





AN IRIS DIAPHRAGM-BASED INTERFACE
FOR USE IN ERIOMETRY

by

B. Kirk¥

ABSTRACT

Eriometry, the estimation of the size distribution of a set
of fineparticles from their group diffraction pattern, has shown con-
siderable potential for industrial application. This report de-
scribes a new and inexpensive method for interfacing the eriometer to
a mini-processor. The interface consists of an iris diaphragm placed
in the diffraction plane with subsequent focusing onto a single
photodetector. The system has the advantage of integrating over any
angular variations in the diffraction pattern without requiring a
complex photodetector. The interface is applicable to the sizing of
monodisperse powders as well as to the determination of size distri-
bution of polydisperse samples. Some potential problems which may

arise in the application of this technique are also investigated.

¥Mine scientist, Elliot Lake Laboratory, Mining Research Laborato-
ries, CANMET, Energy, Mines and Resources Canada, Elliot Lake,

Ontario.
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UNE SURFACE DE SEPARATION A BASE DE DIAPHRAGME
IRIS POUR USAGE EN ERIOMETRIE

par

‘B. Kirk¥

- RESUME

L'ériométrie, une estimation de la granulométrie d'un. jeu de
particules fines de leurs franges d'interférence a fait preuve d'un
potentiel considérable en ce qui concerne son dpplication "indus-
“trielle. Le présent rapport décrit une nouvelle méthode peu coliteuse
pour interfacer -1l'ériométre & un mini—ordinateur; L'interface est
composée d'un diaphragme iris placé ddns le plan de diffraction -avec
une mise au point ultérieur sur un seéul photodétecteur. Le systéme a

" l'avantage d'intégrer sur une gamme de variations angulaires dans les
franges d'interférence sans nécessiter un photodétecteur complexe.
‘L'interface est applicable au classement volumétrique  des poudres
monodisperses aussi bien qu'd la détermination de -la granulométrie
des échantillons polydisperses. On étudie aussi certains des pro-
blémes qui pourraient &tre causés par l'application de cette tech-

nique.

¥#Scientifique minier, -Laboratorie d'Elliot Lake, Laboratories de re-
.cherche miniére, CANMET,. Energie, Mines et Ressources .Canada, Elliot

Lake, Ontario.
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ERTIOMETRY AS A SIZING TECHNIQUE

The term eriometry refers to the study
of diffraction patterns to obtain information on
the size of small objects. The first such
studies were made by Young, who used eriometric
methods to compare the sizes of wool fibres and
blood cells (1,2).

applied to many types of small particles known

Since then eriometry has been

generally as fineparticle systems. The term
"fineparticle" was introduced by B.H. Kaye to
distinguish between microscopic fragments of bulk
materials and the usual meaning of "particles" in
physics, such as the electron, proton, neutron,
ete. This serves as an aid in differentiating
the two cases, particularly in computer search
systems, and is used throughout this report.
Eriometry consists of setting up an
optical system in such a way as to form the
Fraunhofer diffraction pattern of the fineparti-
cles under study. In principle, by making
appropriate measurements of the diffraction pat-
tern with reference to a previously determined
calibration, the size distribution of the fine-
particles can be determined. Problems have
arisen in the past, however, with the complexity
of the data so obtained. When a monodisperse
system of fineparticles of reasonably regular
shape is under study, the diffraction pattern is
usually fairly simple and the data analysis
straightforward. However, if the system of fine-
particles is polydisperse, the diffraction pat-
tern quickly increases in complexity and the data
analysis becomes correspondingly more difficult.
For this reason, eriometry has been limited in
the past to the study of monodisperse systems,
usually under controlled laboratory conditions.
With the advent of the minicomputer, and, more
recently, of the microprocessor, the technique is
becoming practical for application to polydis-
perse systems in the industrial environment.
Eriometry is

interest and is finding applications in almost

attracting widespread

all facets of industry, resulting in the develop-

ment of several commercial instruments

(3,4,5,6,7).
Northrup Microtrac and the Cilas Granulometer

Notable among these are the Leeds &

(8,9,10).

ments stems from a need for the rapid acquisition

Most of the interest in such instru-

of information on fineparticle size distribution
with possible feedback for process control. For
example, two such applications, although dis-
tinctly different, arise in the mining industry.

In the grinding of ore by ball, rod, or
similar type of mill, there is a need for precise
control of grain size. The processes whereby the
minerals are extracted from the ore depend very
sensitively on having materials within a well
defined size range. Ore breakage consumes a sub-
stantial fraction of the total energy require-
ments and it has been estimated that better
grinding control could reduce energy costs by as
much as 15% (3).

The conventional method of analyzing
slurry is to extract a small sample from the mill
which is examined microscopically or by sedimen-
tation techniques to determine the particulate
size distribution. Such methods are generally
slow and depend on the sample being truly repre-
sentative. If grinding is stopped while the
sample is being analyzed valuable grinding time
On the other hand, if the mill contin-

ues operating while the sample is analyzed, the

is lost.

analysis results may not represent true condi-
tions.

