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1. Introduction

Aerosol particle shape is a key parameter affecting its physical characters, especially
scattering properties!!l. The information of shape reveals important application in such fields
as atmospheric radiation and remote sensing, climate research, radar meteorology?. The
convenient availability and simplicity of the Lorenz-Mie theory has resulted in a widespread
practice of treating non-spherical particles as if they were spheres to which Lorenz-Mie
results are applicable. However, the assumption of sphere is rarely made after first having
studied the effects of non-sphere and concluded that they are negligible but is usually based
on a perceived lack of practical alternatives®l.

In a variety of occupational, environmental and industrial scenarios, particles within the size
range from a few tenths of a micrometer to a few hundred micrometers play an important
rolel®l. Since the majority of aerosol particles are to some extent non-spherical and indicating
relation with their origins, the knowledge of particles’ shape may be used to judge the
source of those particles and hence facilitate more effective contamination control and to
reduce inadvertent particle generation. For example, fibrous particles are often
corresponding to textile industry, flake-like particles corresponding to papermaking
industry, etc.

The scattering profile of light scattered by any particle is determined by its size parameter,
its shape, and its orientation with respect to the incident illumination!. The spatial intensity
distribution of scattered light thus contains information by which the particle may often be
classified or even identified. The light scattering suits to be used for deducing shape of
aerosol particles by detecting scattering information, which is rapid and non-contact>7l. By
analyzing pairs of signal from opposite detectors, Diehl differentiate bluffly the shape of
suspending particles®. Bartholdi reflected majority of scattering light onto a circular
photodiodes array, and gained more abundant information about particle shapel’. Kaye
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assessed the feasibility of classifying individual aerosol particles on the basis of size and
shape parameters, which determined by measurement and analysis of the spatial intensity
distribution of laser radiation scattered by the particle shown in Fig.101011],

1.Detector Channels E1,E2,E3 2.Sample Inlet 3.Detector Channel E4 4 Filter for Sheath Air 5.Photomultiplier House
6.Main-Chamber 7.Laser and Modulating System 8.Rear-Chamber 9.Pump

Figure 1. Schematic diagram of the aerosol shape analyzer

The laser beam is directed onto the particle flow by a small 45° mirror supported by an
optical window. Particle-laden air is drawn in through the scattering chamber in laminar
flow and is ensheathed by filtered air drawn in through ports simultaneously!*?. Individual
particles in the sample air transverse the laser beam and produce pulses of scattered light.
Three miniature photomultipliers are incorporated an arrangement to allow measurement
of variations in azimuthal scattering from individual airborne particles between 28 °and 141
to the beam incident direction upon an ellipsoidal reflector whose primary focus is
coincident with the scattering volume. The output of detector E4 measures the forwards
scattering used in estimation of the particle size. The first developments to achieve this are
incorporated in Biral’'s ASAS™ technology and has been developed by the UK armed forces.
The instrument allows airborne particles in the sub-10 um size range to be classified into
size and shape classes in real-time at rates of up to about 10000 particles per second.

Although the instruments described above are able to differentiate between spherical and
non-spherical particles, also provide some crude indication of particle shape, the full
potential of spatial intensity scattering analysis for non-spherical particle characterization
should only be realized by the detailed analysis both of azimuthal and of polar scattered
intensity variations.

To observe micro-particle, the microscopy is often preferred instrument, which represents
an excellent technique for directly examining target!3l. However, for manual microscopy,
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elaborate sample preparation is necessary and only a few particles can be examined
resulting in very low statistical relevance of the data. Recently, a faster evaluation of
activated sludge floc properties became possible by connecting the microscope to automated
image analysis softwarel'¥], see Fig.2.
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Figure 2. Sketch map of the microscope CCD system

The light of a pulsed light source is expanded by a beam expansion unit, which creates a
parallel beam. The dispersed particle flow is illuminated and finally imaged by an CCD via
microscope. The particles show arbitrary orientation and the number of overlapping
particles are lost. The light source creates stable visible light pulses about 1#s at power of
about 0.15 nJ/pulse. The repetition rate is adjustable from 1 to 500 Hz meeting the
specifications of the high speed CMOS camera. One image is composed out of 1024 x 1024
pixels of 10umx10um area with 256 gray levels. Imaging objectives for different
magnifications are mounted on a carousel for simple selection of a measuring range by
software.

