the quality of reconstruction of particle size distribution degrades.The
values of Oy, were set at 1°, 3° and 10°, In the present case 8., = 30
seoms to be an optimal value for reconstruction of the particle size
distribution, Smaller values underpredicted the assumed size distributionm,
Higher values do not provide a sufficient improvmenmt in accuracy to justify

the increase in computational time,

Angolsr Rosolution

After determining the optimal forward come valus we investigated the
effect ot the angular resolution, AO, The results are illustrated in Figures
7-9 which show that independent of AO, the mode radius seems to be accurately
located in position but not in magnitude, This indicates that with a proper
choice or Oy,;, even a rough experiment with a small amount of data collected
would yield the mode radius, For finer resolution (smaller A® values) the
results improve considerably across the whole distribution, and tend
asymptotically to the assumed distribution., However, beyond a certain A,
there does not seem to be any substantial
improvement in the retrieval. Numerically, A0 is restricted by the need to

a0°1(0))
0

compute accurately in equation (35),
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Figure 2. Typical plot of noiseless intensity I(0)/I(0) vs scatterinfg j
angle, O, 4
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Noisy Data

Size distributions were also reconstructed from the inversion of noisy
data generated by the methods discussed in the previous sections, For this
study, Onay was set at 3° and, A® at w 0.0299°.

Figures 10 and 11 show the plot of intensity vs. scattering angle and
d(a0°1(e))

dae

Normally distribated random noise was added as a constant percentage of

term vs. O with random noise added.

the local value of I(6). S, 10 and 20% of the local values of I(0) were used.
Figures 12-14 show the recoastitution of particle size using 5, 10 and 20% of
the randomly generated moise., The results clearly show that it is possible to
reconstruct the particle size distribution with up to 20% localized noise,
Figures 15-18 show the reconstruction of particle size distribation using
normally distributed random errors with a constant standard deviation based on
the peak intensity, I(0). The noise levels simulated detector dynamic ranges
of 102, 103, 104 and 105. Adequate reconstruction of the size distribution
can be ootained at a dynmamic range of 104, By way of reference, note that
specifications ot dynamic range for typical linear photodiode arrays (e.g.
Reticon) with equal area detector elements are of the order 100:1. The
corresponding results in Fig. 15 suggest that a standard diode array will not
be an acceptable detection system for size distribution measurements by this

method,

VI. Conclusions
This study has led to the following conclusions:
1., The size distribution of spherical particles can be retrieved from the
diffraction of light., The integral transform approach provides a good

solution for low noise levels.
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2. With proper forward cone angle (8,,,) and angular resolution (A8), the
solotion is not seriously affected by random and systematic noise,
3. Examination of the integrand of the inversion formula can give insigat

in detormining the Oy,; to adequately reconstruct size distribution.
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Nonintrusive Laser-Based Particle Diagnostics

E. Dan Hirleman®
Arizona State University, Tempe, Arizonu

Abstract

The evolution of nonintrusive optical techniques for
particle size analysis has provided an array of powerful
diagnostics. The techniques efther probe the 1light
scattering/attenuvation properties of the aerosol particles
or form photographic or holographic images. This paper
discusses the theoretical basis for in situ particle sizing
techniques and reviews some practical applications as well,
A number of subtle considerations which affect the reliabil-
1ty and interpretation of data from optical particle sizing
instruments are discussed.

Nomenclature

Cse = partial light scattering cross section

d = particle diameter

D32 = volume-to-surface area mean diameter

F = differential 1light scattering cross section

11,12 = scattering intensity functions

I = intensity or time-averaged radiant energy per unit
area normal to the propagation direction

Isc = scattered intensity

Iinc = intensity incident upon a particle

3 = spherical Bessel function of first kind and first
order

k = proportionality constant in Eq. (7)

n = complex refractive index

n(a) = particle number distribution function

N = exponent parameter for Rosin-Rammler particle size

distribution
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Pge = scattered optical power

r = distance from origin to observation point in
particle centered l1ight scattering coordinate syster

S = 1ight scattering signal amplitude

X = mean diameter in Rosin-Rammlier particle size
distribution

o = particle size parameter wd/A

) = fringe spacing

A = wavelength

e = scattering angle measured from the incicent beam
propagation vector

® = azimuthal scattering angle

Introduction

There are many f{nstances when conventional vpatcth
sampling methods for particle size analysis are eitner
impractical or impossible to implement. Further, it ‘s
often the case that the intrusive nature of sampling metnucse
introduce unacceptable 1levels of interference into ~-:
aerosol flow of interest. For these reasons the developr  *
of nonintrusive optical diagnostics for particle size
concentration measurements has been the objective ¢
significant amount of research and development. Successf ..
applications of this technology are being reported wizh
increasing frequency.

Optical techniques for particle measurements car
divided into three broad areas. First, photographic anu
holographic methods analyze simultaneously recorded images
of a number of individual particles to build a discrete
particle size histogram. Secondly, ensemble or muliti-
particle analyzing methods wutilize aggregate light
scattering or extinction properties of a large number of
particles to determine parameters of the particle siz»
distribution., Finally, single particle counters (SPC) sizz
and count individual particles traversing a relatively srail
optical sample volume, and a sequence of particles are
sampled in order to build up a discrete size distributior.
The three approaches are complementary in the sense tha-
they are optimized for different types of applications.

Single particle counters are the optimum choice tc-
analyzing particles greater than about 0.3 pm in applice-
tions demanding high specificity and the potential i
simultaneous velocity measurements, The existing commercic
technology of 1imaging techniques is generally limitea tco
particles larger than a few micrometers with time responsc
longer than a few seconds. Imaging techniques can provide
information on particle morphology not retrievable witr
1ight scattering methods. Ensemble methods generally
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require less sophisticated optical systems for implementa-
tion but inherently provide less information as the optical
characteristics of the individual particles are superimposed
and can never be totally recovered.

This paper first presents a brief discussion of the
; fundamental principles of 1ight scattering which underlie
2 laser-based particle sizing technology. Then details of
some of the techniques for nonintrusive particle diagnostics
are reviewed. For the purposes of this paper an instrument
is considered to be nonintrusive if no sampling probes are

B involved and the working space between optical elements and
- the optical measurement volume is on the order of 10 cm or
j}é&%ﬁ;f' greater.

: Light Scattering by Particles

]

An infinite, planar electromagnetic wave can propagate
through a homogeneous, nonabsorbing medium undisturbed.
‘ This propagation 1is rigorously described by Maxwell's
equations.1 However it is also useful to consider Huygens' .o
pr1nc1plez which states that each point on a wavefront
(surface of constant phase in the electromagnetic wave
field) serves as the source of spherical secondary wavelets
such that the wavefront at some later time is determined by .
the envelope of these wavelets, The secondary wavelets —
propagate with the same frequency and speed as the primary
wave would at each point 1in space. The fact that an
infinite planar wavefront in a homogeneous medium propagates
as a plane wave 1is readily visualized with Huygens!

- construction.? o~
Fi If we consider the homogeneous medium to be a gas, then T
the secondary wavelets derive from electrons in the mole- ‘

- cules comprising the gas which are harmonically accelerated
’ by the time~varying E-field in the electromagnetic wave.
This occurs because each accelerating electron, by virtue of
Ampere's and Faraday's Laws,2 produces 1its own secondary
electromagnetic wave (i.e. a scattered wavelet) which
propagates spherically outward. The superposition of these
scattered wavelets with the unscattered incident wave define
the entire electromagnetic field. From a quantum point of
view, the gas molecule absorbs a photon which causes an -
electron to be excited into a virtual (unstable or disal- N
lowed) state for a very short (< psec) time. In elastic RO
scattering events of interest here the electron then drops o
back to its original state emitting a second photon of the o
same frequency as the incident photon. This emission or
scattering process is random in the sense that the photon
can propagate with equal probability in any direction (at
least in the plane normal to the polarization vector of the
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incident E~field). The memory of the molecule retains only
the phase and polarization of the incident photon and not
the direction of incidence.

It is also possible for the energy coupled into the
electron from the incident photon to be dissipated by
collisions of the excited electron with other nuclei or
electrons. In that situation the photon energy would have
been absorbed and converted into thermal (internal kinetic)
energy. Both the scattering and absorption processes are
included 1n rigorous 1ight scattering theory.

Individyal Spherical Particles

The parameters controlling the scattering of planar
electromagnetic radiation by isolated spherical particles
are the size parameter «, the complex refractive index n of
the particle relative to the surroundings, and the polariza-
tion state of the incident radiation. The three scattering
regimes of importance can be delineated as Rayleigh scat-
tering for << 1, geometric optics fora>> 1, and Lorenz-Mie
scattering for o ~ 1. For visible radiation Rayleigh
scattering approximations are valid for particle diameters
d < 0.05 um, and geometric optics approximations for roughly
d > 5um., In the Rayleigh regime all of the electrons (or
charge dipoles) in a particle are subjected to the same
E-field by virtue of their close proximity (relative to the
wavelength) and therefore oscillate in phase. The proper-
ties of the scattered radiation are then given in a very
simple form applicable to the harmonic oscillation of a
charge dipole. In the geometric optics 1imit, the wave-
length is much smaller than the particle dimensions and the
incident radiation can be considered to be a bundlie of rays.
The scattered field at any point distant from the particle
(far field) can be calculated by coherent superposition of
the refracted and reflected rays with the diffracted field.

In contrast with the Rayleigh scattering and geometric
optics regimes, no approximations are possible for particle
sizes on the order of the wavelength and the complete set of
Maxwell's equations must be solved for the particle and the
surroundings. The theoretical difficulties here arise from
the fact that the E-fields experienced by the various
electrons or charge dipoles distributed throughout the
particle depend on position, and therefore these electrons
emit secondary wavelets which are out of phase, The
formulation for this intermediate case, known as Lorenz-Mie
theory, i{s the general solution for all particle sizes,
Exhaustive treatises of 11ght scattering are given by van de
Hulst3 and Kerker.4 Computer codes for calculating the
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‘ Fig. 1 Light scattering coordinate system. The functions f; and

' 1o are for scattered light polarized perpendicular and parallel to
C Lk ;, ARRL h 3 i 1 i .

] -‘:’-wmﬁ‘féﬂ : the scattering plane respectively

o3 scattering characteristics of spherical particles of

: arbitrary size are readily available.

I Consider the scattering geometry in Fig. 1 with a
3 particle at the origin 1lluminated by 1linearly polarizec
. electromagnetic radiation propagating in the +z direction
with incident intensity Ijnc. The scattered intensity Igc
at some point a distance r from the origin is given by

2
Igc = Iiﬂﬁé;—[il(a.n.e)sinzw + 12(a.n.9)c052¢] (1)
4r2r2
WA where 1) and i, are dimensionless intensity functions for

scattered 1ight polarized perpendicular and parallel tc the
scattering plane, respectively. The functions i and i, are
composed of spherical Bessel and associated Legendre -
functions and their first derivatives, and are integral 1
parts of Lorenz-Mie theor;,'.3'4 It 1is convenient to
normalize Eq. (1) by the 1incident intensity and other
constants and define the differential scattering cross
section F:

k F 2 i1(@,ny®sin2¢p + ix(a,n,8)cosle (2) s

Some computations of F are shown® in Figs. 2-4. Figure 2
. indicates the angular dependence of the scattered 1ight for
o particle diameters of 0.1, 0.5, and 1.0 um, and Fig. 3 for
# 5.0 and 10,0 um particles as well. Note the lobe structure

which becomes a dominant factor as particle size increases.
Figure 4 1ndicates the dependence of F on particle size. In
the Rayleigh regime F 1increases as diameter to the sixth
[ power, and then gradually changes to a diameter-squared
# dependence 1n the geometric optics regime. The oscillations
* present for © = 45 and 90 deg in Fig. 4 are typical for off-
P axis scattering of nonabsorbing (no imaginary component of
L the refractive index) particles. Forward scattering (small
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Ftg. 2 Lorenz-Mie theory calculations ot differential scattering
cross-section F as a function of scattering angle 6 for various
particle diameters after Handa et al.5

@) properties generally display much less structure as is
also evident in Fig. 4.

The radiant power Pg. scattered into a detector with a
finite collection aperture is obtained by integrating the
scattered intensity over the solid angle subtended by the
detector

Y.
Pec = hmz:_’:_ ff Flasn,8,9) sind d8 do 3)
ar

The partial scattering cross section for a particular
detector 1s defined as the scattered power divided by the
fncident intensity

2
4w

Note that Eqs. (3) and (4) apply 1in a practical measuring
system only 1f the scattered 11ght wave experiences negligi-
ble distortion due to secondary scattering off of other
particles in the field before reaching the detector. In
other words Eqs. (3) and (4) are applicable in single
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Fig. 3 Lorenz-Mie theory calculations ot differentfal scattering
cross-section F as a function of scattering angle © for various
particle diameters after Handa et al.>

scattering aerosols and must be altered when multiple
scattering (secondary scattering events) is significant.

Individual Nonspherical Particles

It 1is not possible at present to calculate
scattering and absorption characteristics of particles of
arbitrary shape and refractive index. There has, however,
been some progress on theoretical models and calculations
for certain nonspherical shapes such as ellipsoids,?
sphero1ds.5'7 clusters of spheres,8 and cylinders.9 The

calculations are often valid for only 1limited values of
refractive index.

Some experimental
istics of nonspherical

the

work on the scattering character-
particles has been performed. The
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PARTICLE DIAMETER (um)

Fig. 4 Lorenz-Mie theory calculations of differential scatteri--
cross-section F as a function of particle diameter for various -
after Handa et al.5

use of microwave radiation with wavelengths on the order of
cm permits the study of scattering by arbitrs .
shapes.10:11  Forward scattering by agglomerates of spher:i-
cal particles has also been observed experimentally.l2
The results of these studies 1indicate that -
near-forward scattering characteristics of nonspherica
particles are predicted reasonably well by calculations for

spherical particles of equal cross-sectional area. The
off-axis scattering characteristics however are strongl
dependcnt on the detailed particle shape. Concernirg

extinction (scattering plus absorption) spheres of equa’
volume or surface area have been used to apgroximate thes:
optical properties of nonspherical particles.l3

Scattering by an Ensemble of Particles

Often in particle diagnostics experiments it is either
undesirable or impossible to define an optical sample velume
small enough to ensure that less than one particie on
average is in the volume. In that case the aggrecate
scattering properties of a number of particles are measured.
Interpretation of the resulting ensemble or multiparticile
scattering measurements (not to be confused with nultiple
scattering) is straightforward if the detected 1ight has
undergone only one scattering event. That is, if sirgie
scattering 1s predominant then the presence of other
particles in the aerosol cloud has a negligible effect. In
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that situation 1ight scattering in the far field is just tre
superposition of 1isolated single scattering contrirutiors
from each particle in the scattering volume. If therc are
very large number of randomly positioned particles in tr-
optical sample volume then superposition of tre scattere:
intensity contributions (incoherent scatter) descri.es
ensemble scattering properties. Conversely, if there arc
either relatively few particles or the particles are
positioned in regular or quasi-ordered fashion then irter-
ference phenomena become important and the superposition
must use scattered E-fields (coherent scatter) rather thar
intensities.

There are practical situations where single scattering
approximations are not valid. For example two particles
spaced closer than a few diameters apart will scatter as a
single entity and Lorenz-Mie theory would not apply.
Fortunately this situation occurs rather infrequently. Of
more practical concern 1s the case where the particles on
average are well separated but particles adjacent to the
sample volume distort the scattered wave before it reaches
the detector.

Multiple Scattering

As the physical size of an aerosol cloud increases, the
probability that a scattered photon or ray will encounter
another particle and be scattered again before leaving the
aerosol increases as well., This phenomenon, termed multiple
scattering, will clearly alter the characteristics of the
scattered 1light which finally reaches the detector of a
diagnostic instrument. Therefore the presence of multiple
scattering significantly complicates the interpretation of
1ight scattering measurements. The level of multiple scat-
tering can be ascertained from the level of attenuation of
the 1incident beam. For an axisymmetric aerosol with a
centered optical sample volume the fraction of cetected
scattered 11ight which has undergone only one scattering
event 1{1s approximately equal to the square root of the
fraction transmission of the incident beam. Some degree of
multiple scattering is inherent in all measurements and the
significance of this effect depends on the application., In
particular, the anisotropy of the single scattering signa-
ture of the aerosol of interest plays a significant role in
determining the sensitivity of measurements to multiple
scattering. For example, Feltonl4 performed a series of
laser diffraction particle size measurements on 45 um poly-
styrene latex spheres in a water flow cell. The ensemble
scattering method assumed that the particle size distri-
bution was Rosin-Rammler and determined the mean diameter
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and a width parameter, Measurements were taken for a series
of latex particle concentrations which gave transmission
fractions from 0.92 to 0.03. With increasing concentrations
(decreasing optical transmission) the mean diameter
decreased as expected since the secondary scattering events
further diffused the forward scattered 1light giving the
appearance of smaller particles. At 50% transmission
Feltonl4 observed approximately a 5% decrease in apparent
mean diameter relative to the high transmission (single
scattering) limit.

Ensemble (Multiparticle) Sizing Techniques

Optical techniques which analyze the light scattering
and extinction properties of an ensemble of particles are
invaluable 1in some applications. For measurements of
particles smaller than about 0.1 pym, ensemble methods are
the only viable options since SPC and imaging technigues
generally cannot distinguish these particiles. The Tow.r
size limit of a typical SPC is determined by one of 1.-
factors. First, scattering signals from indivicual sra °
particles become rapidly indistinguishable from dete eor
shot noise since the scattering cross sections decrease a5
d® in the Rayleigh regime. Second, typical particle nun:er
densities increase as d-4 (Junge distribution) making =
eventually impossible to maintain the presence of only or
particle in the optical sample volume. Imaging techniz s
are useless for particles smaller than several wavelengt.s.
and since visible or 1in some cases near ultraviclet
radiation is generally used imaging methods are limitec tc
particles several um and above.

Ensemble measurements inherently contain less informa-
tion than SPC and imaging data as the scattering or
extinction i{s averaged over all particle sizes 1in the
aerosol, In some situations it is possible to mathemati-
cally invert the set of ensemble measurements anc
reconstruct or estimate the size distribution. The maximum
resolution possible for the reconstructed size distribution
is determined by the number of optical property measurements
(e.g. the number of scattering angles), but practical
considerations often 1imit here. It is often advantageous
to estimate average parameters of the aerosol such as a mear
diameter rather than perform the complete inversion.
Similarly the form of the size distribution can be assumec
and the measurements used to estimate the best fit
parameters for the assumed size distribution.

Several ensemble-averaged optical properties  of
aerosols can be wused in size analysis. These 1include
spectral extinction, the angular dependence of scattered
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1ight, and finally for very small particles the spectral
properties of the scattered 1ight as Doppler-shifted by the
Brownian motions of the particles. The following paragraphs
discuss in further detail these ensemble methods.

Extinction Methods

The amount of 1ight removed from a beam passing through
an aerosol directly indicates the extinction cross sections
of the particles along the beam path, If the refractive
index and the volume concentration of the particles are
known, then the volume-to-surface area mean diameter D3, (or
Sauter Mean Diameter, SMD) can be determined from a single
transmission measurement.l3 Further, the authorsl5 studied
the ratio of the transmittance at two probe wavelengths and
found that it exhibited monotonic behavior when plotted as a
function of D3, for nonabsorbing particles in the range A;/3
< D3z <Ap. Ariessohn et al.1® also studied this two-wave-
length approach and found that the specific form of the
particle size distribution, if it was not very narrow, hac
little influence on the measurement. The authorsl® consic-
ered measurements on coal ash particles which are weakly
absorbing and found a compressed but useful sizing range of
roughly Ap/10 < D33 < 1.3Ap for Ay = 0.325 um and Ao = 3.39
pum, Lester and Wittigl’7 and Brol8 utilized a similar method
in shock tube studies of soot formation. Powell et al,l9
used spectral transmission data coupled with scattering
measurements to study smoke particle sizes., Although in the
works referenced above only mean diameters are determinec,
there have also been a number of studies on the use of
spectral transmission measurements to determine the size
distribution as wel1,20 For optimum sensitivity the
wavelengths used must roughly bracket the particle sizes of
interest, so these techniques are in general useful for
intermediate particle sizes near practical wavelengths.

Myltiangle Scattering Measuremenis

It is clear from Figs. 2-4 that the angular scattering
characteristics of an ensemble of particles will contain
information on the particle size distribution. For smail
particles, say several um and below, it is necessary to
measure scattering characteristics over a 1large range cf
scattering angles. This can be accomplished for 8 from ¢
deg to 178 deg using a polar nephlometer as discussed by
Hansen and Evans.2l  Hansen then used this technique22 to
estimate size distributions and refractive indices of an
atmospheric aerosol. In some situations it is impractical

to traverse a detector around the aerosol to measure angular
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Fig. 5 Generalized schematic of a laser-basec single part’. «
counter.

scattering characteristics, and a few detectors at selecc .
scattering angles are used.

Multiangle ensemble scattering techniques are utilize.
in some situations where SPC and imaging methods are nct
applicable. Measurements in solid-propellant rocuez
exhausts where the particle velocities are very high and the
run times very short have been made by McCay et al.23 using
multiangle scattering and extinction. Measurements cf soot
particle sizes in flames require ensemble methods because cf
the small sizes (<100 nm). Recent studies on soct ¢ty
Santoro and SemerjianZ4 and Chang and PennerZ> have teer
completed although the presence of nonspherical agglomeratcs
complicate interpretation of the data. The authorsZ3-<5
used an optical system similar to that in Fig. 5 but with
some detectors oriented in the backscatter direction because
of the small particle sizes. Measurement of the polariza-
tion state of the scattered radiation is also useful ‘n
particle size analysis by ensemble multiangle scattering.

One problem for all multiwavelength or multiangie
diagnostics for particle sizes of several micrometers ang
below is that the scattering characteristics can be stronaiy
influenced by the refractive index which is in general no
known. By increasing the number of measurements and
assuming that the size distribution 1is monodisperse or of
some particular form it is possible in theory to determine
the refractive index along with the size distritu-
tion.22,24,26

As particle size increases it can t- seen from Fig. =
that the energy is scattered predominan..y into the near-
forward directions. Further, for particles greater than
several um the dominant contributor to the forward lobe is
diffractive scatter as opposed to refraction or reflection,
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Fig. 6 Schematic of laser diffraction particle sizirg
instrument,

Analysis of the forward diffraction lobe has become a common
diagnostic for particles and droplets larger than several
micrometers in diameter,

The generalized schematic of a laser diffraction
particle sizing apparatus is shown in Fig. 6. The bean from
a laser, typically a several mW He-Ne model, is spatially
filtered, expanded, and collimated to several mm diameter at
the 1/e2 intensity points. This collimated probe beam i<
directeg through the aerosol of interest and the transmitted
(unscattered) portion is focused on-axis to a spot at the
pack focal plane of the receiving lens, Light scattered by
particles in the probe beam which passes through the
aperture of the receiving lens is directed to off-axis
points on the observation or detection plane. A monodis-
perse ensemble of spherical particles large comparec to the
wavelength would produce the characteristic Airy diffraction
pattern shown in Fig. 6 as descrited by Fraunhofer
giffraction theory

4H2
106) = Ijpe %A (23 (@8) )2 (5)
1672 a8

where Jy 1s the first-order Bessel function of first kind.
The obliquity correction (1 + cos2@)/2 has been neglected in
Eq. (5) and the small angle approximation of sin 8 = 8 has
been made.
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Fig. 7 Forward scattering signatures calculated using Fraunhofer
diffraction theory for Rosin-Rammier particle stze distributicns
A= 0.6328 um,

In practical systems a distribution of particle sizes
or a polydispersion is generally encountered. The compositc
scattered intensity profile is a linear combination of th=
characteristic profile of each droplet size with a weighting
coefficient equal to the number of particles of that size i~
the sample volume. The diffraction signature of a polycis-
perse spray is given by

o]

42 2
1(8) = Iinc fo‘ A ( 2J; (@) ) n(a) da (6
¢ 16n° @8

where n{a)da is the number of particles in the laser bean
with sizes between o and « + da and truncation of light
diffracted at large angles by the receiving lens has beer
neglected.2’ A primary effect of broadened size districu-
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L NI Fig. 8 Reproduction of the photosensitive elements of a monc-
lithic P on N photodiode array detector atter Hirleman.2’

tions 1is elimination of the contrast in the diffraction
pattern as shown in the diffraction signatures calculated
for several Rosin-Rammler particle size distritutions in
Fig. 7. The two parameters in a Rosin-Rammler distritution .
are the mean diameter x and the exponent N. The wicth of
the distribution increases with decreasing N, and as N
approaches infinity the distribution becomes monodisperse.
The basic task in laser diffraction particle sizing is
to detect and analyze the diffraction signature I(8), angc -
SRy o then mathematically invert Eq. (6) to determine parameters
of the particle size distritution., Chin et al. in 195528
proposed several detection techniques, one of which was to
traverse a pinhole/photodetector assembly across the .
diffraction pattern. Due to the mechanical traverse this Lo
detection approach requires a significant amount of time to
: cover the entire diffraction pattern, Further, the large
dynamic range of the diffraction signature given by Eqgs. (5)
and (6) is another difficulty for such systems.
The advantages of real time analysis of the entire
Jp diffraction signature as opposed to traversing a detector
I across either the diffraction pattern itself or a photo-
graphic 1image thereof are obvious. Developments in
monolithic solid state multielement detector arrays in the
1970's 1improved the situation by allowing the entire

Lag 7

v.wwxv.,-v

diffraction signature to be analyzed instantaneously. A
» monolithic detector designed for forward scattering measure-
L ments is shown in Fig, 8. Note the increasing thickness of
~ the annular detector elements which, when coupled with
e increasing length (circumference), result in a significant
{o increase in detector area as radius increases. This effect

compresses the dynamic range of the scattering measurements.
A detector similar to that in Fig. 8 designed for parts
recognition applications29 is utiiized in a commercial laser
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diffraction particle sizing instrument30 based on the work
of Swithenbank et al.3l

A number of data processing methods have been used to
extract particle size information from measured diffraction
patterns. Chin et al.28 utilized the integral transform
derivation of Titschmarsh3Z to analytically invert Eq. (6!
to obtain n(a). Dobbins et al.33 somewhat paradoxically
observed that the diffraction signatures were relatively
independent of the form of the droplet size distribution and
depended primarily on D3p. The authors33 utilized a single
parameter of the diffraction pattern, the angle at which the
scattered light 1intensity is down to 10% of the on-axis
value, to determine D3;. Others34:35 have since modified
slightly this approach and it is still in use today.