An alternative approach would be to de-
sign an eriometric system to yield continuous,
real-time information on the grinding process
with samples being taken while the mill is
operating. Because the operation is not stopped
better mixing would be assured with a consequent-
ly higher probability of obtaining a represen-
tative sample. The specimen would be pumped into
a chamber fitted with windows for illumination by
a laser. The diffraction patternm formed by the
fineparticles could be interfaced to a minipro-
cessor for immediate analysis. The sample would
then be returned to the mill for further grinding
if required. Feedback from the eriometer would
possibly control various factors in the milling
process, such as dilution, grinding rate and
time. Such a system must be designed to take
bubble

formation and deposition on the windows; these,

into account problems such as air



howevér, are essentially fluid flow problems
although dealt with
through proper system design.

which, complex, may be

Another potential application of erio-
metry in the mining industry is for measuring the
quantity and size distribution of airborne dust.
The current methods of monitoring airborne dust
generally fall into one of two categories: dust
particle number and dust mass techniques (11).
None of these methods yield real-time, continuous
information. Some yield average values by in-
tegrating the information over an extended time
period. The analysis of the samples collected
with 'these methods is usually complicated and
time consuming. Those techmiques which yield
results quickly usually give only instantaneous
values. ’

An eriometer could be used to obtain
real-time size distribution Information on air-
borne dust. In fact, one such instrument, devel-
oped by Talbot amounted to one of the first at-
tempts at analyzing -complex diffraction patterns
(2,12). 'In Talbot's eriometer, gold mine dust
samples were collected on a glass slide by preci-
pitation. The slide was then shadow coated with
aluminum metal by vacuum evaporation and deposi-
tion. The dust was washed off, leaving a fine-
particle replica in an otherwise opaque aluminum
film. By illuminating this replica with the
light from a mercury vapour lamp, the Fraunhofer
diffraction pattern was formed on a prepared
photographic transparency. This transparency was
used to sample the diffraction patterm and to
acquire size distribution information.

Talbot's eriometer did not gain wide~
spread acceptance, primarily because of the tech-
nological difficulties involved in- depositing a
thin metal film of suitable thickness.

more, to use the prepared transparency as an in-

Further-

terface, some assumptions had to be made a priori
about the expected distribution and range of
fineparticle sizes. This is not always practical
as the size distribution of airborne dust can
‘often change radically over a very short time
period.

This instrument did not, in fact, give a

real-time analysis of airborne dust. It amount-

ed, essentially, to a novel method for analyzing
dust particles collected by existing techmiques.

With the advent of the laser and the
miniprocessor, an eriometer may now be designed
to assess dust levels in a continuous, reliable
manner. Rather than collect the fineparticles on
a slide for subsequent analysis, the size distri-
bution may be determined by analyzing them while
they are in transit through the eriometer.

These two applications of eriometry both
require an inter’féce between the optical system
and the data manipulation system. However, the
type of interface required is different in the
two cases.

The milling process represents essen-
tially a quality control problem. -As ‘such it is
not necessary to know the size distribution
exactly.
size distribution falls within predefined limits

It is more important. to know if the

and if it is changing. This, then, may be re-
garded as a static analysis problem and requires
some form of fixed interfacing.

It is conceivable that an analysis of
airborne dust for assessment of its health hazard
could be done with the same interfacing tech-
nique. In this case it is required to determine
how many fineparticles within a given size range
are present e.g., the so-called respirable frac-
tion. TIn general, however, it may be desirable
to determine the size distribution as accurately
as possible. . This is more difficult as the size
distribution is probably far from being static.
The number of fineparticles in any size range can
change very rapidly and this will alter the
structure of the diffraction pattern significant-
ly. It would be possible to deduce from preli-
minary investigations the approximate size range
of dust particles present under given circum-
stances. However, it would be impractical to do
this for every situation normally encountered in
industry. It is not, therefore, feasible to have
a complete set of interchangeable fixed inter-
faces for airborne dust measurement and some form
of dynamic interfacing is required.

It is this problem with interfacing to a
data processor which currently limits ‘the effec-

tiveness of eriometry as a dust- analysis tech-




nique. Accordingly, the present work concen-
trated on the development of an effective, low-
cost, dynamic interface. The theoretical strue-
ture of the diffraction pattern data matrix as
well as the design and use of the interface are

discussed.
THE DATA MATRIX

When a parallel beam of monochromatic
coherent light is incident on a fineparticle, the
light is scattered in a well defined manner. If
the fineparticle diameter is somewhat larger than
the wavelength of the 1light, then in the far-
field zone, the scattered light forms the Fraun-
hofer diffraction pattern of the fineparticle.