Light scattering and imaging by CCD via microscope are routine two methods for detecting
aerosol particle shape. CCD video microscope is volume-based, and light scattering is
number -based!> 1. If a number distribution fits a log-normal distribution, then its
transformation to volume distribution will result in another log-normal distribution,
characterized by!8k

—lnx e 2
InngV—lnxg N +3In o, (1)

X, is the geometric mean of the distribution, o . is the geometric standard deviation, V is
volume based distribution and N is number based distribution.

The angular scattered light intensity largely depends on the optical properties of the
particles. For small particles whose radiuses lower than 10 um, the refractive index
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dependence becomes significant because at such small sizes the light irradiated onto the
particle is not completely absorbed and can emerge as a refracted ray. In this case, the Mie
theory should be used instead of the Fraunhofer theory, which does not take into account
the optical properties of the particles. When examining the activated sludge floc size, the
optical poly-disperse properties are difficult to be characterized and the Fraunhofer theory
has to be used. The section from Mie to Fraunhofer needs to be revised by other method,
beyond all question, the image technique is good approach.

The techniques based on laser light scattering are more suited to follow the fast changes that
may occur in floc size during the process. Since the light scattering method doesn’t usually
offer visual information, coupling it to an image analysis system allows a direct visual
inspection of the process evolution. If combine light scattering and CCD video microscope,
not only the classification of particle shape can be realized, also the comparison and analysis
of results between experiment and calculation by corresponding shape can bring more
information which impossible received by individual method. The chapter describes a new
instrument, aerosol particle shape and scattering analyzer based on imaging. By analyzing
scattering intensity coefficient and polarization of fibre cotton and calculation from wave
theory, the affecting factors are pointed out.

2. Description of the instrument

Figure 3 shows the experimental apparatus to measure the shape and scattering properties
of aerosol particles in analog manner at the semiconductor laser wavelength of 0.65um. The
instrument realizes the combination of imaging and light scattering®l. The scattering
chamber, a homocentric hollow black sphere showed in Fig.3, is the core portion of the
analyzer based on imaging. The hollow black sphere is composed by two symmetrical
hollow hemispheres, which fabricated of aluminium considering hardness and weight. The
interior wall of the hollow sphere is made coarse elaborately to reduce the influence from its
scattering and reflection. The chamber inner diameter is 48mm, and the outer diameter is
76mm. There is a large aperture at top and bottom on the vertical radial line of the chamber,
aerosol particle inlet and aerosol particle outlet respectively. The apertures at front and back
on the horizontal radial line are respectively for assembling semiconductor laser and CCD
video microscope. Without saturation of CCD, there is a filter corresponding laser
wavelength in front of microscope. 36 small apertures for optical fibre that are positioned to
measure the light from the horizontal and vertical scattering angles between 30° and 150° in
15° increments. The diameter of each aperture is 3.02mm, which is slightly greater than
diameter of optical fibre. The laser plane of polarization is set perpendicular to the
horizontal plane. The inner diameter of the aperture port near the interior wall of scattering
chamber, whose thickness is Imm, is a little smaller than outer diameter of optical fibre, and
the all ports for collecting scattering light can be strictly same distance from the centre of the
chamber. The axeses of all apertures are directing the centre of the scattering chamber. The
respective horizontal and vertical 18 small apertures are symmetrical about horizontal radial
line. Each optical fibre collects the scattering light with an acceptance angle of +1.5° since



A Method Analyzing Aerosol Particle Shape and Scattering Based on Imaging 399

assembled a convex lens with 2.5mm diameter. Unfortunately, the small apertures on the
vertical radial line happen to be concurrent with sample pipe and waste pipe.