Swithenbank et a1.31 analyzed the diffraction pattern
with the annular ring detector discussed above and subse-
quently did a numerical inversion (as opposed to integral
transform) of a discretized form of Eq. (6) to obtain the
volume distribution in 7 discrete size bins, The inversion
problem 1is 1ili-conditioned and as a second approach the
authors3l assumed that the size distribution was of the
Rosin-Rammler form with two independent parameters. Recent
data processing developments do not reguire an assumption of
the form of the size distribution.30.3

Diffusion Broaden |Ilg Spectroscopy

One problem with spectral extinction and multiangle
scattering measurements of small particles is the dependence
on refractive index which is generally unknown and might
even vary between particles. One diagnostic which for
certain applications does not require knowledge of the
refractive 1index 1is diffusion broadening spectroscopy.
Light scattered by molecules or particles is Doppler shifted
due to Brownian motion. The magnitude of the frequency
shift depends on the velocity of the particle and the angle
at which the scattered radiation is collected. Light scat-
tered from a large number of particles undergoing Brownian
motion in a medium with a mass mean velocity of zerc
contains a distribution of frequencies centered around the
incident laser frequency. If the light scattered by these
particles 1is collected and mixed on a single detector
(homodyne detection) then the frequency differences betweer
waves scattered from the various particles will be present
in the detector output with a resulting spectrun centerec
around zero frequency. The theoretical analysis for
predicting the power spectrum and autocorrelation function
of the homodyne scattered 11ght signal for particles
suspended in a stagnant or laminar flow is well known.37
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The predictions depend on the scattering angle, the particle .
diameter, and the diffusion coefficient which in turn

-depends on temperature and viscosity. By measuring the

hal f-width of the power spectra38 after Penner et al. or the

correlation time39 from photon correlation after King et al. _
the diffusion coefficient of the particles can be deter- - -
mined. Introduction of some assumptions concerning the

diffusion coefficient then allows the particle size of a

monodisperse aerosol to be determined.

The optical system required for diffusion broadening ,
spectroscopy is rather simple as shown in Fig. 5. The laser -
focus diameter is selected to minimize broadening effects
due to finite particle residence time.39 The output from
the detector would then go to a spectrum analyzer or a
digital photon correlator.

Diffusion broadening spectroscopy has been used suc-
cessfully in flames37-39 and other particle systems. It is
only useful for particle diameters less than about 100 nm
because the frequency shifts become very small as the
Brownian diffusion velocities decrease for larger particles.
Further, this technique {is only i{ndependent of refractive
index for monodisperse aerosols, and successful application
in polydisperse systems seems unlikely.

Laser/Optical Single Particle Counters (SPC)

A generalized schematic of an optical SPC is presented -
in Fig. 5. The output beam from a laser or other source of '
radfation 1is directed (and typically focused) 1into the
optical sample volume, This sample or probe volume can be T
thought of as that region of space where a single particle R
can generate a sufficient detector signal to be discrimi- ’
nated or "seen" over the background noise. As individual
particles pass through the sample volume they interact with
the incident radiation beam (i.e., scatter, absorb, and/or
fluoresce 1ight) and are observed by detection optics
oriented at some angle(s) © with respect to the beam propa-
gation direction. The single particle signals obtained at
the photodetector(s) are processed to provide information on
the size and possibly the velocity of each particle. The

i

‘,'Y.V‘v . vy o>

various SPC approaches to particle sizing are discussed
below.
. - n e
i' The most common approach to particle sizing involves
v the principle that the amount of the light scattered by a
f particle is a nominally monotonic increasing function of
»
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Fig. 9 Partial 1light scattering cross sections for spherical
particles with refractive index n=1.47 for f/1.96 receiving optics
oriented for 10 deg off-axis collection 1n the plane normal to the
direction of polarization of the incident beam. The Lorenz-Mie
theory calculations used A = 0.6328 um.

particle size, It follows that measurement of a scattering
or extinction cross section cai be used to infer particle
size. The SPC scattering signal response S to a particle in
an incident radiation field (uniform over the particle) of
intensity Ijnc 1s given by

S = K I'inc CSC (7)

where k is the system gain in transducing radiant energy to
voltage using a photodetector and Cg. is the partial light
scattering cross section as determined from Eq. (4). The
partial cross sections, as opposed to total cross sections,
depend on the specific finite aperture detector configura-
tion in use. A response function S(d) relating measured
signal levels to the diameters of spherical particles of
known refractive index passing through a SPC sample volume
of known 1incident intensity Iync can be determined from
theoretical calculations of Cgco(d). Here the factor k must
be determined by calibration.

A plot of partial light scattering cross section for
spherical particles illuminated by a coherent uniphase wave
calculated using a Lorenz-Mie theory computer code” is given
in Fig. 9. The calculations are for an off-axis f/1.96
collection lens centered at 6 = 10 deg from the incicent
radiation propagation direction (forward scattering). The
oscillatory behavior is due to resonance interactions in the
scattering process and results in ambiguities in particle
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4 size determination from SPC scattering measurements. Ancther
problem 1inherent in using the laser as a SPC radiation
source 1is the nonuniform intensity profile across the
beam.12:40 An ambiguity in signal levels arises for in situ
SPC since the particles are free to traverse the sample

{ | volume at any position. Thus, particles will experience

o different peak incident intensities Iy depending on the
trajectory and even a monodisperse (uniform size) aerosol
will generate a broad distribution of signal amplitudes S.

o A number of methods have been devised to eliminate the
Il unknown incident intensity effect in cross-section measuring
NIV techniques. The basic approaches include: 1) analysis of
:;i*?ﬂ%ﬁ" only those particles which pass through a selected portion

of the beam of known and constant intensity, 2) analysis of
all particles and later correction for the known distribu-
tion of particle trajectories and corresponding incident
intensities, 3) use of the ratio of scattering signals at
two or more angles to cancel the incident intensity effect.
For in situ measurements various optical methods of
discriminating those particles which pass through a control
portion of the beam have been used, including coinciderce
detectors at 90 deg by Ungut et al.4l and in the forward
direction by Knollenberg.42 It has also been suggested that
a pointer laser beam tightly focussed within a larger probe
beam be used to discriminate those particles which pass
through the center of the probe beam,43 This latter
approach does not eliminate the ambiguity, but rather shifts
the problem to the pointer beam where the effect is less
e significant., It is also possible to change the intensity L
&i profile across the laser beam from Gaussian to something f“j
approximating a tophat using specially designed filters,
g However any beam degradation due to windows or refractive L]
- index fluctuations would spread the profile and reintroduce S
' the intensity ambiguity. It appears that no definitive B
studies on the use of tophat profiles have been reported.
Another somewhat similar technique proposed by S
Hirleman44 involves the use of signals generated by parti- T
cles traversing two adjacent laser beams. The dual peak R
signature is used to determine two velocity components and L
the trajectory of each particle. Given known laser beam
properties the incident intensity history for a particle is
then completely determined which permits a real time correc-
tion for the intensity ambiguity. After Ijnc in Eq. (7) is
determined a calibrated response function prediction such as
Fig. 9 would be used to relate signal amplitudes to particle
size. This technique44 has been proposed for light scat-
tering, extinction, and fluorescence cross=section
measurements although experiments to date have used only
11ght scattering.
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Fig. 10 Response functions for ratio-type SPC. The data apply to
spherical particles with n=1.56-0.471 (soot) and X = 0.6328 um.
The scattering angle pairs are a)48/24 deg, b)24/12 deg, c)12/6
deg, d)6/3 deg, e)3/1.5 deg, f)1/0.5 deg, g)0.5/0.25 deg. All but
the 48/24 deg curve were truncated after the first minimum,

Particie-Laden Sas Fiow

e Sampig Volume
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4 N
) _,:j.ff;_*#r—-————' Argon o aser

Fig. 11 Schematic of optical system for particle sizing fnterfer-
ometer after Houser.>

A second general approach to the ambiguous incident
intensity problem 1is to correct after the fact. One
implementation of this approach proposed by Holve and Self45
1s to first consider the distribution of scattering signal
pulse heights generated by particles of one size passing
with equal probability through all portions of the laser
beam focus region. The optical system required again is
1ike Fig. 5 using a single near-forward off-axis detector.
The signal height distribution from a polydispersion is then
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Fig. 12 Signals from particle sizing interferometer atte- E
» Bachalo.58
. a linear combination of the monodisperse particle response
o distributions. A numerical scheme was developed4> to invert
; the resulting system of equations and solve for the linear
’ coefficients which are proportional to concentrations in the
discretized particle size intervals. This approach4> nzs
been successfully used for sizing burning droplets anc
particulates emitted from a coal combustor,
®
> Scattering Intensity Ratio Techniques
g The final method to eliminate the incigent intensit.
. ambiguity in SPC is to utilize the ratio of scatterec light
’
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Fig. 13 Calculations for the fringe visibility V as a function of
particle dfam to fringe spacing ratio d/6 for particle sizing
intereferometers (PSI)., The data apply to a PSI collecting ail of
the forward scattered light and to an off-axis PSI with ar f/2
collection lens oriented at 8 = 20 deg.

signals from two or more scattering angles to determine
particle size. This approach is often used in ensemble
multiangle scattering measurements where the relative
scattering profile rather than the absolute scattering at
some angle is used. Hodkinson46 suggested and Gravatt4’
implemented an SPC based on the ratio technique which usec
scattering ratios from near-forward scattering angies where
the sensitivity to particle shape and refractive index is
minimized. The optical configuration of ratio counters can
be similar to that in Fig. 5, although annular detection
schemes are often used.12,48 A set of response functions
for a ratio SPC is plotted in Fig. 10. One problem evident
from Fig. 10 1s the multivalued response function plotted
for the largest angle pair, Outsize particles, or those
targer than the first minimum 1in the ratio response
functions in Fig. 10, will be incorrectly sized by ratio
instruments which utilize only a single pair of scattering
angles. The multiple ratio concept (MRSPC) developecd by
Hirleman and coworkerslZ:48 yas designed to eliminate this
ambiguity problem.

Ratio counters still have an optical sample volume
which depends on particle size and corrections for this
effect must be considered.l? Also, since forward scattering
is generally used, ratio counters are relatively insensitive
to particle shape and refractive index.l2

A possible advance for ratio schemes may be to inte-
grate photodiode array detectors to allow more scattering
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Fig. 14610 Schematic of imaging particle sizing system after Fleeter
et al.

data to be collected without simply adding photomultiplier
tubes, Bartholdi et al.49 used a linear photodiode array ir
an SPC application and we are studying the use of intensi-
fied versions of the detector in Fig. 8.

Ratio SPC are apnlicable in the nominal size range c-
0.3 - 10.0 um for practical laser sources. They have bee
successfully applied in engine exhausts,48 flame studies,
fluidized bed off-gas.sl and in several other applications.

izin erf m

Another approach which can provide particle =iz
information independent of incident intensity is partic?
sizing interferometry (PSI). A schematic is shown in Fi:
11. As a single particle passes through the intersecti:
region of two nonparallel Jlaser beams, Doppler-shift:
scattered 1ight waves from each beam emanate from =<t
particle. Heterodyning the two contributions of scattere
1ight at a detector will produce the Doppler-differenc.
frequency which is directly related to the particle velccit,
and the angle between the laser beam propagation vectors,
This principle underlies the 1laser Doppler velocimet r
(LOV). A particle crossing the LDV beam intersection regicr
will produce an approximately Gaussian signal (pedestal:
with the modulated Doppler-difference component writter on
the pedestal®Z? as shown in Fig. 12. The ratio of the
modulated signal amplitude to the pedestal amplitude, whic!
is termed the visibility, provides a measure of partic =
size as shown by Farmer5< and others53+:54 who usec a scaar
description of the process. For large apertures wnich
collect all of the forward scattered (diffracted) light t' -
visibility V as a function of particle diameter d and frirc-
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Fig. 15 Schematic of holographic particle sizing system after
Chigier.62

spacing 4 was shown by Robinson and Chud4 to be

Vo= 2J1(=d/6) (8)
7d/d
where J) is a first-order Bessel function of first kind. A
plot of V is given in Fig. 13.

Calculations considering the complete problem of
scattering by a sphere simultaneously in two coherent,
collimated laser beamsd®> predicted a strong dependence of
the visibility on particle refractive index, the detector
aperture, and detector position relative to the beams. A
number of experimental studies have confirmed the importance
of careful receiving optics design55’56 although conflicting
observations have also been made.>’

Another related approach is the off-axis PSI proposed
by Bachalo®8 which utilizes the interference of refracted or
reflected 1light scattering contributions rather than the
diffractive scatter of a conventional PSI.5Z2 This method is
applicable to particles significantly larger than the wave-
length and is based on the difference in optical path length
traveled by refracted rays from the two crossed beams which
pass through the particle and arrive coincidently at the
detector. The visibility response function for a typicai
of f-axis PSI collection angle®/ of 20 deg is alsc shown in
Fig. 13, and the expanded d/6 sizing range for this concept

"~ is apparent.

Although the visibility is a relative measurement,
absolute 1ight scattering cross sections and incicent laser
beam intensity distritutions still control the PSI. Only
those particles which scatter enough 1ight to be detectec
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above the background noise level will be sic..u. Thus a PSI
- will "size" the particles using a relative measurement but
the frequency at which particles are "seen" or counted fis
biased toward large particles.

To correct some serfous problems in sizing particles
traversing the edge of off-axis PSI probe volumes, it has
been suggested that the amplitude of the Doppler bursts from
PSI 1instruments be used to size particles. The incident
intensity ambiguity is reintroduced and a correction must be
made. Those particles traversing the center of the inter-
section region can be discriminated using coincidence detec-
tion with small aperture detectors or using an additional,
tightly focused pointer beam. Unfortunately the Tlatter
approach merely shifts the trajectory ambiguity problem from
the PSI beams to the Gaussian pointer beam.

Photographic and Holographic Methods

Several different imaging methods have been used for
particle and droplet sizing. These rely on a short light
pulse to "freeze" the particle images so that direct
measurements of size may be made. In the case of double
flash photography two closely spaced light pulses are used
to obtain double images of each droplet so that velocity can
also be determined. Single and double pulse holography have
been used as well, with the advantage that a volume of the
aerosol can be captured rather than the limited depth of
field afforded by photographic methods. The problem with
both photographic and holographic methods is the tedious and
expensive post processing needed to extract the data. Also,
quantitative measurements of particle size distrioutions
with 1imaging techniques are realistic only for particle
sizes greater than 5 um at best.

Automated data processing for particle photography has
been reported by Simmons and Lapera®d and Fleeter et 21.60
In the first system® a strobe light was used to form the
image on a vidicon tube. The image is scanned to obtain
drop size 1information and the cycle repeated roughly 10
times per second. Mean diameters and size distributions,
were obtained at each point 1n the spray.59 Fleeter et
a1.60 utilize a pulsed ruby laser as shown in Fig. 14 to
i1luminate the particles which are imaged onto a 512x517
diode array camera. The 1image 1s then digitized®0 ang
transferred to a computer memory for processing. Knollen-
ber'g42 analyzes individual particles by projecting images
onto a Tinear photodiode array.

One correction factor required in the data analysis of
incoherent 1imaging techniques 1is the effective depth of
field vs droplet size. (Large particles are visible over a
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larger axial distance from the exact opject plane than small
particles.) This correction is analagous to sample volume
corrections required with SPC and is mandatory before usefu]
data can be obtained.

Photographic image analysis is a very convenient method
n of particle and droplet sizing under cola flow conditions.
One limitation is the typical resolution 1imit of about five
micrometers., In hot flows one would expect substantially
poorer results due to image distortion by refractive index
- fluctuations in the flow. Performance also sufférs in
] applications where windows must be located between the spray
' and the camera, particularly when the optical apertiure is
limited. In a recent study of optical methods for Diesel
engine research, the threshold of size detection was 35 um
; for high-speed photography and 8 um for holography.bl
r; Pulsed holography eliminates the sample volume correc-
f tion required feor photographic methods since the holograms,
which contain three-dimensional information, can be observec
in two dimensions while the third is scanned. A schematic
diagram of a holographic system is shown in Fig. 15. Holo-
graphic methods for particle and droplet size analysis have
apparently been used to observe particles down to about
5 um, 03,64 Note however that the resolution of a holo-
graphic system is typically several micrometers so that the
accuracy in sizing such small particles 1is very pcor.
Another problem encouptered 1in particle holography s
performance degradation when the Tlaser beam transmission
drops below about 10%.65

-l——q
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Conclusions

Y.Vm'i"rYrr..

Laser-based techniques for nonintrusive diagnostics of
particle size and concentration distributions have beer
- reviewed. The most common diagnostics are imaging and light
' scattering techniques, and each instrument has 1its owr
ﬁ‘ unique set of limitations and range of applicability. It is
o imperative that the subtle factors which control th: accu-
' racy and reliability of cata obtained with Tlaser/optical
instruments be understood by the user,
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Response Characteristics of the Multiple-Ratio
Single-Particle Counter

E. D. HIRLEMAN anp H. K. MOON

Mechanical Engineering Department, Arizona State University, Tenipe, Arizona 8528

Received March 30, 1981; accepted June 12, 1981

The importance of aerosols and aerosol processes has prompted considerable research into tech-
niques for particulate characterization. As batch sampling probe techniques often introduce unac-
ceptable perturbations into the flow and can have serious uncertainties associated with possible
alterations of the aerosol in the sample line, in situ optical methods have received much interest.
This paper is concerned with a laser light-scattering technique for in situ analysis of individual
particles, the multiple-ratio single-particle counter (MRSPC). In particular a thorough study of the
response characteristics of the MRSPC was completed, including both experimental and theoretical
analyses of nonideal effects associated with particle size distribution measurements. The effects of
unknown refractive index, nonspherical particle shape, size-selective sampling bias, and instrument
resolution were considered. Theoretical predictions of MRSPC performance for these nonideal con-
ditions were found to agree quite well with experiments performed here. The overall analysis indicates
that the MRSPC can make in sizu measurements of volume-cquivalent size distributions of modecately
nonspherical particles of unknown refractive index with uncertainties on the order of 50%.

I. INTRODUCTION

Acrosol concentrations and size distribu-
tions are of fundamental importance to the
study of particulate emissions and fuel spray
combustion. The environmental impact of
particulate emissions has been a serious
problem since large-scale use of combustion
began. This problem wili become even more
acute as alternate fuels such as coal, syn-
thetics, and heavy residual fuels furnish in-
creasing portions of the expanding U. S. en-
ergy requirements. Particulates represent a
large fraction of the primary poliutants
emitted from coal combustion, and evalua-
tion of improved particulate control devices
will require continued development of ad-
vanced particulate analysis techniques. The
implications of particulate emissions are also
severe for advanced open-cycle gas turbine
power plants, as combustion exhaust parti-
cles can drastically reduce the life of turbine
blades.

0021-9797/82/050124-16802.00/0
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The numerous methods for particulate
characterization have been reviewed else-
where (1). Briefly, most of the conventional
particle analyzers such as cascade impac-
tors, commercial optical particle counters,
and electrical mobility analyzers require
batch sample extraction and thus suffer from
the common problems of flow interference
and alteration of aerosol properties in the
sampling probe lines. In situ optical tech-
niques are clearly superior for combustion
applications where performance criteria like
minimal flow interference, real time analy-
sis, and high-temperature operation arc im-
perative. The three classes of in situ opticul
methods include imaging or holographic
techniques;, ensemble analyzing methods:
and single-particle analyzers. In general,
these optical techniques eliminate the dis-
advantages of conventional sampling meth-
ods, but unfortunately also introduce their
own set of limitations and uncertainties. For
example, optical techniques can be quite sen-
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sitive to particle shape and composition or
refractive index (2, 3, 4). This is important,
for example, in combustion applications
where particle characteristics are generally
unknown and variable.

In order for the data from an optical par-
ticle analyzer to be reliably interpreted, sev-
eral performance characteristics of the in-

[Strument must be well understood. These
include:

1. Response to a very polydisperse aero-
sol, i.e., one with particle sizes outside the
nominal sizing range of the instrument.

2. Response to particles of unknown and
variable refractive index and composition.

3. Response to nonspherical particles.

4. Properties of the optical sample vol-
ume, including possible dependence on par-
ticle size and the corresponding probe vol-
ume correction.

5. Resolution, or the instrument response
to a monodisperse aerosol allowed to flow
through all portions of the sample volume.

A discussion of the performance of a num-
ber of single-particle counters with regard
to these factors has been presented recently
by Whitby and Willeke (2) and Hirleman
(3). In the present paper, response charac-
teristics of a particular laser light-scattering
single-particle counter, the multiple-ratio
single-particle counter (MRSPC), were in-
vestigated both theoretically and experimen-
tally.

2. MULTIPLE-RATIO SINGLE-PARTICLE
COUNTER (MRSPC)

That subset of laser/optical instruments
for aerosol characterization known as single-
particle counters (SPC) in general analyze
light scattered by particles passing individ-
ually through focused light beams to deter-
mine particle size. Ratio-type SPC in par-
ticular derive size from a ratio of the amount
of laser light scattered by single particles
into two separate viewing or detection an-
gles. The use of two near-forward scattering

angles for ratio measurements as suggested
by Hodkinson (5) and initially implemented
by Gravatt (6) has some advantages. First,
the ratios are relatively weak functions of
particle shape and refractive index, which
is important in the analysis of generally non-
spherical combustion particulates of un-
known and varying composition. Second, the
ratio approach eliminates some of the prob-
lems associated with particle-to-particle
variation in incident illumination intensity
introduced either by the nonuniform inten-
sity profile across laser beams or by beam
energy fluctuations.

A typical response function prediction for
the ratio-type SPC is shown in Fig. 1. The
data in Fig. 1 assume annular detectors
axisymmetric with respect to the laser beam
collecting equal solid angle conical sheets o
scattered light of constant scattering ang!
8 (measured from the laser beam propag:
tion vector). The curves corresponding 1
refractive indices of n = 1.40 (typical of
liquid hydrocarbon) and n = 1.56-0.4
(soot) (7) were computed using Lorenz-M
theory for the scattering of plane electr
magnetic waves by spherical particles (¥.
10). Oscillations in the response function |
the nonabsorbing (real index) hydrocarh
particles are typical of those encountered
all scattering SPC which utilize monochr
matic light (2, 11, 12, 13). In contrast. [
absorbing soot particles the oscillations u
clearly damped out. Also plotted in Fig.
is the 12°/6° ratio as calculated from U
theory for Fraunhofer diffraction of plar
waves by circular disks (5).

The good agreement between diffractic
calculations and Lorenz-Mie predictions fe
soot is not necessarily expected as diffractio.
theory is valid only when d > A, a condition
which is clearly not satisfied for the particl.
size range of Fig. 1. However, if the scut-
tering process is considered to consist of the
superposition of reflection, refraction, and
diffraction contributions (admittedly non-
rigorous for d ~ \) then small angle forward
scattering by absorbing spheres should be
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predominately the diffraction contribution.
Note also that Fig. 1 indicates only that the
shape of the forward scattering lobe (i.c.,
ratios) is predicted reasonably well by dif-
fraction theory; absolute forward scattering
cross sections will not, in general, be ade-
quately modeled by diffraction theory.

For very small particles in the Rayleigh
scattering regime, d < A, the scattering at
small forward angles is nominally isotropic,
and the scattering ratios approach 1.0. As
particle size increases the scattered energy
shifts toward the forward direction resulting
in the familiar Mie lobe structure (2, 16)
and lower ratios. Finally, as the first mini-
mum in the scattering pattern moves in to
12° at a = 18, the ratio for 12°/6° becomes
very small. Unfortunately as particle size
increases past the first minimum in the re-
sponse curve, the ratio continues to oscillate
at nonzero values as shown in Fig. 2. Thus
a measured 48°/24° ratio of say 0.5 corre-
sponds to many possible particle sizes (mul-
tivalued response), and a 48°/24° single ra-
tio SPC with a nominal size range of 0.06
10 0.6 um will incorrectly size particles larger
than 0.6 um. It was this problem that pro-
vided impetus for the multiple-ratio SPC
(4, 13), where additional ratios are used as
on-line consistency checks to detect this non-
unique response problem. In MRSPC prac-
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F1G. 1. Scattering ratio response curves for 12°/6°.
The curves for n = 1.40 and n = 1.56-0.47/ were cal-
culated for spherical particles using Lorenz-Mie theory.
The third curve was calculated using Fraunhofer dif-
fraction theory with the obliquity correction.
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F1G. 2. Response function for a ratio-type light scat-
tering SPC. The data were calculated for spherical par-
ticles with n = 1.56-0.47 (soot) and A = 0.488 um. The }
scattering angle pairs are (a) 48°/24°, (b) 24°/12°, - 1
(c) 12°/6°, (d) 6°/3°, (e} 3°/1.5°, () 1°/0.5° and . <
(g) 0.5°/0.25°. The latter curves were truncated at the
first minimum although all of the response curves have
oscillations after the first minimum similar to the data
for 48°/24°.

tice, a particle is sized using the scattering
ratio measured with the largest angle pair - 9
which indicates a size consistent with that
determined by all smaller angle pairs. This
procedure eliminates multivalued response
errors and ensures that a particle is sized

using the most sensitive possible responsc R
curve. A dynamic range of 10 is typical for 4
adequate sensitivity using one particular an- Lo

gle pair, and with the use of several angles
the MRSPC can potentially cover sizes from
about 0.1 to 10 um (3).