The Fraunhofer conditions can be stated as:

D2
— << Aand D > A
2Z

where the variables are defined as in Eq 1. The
far-field condition can normally be met by
forming the diffraction pattern at the focal
plane of a converging lens known as the Fourier
Transform lens. The Fraunhofer diffraction pat-
tern formed by an object is the Fourier Transform
of the object. Hence, the converging lens which
forms the Fraunhofer diffraction pattern is
called a Fourier Transform lens. This lens will
focus any light diffracted at a given angle to
the same point in the diffraction plane, regard-
less of the scattering object's position. Thus,
if a fineparticle moves across the path of the
incident beam, the diffraction pattern will not
change.

If the object under study is a sphere,
the Fraunhofer diffraction pattern formed will be
the well known Airy disc pattern. The intensity
distribution is described by the equation found
in any standard opties text (13,14):

2
[2J1(HDp/}\Z)] Bq 1
[o]

I
() (IIDp/AZ)

where I{p) = intensity at radius p

I

° intensity at p = 0O

D = particle diameter

p = radius in diffraction plane

A = wavelength of illuminating

radiation

Z = focal length of Fourier Transform
lens

= Bessel function of the first
kind and of order 1

This function is depicted in Fig. 1.

If, instead of a single fineparticle,
there are N fineparticles arranged at random over
the extent of the incident beam, then the dif-
fracted intensity is N times the intensity from
one fineparticle (14). It has been shown by
Talbot that this holds true provided the number
of fineparticle pairs separated by less than a
few wavelengths is small (15).

The foregoing has been in terms of
spherical particles. If the fineparticles are
not spheres, the resulting diffraction pattern
will still display circular symmetry provided
there is a large number of randomly oriented
fineparticles. Effectively, this means that all

angles in the plane of the sample must be equally

e ———

(=)

0 1 2 3 4 5 6 7 8 9 10
s = Ildp/Az

Fig. 1 = Airy pattern



represented. There are, of course, practical
limitations to this, as the number of finepar-~
ticles must remain finite, and extremely irregu~
lar shapes may have a preferred orientation while
moving in a fluid stream. This often results in
the diffraction pattern having a.grainy appear-

ance,

Measurement of the intensity distribu-
tion in the diffraction pattern could be used to
determine size of the fineparticles. This size
would actually be the diameter of a sphere which
distribution.

would give the same intensity

Particularly for extremely irregular shapes,
e.g., fibres, care would be needed in interpre-
ting results.

In practice it is very difficult to make
accurate measurements of light intensity, al-
though this has been done in some
(16,17).

the detector be as small as possible, which may

gystems
An intensity measurement requires that

result in a poor signal to noise ratio. A more
practical approach is to measure the total energy
falling within a specified area of the diffrac-
tion pattern.

Equation 1 can be integrated to yield

the energy falling within any radius p:

L(p) =E[1 - J02(H Dp/AZ) - J12(IIDp/AZ) 1 Eq 2
where Jo = Bessel function of the Ffirst kind
and of order 0
which is shown in Fig. 2.

It is this

ultimately to be interfaced to the data processor

energy function which is

in some manner.

For any annular area bounded by radii
P4 and Pos total diffracted
energy from a monodisperse collection of finepar-

where Py > Py, the
ticles is:
e 2 2
AL(p,p,) = EIJO (I ,/AZ) + J,%(IDp ,/A2)
J.2(1Dp,,/AZ) - J.2(IIDp,,/AZ) ] Eq 3

The E appearing in Eq 2 and 3 is the energy

incident upon the fineparticles and ‘is given by:

=i

0.9 ' ]
) 1 3rd
. Minimum
2nd
I Minimum

lst
Minimum

o 1 2 3 4 5 6 7 8 9 10 u 12
s = lldp/Az
Fig. 2 ~ Total energy distribution in Airy pattern

D2
E = E NI 3~ Eq 4
where Eo is the energy per unit area or inten~
sity, of the incident beam.

Equation 4 expresses the energy in terms
of the number of fineparticles. It could equally
well be expressed in terms of any -other parameter
dependent on the diameter; such as. surface area
or volume and hence mass. For present purposes,
the use of fineparticle number will be assumed.

If the collection of fineparticles is
polydisperse, the light energy in any ring is the
sum of the contributions from all sizes:

AL(p1,p2) = EOH M

b iz

2 2
NiDi [Jo (HDip1/AZ)

2 2
+ 3,5(ID;p,/AZ) = I Z(1ID,p,/AZ)

- J12(HDipz/AZ)] Eq 5




where Ni is the number of fineparticles of
diameter Di and M is the number of sizes.
This equation may be expressed in matrix

notation as:
Ly = Nj Tij Eq 6

where Li is the energy distribution and Tij
is a matrix of coefficients 1linking the energy
distribution to the fineparticle size distribu-
Note that in Eq 6,

the term EOIIDiZ/lI has been absorbed into the Tij

tion via the interface (18).

matrix.
This matrix equation can be rewritten as:

_ -1
Nj'Li Tij Eq 7

'1, can be determined by

The inversion matrix, Tij
caleulation or by calibration with known quanti-
ties of monosized spheres and can be stored in a
miniprocessor. Measurements of Li can then be
used in computation to determine Nj'

Felton has used the approach of assuming
a particular distribution function and adjusting
the parameters to obtain a best fit (19). This
is useful for saving computation time and avoids
problems with negative values of NJ.. Kaye has
pointed out that this method may result in gross
errors if the distribution is monodisperse or
bimodal (1).