Aerosol particle inlet

Apertures for optical

S e

Laser inlet

Aerosol particle outlet

Figure 3. Simplified schematic map of aerosol particle shape and scattering analyzer

The scattering chamber must be puffed by clean air to eliminate the influence from the
impurity. Single aerosol particle stream vertical to the laser beam is drawn in through the
scattering chamber along the axes of aerosol particle inlet and outlet, and is ensheathed by
filtered air drawn in through ports simultaneously. A set of filters and regulators introduce
aerosol particles entrained in a fine laminar stream through the center of the chamber and
intersecting the laser beam one particle at a time. Individual particles in the stream produce
pulses of scattered light, which are amplified by photomultiplier tube detectors connected to
a corresponding optical fibre bundles.
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Figure 4. Working process of aerosol particle shape and scattering analyzer

The whole working process is described as Fig 4. The integration time of CCD is slightly less
than 0.005s. During experiment, the laser beam diameter is 1.5mm, and wavelength is
650nm. When single particle stream passing chamber center, the image is immediately
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acquired by the CCD video microscope, at the same time, the scattering light of
corresponding particle is collected by optical fibers and transmitted to PMT. The speeds of
aerosol particles are controlled by pressure difference of inner and outer hollow sphere. By
adjusting the pressure difference, the particle speeds can be restrained less than 0.4 m /s for

effective diameter higher than 1 pm .

Since scattering light contains the information about shape of particle, more significant
conclusion can be obtained by comparing experimental results and calculation from theory.
The shapes of aerosol particles can be deduced through scattering light distribution, and the
result will be Verified by corresponding images from CCD. So the data library of scattering
and image about aerosol particles is gradually built, moreover, the aerosol particles are
classified according to relevant shape and size.

3. Result and discussion

When the aspect radio exceeds 10, fiber particle, a common shape sort in aerosol, can be
considered infinitely long cylinder. Generally, particles with effective radius less than 10um
are inhaled?l. However, in 1990, the U.S. National Institute for Occupational Safety and
Health stated “no evidence for a threshold or ‘save’ level of asbestos exposure?!l. Flying
particles are inclined to keep their long axes consistent with axes of carried gas, which
ensures scattering light relatively steady.

3.1. Wave theory for infinitely long cylinder

The scattering geometry of infinitely long cylinder is shown in Fig.5. The z axis of the
cylindrical coordinates (r,¢,z) is defined along the central axis of the cylinder. The angle
between the incident ray and the negative z axis is denoted as y. « is defined as an
oblique incident angle which is the complement angle of y. The x axis is defined in the
plane containing the direction of the incident ray and the z axis. This plane defines the
angles ¢=0 and ¢ =7 . The coordinate r is then contained on the xy plane such that
the cylinder occupies the region r<a, where a is the cross-section radius of the
cylinder?>23. To illustrate the scattering geometry, a cylinder whose diameter is larger
than the incident wavelength 4 so that the geometric optics will be used. The rays
externally reflected, refracted, and internally reflected on the surface of the cylinder
follow the Snell laws.

The scattering angle @, which is defined as the angle between the direction of the incident

wave and the scattered wave, is obtained:

cos@ = sin? a + cos? & cos ¢ (2)

¢ is defined as an observation angle to distinguish it from the scattering angle. ¢ and &
are equal only at normal incidence. In all other cases, the values of ¢ are always more than
that of @ . So there is no true backscattering for an infinitely long cylinder. Starting from



A Method Analyzing Aerosol Particle Shape and Scattering Based on Imaging 401

Maxwell equations, after complex algebraic operations, the scattering coefficients a,and b,
are deduced as below:

=P Qﬁ + An(gl)Bn(gZ)

TR LA (8)A,(s,)
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If «=0°, then a,=b,=0. It should be noted that these coefficients depend on the
refractive index, the size parameter and the oblique incident angle.
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Figure 5. Geometry for light scattered by an infinitely long cylinder

Now we shall consider two simple cases separately. First, the electric vector E is parallel to
the incident plane. This is sometimes called the TM mode. For the second case, the electric
vector E is perpendicular to the incident plane and called the TE mode. The intensities of
the scattered light in any direction are:
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Lg_1q = 2141, / 7kR
Irpgqp =2ippl, / 7kR