A schematic of a typical MRSPC config-

uration is shown in Fig. 3. The incident luser 4
beam is focused by a lens of typically 10- _
to 40-cm focal length to a focus spot of 10- o]

to 200-um radius at the 1/¢? intensity points.
The receiving system collects light scattered
by particles passing near the focus spot. sep- 1
arates it into the various scattering angles, 1
and directs it to photodetectors. Signals from
the various photodetectors are then pro-

cessed to determine the scattering ratios of RN
interest. MRSPC working spaces of 20 60 :
cm are typical allowing for true in situ op- O
eration. 4
The simplest optical receiving system for AR

a ratio-type SPC would consist of several
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off-axis lens/pinhole/photodetector combi-
nations. However, it is advantageous to use
coaxial annular detection as in Fig. 3 be-
cause some of the orientation effects present
with nonspherical particles are averaged out
There are a number of effectively equivalent
optical techniques for separating scattered
light into portions of constant scattering an-
gle 8. Gravatt (6) used a set of conical irises
to mask the scattered light. Another general
; approach which decreases the physical di-
' mensions of the receiving optics is to place
‘ a lens one focal length behind the laser beam
focus and refract the angularly scattered

light to be nominally parallel to the laser

. beam axis. This method has been used in a
ot large number of investigations (4, 14, 15,
16). The scattering angles can then be sep-
v, i - . arated using a series of lenses with increasing
S diameters (15) or by using series of plates
' with concentric annular irises to separate the
. scattered light into annular rings (4, 16). A
fiber optic receiving head as originally pro-

- posed by McSweeney and Rivers (18) and
o S adopted by others (4, 6, 16) can then direct
' ' - the concentric rings of scattered light to sep-
arate detectors. Unfortunately spherical ab-
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F1G. 3. Schematic of MRSPC with a lens/annular iris plate receiving system

errations in the receiving lens can cause aniu!
misalignment of the fields of view of the var-
ious detectors resulting in decreased reso-
lution. This problem was solved recently (170
by designing and photoetching annular irises
which inherently correct for the lens aber-
rations and eliminate the misalignmen:
problem.

Several signal processing methods tor ra-
tio-type SPC are possible. Gravatt (6) per-
formed an analog integration of the scatter-
ing signals produced by particles traversing
a Gaussian (TEMy,) laser beam before per-
forming the ratio operation. This has some
advantages over simple peak height detec-
tion which would be more sensitive to high-
frequency noise on the signals. In the presert
study digital signal processing technigues
with high-speed (20-MHz) analog-to-digite,
conversion coupled with digital peak heigit
estimation techniques were used (19). The
microcomputer controlled system then cal-
culates the various ratios, makes the logical
decision about which ratio to use for sizing.
determines the size from the appropriate re
sponse calibration curve, and finally buiide
the size distribution histogram.
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3. RESPONSE CHARACTERISTICS

It is imperative to fully understand the
response characteristics of any optical par-
ticle analyzers designed for in situ operation.
This is true because in general there is no
opportunity for redundant analyses; the par-
ticles can only be studied for the short time
they are resident in the light beam. The fol-
lowing discusses some of the most critical
nonideal effects which must be considered
when interpreting in situ particle counter
data. In particular theoretical and experi-
mental investigations of MRSPC response
characteristics are presented.

3.1 Refractive Index Effects

It is an unfortunate characteristic of light
scattering by small particles and hence of
most optical aerosol analyzers that the par-
ticle refractive index (or composition) is an
important parameter. Generally, an SPC is
calibrated with spherical particles of some
particular index of refraction, but in prac-
tical application different refractive indices
may be encountered. Sizing errors due to
variations in refractive index depend on the
SPC configuration, a worst case is probably
the 90° (right-angle) scattering SPC where
errors on the order of 300% are possible (4)
if absorbing particles are analyzed using a
calibration curve for nonabsorbing particles.
Ratio-type SPC configurations are relatively
insensitive to refractive index variations
since forward scattering is used. Figure |
demonstrates the refractive index effects for
the 12°/6° scattering ratio which are quite
indicative of those for other scattering angle
pairs. Response curves for nonabsorbing and
weakly absorbing particles typically oscillate
about the corresponding predictions for
strongly absorbing particles and diffraction.
As the complex portion of the refractive in-
dex increases the ratio response curves col-
lapse onto the monontonic decrcasing func-
tion for soot to within a few percent
regardless of the specific values of the real
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and imaginary parts of n. When using the
MRSPC to analyze aerosols of unknown re-
fractive index it is advantageous to use the
n = 1.56-0.47/ data (or something similar)
as the assumed response curve in order 1o
distribute sizing errors both plus and minus
(4). An envelope of response curves for a
broad range of practical refractive indices
will typically fall within +2577 of the soot
curve. Boron and Waldie (20) studied the
problems introduced by assuming the dit-
fraction theory curve for the response modei
and found sizing errors up 10 40% for poly
styrene latex spheres in air (n = 1603
However, it is clear from Fig. 1 that th
diffraction prediction distributes sizing cr
rors unevenly toward large sizes.

Quantitative results for sizing errors duc
to variations in refractive index are show:
in Table I. To calculate the data in Tuhic
I a Lorenz-Mie theory computer code war
used to determine the actual scattering ratic
for a particular refractive index and particic
size. This actual ratio was then used in con-
junction with the assumed ratio response
curve for n = 1.56-0.47; to determine the
corresponding “measured” particle size. The
(normalized) sizing error was then deiined
as the difference between the “measured™
size and the actual size divided by the actuai
size assumed for the calculation. The cai-
culations were carried out at « intervals of
0.25 over one decade in particle size up to
the first minimum in the diffraction pattein
for each respective angle pair. Decrcasine
the step size was found to have little elfiect
on the data of Table L.

The data in Table I indicate the furget
or worst case errrors to he about 337, en-
countered for nonabsorbing ucrosnls as ex-
pected. However, for ubsorbing pariicies
such as other estimates for soot (n - 1.37
0.56i, n = 1.74.0.74i) and graphite tn
2.51-1.361) the errors are maximum about
10% but with root mean square errors of only
a few percent. It is clear that the MRSPC
does provide a reasonable measurement of
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TABLE{

MRSPC Particle Sizing Errors for Spherical Particles of Various Refractive Indices with

n = 1.56-0.47, as Assumed Response Curve

6°/3° 12°/6° N
Index of Max % rms % Max & ms % Max %
refraction error error etror error errur erna
1.56-0.47i 0.0 0.0 0.0 0.0 0 0
1.57-0.56¢ 0.8 0.1 1.6 0.8 Ie [
1.74-0.74i 31 0.7 4.9 1.6 ER R
2.51-1.36i 4.5 1.0 10.7 27 10.4 R
1.57-0.0i 284 83 30.1 12.1 350 il
1.40-0.0i 25.3 9.2 28.5 13.6 3.1 il
1.40-0.05/ 111 4.0 i2.5 7.1 11.7 T
1.40-0.14 8.7 24 10.0 50 99 oo
1.40-0.25i 5.7 13 S8 2. S8 i
1.33-0.0; 24.1 10.1

322 14.8 I8.9 it

particle size even for unknown refractive
index.

3.2 Nonspherical Particle Effects

Laser-based SPC measure an optical
equivalent particle diameter, i.e., the diam-
eter of a sphere of refractive index corre-
sponding to the assumed response function
which has the same light-scattering prop-
erties as the particle being analyzed. This
optical dimension is important for radiation
and visibility considerations but often the
aerodynamic equivalent diameter is of more
interest. To reliably interpret SPC data, the
equivalent particle size actually determined
by a particular instrument must be under-
stood. Inference of an equivalent diameter
other than that explicitly measured is then
a justifiable possibility.

Practical aerosols deviate significantly
from the ideal case of spherical particles.
Soot and diesel smoke particles are chained
agglomerates of tens or a few hundred pri-
mary soot nuclei (21). The primary soot par-
ticles are nominally spherical with diame-
ters 0.01-0.05 um and agglomerate to
dimensions up to several micrometers. Other
possible particle shapes can range from
needle-like asbestos fibers to hollow fly-ash
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cynospheres. To actually predict the
sponse of a particular instrument would
quire a general solution to the problem
light scattering by irregular particles why
is presently not possible except for sciect
special cases. Fortunately, the forwurd sc:
ter configuration makes it possibic tc the
retically approximate MRSPC response t
nonspherical particles.

As previously mentioned light scatterin
by particles can be viewed (to first order)
the superposition of three contributions:
flection of radiation from the particle sur:
face; refraction (and absorption) of radiztior
passing through the particle; and finaily.
diffraction of the light passing around the
particle. Scattering patterns for spher.cu
particles considerably larger than the wave-
length have in fact been quantitatively cal-
culated by summing contributions from these
three effects (22) and found to be in retu
tively good agreement with the rigorous Lor-
enz-Mie theory. In the casc of near-forvward
scattering (small 6) utilized in the MRSPC,
the diffraction contribution is dominant
Unfortunately, classical Fraunhofer diftfr.
tion theory is not rigorously vahd for parti .
sizes on the order of the wavelength, una
absolute scattering intensity
from scalar diffraction theory for small par-

calculaiion.s
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1
ticles can be in considerable error. However, microscope slides. Figure 4 shows the “'im- :
the shape of the forward scattering lobe, as  ages” of 2.02-um polystyrene spheres (note 9
indicated by scattering ratios, can be pre- that 2.02 um is approximately the imaging o]
dicted quite well for spherical particles (S) resolution limit) projected onto a ground -
using diffraction theory as indicated by Fig. glass plate using a microscope objective. By ]
1. The good agreement between diffraction traversing the microscope objective along the
and Lorenz-Mie calculations for highly ab- laser beam axis, images of far-field scatter-
sorbing refractive indices is not surprising ing patterns from the particles of Fig. 4
since most of the radiation incident on the could be observed as shown in Fig. 5. In Fip. :
spherical particle cross section would be ab- 5 contributions from the single particles are !
sorbed, leaving a very small refraction con- quite difficult to resolve and the far-field
tribution to the energy scattered in the for- scattering patterns from the multiplet par- i
ward direction. Since very little surface ticles approach a nominally symmetric form 1
reflection will occur in the forward direction, indicative of a sphere of diumeter lurger than )
only the diffraction contribution from a that of the individual particles. Note the 1
“disk™ remains. When the complex portion progression of diameters of the first dark ring - 1
of the refractive index goes to zero (negli- (or first minimum) in scattering patterns of )
gible absorption), the transmitted or re- the singlet on the left, the doublet in the top
fracted energy becomes significant and re- center, and the triplets in Fig. 5. The de-
sults in a fringe structure of constructive and  creasing ring sizes and corresponding angles ]
destructive interference due to coherent mix-  of the first scattering minima demonstrate
ing of the refracted and diffracted waves. increasing equivalent particle sizes as ex- . |
4

This phenomenon is indicated by the oscil-
lations in the ratio responses shown in Figs.
1 and 2. Similar behavior is observed for all
other angle pairs of Fig. 2 with nonabsorbing
particles.

On the basis of applicability of diffraction
theory to forward scattering calculations for
spherical particles with diameters on the or-
der of the wavelength, it is reasonable to
postulate that forward lobe scattering ratios

as measured by the MRSPC for individual  patterns such as Fig. S and “sces™ an equn ’
nonspherical particles can also be approxi- alent spherical particle.
mated using diffraction theory. Hodkinson After establishing the validity ol o de 1
(22). Zerull et al. (23), and Pinnick er al. fraction approximation, it wis imporian: )
(24) have obtained some experimental re-  make some predictions of MRSPC respone. -
sults for forward scattering from a cloud of  to specific nonspherical particle geamcetrie- ]
nonspherical particles which support this  Predictions of the scattering ratios from o -
postulate. Unfortunately there is no exact eral two-dimensional particle shape projec- i
theory for light scattering by irregular par-  tions of practical interest in combustion 7 1
ticles to check the diffraction approximation  plications are presented in Table 1T The s
as is possible for spherical particles using  twoagglomerates in Table T are projection
Lorenz -Mie theory. of actual particle shapes observed in clevin -
Some further indication of the validity of  micrographs of diesel exhaust puarticles oo
this postulate was obtained by observing the  Vuk and Johnson (27) The caleulations
scattering characteristics  of clusters of  summed the Fraunhofer (far-ticld ) scattere ! :
spherical polystyrene particles deposited on light amplitude contributions from cach o -
Jowrnal of Collotd and Inerface Soenee. Vol K7 No 1, May 1957 -
§

pected. Further experiments with 1.0011-xm
spheres and other multiplet particle formu-
tions (4) also supported the postulate that
the dominant properties of forward scatter
ing by nonspherical particles with dimen-
sions on the order of the wavelength can b
estimated with reasonable certinty usin:
diffraction theory. The MRSPC colicos
scattering in concentric annular rings cui-
tered in the nonspherical particle scatterme:
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FiG. 4. Photograph of 2.02-um polystyrene spheres on a microscope slide. with the particles in best
focus and iltuminated with an argon-ion laser beam.
o !
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X b1 S Far-tield scattering patterns from particles shownin Fig 6 The imaged plane here was to i |
from the particles than that in Fag S e
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TABLE 1

MRSPC Response to the Nonspherical Particle Shapes Indicated

a=3 am=é a=9 a = 32
Particle shape 120/6° 6°/3° 12¢/6° 6°/3° 12¢/6° 6°/3° 1296 f‘
%- 1.15 1.17 1.07 1.10 1.02 1.08 0.92 v
&) 1.05 1.06 0.98 0.99 0.98 0.99 096 o
OCC 1.32 1.33 1.18 1.29 1.05 1.20 0.7 o
1.05 1.06 0.98 0.99 097 0.99 .95 Lo
0000
@ 1.48 1.50 1.28 1.43 0.96 118 077 i
@ 1.00 1.00 0.93 0.93 0.93 0.94 094 (s
1.16 117 1.09 1.12 1.07 11 09y
% 1.29 1.25 115 1.21 1.07 117 096

Note. The quantity dpeqyq/ @ 1 tabulated as calculated using diftraction theory.

cular subparticle (4). The results apply to
plane electromagnetic waves incident on par-
ticles with indicated cross sections normal
to the radiation and for axially symmetric
annular detectors. This symmetric detection
geometry utilized in the MRSPC is advan-
tageous in reducing the effects of nonspher-
ical particle orientation on the measured
size, as the results in Table Il are indepen-
dent of particle rotation about an axis nor-
mal to the plane of the paper. Note, however,
that three-dimensional nonspherical parti-
cles will have different projections and hence
different responses if rotated about an axis
in the plane of the paper.

The size of the particles in Table I are
presented on an area-cquivalent diamcter
basis, such that

a =

nd T f‘A }"'2
A Aox
where A4 is the total cross-sectional area of

Journal of Collord and Interface Science. Yol 87, No 1. May 1982

the cluster projected nornul to the lighe
beam, and & and d are the arca-cquivalen:
size parameter and diameter, respectivein
For the a = 3 doublet, cach individual spher
would be of size parameter « - 3,(2) 1o
give the appropriate total arca. Also, a vaiue
for apreqiaea/ @ 0f 1.0 would indicate thut the
MRSPC would “mcasure™ a partcie &
ameter corresponding exactly to the cross-
sectional area of the irrcgular particle. Tabic
IT indicates that the MRSPC does quite wo
in indicating cross-sectional arca for nearh
spherical shapes with increasing diserepan-
cies as the aspect ratio increases. Note dise
that the sizes as seen by 12 67 o0l
6°/3° ratios are equal to ivpreatly withe
about 107,

A set of experiments were also performed

to provide further understanding of the
MRSPC response to ponspherical derosols,
Nonspherical particies of & known and con
stant shape would have been best for these
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FiG. 6. Scanning Electron micrograph of 1.15-um (volume-equivalent diameter) (NH.)-5O; particles
on a Nucleopore filter at 10,000X magnification.

] B o ANy, apots o

Fici. 7. Scanning Eiectron micrograph of 2.6-um (volume-cquivalent diameter) NaCl parnicles on
Nucleapore filter at 5200x magmtication. s
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calibrations but unfortunately such particles
are very difficult to produce. We utilized
constant-volume particles of Na(l and
{NH,),SO, produced from isopropanol so-
lutions with a Thermo-Systems Inc. Model
3050 vibrating orifice droplet generator.
Scanning electron micrographs of the non-
spherical crystals used in these experiments
are shown in Figs. 6 and 7.

The MRSPC response to these particles
was measured for 12°/6° and 6°/3° scat-
tering ratios and the results are plotted at
corresponding volume equivalent diameters
in Figs. 8 and 9. Also plotted for reference
are Lorenz-Mie theory calculations for
spherical particles of the bulk refractive in-
dex of NaCl or (NH,),SO,. Each symbol
represents the mean value of measurements
of at least 450 particles, and the 95% con-
fidence interval is also indicated by the sym-
bol dimensions. The larger standard devia-
tions for 6°/3° were due to less off-axis
overlap of the sample volumes at the smaller
scattering angles.

As expected, the data differ from the the-
oretical predictions for spherical particles,
although surprisingly the experimental re-
sults seem to follow to snme extent the larger
scale oscillations in the Lorenz-Mie curves.

;

Fie. 8. Scattering ratios for 6°/3° (upper curve) and
12°/6° (lower curve). The solid curves are Lorenz Mie
theory predictions for spherical (NH,),;SO, particles
The indicated data points for particles as shown in Fig.
8 arc plotied as volume-cquivalent diameters. The stan-
dard deviations of the data. averaged over all measure-
ments for each of the two angle pairs are indicated by
the two symbol sizes.

Journal of Collind and Interface Science. N¥o) R7, No |, May 1982

LU R S S YO P WA s

’_1 i} 'ﬁ"i\z'-"' a

T R

x r

o r o -,
R [— v ,.”,

o o i

b 13 =2 .

[een 1

' -

— I

T r -
- 3

M 45%4.54‘:';

FiG. 9. Scattering ratios for 6°/3° (upper curve) and
12°/6° (lower curve). The solid curves are Lorenz- Mie
theory predictions for spherical NaCl particles. The 1n-
dicated data points for particles as shown in Fig. 9 arc
plotted as volume-equivalent diameters. The standurd
deviations of the data averaged over all measurement:
for each of the two angle pairs are indicated by the two
symbol sizes.

Also of interest is the fact that the NaCl
data seem to agree with predictions as well
as for (NH,).SO, despite a greater degrec
of nonsphericity for sodium chloride crystals
as shown in Figs. 6 and 7. The standard de-
viation of the NaCl data was somewhat
greater indicating a greater sensitivity to
varying particle orientations in the sample
volume for the more irregular geometry.

These experimental and theoretical resulis
confirm that MRSPC response is indecd rel-
atively insensitive to particle shape. We con-
clude that light-absorbing particles with as-
pect ratios up to 4:1 and nonabsorbing
particles with deviations from spherical as
much as NaClin Fig. 7 will be sized by the
MRSPC to within about 40% of the cross-
sectional area equivalent diameter. The siz-
ing uncertainty for cases of nonsphericui
particles with aspect ratios close to one will
be much better, on the order of 10 207, In
practice the shape contribution to MRSPC
response uncertainties is quite comparihle
in magnitude to unknown refractive index
cffects.

3.3 Sample Volume Correction

In order to resolve scattering from indi-
vidual submicron particles with an SPC
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is generally necessary to use a focused laser radially (at the 1/e* intensity points) and 3

beam as the incident light source. The most  several millimeters axially. -

common laser mode is the fundamental A theoretical discussion of TEM.,, lascr k

TEM,,. which possesses a Gaussian radial beams and intensity distribution propertices -.:;

intensity distribution across the beam. In near a focus with emphasis on in situ SPC j

that case the optical sample volume of an
SPC designed for in situ operation becomes
somewhat poorly defined. Here the optical
sample volume can be considered as that
region in space where particles are “‘seen”
by the SPC. For example, very small par-
ticles will generate sufficient signals to be
detected above the background or threshold
noise level only when passing near the focus
center of highest intensity. Conversely, par-
ticles of larger scattering cross sections can
be detected even when passing through off-
center portions of the laser beam with lower
incident intensity. Thus uncorrected laser
particie counter data are heavily weighted
toward large particles and this size-selective
sampling bias must be considered for accu-
rate determination of particle size distribu-
tions.

To adequately model this size-selective
sampling effect the following aspects of an
SPC must be considered.

1. Intensity distribution near the laser fo-
cus.

2. Light-scattering  characteristics  of
spherical particles based on Lorenz-Mie
theory and irregular particles using the dif-
fraction approximations.

3. The geometry and optical properties of
the receiving optics including finite field of
view effects.

4. Data acquisition electronics.

In practice the optical sample volume of
in situ SPC is generally defined by the re-
ceiving optics field of view along the laser
beam axis and in the radial direction by the
laser focus intensity distribution. This is true
because equal intensity contours near a
Gaussian laser beam focus are very elon-
gated in the axial direction (25). Typical
sample volume dimensions are 20-100 um

applications has been presented elsewhere by
Hirleman and Stevenson (25). Technigice
for experimentally measuring lascr focus
properties include traversing a small wire ¢r
pinhole across the beam or by magnifving
the beam onto a photodiode array. Theory
and experiment have been found to agre:
quite well here (3, 4, 17, 19). In order
theoretically predict the sample volume .
one-dimensional, uniform particle flow wa
initially assumed. A plane containing .

laser beam axis was divided into a twe-d:

mensional grid. The light scattered by a pur

ticle situated at the center of each grid oo’

proportional to the laser intensity at the
cell, was integrated over the viewing aper
ture of each detector. It was then necesur.
to assume a threshold or minimum reoog

nizable signal level for each detector. Pur-
ticles at grid cells which generated sutiicient
scattered energy signals at each detecior
would then be “seen’” by the MRSPC. Th:
summation of the area of all grid celis whick
generated detectable signals for a given pat-
ticle size then represents the sensitive wre:
A, or in other words the projection o

optical sample volume into a plane noritai
to the particle flow. This area is then a func-
tion of particle scattering characteristics
since better scatterers generate detect tble
signals even when passing through the shoul-
ders of the Gaussian intensity distribution.
Theoretical predictions of the sample volume
sensitive area for a particular MRSPC (17
are shown in Fig. 10. Again the response fo-
nonabsorbing polystyrene spheres (n — 1,605,
shows much more oscillatory hehavior thin
does the prediction for spherical soot jurty-
cles. The threshold scattering cross section
(A, = 0) for the polystvrene in Fig. 10 cor-
responded to a diameter at 0.422 um for o
He~Cd laser with X\ = 04416 um. As ox
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pected this corresponds to a larger soot par-
ticle size due to the absorption.

In order to experimentally verify the
model used to predict Fig. 10 it is necessary
to generate a calibration aerosol of known
and preferably constant concentration. In
the experiments reported here appropriately
diluted isopropanol solutions of polystyrene
spheres were atomized and dried using stan-
dard techniques (4) to produce a calibration
aerosol. Since the processes of deposition and
agglomeration in the nonideal calibration
aerosol system are effectively impossible to
model, it was decided to independently mea-
sure the aerosol concentration at the MRSPC
sample volume. This was done using a con-
ventional 90°, white-light SPC similar to
that of Borho (26). A 100-W mercury lamp
with a 0.25-mm? arc size was used to illu-
minate the particles. A 0.6-mm slit imaged
at 1:1 served as the receiving aperture in
front of a photomultiplier tube oriented at
right angles to the incident light beam from
the arc lamp. The optics defined a sensitive
area of dimensions 1.27 X 0.6 mm as pro-
jected normal to the plane of the incident
and scattered beams for this 90° SPC. The
incoherent light source was advantageous
here in order to define a sample volume with
approximately a “‘tophat” intensity distri-
bution. This then eliminated the size-selec-
tive sampling bias problems associated with
Gaussian laser beam intensity profiles. An
indication of the intensity profile across the
white-light SPC sample volume is shown in
Fig. 11. Here a 1024-element linear photo-
diode array (25-um centers) was placed at
the sample volume, and a signal proportional
to the intensity incident on each diode is
displayed by a digital oscilloscope in Fig. 11.
The intensity profile in the sample volume
is nearly flat with edge effects contributing
approximately a 15% uncertainty.

The sample volumes of the MRSPC and
the 90° white-light SPC were overlapped for
the experiments. Polystyrene spheres of
1.011, 2.02, and 3.0 um flowing in air exited

Journal of Colloid and Interface Science. Yol. 87, No. |, May 1982

t 3SN3 X3 LIN3WNH3IA0D Lv @30NA0KHd3Y

. LT Al A T e -

. . . - . . - . - TR - AR S T LA
NI T TV TR ERTS Vo Y DR VA R N

HIRLEMAN AND MOON

12— 1 " -
! ‘
[ oo p:iBE. 4T,
'Or__,, n sl 605 o : ’
A C
3 ‘ A
£ 08+ ‘ v
~ | i .
P { ,
LS { - !
« oelk PN -
wd . e
g ! / // \
i ’ g
il 04‘>_ ‘ -
P L
%] ! " .
Z : 0 EXP GATA FOR <
;:/ Ozr- 5 L - 2 (N3
‘
P
GOt o e e e U
O%T T 58 5 367 7 i a

PARTICLE DIAMETER (um) A:0483.-

F1G. 10. Plot of sensitive area A, vs particle size for
12°/6° ratio pair. Plotted with the theoretical predic-
tions are experimental data for polystyrene calibration
spheres (n = 1.605) taken at A = 0.4416 um. One un-
determined calibration factor for the experimental data
(the same factor for all 3 data points) was fixed by
optimizing the fit between theory and experiment.

a 5-cm tube and passed through the SPC
sample volumes. This calibration aerosol jet
was several times larger than the largest
dimension of the optical sample volume. The
absolute concentration of the calibration
aerosol was measured in real time with the
90° SPC. The sensitive area of the MRSPC
was then easily determined from the known
aerosol velocity and the results plotted in
Fig. 10.