An alternative approach is to scan the
values of Li to find the maximum value of p which
has an energy significantly different from the
background. Assuming that this ring arises only
from those fineparticles which contribute the
most energy to this annulus of the diffraction
pattern, the size range of these fineparticles
can be calculated. Implicit in this is the
notion of using only the central maximum of the
diffraction pattern to obtain size distribution
information. This first order transformation is
based on the fact that approximately 84% of the
energy is in the central lobe with only small
amounts in the subsidiary rings. The entire
energy distribution within this central maximum
can be computed, normalized to the observed an-

nulus, and subtracted from the observed energy

distribution. Using this normalized calculated
distribution, the relative number of particles in
this size range can be computed from Eq 4, i.e.,
N o E/D2 where D is the average fineparticle size
in the range. Computation then moves to the next
smallest annulus and the procedure is repeated
for each size range. The size data can be nor-
malized to give a discrete distribution histogram
or a cumulative distribution curve. The complete
analysis procedure is given in the Appendix.

This approach assumes there is no signi-
ficant overlapping of diffraction orders. The
effects of this assumption will be discussed
later.

The foregoing is based on the idea of
sampling annular areas of the diffraction pat-
tern. This is most easily done at the interface.

There have been a few instruments devel-
oped using an interface which samples only a
small angular segment of the diffraction pat-
tern. Although this is useful for obtaining in-
formation proportional to various powers of the
diameter, these instruments suffer from the dis-
advantage that they do not measure a complete an~-
nulus of the diffracted light (9).

earlier, the patterns are usually somewhat grainy

As mentioned

and the resulting low signal to noise ratio will
It is

more advantageous to measure the energy falling

have an effect on accuracy of the results.

within a complete annulus as a single measure-
ment. This results in an integration over any
variations in signal strength with angle.
Previously developed methods have divi-
ded the area of the diffraction pattern into an-
nular segments by physical construction of the
interface. An annular iris diaphragm, a photo-
diode array and a fibre-optic array have all been
All of
these methods are relatively expensive and dif-

used to sample an entire annulus (20,21).

ficult to construct.

Another approach is to leave the divi-
sion of the diffraction pattern into annular
rings as a task for the data processing equip-
ment. In such a system, an ordinary optical iris
diaphragm is placed in the diffraction plane.
The diffraction pattern is then focused down to a

single photodetector. The diaphragm is gradually



closed and the total light energy is recorded as
a function of radius. In effect, this results in
a series of measurements, each having Py = 0
and a different value of Py in Eq 5. The differ-
entiation is then carried out as part of the data
processing.

This approach has the advantage of very
low cost. Furthermore, being a continuously
variable radius interface, the size of the steps
over which discrete measurements are made can be
varied as required to suit the needs of a partic-
ular task. Because. the entire diffraction pat-
tern is sampled, the signal to noise ratio should
be reasonably high.

The design of an optical system using an
iris diaphragm as an interface to a measurement
system has been investigated. This design, along
with some experimental results are discussed
below.

THE DESIGN AND USE OF THE INTERFACE SYSTEM

DESIGN OF THE OPTICAL SYSTEM

The optical system employed in this work

is shown in Fig. 3 and 4. The apparent curvature

- PSS
R T

I
Beam
expander b
& spatial A
filter
He/Ne
laser
Fourier
transform
lens
Sample

Focusing
lenses

Iris diaphragm
with central
beam stop

in the system as seen in Fig. U is an artifact of
the photography.  Light from a helium-neon 1laser
(AHe~-Ne = 0.6328 um) was passed through a beam
expander and spatial filter. In addition to re-
moving unwanted noise from the beam, this ensured
that a large number of fineparticles would be in
the path of the beam. Except for purposes of
calibration, the fineparticles studied were. ir-
regular in shape .and it was necessary to have
many random orientations.

The samples were prepared by placing a
small quantity of powder in a specially construc-
ted cell intended primarily for microscope count-
ing of dust samples collected by impinger (11).
The cell consisted of a 2 mm thick microscope
slide with a well in the centre having dimensions
50 mm long, 20 mm wide and 1.0 mm deep. The well
was then filled with water and a second micro-
scope slide was used to cover it. ' The cell was
sealed shut with melted wax. The .sample was
placed in a holder in the eriometer for analysis.