Irp_pp =2ipl, / 7kR

I =2i.1 kR ®)
e =2iyly /7
The intensity coefficients for above two cases are defined as:
© 2 2
iy, = by + 22 b, cosng iy, = |ag, + 22 a,, cosng
n=l n=1
™ 3 ) TE ) ) ©)
i, = 22 a, sinng i = 2an2 sin ng
n=1 n=1

where a,,,b,,,a,, and b, are scattering coefficients. i;; and i,, are the scattered
intensities that lies in the same plane as the incident intensities, while i,, and i,, are the
cross-polarized scattered intensities that have directions perpendicular to the incident
intensities, what’s more, i,, =1,, .

The polarization of scattering light is defined as?*I:
L p, =Ty Ly =i
™: p,, =—— TE: p,, = (7)
by th I iy
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Figure 6. Schematic of programming wave theory

LabVIEW is a graphical programming language which has its roots in data acquisition and
automation control. Its graphical representation, similar to a process flow diagram was created
to provide an intuitive programming environment for usersi®l. The language has matured
over the last twenty years to become a general purpose programming environment. With
LabVIEW, we have self-programmed wave theory as a part of the whole measuring system.
The programming structure is demonstrated partly in Fig.6. The program consists of 3 relevant
parts, which are similar at format. The calculation data, which is function of incident angle,
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refractive index, incident wavelength and cylinder diameter, is saved in form of .txt. The data
will be more analysed through Origin software and compared with information from structure
according to shape given by CCD via microscope.

Wave Theory for Infinitely Long Cylinder
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Figure 7. Interface of programming wave theory

The interface of the program for calculation is shown in Fig.7, which contains input
parameter area and display windows of calculating results. The display windows contain i,,,
i,, and i,,, also their logarithmic format. The input parameters include refractive index,
laser wavelength, incident angle and radius of cylinder. In a general way, the whole process
for calculation is shorter than 30s. With the increase of incident angle, the calculation time

will be extended slightly.

3.2. Analysis of experiment and calculation

The effective radius of selected fiber cotton particles for experiment are about 10um, compared
to Imm laser beam, the condition of infinitely long for irradiated cotton is satisfied. The incident
laser with 0.65um wavelength is transformed to linear polarized light by Glan-Talyor lens.
When electric vector E is parallel to the incident plane, the refractive index of fibre cotton is
1.573-1.581, we choose the middle number 1.577 for calculation. When the electric vector E
perpendicular to the incident plane, the corresponding refractive index is 1.524-1.534, we also
choose the middle number 1.529 for calculation. In experiment, the angle between cotton and
axes of carried gas is about 5°.

The “left, right, up and down” in figure 4 refer to figure 1.It can be concluded that the
tendency of experiment data keeps uniform with calculation of the infinitely long cylinder
for scattering intensity and polarization. A pair of experimental signal lack in polarization
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P11 and Pz, since up aperture and aerosol particle inlet with a same positions, similarly to
bottom aperture and aerosol particle outlet, too. i1 and Piiare more close to calculation than
iz and P2, which might be caused by different outline of fibre cotton particles. Clearly, the
difference between cotton fibre in image A and infinitely long cylinder is smaller than that
between image B and infinitely long cylinder. The experiment is cursory in describing
trendy of scattering intensity and polarization restricted by the number of optical fibre for
collecting scattering light; on the one hand, the angle increments between apertures for
optical fibre are limited in manufacturing process; on the other hand, the cone angle of
receiving plane for every optical fibre is 3°, unlike the elements of calculation, the integral
photometric characteristics are much less dependent on particle shape.
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Figure 8. Photo of fiber micro-particle by CCD and respective scattering and polarization
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4. Conclusion

An experimental apparatus has been built to measure the images and light scattering
characteristics of aerosol particles simultaneously. The core portion of the analyzer is a
homocentric hollow black chamber. Images, corresponding scattering intensity and
polarization of fiber cottons are received. Wave theory for infinitely long cylinder has been
compiled with LabVIEW. By comparison of experimental data and calculation, the affecting
factors to results are pointed out, which provides a good foundation to further study.
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