The agreement between theory and c¢x-
periment in Fig. 10 is quite good for the lini-
ited number of data points. Unfortunately.
particles smaller than 1.0 um were very dif-
ficult to detect with the 90° SPC and it was
not practical to atomize particles larger than
3.0 um. However, the predictions, although
tedious, are reasonably straightforward and
without highly speculative assumptions. We
therefore conclude that the model is quit»
adequate for use in predicting probe volume
corrections for an MRSPC.

In practice it is necessary to assume some
type of mean or averaged curve for the probe
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F1G. 11. Scan of output from 1024-element linear photodiode array facing the incident beam at 1o
sample volume of the 90° whitc-light SPC. The diodes are on 25-um centers and the incident beiin
width shown is about 1.27 mm. 4

volume correction as again it depends on the
unknown particle refractive index. Predic-
tions such as in Fig. 10 indicate that a mean
correction curve (e.g., of soot) for unknown
particle compositions will introduce an un-
certainty of about 30% in size distribution
with an MRSPC.

3.4 Resolution

The resolution of a SPC is defined in terms
of response to a monodisperse (uniform size)
aerosol. A number of factors including elec-
tronics and data acquisition system errors,
multivalued response functions, illumination
intensity fluctuations, finite receiving aper-
ture, and finite sample volume effects com-
bine to produce a broadened SPC particle
size distribution output response even for a
monodisperse aerosol of spherical particles.
This broadening is important in determining
the ability of an SPC to resolve detailed
structure of narrow and/or bimodal particle
size distribations.

Resolution can be quantified in terms of
Ad/d, where Ad is a statistical measure of

the uncertainty (or response broadening ) -~

determining the size of a particle of dizmete

d. Since SPC response functions and sens.

tivity are functions of diameter the resolu

tion Ad/d is dependent on d as well. Noi

that the resolution Ad/d is also related s

the discrete size bin increments of a partic
ular instrument, since it is clearly usele. < t.
divide the size range into intervals mu.!
smaller than the broadening errors A/
Often the size bin inc-'ments are fine
coarse enough to ensure that most partizles
in a monodisperse aerosol are classitied intc
one size bin. A priori information about the
refractive index and the amount of deviation
from spherical particle shapes should also
influence the size increments in reporced si/¢
distribution.

In order to study MRSPC resolution the
computer simulation discussed in the pre-
vious section on sample volume cffects wi
utilized. A map of ratio response as a func:
tion of position in the sample volume wis
made assuming one-dimensional partic’e
trajectories normal to the laser heam (41
This was again accomplished by trucing
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scattered light rays through the annular iris
receiving system accounting for variations
in both # and ¢ (azimuthal) scattering
angles.

A typical MRSPC response distribution
predicted for a monodisperse aerosol is
shown in Fig. 12. Broadening due to differ-
ent dependencies of collection aperture on
particle position for the 12 and 6° detectors
is clear in Fig. 12. This prediction is typical
of that expected for the range of angles and
annular receiving-system designs of in situ
MRSPC.

Experimental measurements of resolution
have been made by the first author at two
previous laboratories in addition to data
taken in the present work. The measure-
ments of Ad/d at 12°/6° for nominally 1-
um polystyrene spheres were 0.41 (4), 0.40
(4), and 0.29 here (17). The latter two mea-
surements were for similar but not identical
lens/annular iris plate receiving-system de-
signs. The prediction of resolution for the
0.40 data point was 0.28. Although detailed
predictions of resolution for the latest design
are not presently available, recent design im-
provements (17) should improve the pre-
dicted resolution to somewhat better than
the 0.28 value. We feel that experimental
errors account for the small difference be-
tween predicted and measured resolution
and that the computer simulation is quite
adequate. In practical applications of in situ
MRSPC a Ad/d of approximately 0.30 is
expected (3).

SUMMARY AND CONCLUSIONS

The development of accurate in situ tech-
niques for measuring concentrations and size
distributions of aerosols in combustion en-
vironments constitutes a broad and funda-
mentally important task. Laser techniques
have great potential for this application but
a number of real effects must be considered
to ensure reliable measurements. A detailed
analysis of several important potential prob-
lems with emphasis on the multiple-ratio
counter (MRSPC) was completed.
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F1G. 12. Response probability distribution function
of a 12°/6° MRSPC to 1.011-um poiystyrene spheres
in air. Here N is the number of counts at a particular
ratio value.

First, an analysis of the effects of un-
known particle refractive index was com-
pleted and indicated the relative advantages
of forward scattering instruments. Second,
a model was postulated to allow prediction
of the response of ratio counters to non-
spherical particles. Some experimental mea-
surements supported the theory and a sub-
sequent analytical study on a range of
particle geometries expected in combustion
environments confirmed that forward scat-
tering ratio instruments are relatively insen-
sitive to particle shape and surface charac-
teristics. Next, a comprehensive computer
simulation was developed to allow complete
theoretical analysis of the laser MRSPC sys-
tem. Detailed predictions of the aependence
of sample volume on particle size and res-
olution were made and experimental work
confirmed the validity of the model. The
overall analysis indicated that the MRSPC
can make in situ measurements of the size
distribution of moderately nonspherical par-
ticles of unknown refractive index with a
total uncertainty on the order of 50%.
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1. INTRODUCTION

Abstract. The response characteristics of laser diffraction particle sizing
instruments were studied theoretically and experimentalty. In particular,
the extent of optical sample volume and the effects of receiving lens
properties were investigated in detail. The experimental work was per-
formed with a Malvern Instruments Ltd. Model 2200 particle size analyzer
using a calibration reticle containing a two-dimensional array of opaque
circular disks on a glass substrate. The calibration slide simulated the
forward-scattering characteristics of a Rosin-Rammiler droplet size dis-
tribution. The reticle was analyzed with collection ienses of 63 mm, 100
mm, and 300 mm focal lengths using scattering inversion software that
determined best-fit Rosin-Rammler size distribution parameters. The
Malvern 2200 data differed from the predicted response for the reticle by
about 10%. The discrepancies are attributed to nonideal effects in the
detector elements and the lenses. A set of calibration factors for the
detector elements was determined here that corrected for the nonideal
response of the instrument. The response of the instrument was aiso
measured as a function of reticle position, and the results confirmed a
theoretical optical sample volume model presented here.

Keywords: particle sizing and spray analysis; laser diffraction particle sizing, in-
strumentation; instrument for particle sizing in sprays.

Optic: | Engineering 23(5), 610-619 (September/October 1984).

struments based on this general approach have been available for
about 10 years.6-8.%. %1

The schematic of a common laser diffraction apparatus is shown
in Fig. 1. This technique has been rather extensively reviewed
elsewhere, Y and we summarize only son.e important aspects here.
A laser beam is collimated to several millimeter diameter and
passed through the particle stream or cloud. Some of the laser
energy that is scattered by particles in the beam is collected by the
receiving or transform lens and directed to the back focal plane for
processing. The intensity distribution on this back focal or
transform plane is directly related to the Fourier transform of the
intensity distribution in the front focal plane of the lens.

Interrogation of the diffraction signature can be performed using
detector(s) located in the transform plane or by using transmission
masks of special design at the transform plane®-ifollowed by a field
lens and single detector. Early implementations of the former ap-

PO V)

Light scattering by particles and droplets has been used as a sizing
diagnostic for many years.! For particles significantly larger than
the wavelength (D/X > 10), most of the light is scattered in the for-
ward direction at small scattering angles as measured from the inci-
dent beam propagation direction. Under these conditions
Fraunhofer diffraction theory adequately describes the scattering
phenomena for most applications.? Analysis of forward-scattering
signatures has been used to infer information about particle and
droplet size distributions’ ¥ for many vyears. Commercial in-
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proach involved translation of a single detector across the
transform plane, but more recently photodetector arrays have been
used to simultaneously sample the entire diffraction pattern.

In this paper we consider the configuration proposed by Swithen-
bank et al.,® which is the basis for a series of commercial in-
struments manufactured by Malvern Instruments Ltd. Those
researchers® utilized a monolithic photodiode array detector com-
posed of 31 semicircular concentric annular detectors developed by
Recognition Systems Inc. (Van Nuys, California). The scattering

NMalvern Instruments [ ud, Malvern, Worcestershire, Fngland
HCompagnie Industrielle des 1asers (CHAS), Marcoussis, France
t1 ceds and Northrup, Microtrac Division, T argo, Flonda
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RESPONSE CHARACTERISTICS OF LASER DIFFRACTION PARTICLE SIZE ANALYZERS: OPTICAL SAMPLE VOLUME EXTENT AND LENS EFFECTS

TRANSFORM o DETECTION
LENS PLANE

BEAM EXPANDER PARTICLE
SPATIAL FILTER FIELD

Fig. 1. Schematic of laser diffraction particle sizing instrument.

inversion techniques include those which assume the form of the
distribution function (e.g., Rosin-Rammler or log-normatl) and per-
form a least squares analysis of the scattering data to determine the
best-fit size distribution parameters. Other inversion methods are
available®%10* that do not invoke the assumption of a size
distribution form. For the present study we consider the Rosin-
Rammler size distribution software and present experimental
results obtained using a calibration reticle designed to simulate a
Rosin-Rammler size distribution. However, the results and models
presented here are relevant to general laser diffraction particle siz-
ing problems and are not limited to the Malvern instrument or a
particular size distribution function.

2. THEORY
2.1. Diffraction by spherical particles

Consider particles illuminated by a collimated laser beam as in Fig.
1. A monodisperse ensemble of spherical particles that are large
compared to the wavelength would produce the characteristic Airy
diffraction pattern (neglecting anomalous diffraction), as described
by Fraunhofer diffraction theory!-:

2
2ps 2J,(xD8/N)
1) = clipe — . 1)
16x2 (xD8/)\)

where [(6) is scattered intensity at the angle § measured from the
laser beam axis, ¢ is a proportionality constant, I;,. is the intensity
of the incident beam, J| is the first-order Bessel function of first
kind, D is the particle diameter, and X is the laser wavelength. The
obliquity correction has been neglected in Eq. (1), and the small
angle approximation of sinf = # has been made. The coefficient of
the bracketed squared term is the on-axis scattering intensity 1(0).

In practical systems a distribution of particle sizes, or a
polydispersion, is generally encountered. The composite scattered
intensity profile is a linear combination of the characteristic pro-
files of each droplet size with a weighting coefficient equal to the
number of particles of that size in the sample volume. The diffrac-
tion signature of a polydisperse spray is given by

R
D4

1682

2,xpon P
1 n(DydD, (2)

10 = Cline s (nDB/N)

where n is a differential number distribution such that n(D)D is
the number of particles in the laser beam with sizes between DD and
D + dD. Note that Eq. (2) assumes a uniform intensity profile
across the laser beam (constant [, ); also n(D) integrated over all
particle sizes is the total number of particles in the beam.

The scattered light that is refracted by the receiving lens in Fig. 1
is directed onto the transform plane at radial positions given by
(neglecting lens aberrations)

r=10, (K]

where f, r, and ¢ are defined in Fig. 1. Note that Eq. (3) is indepen-
dent of scattering particle position. Consider an array of annular
detector elements where r;. and r; are the inner and outer radii,
respectively, of the jM ring detettor. The jth detector collects
(neglecting vignetting by the receiving lens aperture) a hollow cone
of scattered light defined by inner and outer scattering angles
;. and 6., which are related to r through Eq. (3). The scattered
liéhl eneréy SJ- collected by the j'h finite aperture annular ring
detector is obtained by integrating I(6) from Eq. (2) over the aper-
ture,5 giving

S, = cl ™ 12+ 12 -3z - 52 YD
i = Clinc sl U U™ = Jio, Jn(D)D @)
0

where

7Dr .
poop_ )
npj n )\f M

with n indicating the order of the Bessel function and p indicating
inner i or outer o detector radius.

2.2. Inversion of scattering data

The inverse scattering problem, that is, to determine the particle
size distribution n(D) from measured light-scattering signatures I(#)
or S;, has been studied for many years. Integral transform inver-
sions of Eq. (2) are possible,3? but are not commonly used at pres-
ent. Generally the size distribution is divided into a finite number
of discrete size classes, typically of the order 2% or 2*. In some cases
the size distribution function is assumed to follow some common
form with two degrees of freedom, such as Rosin-Rammler®® or
log-normal. Other approaches!®-* do not constrain the results to a
particular form and are termed model-independent inversion
methods.

In this paper we will confine our attention to Rosin-Rammler size
distribution models. The Rosin-Rammler distribution function is
given by!!

N
R = exp -(g) . 6)
X

where R is the volume fraction of particles with a diameter greater
than D, N is a parameter related to the polydispersity of the
distribution (N = oo is monodisperse), and X is a representative
mean diameter such that 37.8% of the total particle volume is
greater than X,

The scattering inversion problem then becomes one of determin-
ing values of X and N for which corresponding predictions for
Sj from Eq. (4) match measured scattering data. The Malvern
ST1800 and 2200 instruments divide the particle sizes into 15
discrete size intervals and sum the scattering from pairs of adjacent
ring detector elements to give effectively 15 scattering
measurements. The set of diameter limits Dy, and Dy, (Table I)
are fixed by the detector geometry such that the so-called “‘energy
distribution, ' or l#), is in a sense optimized. T.e scattering func-
tion 18 reaches a maximum at the angle 6., given by

L4012
e N

A

and at o radial posinon on the detector plane from Eq. (3) given by

Malsern Ievoements Frd o Maisern, Worcestershire, | ngland
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TABLE I. Size Class Limits for Malvern 2200 Laser Ditfraction
Particle Sizing Instrument with 300 mm Focal Length Receiving

Lens*
Lower size Upper size
Size class No. limit D (um) limit Dy (um)
1 261.6 564.0
2 160.4 261.6
3 112.8 160.4
4 84.3 112.8
5 64.6 84.3
6 50.2 64.6
7 39.0 50.2
8 30.3 39.0
9 23.7 30.3
N 10 18.5 23.7
11 14.5 18.5
12 11.4 14.5
13 9.1 1.4
14 7.2 9.1
15 5.8 7.2
*Malvern Instryments Lid., Maivern, Worcestershire, Engtand
xDr
MY 357, (8)
Af

Note that an incorrect value of 1.375 has appeared in the
literature®? as the right-hand side of Eqs. (7) and (8). A particular
annular detector element with r;. and r,. specified is most respon-
sive 1o particles in a finite size range with diameter limits deter-
mined by Eq. (8). For example, from Table I consider composite ring
detector No. 14 comprised of elements 27 and 28 with 1, , =
11.501 mm. For f = 300 mm and A = 0.6328 um, the value D, |, =
Dy ¢ = 7.224 um satisfies Eq. (8) with the incorrect constant 1.375.

Once the set of D and D, is determined, it is useful to define a
scattering influence coefficient matrix C such that a unit volume of
. particles in the size interval from D, to Dy, produces a scattering
;'..q signal Cy; on the ' detector element. ij is given to within a con-
’ stant by

n Dy
s 2 D?
. 6

- e (Jéij + J%ij—Jaoj—hoj)n(D) dD
- . D,,
= G
) Dy )
W '. 3
o 5 nD) T2 d4p
6
s le

i where the denominator is just the total particle volume in the k'P
. size interval. Note that knowledge of the size distribution function
) is required to solve Eq. (9) as formulated. Since again n(D) is not
known ¢ priori, it is convenient to assume that the unit volume for
the k' size interval is divided into, say, 100 discrete subintervals of
equal volume. Then n(D) is calcgl_a(cd for cach subinterval, and Eq. (9)
is evaluated numerically. The C matrix generated here in this man-
ner agrees with that used in the Malvern 2200 instruments to better
than 1%. Definition of C on a volume basis is not optimal, but is
convenient in this case because the Rosin-Rammler distribution in
Eq. (6)is on a volume basis. The predicted scattering signature then
becomes a matrix equation:

BLBDGNRE

S-CV, (10)

where V| the k'h element of V, is the volume fraction of particles
with diameters between Dy, and D(,. One problem with Rosin-
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TABLE H. Dimensions of the Annular Detector Elements of the
Malvern 2200 Photodiode Array Detector*

Detector Inner radius Outer radius
ring No. (mm) (mm)
1 0.149 (0.124) 0.218
2 0.254 0.318
3 0.353 0.417
4 0.452 0518
5 0.554 0.625
6 0.660 0.737
7 0.772 0.856
8 0.892 0.986
9 1.021 1.128
10 1.163 1.285
11 1.321 1.461
12 1.496 1.656
13 1.692 1.880
14 1.915 2.131
15 2.167 2.416
16 2.451 2.738
17 2.774 3.10t
18 3.137 3.513
19 3.549 3.978
20 4.013 4.501
21 4536 5.085
22 5.121 5.738
23 5773 6.469
24 6.505 7.282
25 7.318 8.184
26 8.219 9.185
27 9.220 10.287
28 10.323 11.501
29 11.537 12.837
30 12.873 14.300

*The only discrepancy i1s the inner radius of Ring No 1 which was repovved‘4 as 0124

mm However, the carresponding elements of the scatternng matrix used in the Maivern
2200 instrument (Malvern Instruments Ltd . Malvern. Worcestershire. England) are consis
1ent with the vatue ot 0 149 mm shawn here

Rammler distributions typical of liquid sprays is the presence of
significant particle volume below the smallest D, . In contrast, there
is very seldom significant volume above the largest D, .. To account
for this problem another column of the C matrix can be generated,
and another entry in the V vector representing the particle volume
below the smallest value of D can be used in the solution. The in-
verse scattering prablem can then be posed: find the values of X'and
N and the corresponding V that minimize the magnitude or sum
square of the residual error vector ¢ defined by

7=Sup-CV, an

where Sexp 15 the measured scattering signature. The best-fit (in the
least squares sensc) Rosin-Rammler parameters were found using a
modified Newton-Raphson scheme. The algorithm developed here
gives results that are virtual.: identical to that of the Malvern in-
struments. In the simulations that tollow we used our inversion
algorithm, but the results are indicative of Malvern instrument per-
formance.

2.3. Optical sample volume: influence of particle position

.
It is often pointed out that ideally the response of laser diffraction
systems is not dependent on particle position relative to the receis -
ing lens. This claim is true only when vignetting is not a factor, that
is, when all scattering energy leaving the particle strikes within the
clear aperture of the receiving lens. Laser diffraction instrument
response does, therefore, depend on particle position, lens aper-
ture, and particle size as it dictates the angular distribution of scat-
tered energy. Consider Fig. 2 showing the important parameters of
the prablem, which include the receiving lens diameter d; and focal
length {7 the receiving lens F# =t d|; the inner and outer radii of




PHOTODIODE
ARRAY
DETECTOR
ELEMENT j

Fig. 2. Geometry of laser diffraction optical system and parameters of impor-
tance in characterizing vignetting and the optical sample volume. (a) side
view, and (b) end view at principal plane of lens.

the jt" annular ring detector, ;. and ry., respectively; and the parti-
cle position represented as a distance Ty, from the optical axis and
distance z. from the lens. Ideally, the receiving lens converts
angular scattering information to spatial information, as given by
Eq. (3). Recall that each detector ring collects scattered energy over
a finite conical shell limited by #;. and 6., which are related to
ri; and o; through Eq. (3). We defihe first the angular collection ef-
ficiency 19T, 2p) as the fraction of energy that is scattered by a
particle at (rp. z.) between scattering angles 6 and # + do and that
passes through the lens’ clear aperture and reaches the detection
plane. We neglect lens aberrations and azimuthal variations in the
scattering for the purposes of this analysis. Under those assump-
tions 7, for any # is just the length of the arc that falls inside the
receiving lens aperture divided by the circumference of the circle of
radius /pfl in Fig. 2(b), where tan# = @ is assumed. The collection
efficiency »,; for the ;'™ annular detector element is obtained by in-
tegrating over the limiting scattering angles for that ring:

N
i
1y 1(#)do
”:‘j
n — —_— 12
J B, (=)
J
S 1(#)de
]

i
where both »; and y, are functions of r and z;,. Thus, to determine
n. for any detector requires integration of the scattering intensity
I(/r) over #, which in turn requires knowledge of the size distribution
for use in Eq. (2). Since the size distribution is generally not known
a priori, it 5 of interest to obtain approximate results for Eq. (12)
that are of general applicability.

COLLECTION EFFICIENCY

0 5 10 15 20 25

DETECTOR NUMBER

Fig. 3. Collection efficiency » averaged over radial positions in an 8 mm cir-
cle for the indicated positions z;. Predictions assume { = 100 mm and a
Gaussian beam with 1/e2 radius of 4.5 mm.

Two approaches can be used. First ny can be assumed constant,
assigned a representative value, and taken out of the integral in Eq.
(12). This approach introduces significant errors for detector
elements where 6;. falls completely within the lens aperture and ¢,
is truncated. A seCond approach is to assume that [(#) is nearly con=
stant over the ¢ range of each detector element (i.e., thin ring detec-
tors) and take it out of the integral in Eq. (12). We have chosen the
latter approach and found that for typical size distributions found
in sprays the errors are rather small, on the order of a few percent.
For that assumption we obtain

f

%

= ————— ny Ao, (13)
-8 o

i j
where the dependence on U and Zn is agair implied but not
specified.

To model the response of a laser diffraction instrument to par-
ticles distributed over a plane normal to the optical axis at /7, the
collection efficiency nilrp. zp) must be integrated over all ry as
weighted by the local incident laser intensity. We denote the co“cc-
tion efficiency averaged over 4 plane in this manner as e ). For
the calibration studies he: ~ particles on the calibration rc’licYc were
randomly distributed in an 8 mm diameter circle, and the laser
beam is assumed to have a Gaussian intensity profile with 4.5 mm
radius at the L-e? intensity points, The resul  are insensitive to
minor deviations from the assumed Gaussian profile. Figure 3iv a
plot of planc-averaged '71(’p) fora 100 mm lens tor several values ot
7. Note the expected dependence of collection efficiency, which is
constant at 1.0 until the onset of the vignetting.

An indicator for the onset of vignetting at the )P detector of a
laser diffraction sysiem is obtained from geometrical relations in
Fig. 2, assuming small 012,

QO
]
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5
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For example, take r = 4.5 mm, which is the nominal 1/¢? radius
of the Malvern 22()0Pbeam. For thef = 100 mm, d, = 45 mm lens
used in Fig. 3 and the outermost ring detector in Table 11, we obtain
zn = 125.9 mm. When there is not significant scattered energy on
tﬁe detector element of interest (e.g., due to the presence of only
large particles), then the effect of vignetting would be negligible
and Eq. (14) is a conservative indicator. Another criterion that in-
cludes this effect has also been derived'¥:

-2 3
2z 7D

) (15
p

which assumes that energy scattered by a particle D outside the first
minimum in the diffraction pattern is not significant. For the
previous example, the particle diameters of interest would have to
be 5.4 um or smaller to predict significant vignetting at z, = 125.9
mm by the criterion of Eq. (15).

To predict the response of a laser diffraction instrument to a par-
ticle size distribution, the scattering contribution from each particle
size on each ring must be adjusted by the collection efficiency. The
scattered energy collected on the j'h detector would then be

7rDi

S = chipe )

k

j(zp)

x (Jsij T Jfoj) M(Dy) . (16)

where M is the effective number of particles of size class k on the
calibration reticle (“‘effective’’ here means that each particle is
weighted by the local incident intensity).

3. EXPERIMENTAL

In order to investigate the theoretical models presented above, a
series of calibration experiments was pertormed on the Malvern
2200 particle size analyzer in the Mechanical Engineering Depart-
ment at Carnegie-Mellon University. Since it is effectively impossi-
ble to design an actual spray with the definition, stability, and
repeatability required for detailed calibration studies, another
method was necessary. For this purpose we utilized an artificial
*tacrosol”” composed of an array of chrome thin-film circles on a
transparent glass substrate. The calibration reticle* used 10,491 of
these particles randomly positioned in an 8 mm circle to simulate a
Rosin-Rammler distribution of spherical particles, following Eq.
(6). Specifically, we used reticle model RR-50-3.0-0.08-102-CF
Serial No. 111 with nominal parameters X = 50 um, N = 3.0, and
0.08 as the area fraction obscured by the chrome particles. The con-
tinuous Rosin-Rammler size distribution is approximated on the
reticle using 23 discrete particle sizes ranging from 5.2 um to 92.7
pm. Data points for the cumulative and differential “*volume’’ dis-
tributions for the reticle are shown in Figs. 4 and 5. Also plotted in
Figs. 4 and § are the Rosin-Rammier curves that describe the best-
fit parameters X and N (in the least squares sense) to the actual reti-
cle size distribution. The inherent assumption that the two-
dimensional circles on the reticle simulate the forward-scattering
characteristics of spherical particles of the same diameter is well-
Justified for the size range of interest here. The differences between
best-tit and nominal Rosin-Rammler parameters are the result of
nonideal etfects in the reticle fabrication process coupled with the
discrete nature of the size distribution,

Another estimate of the most representative parameters for the
size distribution on the reticles was obtained by calculating a
predicted «scattering signature on the Malvern 2200 detectors using

Laser Plecrro optics Trd L Tompe, Anizona
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Fig. 4. Cumulative volume fraction R vs diameter D for calibration reticie
RR-50-3.0-0.08-102-CF-#111. The 22 data points are plotted at the volume
mean diameters corresponding to the intervals between the 23 particle sizes
on the reticle. The solid curve is for the least squares fit Rosin-Rammier
distribution withx = 53.20 and N = 3.18.