After being diffracted by the finepar-
ticles, the 1light was focused by the Fourier
Transform lens onto the iris-diaphragm, the first

stage of the interface. A ‘small beam stop was

Fibre optic pipe.
) (incoherent)
| ' - Photodetector

& s -9

Power supply
and amplifier

Chart recorder

Fig. 3 ~ The eriometer system (schematic)







To determine the path length, the dia-
phragm was closed to each succeeding visible min-
imum in the diffraction pattern. To determine
the positions of the minima as accurately as pos-
sible, the transmitted energy values were record-
ed on the chart recorder. The position of each
minimum was taken as the point of minimum slope
as visually determined from the graph (Fig. 6).

From these values of the aperture
radius, the path length was determined as fol-
lows. The Bessel function J1(S) has a zero

value only when its argument:

IIpp

I Eq 8
S")\Z q

has definite values. Therefore, for each mini-

mum, the value of Z can be calculated. from:

Z = %ﬁ Eq 9
i
! =] ]
bt 16
- “h3
, '/// 1 am =
o 4 8l wp
i | 1
L ’ 1/// sls i mn
e m i
/| |
3.0 ! !
[

The results of this calibration are
given in Table 1 for the first three minima. The
value of 37.7 mm for Z was used to predict the
positions of the subsequent three minima. The
predicted and measured positions are given in
Table 2.
choosing the point of minimum slope, particularly

Considering the subjective nature of

at these low intensities, the predicted and mea-

This value
of the path length of Z = '37.7 mm was therefore

sured values are in good agreement.

taken as a calibrated value.

Table 1 - Calibration of optical path length, Z
(D = 9.69 ums; A = 0.6328 um)

Minimum S o) 4
‘No. (mm) (mm)
1 . 3.832 3.0 37.66
2 7.016 " 5.5 37.71
3 10.173 8.0 37.83
Z = 37.7 mm

Table 2 - Comparison of predicted and measured
positions of minima (D = 9.69 pm;
A = 0.6328 pym; Z = 37.7 mm)

Measured Ap/p

Minimum S Predicted
No. o) pm) (%)
4 13.324 10.5 11 4.8
5 16.471 12.9 13 0.8
6 19.616 15.4 16 3.9

MONODISPERSE, APPROXIMATELY
SPHERICAL FINEPARTICLES

Fig. 6 ~ Experimentally measured energy distri-
bution in diffraction pattern of 9.69 um latex

spheres

In most applications, the fineparticles
to be studied will not be spherical. Further-
more, the interface diaphragm would operate in
discrete steps rather than continuously. As a
first stage in investigating the suitability of
the iris diaphragm as an interface for the study
of irregular fineparticles, the eriometer was ap-
plied to the problem of determining the size of
Lycopodium spores. These particles can be class-~

ified as rough spheres, as seen in Fig. 7.
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Table 5 - Eriometric analysis of silica powders

Ring range Size range BCR 66 BCR 67 BCR 69 BCR 70
mm um 0.35 to 2.5 um 3 to 20 um 12 to 90 um 0.5 to 12 um
Max Min Min Max AL N% ZN% AL N% IN% AL N% ZN% AL N% ZN%
16 15 0.64 0.67 0 0 0
15 14 0.67 0.74 0.5 0.3 0.3 0 0 0
14 13 0.74 0.78 0.7 15.3  15.6 0.5 8.4 8.4
13 12 0.78 0.8 0.8 5.0 20.6 0.6 7.9 16.3
12 1N 0.85 0.92 0.9 8.0 28.6 0.7 4.7 21.0
11 10 0.92 1.03 1.3 18.7 47.3 0 0 0 0.8 4.6 25.6
10 9 1.03 1.13 1.8 9.6 56.9 0.5 13.2 13.2 1.5 13.3 38.9
9 8 1.13 1.27 2.0 8.3 65.2 0 0 0 1.0 21.1 34.3 1.6 12,0 50.9
8 T 1.27 1.49 2.1 6.1 T1.3 0.5 2.1 2.1 1.1 14.5 48.8 1.7 0.5 51.4
T 6 1.49 1.74 2.2 9.3 80.6 0.6 2.8 4,9 1.3 T.5 56.3 2.1 7.5 58.9
6 5 1. 74 2.05 2.3 y,7 85.3 0.8 11.7  16.6 1.4 0.4 56.7 2.5 8.0 66.9
5 y 2.05 2.58 2.4 7.0 92.3 1.2 15.5 32.1 2.0 15.0 T1.7 3.0 9.3 76.2
y 3 2.58 3. 43 2.5 2.5 94.8 4.5 20.9 53.0 3.6 10.3 82.0 4,0 11.0 87.2
3 2 3.43 5.17 2.7 2.6 97.4 8.0 25.4 78.4 5.0 10.3 92.3 5.5 T 94,3
2 1 5.17 10.3 4,2 1.0 98.4 17.0 15.2 93.6 6.2 3.5 95.8 5.6 2.5 96.8
1 0 10.3 © T3 1.6 100 67.4 6.4 100 73.9 4,2 100 - 69,4 3.2 100
Table 6 - Eriometric analysis of diamond dusts
Ring range Size range I II ’ III
mm _Mm 4 to 12 um 6 to 12 um 20 to 40 um
Max Min Min Max AL N% ZN% AL N% ZN% AL N% IN%
8 T 1.27 1.49 0 0 0 0 0 0
T 6 1.9 . 1,74 1.0 3.4 3.4 0 0 0 1.0 6.5 6.5
6 5 1.74 2.05 1.1 1.2 4.6 1.3 3.5 3.5 1.2 7.4 13.9
5 y 2.05 2.58 2.5 23.8 28.4. 2.0 18.0 21.5 2.0 37.1 5.1
4 3 2.58 3.43 6.0 25.7 54.1 6.7 32.5 54,0 2.2 13.7 64,8
3 2 3.43 5.17 10.0 37.9 92.0 9.2 32.3 86.3 2.5 13.8 78.6
2 1 5.17 10.3 11.0 1.0 93.0 10.9 5.6 91.9 4.3 7.0 85.6
1 0 10.3 o 68.4 7.0 100 7.9 8.1 100 79.8 14.4 100