TABLE lll. Representative Rosin-Rammier Parameter Values for
Calibration Reticle RR-50-3.0-0.08-102-CF-#111

Least squares

fit criterion X N Dip
Cumulative volume 53.20 3.18 40.27
fraction R
dvidaD 52.81 3.18 39.98
Inversion of predicted 52.73 3.30 40.47
diffraction signature. f = 300 mm
Actual D3y based — — 40.31
on number distribution
Average of above 52.91 3.22 40.26

Eq. (3) and the known number distribution on the reticle account-
ing for the intensity distribution and particle overlap. These
predicted signal levels were then input to the inversion software as
syathetic data, and the best-fit Rosin-Rammler parameters were
calculated. The results are summarized in Table 111,

All experiments reported here were performed by first taking a
background signal through a clear region ot the reticle substrate
and then moving the reticle to roughly center ( + 0.8 mm) the <am-
ple arca in the laser beam. The scattering data used by the instru-
ment inversion  software  are  the differences of these two
meas ements at each detector; therefore, to first order, the scat-
tering contribution from random imperfections and impurities in
the glass substrate are subtracted out. A new background signature
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Fig. 5. Differential volume distribution dV/dD vs particle diameter D for
calibration reticle RR-50-3.0-0.08-102-CF-#111. The data points correspond to
the 23 discrete particle sizes on the teticle and the solid curve is tor the least
squares fit Rosin-Ramm:.!er distribution with X = 52.81 and N = 3.18

was taken before each run, thereby making all experiments in-
dependent.

3.1. Calibration studies

We performed a series of experiments using three standard Malvern
lenses of 63 mm, 100 mm, and 300 mm focal length. For each lens
at least 14 independent runs were made with the reticle in a position
n where vignetting effects are not present. The results of the ex-
periments are summarized in Table IV, where X and N are the best-
fit parameters determined by the Malvern instrument and D, s
calculated from those. The predicted values were determined by
calculating a scattering signature using Eq. (4) for the known «ize
distribution on the reticle and then simulating the Malvern inver-
sion process of Eg. (11). The Gaussian laser beam intensity
distribution was considered. and lens aberrations were neglected.
We wish to tocus on two different discrepancies elucidated by
Table TV, First, the Malvern response to the same reticle varies,
depending on the lens, This discrepancy is due in part to the
discrete nature of the Malvern size classes and the reticle size
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Fig. 6. Normalized scattered energy S vs detector number predicted tor
calibration reticle RR-50-3.0-0.08-102-CF-#111 on Malvern 2200 instrument
with f =63 mm and z, = 50 mm. The solid line is a spline fit through the cal-
culated values (negrecting lens aberrations). and the experimental data
points are averages for each detector over 10 independent runs. Both
signatures were normalized to 1.0, and the standard deviations were less than
the symbol dimensions.

distribution, but detector calibration errors and nonideal lens et-
feets are present as well. The predicted values in Table 1V indicate
much smaller changes. The second major discrepancy in Table [V is
between the absolute values of the data and predictions. This dit-
ference is attributable to absolute calibration or sizing errors—
either in the instrument or the reticle. We suspect the instrument
because the reticle is extremely well defined and because of other
reasons discussed below,

A better indication of the scattering physics is obtained from
Figs. 6 to 8, where the predicted and measured scattering signatures
are shown, ihe measured data are averaged separately for each
detector after the integrated signal over all 30 detectors is normal-
ized to 1.0, Discrepancies between experimient and predictions in
Fige. 6 to 8 are statistically significant. The differences are also
plotted as calibration factors in Figs. 9 1o 11, Raw scattering data
from the 30 Malvern detectors must be multiplied by ihe ap-
propriate calibration tactor to bring the instrument into agreement
with the calculated scattering signature tor the reticle.

An independent calibration of the detectors was obtained by il
luminating the entire array (with no receiving lens istalted) with an
incoherent light beam of uniforin ntensity profile. ' The umform

TABLE V. Predicted and Measured Response of Malvern 2200 to Calibration Reticle RR-50-3.0-0.08-102-CF-#111 at Positions Where
Vignetting is Negligible (standard deviations of measurements also tabulated)

No Measured ) b;}»moled Adjusted measurod
length of [ o o e . ~
(mmj runs x N D3 X N Dap ~ N D
63 14 4730 + 157 325 + 015 3606 + 053 5154 3.54 40 54 51 54 P04 3829
100 18 4791 + 104 363 + 015 3797 + 035 5203 3.46 40 62 52 16H 320 3966
300 28 5519 + 039 300 + 006 4076 + 032 52 73 330 4047 ARI RN i 39 94
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Fig. 7. Normalized scattered energy S vs detector number predicted for
calibration reticle RR-50-3.0-0.08-102-CF-#111 on Malvern 2200 instrument
with t = 100 mm and z, = 100 mm. The solid line is a spline fit through the
calculated values (neglecting lens aberrations), and the experimental data
points are averages for each detector over 10 independent runs. Both
signatures were normalized to 1.0, and the standard deviations were less than
the symbol dimensions.
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Fig. 8. Normalized scattered energy S vs detector number predicted tor
calibration reticle RR-50-3.0-0.08-102-CF-#111 and #115 on Malvern 2200 in-
strument with f = 300 mm and z;, - 300 mm. The solid line is a spline it
through the calculated values (neglecting lens aberrations), and the ex
perimental data points are averages for each detector over 38 independent
runs. Both signatures were normatized to 1.0. and the standard deviations
were less than the symbol dimensions.
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Fig. 9. Calibration factor vs detector number for the Malvern 2200 instrument
at Carnegie-Mellon University for the f = 63 mm leris. The calibration factors
bring the mean values of the scattering data of Fig. 6 into agreement with
predictions for reticle RR-50-3.0-0.08-102-CF-#111. The uncertainty bars are
determined from the relative standard deviations for the data in Fig. 6.
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Fig 10 Calibraton factor vs detector number tor the Malvern 2200 instru
ment at Carneqie Melton Universdy tor the | 100 mm lens The calibration
factors bring the mean values of the scattening data of Fig 7 into agreement
with predictions tor reticle AR %0 30008 102 CF #111 The uncertainty bars
are determined trom the retative standard deviations tor the data in Fig 7
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Fig. 11. Calibration tactor vs detector number tor the Malvern 2200 instru-
ment at Carnegie-Mellon University for the t = 300 mm lens. The calibration
factors bring the mean values of the scattering data of Fig. 8 into agreement
with predictions for reticle RR-50-3.0-0.08-102-CF-#111 and #115. The uncer-
tainty bars are determined from the relative standard deviations for the data
in Fig. 8.

illumination calibration data plotted in Fig. 11 were obtained using
solar illumination. Runs at eight different incident intensity levels
were combined using least squares fitting to obtain adequate signal-
to-noise ratio over the large dynamic range of detector areas. We
and others!2 have also used light sources such as dc lamps to obtain
a similar calibration. Though this uniform intensity calibration did
not simulate either the monochromatic properties of the laser, the
variations in angle of incidence of light on the detector surface, or
the lens aberrations that will be present in actual experiments, it
does provide some useful data.

Deviation of the uniform illumination calibration factors in Fig. 11
from 1.0 is due to nonuniform responsivity of the detectors or errors
in the geometrical parameters in Table Il. Differences between the
uniform illumination calibration factors in Fig. 11 and the reticle-
derived factors in Figs. 9 to 11 should then be due to lens aberrations
and/or variations in detector efficiency with angle of incidence. Note
that the reticle calibrations were performed at only one laser power
so that the signal-to-noise ratio varied across the detector as reflected
by the larger uncertainties in the calibration factors for detector
elements that had low signal levels in Figs. 6 to 8.

To further clarify the sources of error, a column for adjusted
(using the calibration factors measured here) measured data is
shown in Table V. There the mean measured diffraction signatures
were corrected using the uniform illumination calibration factors of
Fig. 11, and the scattering inversion was performed on this adjusted
data. The improvement in the adjusted measured values for the
shorter focal length lenses is due to the large calibration factors for
the inner detectors, where most of the diffraction information in
Figs. 6 and 7 is concentrated. Conversely, most of the diffracted
energy for the 300 mm lens is in the middle detector elements where
the calibration factors in Fig. 11 are near unity. Though a substan-
tial fraction of the calibration errors is due to detector
nomidealities, it appears that the differences between the reticle-
derived factors in Figs. 9 to 11 are significant, Our calculations sug-
gest that lens aberrations rather than angle-of-incidence effects are
probably responsible.
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Fig. 12. Mean diameters x and Dy, vs reticle tilt angle o (measured from nor-
mal incidence). The data were obtained on a Malvern 2200 instrument with
calibration reticle RR-50-3.0-0.08-102-CF-#111. Four runs were made at each
angle; the solid curve is a prediction from Eq. (19).

3.2. Effect of reticle rotation

One practical problem with glass calibration slides in laser diffrac-
tion instruments is that of reflections. It is helpful to tilt the slides a
few degrees from perpendicular to the laser beam to direct multiple
reflections away from the detector elements. To ensure that this ap-
proach does not significantly alter the scattering signature we made
a theoretical analysis and performed a series of verification ex-
periments.

Consider first that a circle tilted an angle ¢ projects an ellipse
when viewed from the original perpendicular direction. The area
A, of the projected ellipse is related to the lengths of the major and
minor axes, which are D and Dcose, respectively:

A, =7%)Dcos¢. an

Now optical techniques based on forward scatter are to first order
independent of particle composition and surface characteristics'*¢
and are responsive to projected area-equivalent size parameters.
For that reason we calculate the area-equivalent diameter D, for
the projected ellipse such that the area of a circle of diameter D, is
equal to that of the ellipse:

T2 =2 peoss, (18)
4 4
D, = D(cose)' 2. (19

As a first-order prediction we then postulate that characteristic
sizes measured by laser diffraction particle sizing instruments
should vary as the square root of the cosine of the tilt angle. In Fig.
12 we have plotted experimental data for calibration runs with tilt
angles up to 45° The experimental data are the best-fit Rosin-
Rammler size parameter X and the volume-to-surface-area mean
diameter D;,:
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Fig. 13. Normalized scatiered energy S vs detector number predicted for
calibration reticle RR-50-3.0-0.08-102-CF-#111 on Malvern 2200 instrument
with { = 63 mm and z, = 254 mm. The solid line is a spline fit through the
calcuiated values after correction by the calibration factor, and the ex-
perimental data points are averages for each detector over 10 independent
runs. Both signatures were normalized to 1.0, and the standard deviations
were less than the symbol dimensions.

D? n(DXD

D, = (20)

D2 n(DXD

|
Sff

The experimental values of D,, were calculated by numerically in-
tegrating Eq. (20) using the number distribution version of Eq. (6)
with the best-fit values of X and N. The prediction is Eq. (19)
matched at o = 0. It is clear that the predictions and experiments
agree very well. Figure 12 demonstrates that tilting the calibration
reticles a few degrees to minimize reflections has no appreciable ef-
fect on the results.

3.3. Effect of reticle position

The analytical model derived in the section above was utilized to
predict the response of the Malvern instrument as a function of
reticle distance from the receiving lens. The results presented in
Figs. 13 and 14 are for positions z_ far enough from the lens that
vignetting is clearly present. The predicted curves in Figs. 13 and 14
were obtained by correcting the S; predicted from Eq. (16) using
the measured calibration factors in Figs. 9 to 11. Theory and ex-
periment are in very good agreement,

Another indication of the effects of vignetting arc shown in Fig.
15 and 16. The theoretical curves here were obtained by performing
the best-fit Rosin-Rammler inversion on predicted scattering
signatures such as those shown in Figs. 13 and 14. As the reticle is
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Fig. 14. Normalized scattered energy S vs detector number predicted tor
calibration reticle RR-50-3.0-0.08-102-CF-#111 on Malvern 2200 instrument
with{ = 100 mm and z, = 254 mm. The solid line is a spline fit through the

lculated val after correction by the calibration factor, and the ex-
perimental data points are averages for each detector over 28 independent
runs. Both signatures were normalized to 1.0, and the standard deviations
were less than the symbol dimensions.
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Fig. 15. Mean diameters X and Dy, vs z,, for the Malvern 2200 instrument with
f = 683 mm. The solid lines are predicti after ting for the calibration
factors, and each data point is an independent run.

moved away from the lens (increasing z.), light scattered at large
angles is truncated by the lens aperture and does not reach the
detector. Since small particles preferentially diffract light onto
these outer detectors, a bias toward large particles is predicted. The
experiments confirm this, although the major effect on the Rosin-
Rammler parameters is to decrease N rather than increase X. An in-
crease in N narrows the distribution by cutting off volume at both
large and small particle sizes. However, the small sizes lose more
projected area that dominates the diffraction process; therefore in-
creasing N at constant X increases the mean diameter, as
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Fig. 16. Rosin-Rammier exponent N vs 7, for the Malvern 2200 instrument
with f = 63 mm. The solid line is the prediction after accounting for the
calibration factors, and each data point is an independent run.

demonstrated by the D,, data in Figs. 15 and 16. The agreement
between theory and experiment is good, considering that the
predictions do not account for nonideal lens effects.

4. CONCLUSIONS

Laser diffraction techniques are widely used for particle size
distribution measurements. Under certain very ideal conditions the
response of these instruments does not depend on the particle posi-
tions in the incident beam, and some instrument configurations do
not, in theory, require calibration. Unfortunately the practical
realities of finite aperture lenses, responsivity variations between
elements in monolithic photodiode array:, and lens aberrations
need to be accounted for.

In this paper we report a detailed study of these nonideal effects
using a commercial Malvern 2200 laser diffraction particle sizing in-
strument and a calibration reticle. We observed variations of about
15% in the instrument response with three standard receiving lenses

(f = 63 mm, 100 mm, and 300 mm). These variations were due to a
combination of detector calibration errors and nonideal lens ef-
fects. A set of calibration factors for each of the 30 detectors and
three lenses was developed.

A theoretical model predicting the dependence of instrument
response on particle position was developed and verified ex-
perimentally. The model can be used to characterize the optical
sample volume and the biasing involved when aerosols of large
dimensions are analyzed. Finally, the practice of rotating calibra-
tion slides a few degrees from normal incidence to minimize reflec-
tion effects was shown theoretically and experimentally to have
negligible effect on calibration measurements.
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SINGLE BEAM LASER VELOCIMETRY (L1VY) IN TURBCLENT FLOVWS
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ABSTRACT

It is possible to determine velocity information on
individaal particles ina a flow by measaring the time for
each particle to traverse throagh a single TEM,, Lsser
beam, The advantsges associsted with tue celatively
simple optical systea of this siangle beam velocimeter
(L1V) are safficieant to warrsat further study of {its
potential pecrformsnce in tarbaleat flows, The LIV
transit-time anessaromeat mast gecessacrily be =made at
constant fraction of the peak scattering signal
amplitude to obtain an anambigoous measare of the
particle speed in the plane normal to the laser beaam,
Unfortunstely the precision of individeal L1V velocity
measorements based on the palse width or tosasit-tinme
determination is sigoificantly lass thaa generally
obtained for individaasl Doppler barsts with coaater—type
laser Dopples velocimeters, Iz this peper we considec
measuremeat of turbuleuce imtensity with L1V asiaog
particle arrival statistics. In particalsr ve derive
expr=ssions for the probsbility deasity distribatioa of
waiting-times betwsea particle events in isotropic
tardaleat flow, The feasibility of obtsining torbulencs
infor=stion from waiting~time distribations is
discassed.

INTRODUCTION

Since {ts ioceptioan ir the 1960’'s the field of
laser velocimetry (LY) for flow diagnostics has smastared
in a rathecr traditioasl wey. Mach of the emphasis today
concsras the applicatioa of LV as sa erperimeantal tool
tn the stady of complex flaid mechanics cather thaa
faorther developmeut. Indeed the taser Doppler
velocimeter (LDV) is becoming a common bat relatively
sophisticated transducar in flgids ecagineering practice,
Thers are, bowever, several facets of the hasic science
ot laser velocimetry which ars still active asreeas of
scieatific iaqairy and cesesrca. For ezample tle
praoblem of velocity bdias has been discassed for =z:azy
yesrs but is still the focos of receat coatribat:ioas to
the litecratare by Flack (1982), Steveason et al (1942),
and Edwards snd Jeasen (1982) among others. Consider-
sble resescch has also deea Jdirected :ta receat years
towards less coaveantional LV methodologies which 3o aot
atilize the Doppler effect, The 1laser two-focas
velocimetear 2wy has been stodied 5y nomerJas
investigators jaclading Shodl (1978), Richacrds and Brown
(1984), s8d Yae «nd Hirlemaa (1382), The sicgle-berm
teaasit-time laser velocimeter (L1V) has Hesn stadied by
Hirlewmaa (1981) and Holve (1982). Hirlemsn (1978) and
Tae ead dirleman (1984) dave feveloped a pecrticle-sizing
velocimeter (LSV) which messares tvo veloc:ity compoaeats
asing the L1V concept applied to tvo adjaceat Sesms,

A tather aniqua approach imitisted by Erdmena and
Gellert (1976) and Brdmana (1980) asnd ases the Jarticle
arrival cate ststistics crather thes iandividas] velocity
sessaremeats to obtain tarbalesce informetican. Usiag s
celated technique Ten aad Bermea (1982) have =made
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tarbalence wmeasaroments from the probebility-efter—
offect for two sepacated LDV prode volmmes.

In this psper we cousider the L1V snd its potential
performance ia diagnostics of tarbaleat flow. The LIV,
which messares the seed particle residence time ia &
single 1laser beam, (s interesting becaase of the
relative simplicity of the optical systea, The L1V, L2V
and LDV opersted in tha coaveational single particle
counter processor mode are similar in the sense that
they discretely sample the velocity of individael
particles and then aversge over many pacticles to obtaio
velocity distribation statistics. One distinction is
the relstively poor velocity sessuremeat precision of
the transit-time L1V, For typical c¢oanditioas the
iatrtasic L1V velocity Srosdening might be 2% where that
for L2V or LDV would be roughly am order of asasgalitude
better. This level of L1V precision gemerelly will
produce & asgligible error in  mean velocity
determisation for typical zuaaders of velocity saaples
pot could have & very significeat impact om estizates of
turbaleace ioteansity sad hYigher order someats. For that
reason it ts lmportast to :ocasiler alternative methods
to obtaia accurate measiremeits Jf tardbaleoce imteasity
usiag L1V,

As discassed sbove an additional form of
iaformetion avstlable from laser veiocimetecrs is the
time-history of particle arrivels et the optical sample
volmse. o this paper we preseat ¢ thedr=tical aaelysis
ot the poteatiel for 2siay weitiag-tise distridatiocas in
comjarctisn with the treasic-timing L1V,

INDIVIDUCAL VELOCITY REALIZATIONS WiTH L1V

A scheratic of & gecersl L1V systems is showa ic
Fig. 1. A siogle laser Yeam is conditiocoed aad focused
iato tle optical sample volame, Light scattered by
parzicles passiag through the Seam is collected Sy a
phocodetector sad the s3i1z3als processad for velocity
1nf draatioa. Ag:al discrimization of the probe volmme
is pecfarred Sy the detac:oic opti:s,

The syzmetry inhersat is ta- Geussisa {nteasity
profile across TEM,, lasec beams ermits s velocity
sessaremext with the L1V, Signal processiag reqairzes
msesaremeat of the traasit-time of pecticles crossizag
the laser Seam as ceflected by the pulse widtd of siagle
particle scattering sigsals which are Gaussian in tize.
Here the transit-time is secessarily measared at a
constent fractiom of palse height rather than with
cespect to ea absolate threshold level, The intensity
profile [ across & TEM,, laser deam is givsen by
Hzp) = 100.0) ¢°2 (22 0 7D/ (1
where v is the beam radias at che 1/el intensity poiats,
Sepsrating the Cartesisa variables we obtain:

-

-2 ade -2 gt

[{(x,y) = [(0,0) o (2)

A particle traveliang scross the laser deem parallel to
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the z-sxis at a coostant y will erperience s Gacssian
incident intensity bistory vwitd & constant 1/e2 width
independent of the valus of y. In that case only x is s
fuaction of time as glven by:

T = vt (3

whezre v; is the particle spesd in the zx-y plase and ve
ssscme 1=0 st t=0, Scbstitsting EBq. (3) into EBgq., (2)
obtains:

1e) = 100,00 o2 TP 72 A @
The first exponential in Eq. (4) is jost a constant and
the L1V scattering signatures are Gaoseisn in time,
Then weasaring the relative pclse width or tricsit-time
ty betveen the 1/e2 points of s particle scattering
signal determines the speed in a plane normal to the
laser besm axis ss given bdby:

e un (s

Rodd (1974) considered anm anslog differentiatica
approach for aessuring the transit-time ¢, Birleoan
{1978) and Bolve (1982) bLave ocsed analog constapt-
fraction discrisminator w»odules to sske the pecessary
pulse vidth measarssent, Hirlemaa (1978, 1982)
developed a digital signal processing slgorithm which
improves the precision of the messurezent, The scatter—
ing signsl is digitized and the parameters controlling
the precision of the palse width estimation are:

(1) the somber of sasples n of the vaveform
betwssn the 1/¢2 points,

(2) the noise-to-aigoal ratio (N/S) sssoaing
rsndem Gaussian ncise,

A plot of the relative error in estizating the 1/e2
width of a Gacssian signal is shown in Fig., 2. Note
that with 12 ssmples on a Gesussian vaveform the 1/e2
width caza be estizated with a relative stacdared
deviation roughly equal to the zoise-to—signal rstio,
Also piotted in Fig. 2 are data for L1V messoremcnts on
droplets in the pricary streas from a vibrating orifice
droplet generator after Yoe et al (1984), The actuoal
noise-to—signal retio at the photodetector osotpat for
the ceasurements of Fig, 2 wes sboat 5% and the seasured
L1V precisicn sgrees reasonably well with prediction.

It is clear thet a2 L1V transit-time messurement is
less precise than that possible with s singls Doppler
barst from an LDV, With s sofficient number of
porticles the mesn velocity can be estimsted with
sdequate certainty ssing L1V but estimates of turbulence
iotensity and bigher wooments are =cre difficalt for
reascnable sample sizes, The brosdecing represented by
the orcdinste of Fig, 2 will appesr as artificial
tocrbulence in L1V messuremeats, For this reason we are
iavestigating the use of particle arrival time
statistics to facilitate L1V messcrements cf tarcclence
intensity.

PARTICLE ARRIVAL STATISTICS IN LASER VELOCIMETRY

Statistical properties of particle arrival times ia
iadividual resglization laser velociceters Ltave received
relstively little attestion from LV researchers cver the
vesrs, In LDV work the particle arrival process has
jececally bees consjdered & opuisance as the discrete
saxpling of vel.city onmly daricg the presence af &
prrticle is the soorce of velocity bias, Recently sowme
wurkers tave :onmsidered the arrival process om its own
serits with the intent of ideptifyiag and hopefuolly
ertracting usefs]l inforastiom. Ercmacn snd coworkers
11976,2040,108]1) bave done extessive work on perticle
arrivals asing statistical oecalysis of the number of
yacticle events im & series cf f:nite ssmpling times,
Tan  ssd  Rerzan 1982} deveicred & rrehability—
sfter-effect ze'bod iz wlich ‘'te =curter of rarticle
cotnts from :wo dis;laced LDV prohe volomes were
1ir1lyzed, ThLese sethocs deters:pe twurbolence irntersity
end :p the latter techzigue >cth lagrang:isz and f.ler:an
time sca.es vere zeaszred. Yue and Hirirran (1982)
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studied perticle event rates ig laser-two-foces veloci-
noters,

Ia tbis paper we consider the distribation of
wajiting-times betvesn particle events at s single LV
probe volcme, The theoretical amalysis is directly
spplicable to single beam lasser 1light scattering
instruments for particle size and velocity imstrocments
soch as L1V, Bowever the develcpaent canm also be applied
to LDV systems under some conditions, The schematic in
Fig. 3 demonstrates ouar conceptosl model vwhere anm
optical gprobe volome with projected cross-sectionmal
sress 55, 3y, snd sz is shown, Ve asscme thst all
psrticles which pass into the opticsl probe volume will
be ’’ssen’’ by the LV snd registered as single particle
events, This asscmoptionm implies that particle
coiacidence effects are negligible and that particle
residence times in the saxple volowe are small compared
to both the mesn time between particle arrivals snd to
chbaracteristic time scales of the flow, Althoogh the
specific gearetry of tte prode voluome and the orthogonal
sensitive areas will in gemersl be complex functions of
particle 3ize snd ip some cases particle trajectory
(LDV) we =zeglect those effects for the present. Ve
assome thst the LV seed particles are randowmly
distriboted in space sné sre svept throocgh & stationary
prebe volume by the fluid velocity. One might envisiom
8 conveyor belt with randomly distributed particles
passing throuogh the sazple region with a direction and
speed dictated by the local, instantanecons fluid
velocity., Ths npumber of particles n sampled by am LV
during & ress-rement time t is a stochastic variasble.
The probsbility Py(n) of sampling » particles dcrimg t
is described by the Poisson distribatiosn (Chandrasekbar,
1943):

GVt e~V
a

Peln) = (6)
vhere p is the particle nurber decsity, V is the volume
of the floid sampied (i.e, swept through s;, sy, 3;)
during the time t, and brackets ¢ ) indicate the
expected valos over time t, For a given floid velocity
constant over t the expected volame sampled is equal to
the prodoct of the sensitive area, the velocity, and the
sampling time interval, Bere tke velocity—time prodact
represents the leogth of the fluid filameot whkich passed
throogh the probe volume between time zero and time t,
For the general case we can write:

(pV> = <p!']!|t) N

wbere the tilda indicates vector guantities, v is the
velocity, and s represents the orthogosal projected
areas of the sample volume defined positive pointing
ioto the sszple volome. The sbsolute vaiaoe in Eq. (7)
is necessary because the probablity of registering
particle eveat does pot in geners] depend oz the secse
of the velocity components, It is couvenmiest to ttink
of taking the absolate valce of eschk velocity comporesnt
separstely io Eq. (7).,

Corsider starting 8 tizer at scme random, arbitzary
time whep there is not =zecessarily & perticle event,
The probability F(z>t) of wasiting lopger tiap a time t
for the onext particle is jast the probability that there
were :ero ;articles daring t:

-t ser

Fizore) = o °2 bele> (8
Similarly, the ;rotatality of registering zero part:cle
events bSefore t -~ 3t :3 given by:

Fleot » st) = Joifatlulte o aen ()
shere here thle exzrectation is over the time t +~ it. VNow
the prohabality of a particle event Selween t add t ¢ At
18 the difference tetween Eqs., (T} and (€Y, The
;robadility Zensity distrabotice P(t) of eeitiag tize t
for the next event 1s ther cbisired 1z slte !:zat:
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Sabscitatiag Eqs. (8) and (3) we obcsin:

[} -(pz-l:lt) (1

P(t) = ;'E (Kps-lvled) o

-

Pheoumeaologically Bq., (11) can De coasidecsd iz two
pacts. The sxpocentisl term indicatss the probedility of
so parti:zles arriving betweez O snd t and the
diffacaatial coefficieat represeats the ,robebility of a
particle arriving dariag the aext dt. The fact that the
two probabilities are maltiplied reflects the logical
AND satize of waitisg s time t for the zatt eveat; i.e.
thers =mast bde no particle events detwesa 0 2ad t and
thea a2 eveat fan the 2ext dt,

Bquation (11) s vslid for descridiag the waiting
time for oas pacticle eveat following & start time whecs
the erpoctstion ceo be evalusted. In turbaleaz flow the
expectstion term will depead oa the velocity at time
zero v(0) and the probability im Eq. (11) will therefore
be oconditionsl oa y(0). The expectatioa in Eq. (11} is
s couwplex function of the velocity distribation
fuoctioa, cocrelation fanctions, and particle deasity—
velocity corcelations, We previcasly assimed that the
particlas sre randomiy distribatad in space, i.e. that
there is no corctelazion between particle deasity and
velocity. Farther we asscme that the geomaetric
charactaristics of the optlcal probe volame are also
indepeadeat of velocity (constant g) which is s very
good sssamption for siajle beam laser light scactering
iastraonents bat less 3o for incerfercmetric (LDV)
systems, Under those assmptions we write:

s lylt> = pagclvgler + fll,(l'yh) + pugclvyley (1)

For laminar flow ia the + z direction the vslges in
the expectation terms are constsat aad:

(p_:_-'x‘!) = psgVyot (13)

where v, is the =mesaa flov velocity. Definicg &
pacticle esvent rate parizeter A which for this speciael
case of lamisar flow we sabscript A,

Ao = P3z¥z0 (14

For laminar flow Eq. (11} thea simplifies to:

P(t) = 1, o “of (15

Now for torboleat flow with the ass=mption of comszaz: p
and 5 the resalt is 30t 30 simpie as we past deterzine
the etpectations ia Eq. (12)., For isotropic turaulezce
we caa express the expectatioa of the velocity at aay

time t cooditionsl oo the velocity v(2):

.z
CreAv(0) = gt * (3(0) - o) | R(u)de (16)
Q

where 2 1s the velocity eataocorreletion faactiza, v, 1s
the aesa velocity vector, 3ad the Sackslash csharacter
is ased to denote a coaditiazal pradenility, The
constraints om the correlation famctioa 1aclzde 2—1 as
t =0 sad T =) as t ==, Agata the ansolazes values
ceqaized in Bq. (12) complicate the 33e of Eq. (16).

An exprassion for the satscorrelstica faactica R
is needed snl we adopt cue of typical focwm:

gee) = o VTe (17
where T, is a flow correlation 3r persisteace time.

At this poiat ®e caa sabsiitate 2q. (13) and its
decrivative fato Eq. (11) to obtain the wailiag time
probability deasity P(2.3(0)) conditiooel on v,. To
obtata P(t) for sn enseabdble of meas:iremcats ia tarSalent
flow we gast integrate over the prohadility Jisteibation
of velocities at time zego, For readoa starts of the

timer this is jost the actasl velocity Jdistridatiog
fanccion f(y). We cea write:
-
Plt) = J’P(t ¥ iy 3y (18)
=

T o P

where v(7) has Deea repla:edl willd v,

The latrodocti:a of the velocity satocorrelatice
fopctton ints the integrals thrzrsaghk Eq. (12) =aaltiplies
the complezity of the msthesatizs sevaral foid. A
limitiag cass of inmtarest is that of weitiz, tizes small
comparsd to the flow pecsistecce tims T., Under those
coalitions the corrsletisa foactisa R is 1.0, t.e.
dariazg e relatively short waitiag-tize the velocity
effectively does aot cheoge aad Eq. (16) sieplifies to
<yt\¥(0)> = y(0)t. Eq. (11) then beccmes:

= ps-lyl .-pg'lzlt (19

P(t\y)
where 2zaia the nocation ¥(0) for imitisl velocitw hus
been dropped,

Coausider aow the ratier typical cyliadrical opticsl
prode volmma of Fig. 3 whers s, << s; and 3; = 3y, If
the meea flow is oriected io the +x direction theg Eq.
(19) beccmes:

“{pslvel « 2stv Dt
PCt\g) = (psclegl » paglugly o7 20207 VT o

Since the v, terms drap oot thes Eq. (18) becowes:

- -
(e} = J. I Ple\y) f(vy) £(vy) dvg dvy (21)
-’ -
where P(t\3y) can be obtaiaed from Eq. (20)., Asscming
Gaassiaa, isotropic turbalence:
3
fivy) -_:E._.. cxp‘_w_)_’ (22)
NFERLA o2yt |
and .
f(vy) = ! exp ‘_ __(!J)_—’ (23
NPT 2 vy 2t

where & is the torbaleoce icteasity. Eq. (21) can tlea

be istegrated to obtaein:

1
-Lou—(l.ot:)‘; 5
Blt) = hge : ~2, [ Lrte (& Ggeg - In
Iv" M 4
Aot=7% (Rgtd)?
L] 58 erfec ( L:‘ }.Q::)} * L, 02
2 2
1 1 1
erfe (= Agtf) ecfc (7 (Agti - 2)) (1-2k,t2d) (243
e NETR AR ° '
whece erf indicates the error functida aegd the

complement ecfcix) = 1 - erf(x)., The adbsolzts valies 12
Eq. (20) were taksa iato sccaovac 3y Sereakiag Eq. (1)
1nto two integrals for positive ead 3egalive veli~cities.
The only seppror:setivca 1a arrivizg st £q. (24 19 taae
erf(laged « 1/3)/,2) = 1 which foc § 7 0.4 astralaces o
marin.n of 0.4% ercor,

The limitsag Sehravicr of this espression ts given

by:
_‘
N IES R SERERULES ae
and:
1B aigr =0 (28
c=e

Racall ths? these Egqs, (24-:5)’ are valid faor waitiag
times small :omjaezed to the flow correlatica time (¢ (<
Te) with » end 3 comstaat. Noce thec Zg. (24) Jevietes
fre 236 Porsson distsidution valid foe lemiaer flow as
givea 1n 3. (15} s Yocth the coeflficient aad tae
ez1ponet,
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To gain asome imsight into the stroctare of the
) tinal szpression for the protabality deasity
. distridotion of the vaiting-time consider Fig. 4 vwhere
P(t) for lamisar flow from Eq. (15) spd the fall
expression Bq. (24) for § = 0.4 have bdeen plotted. The
ssme corves asre also shown os & log scale ia Pig., §
where s third carve described by the approximation P(t)
= A'e72't ywith L° as deficed in Eq. (25) plotted s
vell, Deviation of Eq. (24) for turbolent flov from
the Poisson form is rather small which is sigaificant
since A, is in general ounknowa, There is bovever s Edwards, R.V.,, apd Jesoses, A.S., 1983, ‘‘Particle
significant change im P(t) with tarbulence iztensity Sampling Statistics is Laser Anemaceters: Sasple snd
indicatsd by am increase im the wmean particle arrival Bold and Satcrsble Systems,’’ J. Floid Wech., 133,
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NONINTRUSIVE LASER-BASED PARTICLE DIAGNOSTICS

E. Dan Hirleman

Laser Diagnostics Laboratory
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Tempe, Arizona

Q;;;xgt

The evolation of gonintrusive optical
techniques for particle size anslysis has provided
an array ot powerful diagnostics, The tecnniques
either probe the 1light scattering/attenuation
properties of the aerosol particles or form
photographic or holographic images, This paper
discusses the theoretical basis for in-sits
particle sizing techniques and reviews some
practical applications as well. Further, a number
of subtle considerations which affect the
reliability and interpretation of dats from optical
particle sizing instroments are discussed.

Nomenclature

Cec partial light scattering cross section (m®)
particle diameter (m)
D3y volume~to-surface area mean dismeter (m)

differentisl light scattering cross section
i1.i3 scattering intensity fumctions

intensity or time averaged radiant energy

per unit area normal to the propagation

direction (W/a?)

scattcred intensity (W/m')

Iinc intemsity incident apon a particle (W/n?)

J1 spherical Bessel function or first kind and
first order

k proportionality constant in Eq. (7)

o complex refractive index

n(a) rarticle number distribation function

N ezponent parameter for Rosin-Rammler
particle size distribation

Pee scattered optical power (W)

r distance from origin to observation point in
particle centered light scattering
coordinate system (m)

S light scattering signal amplitude

z mean diameter in Rosin-Rammler particle size
distribution

particle size parameter nd/A

fringe spacing (m)

wavelength (m)

scattering angle measured from the incident
beam propagation vector

azimathal scattering angle

@ > o

I, Introduction

There are many instances when conventional
batch sampling methods for particle size snalysis
are either impractical or impossible to implement.
Further, it is often the case that the intrusive
nature of sampling methods introduce unacceptable
levels of interference into the aerosol flow of
interest, For these reasons the development of
aonintrusive optical diagnostics for particle size
aad concentration measurements has been the objec—
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tive of a significant amount of research and
development, Successful applications of chis
technology are being reported with increasing
frequency.

Optical techniques for particle measurements
¢can be divided into three broad areas, First,
pbotographic and holographic methods analyze
simultaneously recorded images of a number of
individaal particles to buoild a discrete particle
size histogram. Secondly, ensemble or
moltiparticle analyzing methods atilize the light
scattering or extinction integrated over the
contribations from a large aoumber or particles to
determine parameters of the particle size
distribation. Finally, single particle counters
(SPC) size and count individoal particles
traversing a rclatively small optical sample
volume, and a sequence of particles are sampled in
order to build op a discrete size distribation.
The three approaches are complementary in the sease
that they are optimized for different types of
applications,

Single particle counters are the optimum
choice for analyzing particles roughly O0.5um and
above in applications demanding high specificity
and the potential for simultaneces velocity
measurements, The existing commercial techmology
of imaging techniques is genmerslly limited to
particles larger than & few micrometers with time
response lomger than a few seconds. Imaging
techniques can provide information on particle
shape and other characteristics not retiievable
with light scattering methods, Ensemble methods
generally require less sophisticated optical
systems for implementation but inherently provide
less information as the optical characteristics of
the individuai particles are superimposed and can
never be totally recovered.

This paper first presents s brief discussion
of the fundamental principles of light scattering
which anderlie laser-based particle sizing
technology. Then details of some ot the techaiques
for nonintrusive particle diagnostics are reviewed.
For the purposes of this paper an instrument is
considered to be nonintrusive if no sampling probes
are involved and the working space between optical
elements and the optical measurement volume is on
the order of 10 cm or greater,

1 Light S erin Particles

An infinite, planar electromagnetic wave can
propagate throogh a homogeneoas, aonabsorbing
mediom undisturbed. This propagation is rigorously
described by Mszwell’'s eqoations [1]. However it
is also useful to consider Huygens’ principle [2]
which states that each point on a wavefront
(surface of constant phase in the electromagnetic
wave field) serves as the source of spherical
secondary wavelets such that the wavefromt at some
later time is determined by the envelope ot these
wavelets, The secondary wavelets propagate with
the same frequency and speed as the primary wave
woald at esacsa poimt in spave, That an infinite
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planar wavefront in a howmogeneous medium propagates
83 a plane wave is roadily visuslized with Huygens’
construction [2].

If we consider the homogeneous medium to be a
gas, then the secondary wavelets derive from
electrons in the molecules comprising the gas which
sre harmonically accelerated by the time—varying
E-field in the electromagnetic wave, This occars
becaunse ecaca accelerating electron, by virtue ot
Ampere’s and Faraday’'s Laws [2], produces its own
secondary electromagnetic wave (i, e. a scattered
wavelet) which propagates spherically oatward. The
superposition of these scattered wavelets with the
unscattered incideat wave define the entire
electromagnetic field. From & quantum point ot
view, the gas molecule absorbs a photon whica
causes an electrom to be excited up into a virtoal
(unstable or disallowed) state for a very smort (¢
psec) time, In elastic scattering events of
interest here the electron them drops back to its
original state emitting a secoand pnoton of the same
frequency as the incident photon, This emission or
scattering process is random in the sense that the
photon can propagate with equal probability in any
direction (at least in the plane normai to the
polarization vector of the incident E~field). The
memory of the molecule retains only the phase and
polarization of the incident photon and not the
direction of incidence.

It is also possible for the energy coupled
into the electron from the incident photon to be
dissipated by collisions ot the excited electron
with other nuclei or electroas, Ian that sitcation
the photon energy woald have been absorbed and
converted into thermal (internal kinetic) energy.
Both the scattering and absorption processes are
included in rigorous light scattering theory.

Individual Spherical Particles

The parameters controlling the scattering of
planar electromagnetic radiation by spherical
particles are the size parameter a, the complex
refractive index n ot the particle relative to the
surroundings, and the polarization state of the
incideat radiation, The three scattering regimes
of importance <can be delineated as Rayleigh
scattering for a<¢<{l, geometric optics for a>>1l, and

Lorenz~Mie scattering for a~1. For visible
radistion Rayleigh scattering approximatioans are
valid for particle diameters

d<0.05um, and geometric optics approximations for
roughly d>Sum. In the Rayleigh regime all of the
electrons (or charge dipoles) in a particle are
sabjected to the same E-field by virtus of their
close proximity (relative to the wavelength) and
therefore oscillate in phase. The properties ot
the scattered radiation are them given in a very
simple form applicable to the harmomic oscillation
of a charge dipole. In the geometric optics limit,
the wavelength is nuch smaller than the particle
dimensions and the incideat radiation can be
considered to be a hundle of rays, The scattered
field at any point separated from the particle can
be calculated by soperimposing refracted and
reflected rays with the diffracted field.

In contrast with the Rayliegh scattering and
geometric optics regimes, n0o approximations are
possible for particle sizes on the order ot the
wavelength and the complete set of Maxwell's
equations must be solved for the particle and the
sarroundings. The theoretical difficulties here
arise from the fact that the E-fields experienced
by the various electroms or charge dipoles
distribated throughout the particle depend on
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position, and therefore these electrons emit
secondary wavelets which are out of pnase, The
formulation for this intermediate case, known as
Lorenz-Mie theory, is the general solaotion for all
particle sizes, Exhaustive treatises of 1light
scattering are given by van de Hulst [3] and Kerker
[4]. Compater codes for calculating the scattering
characteristics of spherical particles of arbitrary
size are readily available.

Consider the scattering geometry im Fig., 1

with the particle situated at the origin
illuminated by electromagnetic radiation
propagating in the +z direction with incident

intensity Ij;.. The scattered iatemsity I . at a
distance r from the origin is given by:

3
fao = :_,?’lft— {ij(a,0,8)sin’P + iz(a.n,8)cos’P] (1)

where iy and iy are dimensiooless intensity
functions for scattered light polarized
perpendicular and parallel to the scattering plane
respectively. The functions iy and iy are composed
of spherical Bessel asnd associated Legendre
functions and their first derivatives, and are
integral parts of Lorenz-Mie theory (3,4]. It is
convenient to normatize Eq. (1) by the incident
intensity and other constants and define the
differential scattering cross section F:

F = ij(a,n,0)sin’® + ij(a,n.0)cos’p (2)

Some computations ot F are shown in Figs. 2, 3 and
4. Figure 2 indicates the angular dependence ot
the scattered light for particle diameters of 0.1,
0.5, and 1.0pm, and Fig. 3 for 5.0 and 10.0um
particles as well. Note the lobe structore waich
becomes a dominant factor as particle size
increases. Figure 4 indicates the dependence of F
on particle size. In the Rayleigh regime F
increases as diameter to the sixth power, and then
gradoally changes to a diameter—squared dependence
in the geometric optics regime, The oscillations
present for 8 = 45 and 90 degrees in Fig. 4 are
typical for off-axis scattering of nomabsorbing (no
imaginary compoment of the refractive index)
particles. Forward scattering (small 6) properties
generally display mach less structure as is also
evident in Fig. 4.
The radiant power Pg. scattered into a
detector with a finite collection aperture is
obtained by integrating the scattered intensity
over the solid angle subtended by the detector:

3
Fgo = .I%’%‘,:_k_f/‘!?(a.n.e.¢) sin® dO do (3)

The partial scattering cross section for
particular detector is defined as the scattered
power divided by the incident intemsity:

3

Csc = T*,_//F(a.n.om $in@ d8 4P 4)
"

Individual Nonspherical Particles

It is not possible at present to calculate the
scattering and absorption characteristics of
particles of arbitrary shape and refractive index.
There has, however, been some progress on theoret-
ical models and calcaulations for certain
aonspherical shapes sach as ellipsoids (4],
spheroids [6,7), clusters of spheres [8], and
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Fig. 1 Light scattering coordinate system. The
functions iy and iy are for scattered
light polarized perpendicular and parallel
to the scattering plame respectively.

cylinders [9]. The calculations are often valid
for only limited values of refractive index.

Some ezxperimental work on the scattering
characteristics of nonspherical particles has been
performed. The use of microwave radiation with
wavelengths on the order of 1 cm permits the study
of scattering by arbitrary shapes [10,11). Forward
scattering by agglomerates of spherical particles
has also been observed experimentally (12].

The results of these studies indicate that the
near—forward scattering characteristics of
nonspherical particles are predicted reasonably
well by calculations for spherical particles ot
equal cross—sectional area, The of f-axis
scattering characteristics however are stromgly
dependent on the detailed particle shape. Concern-
ing extinction, (scattering plus absorbtion),
spheres of equal volume and surface area can be
used to approximate these optical properties of
nonspherical particles [13].

Scattering by an Ensemble of Particles

When electromagnetic radiation is incideat on
an ensemble of particles the results can sometimes
be calculated by merely summing the contributions
from individual particles. However the spacing and
the positions of the particles in addition to the
physical extent of the aerosol can be important,
For example, it the particles are spaced less than
about 3 diameters apart they scatter as a single
entity, Fuarther, if the particles are situated in
a regular psttern, say in & lattice, the phases of
the scattered waves emanating from each particle
muast be considered. Ia that case the
ensemble-scattered intensity at some point away
from the aerosol mast be found by first summing the
electrical field (considering phase) contribution
from each particle and then squaring the sum to
determine scattered intensity, Conversely, if
there are many particles randomly ©positioned
relative to eachk other then the phases are random
as well and the scattering can be found by directly
summing the intensity contributions from each
particle. In the latter case we have incoherent
scatter, and in the former coherent scatter.

Multiple Scattering

As the physical dimensions of an aerosol cloud
increase the probability that a scattered photonm or
ray will encounter another particle and be
scattered again before leaving the serosol

increases as well, This phenomenon, termed
multiple scattering, will clearly alter the
characteristics of the scattered 1light which
finally reaches the detector of & diagnostic
jnstrument. The presence of meltiple scattering
complicates significantly the interpretation of
light scattering measurements. The onset of
moltiple scattering can be ascertained from the
level of attenuation ot the incident beam, It has
been suggested that less than 90% transmission
indicates multiple scattering (4], slthough
probabilistic considerations of an optical mean
free path would suggest that multiple scattering
becomes important at tramnsmission levels less than
about 60%.
III, Ensemble (multiparticle izing Technjques

Optical techniques which analyze the light
scattering and extinction properties of an ensemble
of particles are quite aseful in several
situations, first, for measurements or particles
smaller than aboat O.lum, ensemble methods are the
only viable options since SPC and imaging
techniques generally cannot distingaish smaller
particles., The lower size limit of a typical S¥C
is determined either by signal-to—noise considera-
tions, since scattering cross sections decrease as
46 in the Rayleigh regime but the noise level is
fixed by detector shot noise, or by the large
particle nomber densities encountered at small
particle sizes which make it impossible to maintain
the presence of only ome particle in the optical
sample volume, Imaging techmiques are useless for
particles smaller than several wavelengths, and
since visible or in some cases near ultraviolet
radiation is generally used imaging methods are
limited to particles several um and above.

Ensemble measurements inherently contain less
information than SPC and imaging data a3 the
scattering or extinction is accumulated over atl
particle sizes inm the aerosol, In some sitoations
it is possible to mathmatically invert the set ot
ensemble measurements and reconstruct or estimate
the size distribution, The resolution possible for
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Fig. 2 Lorenz-Mie theory calculations of

differential scattering cross—section F as
a function of scattering angle 8 for
various particle diameters after Handa
et al, (5],
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Fig. 3 Lorenz-Mie theory calculations of
differential scattering cross—section F as
a fonction of scattering anmgle 6 for
various particle diameters after Handa
ot al, [5].

the reconstructed size distribation is determined
by the number of optical property messurements
(¢e.g. the number of scattering angles), bat
practical considerations oftem limit here. It is
often advantageous to estimate average parameters
of the aerosol sauch as a mean diameter rather than
perform the complete iaversion. Similarly the form
of the size distribation can be assumed and the
measurements used to estimate the best fit
parameters for the assumed size distribotion,

Several ensemble-averaged optical properties
of aerosols can be used in size amalysis. These
include spectral extinction, the angular dependence
of scattered light, and finally for very small
particles the spectral properties of the scattered
light as Doppler—shifted by the Brownianm motionms ot
the particles, The following paragraphs discuss in
further detail these ensemble methods.

Extinction Methods

The amount of 1light removed from a1 beam
passing through an aerosol directly indicates the
extinction cross sections of the particles along
the beam path, If the refractive index and the
volome concentration of the psrticles are known,
then the volume—to-surface area mean diameter D3,
(or Saater Mean Diameter, SMD) canm be determined
from a single transmission measurement [14],
Farther, the authors [14] studied the ratio of the
trapsmittance st two probe waveleangths and foand
that it exhibited monotonic behavior when plotted
as a fanction of D34 for nonabsorbing particles in
the range A1/3<¢D33<Ai. Ariessohn et ai, [15] also
studied this two—wavelength approach and found that
the specific form of the particle size
distribation, if it was not very narrow, had little
inflausnce on the measurement. The aathors [15]

considered measurements on coal ash particles wnich
aro woakly absorbing and found a compressed bat
useful sizing ranmge ot roughly A3/10<D33<1.37; for
A1 = 0,325 ym and Az = 3.39 um, Lester and VWittig
{16] amd Bro ([17] otilized a similar method ina
shock tube studies ot soot formstion. Powell et
sl. [18] uased spectral transmission data coupled
with scattering measurements to stady smoke
particle sizes, Althoagh in the works referemced
sbove only mean diameters are determined, there
have also been s number of studies on the onse of
spectral transmission meascrements to determine the
size distribution as well [19]. For optimum
sensitivity the wavelengths nosed most roaghly
bracket the particle sizes of interest, so these
techniques are in general useful for intermediate
particle sizes near practical wavelengths.

Moltjangle Scattering Measarements

It is clear from Figs. 2, 3 and 4 that the
angular scattering characteristics of an ensemble
of particles will contain information on the
particle size distribation, For small particles,
say several um and below, it is necessary to
measare scattering charscteristics over a large
range of scattering angles., This can be
sccomplished for @ from 2° to 178° asing & polar
nephlometer as discussed by Hansen and Evans [20].
Hansen then used this techmique ([21] to estimate
size distributions and refractive indices of an

stmospheric aerosol. In some sitoatioms it is
impractical to traverse a detector around the
serosol to measure angalar scattering

characteristics, and a few detectors at selected
scattering angles are used.

Multisngle scattering techniques are atilized
in some sitoations where SPC and imaging methods
are not applicable, Measurements in solid
propellant rocket exhausts wher: the particle
velocities are very high and the run times very
short have been made by Weaver [22]  using
moltiangle scattering and extinction. Measurements
of soot particle sizes in flames require ensemble
methods becanse of the small sizes (<100mm).
Recent studies on soot by Santoro and Semerjianm
[23]) and Chang and Penner [24] have been completed
slthough the presence of nonspherical agglomerates
complicate interpretation of the data, The aanthors
[22,23,24] nsed sn optical system similar to that

PARTICLE OIAMETER (um1

Fig. 4 Lorenz-Mie theory calculations of
differential scattering cross—section F as
& fonction of particle diameter for
various @, after Handa et al., [S].
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Fig. § Generalized Schematic of a Laser—based
Single Particle Counter

in Fig. 5 bat with some detectors oriemnted ia the
backscatter direction because of the small particle
sizes, Measurement of the polarization state of
the scattered radiation is also useful in particle
size snalysis by ensemble multiangle scattering.