Because of the polydisperse nature of
these samples there was a poséibility that the
size distribution of the material within the area
of the incident beam would change during the
measurement period. The largest fineparticles
would settle out faster than the smallest ones
settling could
shift in the distribution curves.

that the time required for

and this differential cause a
It must be re-

membered, however,

the analysis of a single sample was relatively
short - about a minute to a minute and a half.
It was believed that this time was short enough
so that the effects of differential settling of
To test

this conjecture, two samples -~ BCR 67 and diamond

the fineparticles would be negligible.

dust I of 4 to 12 um - were analyzed by closing

the diaphragm as discussed earlier and then by
reopening the diaphragm. The results of this
work are given in Table 7, which shbws there are
no significant measurement

changes during the

period. As a result, the effects of differential
settling can be ignored as long as the measure-

ment times are reasonably short.

INTERPRETATION AND DISCUSSION OF RESULTS
Of the four

only one - BCR 67 - contained fineparticles in a

silica samples analyzed,

size range completely covered by the eriometer
16).

ed and certified distributions probably result

(Fig. The discrepancies between the measur-
from the different analysis techniques used to

acquire the two sets of data. Eriometry and sed-
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Table 7 - Effects of differential settling of the
fineparticles on the diffracted energy

Iris dia- BCR 67 ' Diamond dust I
phragm (3 to 20 W) (4 to 12 Y) :
radius mm L{close) L(open) L(elose) L(open)

8 100 99.9

7 99.5 99.4

6 98.9 98.9 100 99.7
5 98.1 98.0 98.7 98.6
4 9.9 96.8 96.7 96.7
3 92.4 92.3 90.0 89.9
2 8h.4 8. u 81.8 81.8
1 67.4 67.4 70.9 70.9
0 0. 0 .0 . 0




imentation are based on different phenomena, and
for non-spherical fineparticles this will always
result in differences in the distribuion curves.

wide

Given the range of fineparticle

sizes, it 1is certain there was an overlap of
orders in the diffraction pattern. The net re-
sult of this would be to overestimate the number
of the the

total energy within the second maximum is less

smallest fineparticles. However,
than one-tenth of that in the central maximum and
the

treatment of the error problem,

errors are probably small. In an exact
other factors
such as number and size of fineparticles must
also be considered in determining the relative
strengths of the maxima.

There are two serious limitations of
this interfacing technique which were encountered
in applying it to the silica samples. These were
concerned with fineparticles either too small or

too large for a proper analysis to be carried out.

The first case is shown in Fig. 15 for
silica sample BCR 66, in the size range of
0.35 um to 2.5 um. Most of the fineparticles in

this sample have diameters between half and twice
the wavelength of the incident light.
below the lower 1limit to which Fraunhofer dif-

This is

fraction theory applies and, therefore, the ana-
lysis of these fineparticles by the use of Eq 5
is not valid. A Mie theory computation could be
used to yield information on the fineparticles
from their scattering properties (24). This com-
putation would result in a size distribution in
terms of equivalent sphere diameters.
A similar occurs in silica
18). The

again outside the

problem
sample BCR 70 of 0.5 to 12 um (Fig.
smallest fineparticles were
Fraunhofer diffraction

range of validity for

theory, and this resulted in an incorrect calcu-
lation of the light emnergy distribution for these
fineparticles. However, as the size of finepar-
ticles increased, the effects of this decreased,
and the measured and certified distributions were
in closer agreement.