One problem for all wmuoltiwavelength or
moltiangle diagnostics for oparticle sizes of
several micrometers and below is that the
scattering characteristics can be strongly
influenced by the refractive index which is in
general not known, By increasing the aumber of
measurements and assuming that the size
distribution is monodisperse or ot some particular
form it is possible in theory to determine the
refractive index along with the size distribution
{21,23,25].

As particle size increases it can be seen from
Fig. 3 that the energy is scattered predominantly
into the near-forward directions, Further, for
particles greater than several um the dominant
contribator to the forward lobe is diffractive
scatter as opnosed to refraction or reflectionm,
Analysis of the forward diffraction lobe has become
a common diagnostic for particles and droplets
larger than several micrometers in diameter,

The generalized schematic of 2 laser
diffraction particle sizing apparatus is snows in
Fig. 6. The beam from s laser, typically a several
aW He-Ne model, is spatially filtered, expanded
and collimated to several mm diameter at the 1l/e
intensity points. This collimated probe beam is
directed through the aerosol of interest and the
transmitted (anscattered) portion is focused
on—axis to s spot at the back focal plane of the
receiving lens. Light scattered by particles in
the probe beam which pssses through the aperture of
the receiving lens is directed to otf-azxis points
on the observation or detection plane, A
monodisperse ensemble of spherical particles large
compared to the wavelength woold prodace the
characteristic Airy diffraction pattern shown in
Fig., 6 as described by Fraanhofer diffraction
theory:

L]
1) = I, 32
16n

3
ug(um : (5

vhers J; is the first order Bessel fuaaction of
first kind. The obliquity correction (1 + cos’8)/2
has been neglected in Eq. (5) and the small angle
spprozimstion of sin8=@ has been made.

In practical systems s distribation or part-
icle sizes or & polydispersion is generally
sncountered. The composite scattered intensity
profile is [ linear combinstion of the
characteristic profile of each droplet size with a
weighting coefficient equal to the nomber of

—,
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particles of that size in the sample volume, The
diffraction signature of a polydisperse spray is
given by:

oo‘ 3
w0 -t [0 1552 s o

where n(a)da is the number of particles in the
laser beam with sizes between a and e + da and
truncation of light diffracted at large angles by
the receiving lens has been neglected [26]. A
primary effect of broademed size distributions is
elimination of the contrast in the diffractiom
pattern as shown in the diffraction signatures
calculated for seversl Rosin-Rammler particle size
distribotions in Fig. 7. The two parameters in a
Rosin-Rammler distribution asre the mean diameter x
and the expoment N, The width ot the distribution
increases with decreasing N, and ss N approaches
infinity the distribution becomes monodisperse,

The basic task in laser diffraction particle
sizing is to detect and apalyze the diffractiom
sigoatare I(8), and then mathematically invert Eq.
(6) to determine parameters of the particle size
distribation, Chin et al. in 1955 ([27] proposed
several detection techniques, ome of which was to
traverse a pinhole/photodetector assembly across
the diffraction pattern, Due to the wmechanicsl
traverse this detection approach requires &
significant amount of time to cover the entire
diffraction pattern. Further, the large dynamic
range of the diffraction signature given by Eqs. §
and 6 is snother difficulty for such systems.

The advantsges of real time analysis ot the
entire diffraction signature as opposed to
traversing a detector across either the diffraction
pattern itself or a photographic image thereof are
obvious, Developments in monolithic solid state
multi-element detector arrays in the 1970's
improved the situation by allowing the entire
diffraction signature to be analyzed
instantaneously, A monolithic detector designed
for forward scattering measurements is saown inm
Fig., 8. Note the incressing thickness ot the
annular detector elements which, when coupled with
increasing length (circumference), result in a
significaat increase in detector area as radians
increases. This effect compresses the dynaaic
range of the scattering measurements, A detector
similar to that in Fig, 8 designed by Recogmition
Systems, Inc. [28] for parts recognition
applications is atilized by Malvera Instruments
Led. [29) in & commercial laser diffractiom

Beam Expander/
Soatial Filter

Detection Plane

Fig, 6 Schematic of Laser Diffrsction Particle
Sizing Instrument
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the refractive index is diffusion broadening

, Oj spectroscopy. Light scattered by molecules or
' A ) particles is Doppler shifted due to Brownian
: + \\ \\ motion, The magnitude of the frequency shift
2 v N depends on the velocity of the particle and the -
\ 4 \ angle at which the scattered radiation is
- - L collected. Light scattered from a large nomber of
) 3 particles ondergoing Brownian motion in a medimm
3 : with a mass mean velocity of zero contains a
Dol distribation of frequencies centered around the
2 1 incident laser frequency. If the light scattered
I by these particles is collected and mixed omn a L
S - single detector (homodyne detection) then the
c ] frequency differences between waves scattered from
q . the various particles will be opresent in the
- 4 detector output with a resulting spectrum centered
L 4 around zero frequency. The theoretical analysis
! -zj for predicting the pover spectrum and
c 5 sutocorrelation functiom of the homodyme scattered
8 b light signal for particles suspended in s stagnant -
1 j Na2 § N .. or laminar flow is well knowa [36]. The
N ! AN TTTT predictions depend on the scattsring angle, the
8 J N s, particle diameter, and the diffosion coefficienmt
1 e M which ia turn depends on temperature and viscosity.
-3_'1| N By measuoring the half-width of the power spectra
T ? T T T [37) after Penmer et al. or the correlation time
1 sl . .04 [38] from photon corsrelation after King et al. the
¢.00 0.0t .02 c.03 0.0 diffasion coefficient of the particles can be -
THETA determined. Introduction of some assumptions
' concerning the diffusion coeffiecient then allows
the particle size of & monodisperse aerosol to be
determined.
Fig. 7 Forward scattering signatores calculated The optical system required for diffusion
using Fraunnhofer diffraction theory for broadening spectroscopy is rather simple as shown
Rosin-Rammler particle size distribations, in Fig. 5. The laser focus diameter is selected to
A = 0,6328um, ainimize broadening effects due to finite particle ——
. . residence time [38]., The output from the detector
particle sizing instrument based on the work of would thea go to & spectrum analyzer or a digital -
Swithenbank et al. [30], photon correlator.
A number of data processing methods have been Diffusion broadening spectroscopy has been Lo
used to extract particle size iaforsstion from used successfully in flames [36,37,38] and other K
measured diffraction patterns. Chin et al. (27] particle systems. It is only useful for particle ’
atilized the integral transform derivation of diameters 1less than about 100nm becsuse the
Titschmarsh [31] to analytically invert Eq. (6) to frequency shifts become very small as the Brownian o,
obtain n(a), Dobbins et al., [32] somewhat diffusion velocities decresss for larger particles.
paradoxically observed that the diffraction Further, this technique is only independent of =
signatures werse rehtivol.y independent of the form refractive index for monmodisperse serosols, and
- of' the droplet size distribaution and depended successfal application in polydisperse systems
primarily on D33. The assthors [32] utilized seems anlikely
s single parameter of the diffraction patternm, the * N
angle at which the scattered light is down to 10% v e Sin p e C P
L . of the om axis value, to determine D33. Others
iq [33,34] bhave since modified slightly this spproach A generalized schematic of an optical SPC is
1ad it is still in ase today. presented in Fig., 5. The ountput beas from a laser
- Switheabank et al. [30] analyzed the diffrac- or other source of radiation is directed (and
= tion patterm with the annular ring detector
: discussed above and subsequently did a nomerical
inversion (as opposed to integral transform) of a
- discretized form of Eq. (6) to obtaina the volume
L distribation in 7 discrete size Dins, The
inversion problem is ill-conditioned and as second
approach the authors [30] assumed that the size =
- - distribution was of Rosin-Rammler form with two . \
t independent parameters. Recent data processing ‘
.. developments do not require an assumption of the ':-."_
- form of the size distribation [29,35]. A
b - ~
.7 Diffesion Brosdening Spectroscopy
‘,. One problem with spectral extinction aad -
S multiangle scattering meascrements of small
L: R particles is the dependence oa refrsctive index .
- which is generally uanknown asnd =might even vary Fig. 83 Reproduction of the photosensitive
"o between particles. One disgnostic which for elements of s monolithic P on N photodiode
certain applications does not require knowledge of array detector after Hirleman [26].
6
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direction of polarization of the incident
beam. The Loremz-Mie theory calculatioas
used A = 0,6328 um,

typically focused) into the optical sample volume,
This sample or probe volume can be thought of as
that region of space where a single particle can

generate s safficient detector signsl to be
discriminated or ‘seen’ over the background noise.
As individoal particles pass through the sample
volume they intersct with the incideat radiationm
besm (i.e.,, scatter, absorb, and/or fluoresce
light) and are observed by detection optics

oriented at some angle(s) © with respect to the
| beam propagation direction. The single particle
B signal obtained at the photodetector(s) are
- processed to provide information om the size and
s possibly the wvelocity of each particle. The
- varions SPC approaches to particle sizing are
o discossed below.

!i a rin £0os

The most common approach to particle sizing
involves the principle that the amount of the light
scattered by a particle is s nominally momotomic
increasing fuanction of particle size, It follows
that wmeasurement of a scattering or extinction
cross section can be ased to infer particle size.
Tue SPC scattering signal response S to a particle
in an incident radiation field (uniform over the
particle) of intensity I; . is given by:

section measuri hnigues

S =k Ijps Csc &)

where k is the system gain in transdocing radiant
epergy to voltsge using a photodetector and Co. is

the partial 1light scattering cross section as
determined from Eq. (4), The partial cross
ssctions, a3 opposed to total cross sections,

depend om the specific finite aperture detector
configoration in nuse. A response fuonction S(d)
relating measured signal levels to the dismeters of

spherical particles of known refractive indezx
psssing through a SPC sample volume of Xknown
incident intensity I;;c can be determined from
theoretical calculations of Cy.(d). Here the
factor k must be determined by calibration.

A plot of partial light scattering cross

section for spherical particles illuminated by a
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Fig. 9 Partial 1light scattering cross sections
for spherical particles with refractive
index n=1.47 for f/1.96 receiving optics
oriented for 10 degrees off azis
collection is the plane normal to the

coherent aniphase wave calcaolated
Lorenz—Mie theory computer code [3] is given in
Fig. 9. The calcolations are for anm off-azis
£/1.96 collection lens centered at © = 10° from the
incident radiation propsgation direction (forward
scattering). The oscillatory nsture of the plot is
a result of resonsance interactions im the
scattering process and results in aabigonities in
particle size determination from SPC scattering
measurements, Another problem inherent in using
the 1laser as & SPC radiation source is the
noncniform intensity profile across the beam
[12,39]). Unfortunately, another ambiguity in
signal levels arises for ip-sjits SPC since the
particles are free to traverse the sample volume at
say positioa, Thus, particles will experience
different peak incident intensities Ij;. depending
on the trajectory snd even a monodisperse (naniform
size) serosol will gemerate a broad distribaution of
signal amplitudes S.

A nomber of methods have been devised to
eliminate the unknown incident inteasity effect in
cross section measuriag techamiques, The basic
approaches include: (1) analysis of only those
particles which pass through a selected portiom of
the beam of known and constant intensity, (2)
analysis of all particles and lster correction for
the known distribution of particle trajectories and
corresponding incident intemsities, (3) use of the
ratio of scattering signals at two or more sngles
to cancel the incident intemsity effect.

For in-sits wmeasurements various optical
methods of discriminating those particles whica
pass through a coantrol portion of the beam have
been used, including coincideance detectors at 90°
by Ungot et al., (40] and in the forward direction
by Knollenberg ([41]. It has also been suggested
that & pointer laser beam tightly focussed within a
larger probe beam be used to discriminate those
partices which pass through the center of the probe
beam (42). This latter approach does not eliminate
the ambiguity, bot rather shifts the problem to the
pointer beam where the effect is less significant,
It is also possible to change the intensity profile
across the laser beam from Gaussian to something
spproximating a tophat using intemsity filters.
However any beam degradation due to windows or
refractive index fluctuations would spread the
profile and reinmtroduce the intensity ambigoity.

using a
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Fig. 10 Response fanctions for ratio-type SPC,

The data apply to spherical particles with
o=1,.56-0.471i (soot) and A = 0.6328um, The

scattering angle pairs are a)48°/24°,
0)24°/12°, €)12%/6%, 4)6°/3°, e)3°/1.5°,
£1%70.5°, $)0.5%/0.25°. ALl but the
48°/24° curve were truncated after the

first minimm,
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Fig. 11 Schemstic of optical system for particle
sizing interferometer after Houser [50].

It appears that no definitive studies on the use ot
tophat profiles have bsen reported.

Another somewhat similar technique proposed by
Hirleman [43] involves the use of signals generated
by particles traversing two adjacont laser beams.
The douai peak signature is used to determine two
velocity components and the trsjectory of each
particle, Given known laser beam properties the
incideat intensity bhistory for a particle is then
completely determined which permits a real-time
correction for the intensity ambiganity. After I;n.
in Eq. (7) is determined a calibrated response
function prediction such as Fig, 9 would be used to
relate signal amplitudes to particle size. This
technique [43] has beem proposed for light
scattering, extinction, asand floorescence <cross
section measurements although experiments to date
have used only light scattering.

A second gemeral approach to the ambiguous
incident intensity problem is to correct after the
fact, One implementation of this approach proposed
by Holve and Self [44] is to first coasider the
distribution of scattering signal pulse heights
gonerated by particles of one size passing with
equal probability through all portions of the laser
besm focus region, The optical system required
again is like Fig, 5 osing a single near—forwazd
off-azis detector., The signal height distribution
from a polydispersion is them a linear cowbination
of the monodisperse particle response
distributions, A nomerical scheme was developed
[44] to invert the resalting system of equations
and solve for the linear coefficieats which are
proportional to concentrations in the discretized
particle size intervals, This approach (44] has
been successfully used for sizing burming droplets
and particulates emitted from a coal combustor.

ng I Ratio hnjguaes

The final method to eliminste the incident
intensity ambigoi:- im SPC is to utilize the ratio
of scattered light signals from two or more
scattering angles to determine particlo size, This
approsch is often used in ensemble muoltiangle
scattering measurements where the relative
scattering profile rather than the absolute
scattering at some sngle is csed, Hodkinson (45]
suggested and Gravatt [46] implemented an SPC based
on the ratio technique whicn used scattering ratios
from near-forward scattering angles where the
sensitivity to particle shape and refractive index
is minimized, The optical configuration of ratio

counters can be similar to that in Fig. 5, sithough
annuolar detection schemes are often used [12,47]).
A set of response functioms for a ratio SPC is
plotted in Fig. 10. One problem evident from Fig,
10 is the moltivalued response function plotted for
the largest angle pair. Outsize particles, or
those larger than the first minimem in the ratio
response functions in Fig. 10, will be incorrectly
sized by ratio instruments which uatilize only a
single pair of scattering angles. The multiple
ratio concept (MRSPC) developed by Hirleman and
coworkers [12,47] was designed to eliminmate this
ambiguity problem.

Ratio counters still have am optical sample
volume which depends on particle size and
corrections for this effect most be considered
{12]. Also, since forward scattering is generally
used, ratio counters are relstively insemsitive to
particle shape and refractive index [12].

A possible advance for ratio schemos may be to
integrate photodiode array detectors to sllow more
scattering data to be collected without simply
adding photomaltiplier tubes, Bartholdi et al.
(48] used a limear photodiode array in an SPC
application and we are studying the use of
intensified versions of the detector in Fig. 8.

Ratio SPC are spplicable in the nominal size
range of 0.3 - 10.0um for practicsl laser sources.
They have been successfully applied in engine
exhausts [47], flame stodies [49], floidized bed
off-gas [50], and in several other applicationms.

Partjcle Sizing Integferometry

Another approach whica cam provide particle
size information independent of imcident intenmsity
is particle sizing interferometry (PSI). A
schematic is shown in Fig, 11, As a single
particle passes through the intersection region of
two nomparallel laser beams, Doppler—shifted
scattored light waves from each beam emanate from
the particle, Heterodyning the two conmtributions
of scattered light st a detector will produce the
Doppler-difference frequeancy which is directly
related to the particle velocity and the angle
between the laser beam propagation vectors. This
principle underlies the laser Doppler velocimeter
(LDY) ., A particle <crossing the LDV beam
intersection region will produce an approximately
Gaussisn signal (pedestal) with the modulated
Doppler—difference component written on the
pedestsl [51] as shown in Fig. 12. The ratio of
the modolated signal amplitude to the pedestal
amplitude, which is termed the visibility, provides
s messure of particle size as shown by Farmer [51]
and others [52,53] who used a scalsr description of
the process, For large apertures which collect all
of the forward scattered (diffracted) light the
visibility V as s function of particle diameter 4
and fringe spscing & was shown by Robinsom and Chu
{53] to be:

v e 2,{nd/8) (8
nd/$

where J, is a first order Bessel function of first
kind. A plot of V is given in Fig, 13.
Calculations considering the complete problem
of scattering by s sphere simoltaneously in two
cohereat, collimated laser besms {S4) predicted a
strong dependence of the visibility on particle
refractive index, the detector apertare, aand
detector position relative to the beams, A number
of experimental studies have conf irmed the
importance of <carsful —receiving optics design
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Fig. 12 Signals from particle sizing

interferometer after Bachalo [57).

[54,55] although conflicting observations have also
been made (56].

Another related approach is the off-axis PSI
proposed by Bachalo [57] which atilizes the
interference of —refracted or reflected 1light
scattering contribations rather than the
diffractive scatter of a conventional PSI [51]),
This me thod is applicable to particles
significantly larger than the wavelength and is
based on the difference in optical path leangth
traveled by refracted rays from the two crossed
beams which pass through the particle and arrive
coincidently at the detector. The visibility
response function for a typical off-axis PSI
collection angle [57) of 20° is also shown in Fig.
13, and the oxpanded d/5 sizing range for this
concept is apparent,

Althoagh the visibility is 2 relative
measurement, absolute light scattering <cross
sections still control the PSI, Only those
particles which scatter enoagh light to be detected
above the background noise level can be sizea.
Whether or not s particle produces a scattering
signal large enocugh to be discriminated sgainst the
background depends on the size and incident
intensity. Thus a PSI will ’size’ the particles
using s relative measurement but the frequency at
which particles are ‘seen’ or counted is biased
toward large particles,

Another problem with PSI type instruments is
the limited applicable particle size range. It has
been suggested to utilize the amplitode of the
Doppler bursts from PSI instroments to size
particles iz what Ddasically is a scattering
cross—section measurement approach. The incideat

intensity ambigsity is then reintroduced and 2
correction mast be made. Those particlas
traversing the ceanter of the intersection region
can be discriminated using coincidence detsction
with small aperture detectors or using an
additional, tightly focused pointer beam,
Unfortunately the latter approach merely shifts the
trajectory ambiguity problem from the PSI beams to
the Gsussian pointer beam,

\'A ic snd B ic M

Seversl different imaging methods have been
used for particle and droplet sizimg. These rely
on s short light pulse to ‘freeze’ the particle
images so that direct measurements of size may be
made., In the case of doable flash photography two
closely spaced light polses are ussed to obtain
double images of oach droplet so that velocity casn
also be determinmed, Single and double pulse
holography have been auased as well, with the
advantage that a volome of the aserosol can be
captured rather than the limited depth of fisid
afforded by photograsphic methods, The problem with
both photographic and holographic methods is the
tedious and expensive post processing needed to
extract the data, Also, quantitative measurements
of particle size distribotioams with imaging
techniques are realistic oanly for particle sizes
greater than Sum at best.

The data processing problem for particle
photography has been auntomsted by Simmons and
Lspers [58] and Fleeter et al. {59]. In the Parker
system [58], a strobe light is ased to temporarily
‘bura’ an image omto the & vidicon tube, The image
is scanned to obtain drop size information and then
erased, and the cycle repeated roughly 10 times per
second, The datas is processed using appropriate
computer prograss, Mean diameters, size

1.0

\ = — — FORWARD SCATTER PSI
OFF AXIS PSI

81

VISIBILITY

q/8

Fig. 13 Calcalations for the fringe visibility V
as a fonction of particle dismeter to
fringe spacing ratio d/8 for particle
sizing intereferometers (PSI). The data
apply to a PSI collecting all of the
forward scattered light and to am off-axis
PSI with an f/2 collection lens oriented
at @ = 20 degrees,
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Fig. 14 Schematic of imaging particle sizing
system after Fleeter ot al. {59].

distribations, and comcentration information can be
obtained at esch point in the spray [(58]. Fleeter
st al, [59] utilize a polsed ruby laser as shows in
Fig. 15 to illaminate the particles which are
subsequently imaged onto a 35122512 diode array
solid state camera. The image is thea digitized
(9] and@ transfered to a computer aemory for
processing. Knollenberg [41) apalyzes individoal
particles by projecting imsges omto a linear
photodiode array.

One correction factor required in the data
analysis of incoherent imaging techniques is the
effective depth of field vs, droplet size. (Large
particles are visible over s larger axial distasace
from the exact object plane than small particles.)
This correction is analagous to sample volume
corrections required with SPC and is =mandatory
before usefal data can be obtained.

Photographic image analysis is & very
convenient method of particle and droplet sizing
under cold flow conditions. Ome limitation is the
typical resolation limit of about five micrometers,
In hot flows ome woald expect substantially poorer
results due to image distortion by refractive iadex
fluctuations in the flow, Performance also suffers
in spplications where windows must be losated
between the spray and the camera, particularly when
the optical aperture is limited. In s recent study
of optical methods for Diesel engine research, for
ezample, the threshold of size detection was 3IS5um
for high speed photography sad 8us for holography
[6o0].

Pulsed holography eliminates the sample volume
correction required for photographic methods since
the the holograms, which contain three dimensional
information, can be observed in two-dimensions
while the third is scanned. A shematic diagram of
s holographic system is shown in Fig., 15,
Holographic methods for particle and droplet size
agalysis have apparently been used to observe
particles down to aboaot Sum [62,63]. Note however
that the resolation of a hologrsphic system is
typically several micrometers so that the accoracy
in sizing such small particles is very poor.
Another problem encountered in particle holography
is performance degradation when the laser beam
transmission drops below aboat 10% [64].

Vi, Comglusigns

Laser—based techaiques for nonintrusive
diagnostics of oparticle size sund concentration
distributions have been reviewed. The most common
diagnostics sre imaging and light scattering
techniques, and each instrumeant has its own unique
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set of limitations and range of applicability. It
is imperative that the subtle factors which comtrol
the accuracy and reliasbility of data obtained with
laser/optical instrumests be uanderstood by the
sser,
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Non-Doppler Laser Velocimetry: Single Beam Transit-Time L1V

E. Dan Hirleman®
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Abstract

ECENTLY the theorctical development of a laser-based

particle sizing velocimeter (LSV) was presented.! The
LSV is a non-Doppler laser velocimeter which determines two
velocity components and size from scattering signatures of
single particles passing through two adjacent, nominally
parallel beams. Inherent 1o the LSV is use of the single beam
transit-time laser velocimeter (L1V) concept. A recent paper,?
a summary of which is presented herein, discussed some of the
practical aspects of using the L1V including data acquisi-
tion/signal processing and presented some experimental data.

Contents

L1V Signal Processing

It has been shown'? that the scattering signature from a
particle traversing a single TEM,, mode laser beam can be
used to determine the particle speed in the plane normal to the
laser beam. This is true for particles significantly (4-10x)
smaller than the beam diameter at the exp(-—2) intensity
points. The time dependence of a scattered light signal S
generated by a particle traveling at speed ¥, in the plane
normal to the beam is given by

S(t)y =Spexp(—=2(V , (r—15)/w)?) )]

where w is the Gaussian beam radius at the exp( - 2) intensity
points and time 7, represents the center of the Gaussian peak
corresponding to a maximum signal amplitude §,. Here w is
known independently and V', is to be determined from S(7).

Analog signal processing methods have been proposed’?
and utilized'* but our efforts have been directed toward high-
speed analog to digital (A/D) conversion of the signal
followed by microprocessor-based digital signal processing
(DSP). In the discrete time domain Eq. (1) becomes

S, (1) =Spexp(— 2(t, — 1) 2/ {w/V [ )?) (2)

and the L1V problem becomes one of the estimation of signal
parameters f,, S,, and the pulse width w/V  from the
discrete samples S, at times ¢,. There are several digital signal
processing methods applicable to this problem including the
discrete Fourier transform (DFT), least-squares curve fitting
methods, and other simpler but less accurate estima-
tion/reconstruction algorithms. High-frequency noise on the
signal precludes simple digital peak sensing/constant-fraction
discrimination algorithms, and this noise can be rejected by
least-squares curve fitting or by digital filtering of the DFT
spectrum. The following logarithmic least-squares algorithm
seems to optimize the tradeoff between processing speed and
accuracy.

Presented as Paper 80-0350 at the AIAA 18th Aerospace Sciences
Mecting, Pasadena, Calif., submitted Feb. 6, 1980; synoptic received
May 22, 1981. Copyright © American Institute of Acronautics and
Astronautics, Inc., 1980. All rights reserved. Full paper asailable
from AIAA Library, 555 W. $7th Strcet, New York, N.Y. 10019.
Price: Microfiche, $3.00; hard copy, $7.00. Remittance must ac-
company order.

*Professor, Mechanical and Energy Systems Engineering Depart-
ment.
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Taking the natural log of Eq. (2) for linearization purposes

Pﬂs

]

=S, =201, —1,) I (w/V )? 3

and expanding results in the form

S, =a+bt, +ct] 4)
where
a=aS, -2,V , /w)? 5
b=+41,/(V /W)’ 6)
c==2(V,/w)? M

Minimizing the sum-square error results in the system of
normal equations

TiaS, n L, In a
LtS, | = |Lr, L7 T b 8)
L1 %S, L2 Tl L c

where n is the number of samples. Equation (8) can be solved
for a, b, and ¢ using Kramer's rule and in turn for V', {,, and
S, using Egs. (5-7). This algorithm has been implemented
using a Nicolet digital oscilloscope with sample rates to 2
MHz (12 bits) and to 20 MHz (8 bits) in conjunction with a Tl
9900 16-bit microcomputer system. By implementing the fa
operations in a ROM look-up table and calculating and
storing the elements and determinant of the 3 x 3 matrix prior
to the experiment, the curve fit and subsequent estimation of
V, can be completed using 2n + 10 multiply/divides plus a
square root. For reasonable values of the number of samples
n per Gaussian peak an L1V throughput rate of 10 kHz is
attainable easily with present microelectronic technology. For
a noncustom system using for example a stand-alone transient
digitizer interfaced to a standard microcomputer (without
parallel or multiprocessing) a throughput of more than 1 kHz
is possible.

L1V Sample Volume Characterization

A primary concern for the L1V is the need for accurate
characterization of the exp( - 2) beam radius w at the optical
sample volume. We use a calibrated microscope assembly
coupled with a 1000 element linear photodiode array (25 um
centers) mounted at the image plane to perform beam
diagnostics. To analyze the beam profile, the peak output
values from each diode are digitized and fit to a Gaussian
profile using the logarithmic least-squares technique. The
curve fitting is performed by the TI 9900 microprocessor
system which controls the diode scan, the A/D conversion,
transferring the data into microcomputer memory, and,
finally, performs the curve fit calculations. Beam diameters
arc analyzed for several positions along the laser beam (2 axis)
and a least-squares curve fit of the avial data to the predicted
Lorentzian form* for w(2) near a diffraction-limited TEM
laser beam waist is used to estimate w at the waist. The un-
certainty in a single measurement of w at one axial location
can be 10-20%% in worst cases depending on the beam guality,
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Fig. 1 Rclative error for estimating the Gaussian signal width
parameter w from n discrete digital samples (within 1/¢? points) with
normally distributed random noise contributions, The predictions are
for the indicated values of rms noise to signal (amplitude) ratio V/§
with least-square fits of Gaussian curves 1o the data, and assume 2 12-
bit A ‘D converter.,

diode-to-diode response variations, and aberrations in the
objective system for small beam waists (<20 um). By
measuring the axial w(z) profile this uncertainty can be
decreased significantly since the measurement accuracy is
better in larger portions of the beam. For 1/¢’ beam
diameters of roughly 50 um or greater the technique is ac-
curate to about 1%.

LIV Accuracy

The tradeoff necessary to have the optical system simplicity
of the L1V is potentially decreased accuracy in the velocity
measurement. Uncertainties can be introduced through the
beam radius w which must be known a priori or through
digital signal processing errors. For nonhostile, optically thin
flows the uncertainty in knowing w at the sample volume can
be made very small. In more difficult measurement en-
vironments, for example internal flows in turbulent com-
bustion systems, the value for w clearly will be less certain. In
those cases it will probably be necessary to form an *‘image’’
of the waist on the output side of a two-ended optical access
system te infer properties of the waist in the sample volume
using Gaussian beam optics.* These uncertainties from w are
important but must be considered on a case-by-case basis. The
following discussion considers the only DSP errors from the
Gaussian curve fit algorithm discussed previously.

The parameters controlling the accuracy of the digital
Gaussian curve fit algorithm and, hence, of the L1V velocity
measurement include: the number of A/D sampies during a
Gaussian peak n; the ratio of rms noise (high frequency) to
the peak amplitude; and the ratio of A/D resolution or
digitizing error to the peak amplitude. It is well known from
DSP theory ® that the latter digitizing error is equivalent on an
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rms basis to F/ (2712 ‘) where F is the full-scale signal value
and b the number of bits of A/D resolution. This number is
typically 0.11% or less and is, in general, negligible compared
10 other rms noise contributions.

A computer simulation of L1V signal processing has been
used to evaluate the accuracy. Figure | indicates predictions
of the normalized or relative uncertainty o, /w for recon-
structing a Gaussian peak from discrete digital samples as a
function of the number of samples n and the rms noise/signal
ratio. The values for ¢, were estimated by: 1) assuming a set
of Gaussian peak parameters; 2) taking n A/D samples of the
assumed signal and perturbing each sample by adding a
random noise contribution using a normal distribution
random number generator; and, finally, 3) applying the curve
fit algorithm 1o the signal + noise samples. The width
parameter of the reconstructed Gaussian less the initially
assumed value is then the error in w (and velocity) deter-
mination. This process was repcated 1000 times using dif-
ferent random noise perturbations for statistics of the error,
and the standard deviation of these errors is reported as o, in
Fig. 1. The mean values of the errors were effectively zero and
the data are valid for a 12 bit A/D converter with a full-scale
peak signal level.

Figure 1 confirms what one would expect, :hat the un-
certainty in determining w decreases with the number of
samples n# and increases with the noise level. Three is the
minimum number of samples required for the three parameter
curve fit. Increasing the number of samples for a given
particle velocity involves higher speed A/D conversion and
the tradeoffs of cost, fewer bits of A/D resolution, and in-
creased data analysis time. In the limit of large n the slope for
any noisc level in Fig. 1 approaches - 0.5 which agrees with
classical statistical sampling theory. The acceptable L1V
uncertainty would depend on the turbulence intensity levels of
interest since data processing errors ultimately appear as
velocity broadening. Accuracy comparable to that of LDV
seems attainable with the L1V concept.
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Particle Sizing by Optical, Nonimaging
Techniques

REFERENCE: Hieleman, E.D., “Particle Sizing by Optical, Nonimaging Tech-
niques,” Liquid Particle Size Measurement Techniques, ASTM STP 848, J. M. Tishkoff,
R D Ingebo, and J. B. Kennedy, Eds., American Society for Testing and Materials. 1984,
pp. 35-60

ABS'1RACT: Optical, nonimaging techniques for sizing liquid particles of diameters
greater than 1 um are reviewed. Nonimaging optical diagnostics separate into two classes.
ensemble or multi-particle analyzers and single particle counters (SPC). A discussion and
analvsis of the theoretical basis. performance characteristics, and calibration considerations
for the various methods in each class is presented. Laser diffraction ensemble technigues,
crossed-beam dual-scatter interferometric SPC. and finally single beam SPC based on
the measurement of partial light-scattering cross sections of the particles are considered
in detail.

KEY WORDS: liquid particles, particle sizing. nonimaging techniques, light scattering,
optical techniques

The myriad of methods for sizing liquid particles (droplets) presents a signifi-
cant problem for both the potential user and one trying to review the technology
as well. The scope of this paper includes optical. nonimaging diagnostics for
liquid particles with diameters greater than | um. These particle dimenstons also
correspond to the nominal sizing range of photographic and ho >graphic imaging
techniques. The reader is referred to previous reviews [/ -3 (or a discussion of
optical diagnostic techniques outside the scope of this paper.

The techniques for sizing particles and droplets can be divided into two generic
approaches: optical in situ (or in vivo to use medical terminology) methods:
and batch sampling, with subsequent in vitro or external analysis. In the latter a
hopefully representative sample of the aerosol is extracted from the original
environment and transported to a remote artificial site for either on-line or off-line
size analysis. Quite often a laser/optical particle sizing instrument is used for the
remote size analysis. With batch sampling the possibility of size segregation or

"Associate professor, Mechanical and Aerospace Engineering. Arizona State University, Tempe.
A7 R5287.
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biasing in the sampling process and condenscztion, deposiiion or coagulation in
the samaling lines are always of utmost concern. In contrast, in situ methods
attempt to perform the sizing in place without removing an aerosol sample.

The significant advantages accruing from the nonintrusive nature of in situ
methods must be discounted to varying degrees as the measurements are gener-
ally less direct and more equivocal. For example, a solid particle sample might
be extracted, analyzed by optical microscopy, and then stored with the possibility
for analyzing it again at a later time. In contrast an in situ laser light-scattering
single particle counter (SPC) collects scattered light from individual particles
which traverse an illuminated optical sample volume in microseconds. If the
scattered light deriving from the particle is significantly larger than the back-
ground noise level during the transit time across the sample volume the sizing
instrument will recognize it as a particle and attempt a size classification based
on the amplitude or the time dependence of the scattered light signal. Unfortu-
nately several potential sources of error are present since pulses at the output of
a photodetector can derive from a number of phenomena other than scattering
from particles or droplets in the sample volume. Despite some potential and
demonstrated problems optical in situ methods are desperately needed in those
applications where batch sampling techniques are impossible due either to lack
of probe access. for example between blades in a steam turbine, or due to
survivability problems as in gas turbine combustors.

Laser/optical methods for particle sizing can be subdivided into three main
classes:

. Ensemble or multi-particle techniques.
. Single particle counters (SPC).
. Imaging techniques, photographic or holographic.

‘o b —

The former two do not involve the formation of optical images of the particles or
droplets and will be discussed here. For a discussion of imaging methods the
reader is referred to the paper by Thompson [/ ] in this volume.

Ensemble techniques analyze the aggregate effect that a distribution of par-
ticles or droplets has on incident laser radiation. In contrast to SPC a large number
of droplets are in the optical sample volume at any particular time. Since a
multitude of droplet sizes contribute to the interaction of radiation with the
aerosol, several properties of the radiation exchange process must be studied to
determine a droplet size distribution. For example. the attenuation of radiation by
the aerosol as a function of wavelength (dispersion quotient) might be measured
{2]. For useful precision with these dispersion quotient methods probe wave-
lengths which bracket the size distribution of interest are generally required. In
the case of sprays where dropiet sizes may be several hundred microns it be-
comes very impractical to utilize such methods. Generally for sprays the light
scattering pattern as a function of scattering angle  (measured from the forward
or light beam propagation direction) is utilized for iize distribution mea-
surements. The maximum information content of the scattering from an ensemble
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FIG. 1. — Schematic of laser diffraction particle sizing instrument.

of particles larger than several microns is in the near-forward scattering angles,

and since the dominant contribution to forward scattering is diffraction. laser

diffraction techniques have become the most common diagnostic for multi-

particle size analysis in this size range. The optical configuration (less detector)

for a laser diffraction droplet sizing instrument is shown in Fig. 1. This techniaue

will be described in detail later; at this time note that the optical sampie volume

comprises the entire collimated beam between the exit lens of the spatial filter and

the receiving lens. and the technique is an ensemble, line-of-sight diagnostic. L
Single particle counters serve a complementary purpose to ensemble methods. : —

A generalized schematic of an SPC is given in Fig. 2. In SPC the charactenstic

dimension of the optical sample volume is made small compared to the mean

particle spacing by using focused probe beams and by opticallv limiting the axial

cxtent of the sample volume with the detector field(s) of view. Thus only one

particle at a time is present in the optical sample volume. and these are sized

individually. A statistically significant number of particles is then analyzed as the o

acrosol flows through the probe volume. Either a single beam or two intersecting . o

probe laser beams can be used, and one advantage of SPC over ensemble methods

denives from the fact that particle velocity can be measured simultaneously with

size. Particle size analysis using SPC for sizes >1 um has generally been per-

formed using one of two light scattering properties. First, a partial light scattering

cross section can he measured and related to particle size. and. secondly. the

phenomenon of interference between the two scattered waves produced by a

particle traversing the intersection region of two crossed laser beams can be used.

Regardless of the specific analysis technique an SPC must accomplish two things

in order to measure a meaningful size distribution. First and rather obviously,

those particles “seen™ by the instrument must be sized correctly. and. second. all

particle sizes must either be sampled in an unbiased (with respect to size) manner

or a correction for size-selective sampling bias must be made. In the following
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FIG 22— Generalized schematic of a luser-based single particle counter.

paragraphs a discussion of the specific SPC methods used in particle sizing
applications will be presented. A recent and somewhat more comprehensive
review directed solely toward SPC has been published elsewhere [3].

The balance of this paper addresses the theoretical basis of the laser diffraction
and SPC techniques most commonly used for sizing liquid particles >1 um. In
addition, calibration methods and the absolute accuracy of the various techniques
are discussed.

Laser Diffraction Particle Sizing Techniques

The generalized schematic of a laser diffraction droplet sizing apparatus is
shown in Fig. 1. The beam from a laser, typically a several mW He-Ne model.
is spatially filtered, expanded, and collimated to several millimetre diameter at
the 1/¢° intensity points. This collimated probe beam is directed through the
aerosol of interest, and the transmitted (unscattered) portion is focused to a spot
at the back focal plane of the receiving lens. Light scattered by particles in the
probe beam which passes through the aperture of the receiving lens is directed to
off-axis points on the observation or detection plane. A monodisperse ensemble
of spherical particles with diameter d significantly greater than the wavelength A
would produce the characteristic Airy diffraction pattern shown in Fig. 1 as
descnbed by Fraunhofer diffraction theory

a‘A? (?J,(a(i))z
167 ab

1(6) = I, (h

where
1., = intensity incident on the particles (assumed constant),

a = mwD/A the size parameter,
J, = first order Bessel function of tirst kind, and
6 = scattering angle measured from the incident beam propagation direction.

A small angle approximation has been invoked in Eq 1 by dropping sin
functions and the obliquity correction. The receiving lens in Fig. 1 converts
angular scattering information into a spatial distribution at the detection plane as
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dictated by @ = r/f where r is radial distance measured from the center of the
diffraction pattern and f is the receiving lens focal length. The diffraction signa-
ture is independent of droplet position for all scattered light which actually passes
through the receiving lens (that is, neglecting vignetting). However, the fraction
of diffracted light truncated by the receiving aperture is a function of particle
position, and the diffracted light actually detected is biased toward larger particles
as distance from the receiving lens increases.

In practical systems a distribution of droplet sizes or a polydispersion 1y
generally encountered. The composite scattered intensity profile is a hnear
combination of the characteristic profile of each droplet size with a weighting
coefficient equal to the number of particles of that size in the sample volunie.
The diffraction signature of a polydisperse spray is given by

~x

110) =J nla)l
[y}

(2)

a*Al (2) (af)\’
(297
1611'( ab ) «

where n(a) da is the number of droplets with sizes between a and a + da and
the small angle approximation has been made. A pnmary eftect ot broadened wiz¢
distnbution is elimination of the contrast in the diffraction pattern.

A common two-parameter size distnbution form which often adequately de-
scribes liquid sprays is the Rosin-Rammler distribution given by

F = e’l[) [N (3

where

F = cumulative volume fraction greater than the particle diameter D,

x = mean diameter such that 36.8% of volume is in sizes greater than x, and

N = width parameter.

As N increases the distribution becomes more monodisperse, and typrcal tuc:
nozzles produce sprays with N in the range 2 to 3. The scattering signatures /ot
for Rosin-Rammler distributions with some representative parameter values are
plotted in Fig. 3.

The basic task in laser diffraction droplet sizing 1s to detect and analy z¢ the
diffraction signature /(6). and then mathematically invert Eq 2 to determine
parameters of the particle size distribution. Chin et al in 1955 {4] proposed
several detection techniques, one of which was to traverse a pinhole photo-
detector assembly across the diffraction pattern. Due to the mechanical truverse
this detection approach requires a significant amount of time to cover the entire
diffraction pattern. Further, the large dynamic range of the diffraction signature
seen in Fig. 3 is another difficulty for such systems. Thus application to transient
sprays is not very practical although Peters and Mellor [5] have reported dat.
using a multiplexing technique that assumes the transient spray injection charac-
teristics do not change appreciably between injections.

The advantages of real time analysis of the entire diffraction signature as
opposed to traversing a detector across either the diffraction pattern itselt or o
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FIG 3 -—Forward scattering intensuy signatures calculated using Fraunhoter diffraction theors
with A = 0 6328 um for three Rosin-Rammler particle size distributtons X s the Rosin-Rummler
mean diameter such that 36 8% of the volume 13 1 sizes gredter than X. N 1s g width parumeter

photographic image thereof are obvious. McSweeney and Rivers {6] developed
an optical fiber faceplate assembly which collected the diffracted light in a
number of annular concentric rings and transferred the energy from each ring to
a separate photodetector using fiber optics. Comillault [7] designed a rotating
circular mask to be placed at the detection plane which had a series of apertures
sttuated at various distances from the center of rotation. The optical system ot
Wertheimer et al [8) involved an additional field lens behind a detection plane
mask which directed the diffracted light onto a single stationary photodetector. A
second mask was also used (8] to effectively time multiplex the diffraction
contributions at the various angles onto the photodetector. A commercial instru-
ment based on this concept is available [9].

Developments in monolithic solid state multi-element detector arrays in the
1970s improved the situation by allowing the entire diftraction signature to be
analyzed instantaneously. The detector designed by Recognition Systems, Inc.
[ /0] for parts recognition applications was utilized by Malvern Instruments Ltd.
[71] 1n a commercial diffraction particle sizing instrument based on the work of
Swithenbank et al [/2]. The original circular detector [J0] was comprised of 21
semicircular annular ring detector elements on one half, 32 wedge elements on
the other half, and a small circular detector in the center. The dimensions of the

iz Jrecctar clements of this detector are given in Table 1. Note the in-
3dX3 LNIWNYIAQD LV 430nag0ydiy
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TABLE | — Dimensions of the annular ring detector elements
on the Recognition Systems Inc., Model WRD 6400 photodiode
arrav [ 10]. These dimensions are virtually identical (within
0.001 mmyj 10 those for the Malvern Instruments Ltd. detector
as reported [ 54]. The onlv discrepancy is the inner radius of
Ring No. | which has been reported [ S4] as 0.124 mm. How-
ever, the corresponding elemenis of the scattering matrix used in
the Malvern 2200 instrument [ 11] are consistent with the value
of 0.149 mm shown here. Note however that the area correction
factors (ratio of photosensitive area to geometric area) due
1o the conductor leads are different for each element of
the two detectors.

Detector Inner Radius, Outer Radius,
Ring No mm mm

! 149 218

2 254 38

3 353 417

4 452 518

5 554 628

6 660 737

7 an 856

8 892 986

9 1.021 1.128

10 I 163 1.285

b 132 I.461

12 [.496 [.656

13 1.692 1.880

14 1.915 hERY

15 2167 2416

16 2,451 2,738

17 2.774 3100

I8 3.137 3513

19 3.549 3978

20 4.013 4.501

21 4.536 S.O8S

22 5121 5.738

23 5.773 6.469

24 6.505 7.282

25 7.318 B.184

26 8.219 9.185

27 9.220 10.287

28 10.323 11.501

29 11.537 12.837

30 12.873 14.300

31 14.336 15.900
G o creasing thickness of the annular detector elements which, when coupled with
L increasing circumferential length, result in a significant increase in detector arca
: as radius increases. This effect compresses the dynamic range of the scattering

measurements as indicated in Fig. 4.

A number of data processing methods have been used to extract particle size
information from measured diffraction patterns. Chin et al [4] utilized the integral
transform derivation of Titschmarsh [/3] to analytically invert Eq 2 to obtain
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FIG 4 — Forward scattering signature as indicated by relative outputs of the annular ring de-
tector geometrns of Table 1. The duta were calculated using Fraunhofer diffraction theorv with
A = 06328 um for Rosin-Rummler particle size distributions with the indicated parameters.

n(a). Dobbins et al (/4] somewhat paradoxically observed that the diffraction o
signatures were relatively independent of the form of the droplet size distribution m X
and depended primarily on the volume to surface area mean diameter Dj, o oo
(Sauter mean) defined as

f n(D)D’ dD k

Dy = o (4) g
fn(D)DIdD < L
0 Q:A.. -

The authors [ /4] utilized a single parameter of the diffraction pattern, the angle
at which the scattered light is down to 10% of the on axis value, to determine D;,.
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sent

Fia S Dypical plot of sum square error (SSE) between measured diffraction signature and that
Coecidated assumng Rovin-Rammler distributions with parameter values shown for Malvern 2200.
[oe SNE s calcrdated apter normalizing the relutive detector outpuls 1o a maximum of 2047

Others [15.7/6] have since modified slightly this approach and it is still in use
today.

Swithenbank et al [/2] analyzed the diffracted pattern with the annular ring
detector just discussed and subsequently did a numerical inversion (as opposed
to ntegral transform) of a discretized form of Eq 2 to obtain the volume distribu-
ten in 7 discrete size bins. There were some problems with that approach, and
the authors [12] also assumed that the size distribution was of the Rosin-Rammiler
‘form of Eq 3 and estimated the two parameters. The early commercial instru-
aients of Malvern Instruments Ltd. | /1) adopted the same data processing algo-
rithmn where the X and V parameter values which produced the best least squares
fit between the measured and calculated diffraction pattern were determined. An
exampie of the error surface for a calibration run from the present study on a
Mulvern 2200 instrument is given in Fig. S. For each value of x and N the
annular detector scattering signature predicted from the Rosin-Rammler distribu-
tton was compared with the measured scattering signals at each of 15 detector
pairs and the sum square error calculated. This was repeated for the range of
parameter values indicated in Fig. 5, and the values x = 56 and N = 2.04 were
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TABLE 2 — Size cluss limus for Malvern 2200
luser diffraction paritcle sizing instrument
with 300 mm focal length recening lens

Lower Size Upper Size

Size Class No. Limit, um Limit, um
1 58 7.2
2 72 91
3 9.1 14
4 11.4 14.5
S 4.5 18.5
6 185 237
7 237 30.3
¥ 30.3 390
9 190 50.2
] 502 6d.6
11 64.6 K43
12 343 1128
13 1128 160.4
14 160.4 261 6
I5 261.6 564.0

found to minimize the error. Note that the scattering data are normalized to
maximum value of 2047 (//] and minimum log error in Fig. 5 was 4.38. Recent
developments in “model independent™ software [ 1/] do not require an assumption
of the torm of the size distribution but provide a 15 parameter least squares tit to
the scattering data using the 1S discrete size bins of Table 1.

One unfortunate property of the Malvern instruments is the poor resolution tor
the large particle sizes as shown in Table 2. The size limits in Table 2 are
determined |//.12] by the detector geometry of Table | and the property that a
given particle size a has a maximum in the function /(#)8 (the so-called “energy
distnibution™ [/2}]) at af = 1.357. To improve the resolution in Table 2 for large
particles would require a redesign of the detector.

A series of papers {/7-19] have focused on the integral transform suggested
by Chin et al [4]. One problem with inverting Eq 2 is the fact that the diffracted
intensity /(#) can be measured only tor a finite range of scattering angles. and the
inverston integral 1s truncated. The authors {/7-19] have addressed some ot the
theoretical and experimental problems in this general inversion approach

In practical applications of laser diffraction particle sizing. two phenomena
often lead to erroncous results. First, if either the particle number density or the
optical path length become too large multiple scattering becomes important and
Fraunhofer diffraction theory no longer applies. The importance of multiple
scattering effects 1s indicated by the obscuration or attenuation of the mcudent
laser beam. The second problem arises in systems with refractive index gradients
duc 1o evaporation or thermal gradients present, for example, i combusting
sprays. In this situation significant steering of the probe laser beam can occur
causing the diffraction pattern to shift off-center at the detection plane and
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thereby invalidating the scattering duta for the smallest angles. In order to extract
meaningtul data under either of these conditions it 1s necessary to first detect
the problem and then hopetully correct the data accordingly. The calibration
reticles discussed below offer the potential for on-line detection and correction
tor these eftects.

Laser/Optical Single Particle Counters (SPC)

A generahized schematic of an optical SPC is presented in Fig. 2. The output
beam from a laser or other source of radiation is directed (and typically focused)
into the optical sample volume. This sample or probe volume can be thought of
as that region of space where a single particle can generate a sutticient detector
stgnal to be discriminated or “seen” over the buackground noise. As individual
particles pass through the sample volume they interact with the incident radiation
beam (that s, scatter, absorb., or fluoresce light or all three) and are observed by
detection optics oriented at some angle(s) 6 with respect to the beam propagation
direction. The single particle signal obtained at the photodetectorts) are processed
to provide information on the size of each particle.

Light-Scattering Cross-Section Meusuring Techniques

The most common approach to particle sizing in the range of interest here
involves the principle that the magnitude 1s a nominally monotonic increasing
function of particle size; hence, measurement of a scattering cross section can be
used to inter particle size. The SPC signal response S to a particle in an incident
radiation field cuniform over the particle) of intensity /18 given by

S =kl,C, (5)
where
k-2 system gain in transducing radiant energy to voltage using & photodetec-
tor. and

C, = appropriate partial hght-scattering cross section for the radiation process
under study.
The partial cross sections. as opposed to total hight-scattening cross sections,
depend on the specific finite aperture detector contiguration in use. For light
scattering and extinction by spherical particles the cross sections are tunctions
of the particle diameter D. the complex refractive index 71, and the radiation
wavelength A as predicted by the Lorenz-Mie theory |2]. Thus, a response
tunction StD) relating measured signal levels to the diameters of spherical par-
ticles of known refractive index passing through a SPC sample volume of known
mdident intensity 7, and given & can be determined tfrom theoretical calculations
ot CD).

A plot of partial light-scattering cross section for spherical particles illuminated
by u coherent uniphase wave calculated using a Lorenz-Mie theory computer
vode {2118 given in Fig. 6. The calculations are for an oftf-axis f/1.96 collection
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PG 6 Parniad light scattening cross sections for spherical particles with refractive index
R LT o wn ] Y6 recenany lens oriented for 10 deg off aus collection in the plane normal to
the direction of polarization of the incident beam. The Mie theory calculations used A = 0.6328 um

lens centered at 8 = 10° from the incident radiation propagation direction (for-
ward scattening). The oscillatory nature of the plot is a result of resonance
interactions in the scattering process and results in ambiguities in particle size
deternunation. Another problem inherent in using the laser as a SPC radiation
source s the nonuniform intensity profil