The sample BCR 69, of 12 to
demonstrates the effects of overly large

17).

silica
90 um,

fineparticles (Fig. The central maxima in

15

the diffraction patterns of these fineparticles
all fell within the three innermost rings of the
interface diaphragm i.e., the scattering is pre-
dominantly into small angles. Because of the
large size of fineparticles there is a signifi-
cant amount of energy diffracted into the higher
Thus,

radii were

order maxima. the measurements made at

larger aperture from these higher

orders and this resulted in a large underestima-

tion of fineparticle size. This problem could be

alleviated by expanding the path length, Z in
Eq 5, and recalibrating the eriometer.
The three diamond dusts demonstrate

another problem which may arise in the eriometric

analysis of extremely irregular fineparticles.
As seen in Fig. 12 through 14, these diamond
fragments contain many sharp corners. The

Fourier Transform of such sharp corners consists
of high frequency components which correspond to
large angle scattering in the Fraunhofer diffrac-~
tion pattern. The energy thus scattered is in-
by the

resulting from small spherical fineparticles.

terpreted analytical procedure as
As
a result, the measured size ranges for the three
19, 20 and 21, are
The

complicated for the 20 to

diamond dusts, as seen in Fig.
all below those determined microscopically.
problem is further
40 um sample by the effect of higher order dif-
fraction discussed in connection with silica
sample BCR 69.

To verify that an expansion of the scale
of the instrument would increase the upper fine-
particle size limit, the path length was increas-
ed and recalibrated as Z = 200 mm. At this dis-
tance the first minimum in the diffraction pat-
tern of the 9.69 um latex
p = The silica sample BCR 69 and the
largest diamond dust sample were reanalyzed. The
results are given in Table 8 and the distribution
in Fig. 22 and 23.

the cumulative curve from the pub-

spheres occurs at

16 mm.

curves are given For purposes
of comparison,
lished data is repeated in Fig. 22.

The eriometric analysis of BCR 69 at
this expanded scale yields results in reasonable
agreement with the certification data. However,

the 20 to 40 um diamond dust sample still ex-
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hibits the problems arising from the

These results, basically are in accord

sharp
corners.

with the earlier discussions.

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER RESEARCH EFFORT

An

has been shown to be a relatively low cost, reli-

iris diaphragm with focusing lenses

able means of interfacing an eriometer to a data
acquisition/processing system. When the eriome-~
tric analysis was applied to fineparticles of
silica whose size range was adequately covered by
the system, the results were in good agreement
with those from microscopic analysis.

The difficulties which arise when the
fineparticles are predominantly larger than the

calibration size mhée have been demonstrated.

Effectively, this results in second or higher
orders of diffraction contributing to a gross
underestimation of fineparticle size.” It has

also been shown that errors occur if there are

Frequency (%)

‘of scattering, could be developed.

100
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Fig., 23 - Distribution for 20 pyn to 40 pm

diamond dust (with Z = 200 mm)

large numbers of fineparticles present with sizes
smaller than those to which the analytical theory
applies.

The analysis of diamond fragments has
shown the effects of extreme irregularities in
shape. This results in an underestimation of
fineparticle size due to the high frequency scat-
tering components.

The uses of this interface have been
demonstrated in sizing monodisperse and polydis-
perse systems of fineparticles. '

It is suggested that further worthwhile
development work could be directed to varying the
path length and the aperture radius under micro-
processor control. This  should greatly enhance
the ease of operation and the reliability of the
interface system. To extend the lower limit of
particle sizes which may be analyzed, a more
exact analytical process, based on' the Mie theory
It should be
remembered,

however, that these sub-micrometre

particles are usually only found as airborne
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Table 8 - Analysis of samples with expanded eriometer scale

Ring range Size range BCR 69 Diamond dust
mm um 12 to 90 um 20 to 40 um
Max Min Min Max AL N% IN% AL Ng IN%
8 7 6.83 7.83 0 0 0 0 0 0
7 6 7.83 9.10 0.5 8 8 1 15 15
6 5 9.10 10.9 1.0 12 20 4 20 35
5 4 10.9 13.7 2.5 20 40 11 30 65
4 3 13.7 18.2 12.5 36 76 13.5 22 87
3 2 18.2 27.3 27.0 20 96 25.5 10 97
2 0% 27.3 54.5 56.5 4 10 45.0 3 100

¥ Because of design constraints,

the energy at p =

in the calculations.

dust,
is taking place,

particularly wherever a combustion process

e.g., diesel exhaust particu-

lates. In the more typical industrial applica-
tions, the particle sizes are well above this
range.
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APPENDIX A - COMPUTER ANALYSIS

The following pages outline the approach
Where
are

used in the computer analysis of the data.
additional
Throughout this discussion, the subsecript

necessary, explanatory notes
given.
1 is used to denote fineparticle size effects and

j denotes aperture size effects.

STEP 1: Input experimental values of pj, ALJj and
Z
STEP 2: Compute the values of fineparticle dia-

meter, Di’ from:

1.357AZ
Tp

i .
J

Note: Following the treatment by Felton
(A1) and Robb (A2),

within an annulus may be expressed as:

the energy falling

2 p+Ap
E= f J I pdpdd
0 P

Provided Ap is very small, the inten-
sity across the annulus may be regarded
as constant and the integral evaluated

as:

E = I (2lp) Ap

2J1(S)]2(2HD) Bp

S

or E = Io[

As S = IIDp/AZ;

written:

this expression may be

2
3,2s)
S

E =K AS
with K = constant

The maximum energy occurs at:

dE
@ 0

Evaluation of this derivative may be

carried out as follows:

A-19

OF DATA
2
E 4 KJ,“(8) ]
S 4| s As
4 [3,(5)]
S[2J(s)1ds - 3%

dE 1 1
4 _y 5 AS
ds s

kJ,2(S)  d(as)
* T3S as
As AS may be regarded as a constant,
the second term vanishes. Furthermore:

a . L1
M =3 (s =5

2
23 J1(S) [JO(S) - (1/8) J1(S)] - J1 (S)

dE
== = KAS [
ds 52
iR J1(S)
I5 = Kbs 2 [2S J(8) - 3J,(8)] =0

There are three possible solutions to

this equation:

AS = 0
3,9

> = 0
S
J1(S) _2s
3. 73

The first two of these are not physical-

ly meaningful solutions. The annulus
has a non-zero width, although small.
The point at which J1(S) = 0 corres-

ponds to a minimum in the diffracted in-

tensity and cannot, therefore, corres-
pond to the maximum contribution to the

energy within the annulus.

The third solution is satisfied at S
1.357.

of fineparticle sizes on the basis of

This results in the calculation

maximum contributions to energy in a



given annulus., In the paper by Felton
1.375 (A1).
This difference is believed due

transeription error.

the result is given as S =

to a

STEP 3: Compute the theoretical inversion matrix
Tij as follows:
(i) starting with the smallest value,
hold Di constant
(ii) determine the contribution’ to the
energy of the j'th ring from this
size of fineparticle using:
.12 2
Tig = 9o Og,5m0) + 947 54 5.9)
2 2
=9y By =97 (84
s _]IDip.
i3 7 a2
Note: The Bessel functions Jo(x) and
J1(x) may be evaluated from the
Chebyshev polynomial approximations (A3):
2 y
Jo(x) = 1 = 2.250(x/3)° + 1.266(x/3)
6
-~ 0.3164(x/3)° + .
J1(x) =x [1/2 - 0.5625(1(/3)2
+ 0.2109(x/3)% = 0.395/3)6 + . . .]
valid for |x|<3
(iii) reset D, to the nekt largest
value and repeat the above
procedure.
STEP 4: Assume that the outermost ring contains

energy diffracted only by the smallest
The of
these fineparticles to all rings can be

fineparticles. contributions

determined by ' normalizing the values
calculated in Step 3 to the observed

energy in the outermost ring:

(i constant)

A-20

STEP 5:

STEP 6:

STEP T:

As i ‘is fixed for the given fineparticle
size the normalization factor (ALi/Tii)
Note that
so far only one column of the Tij matrix

is a constant for each size.

is normalized to the observed values.

The total energy diffracted by the smal-
lest fineparticles is determined by sum-
ming the values from Step 4:

E,
i

=ZEij
J

The total energy is used to compute the

number of fineparticles of this size:

Note: From Eq 4, the total energy,
E-i’ diffracted by a group of finepar-
ticles is proportional to the number of
Ni’ 2 the square
of their diameter, D1 . In Steps U4 and
5, the total diffracted energy was de-
termined for a single size of finepar-
As such,
Eq 3 is appiicable to the energy dis-

fineparticles, and to

ticle - the smallest size.

tribution from this size of finepar-
ticle. The present task, however, does
not require knowledge of the actual

energy distribution, but considers only
the total diffracted energy - E in Eq 3
- which is given by the calculated value
of E..

i
The the

fineparticles are subtracted from the

contributions from smaliest

observed values. Remembering that i is

fixed for this fineparticle size, these
contributions are

colum in the

given by a single
Ei i

inversion matrix

Ex tracting this column:

Cszlj 1=

constant (from Step 4)
allows the subtraction to be carried out:

AL, < AL, - C.
LJ L‘_J CJ




STEP 8:

STEP 9:

This results in the outermost ring
having no residual energy and the maxi-
mum value of pj decreasing by one step.
Return to Step 4 and repeat the proce-~
dure for each size of fineparticle.

The number of fineparticles of each size

is normalized:

100

STEP 10: Qutput values of D.l and Ni'

A-21

Al:

A3:
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