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Abstract

The velocity and the size of free-falling volcanic ashes, i. e. nonspherical particles with 60-120 jum

sieved size, were measured by using the differential laser Doppler techique, in which the size was

estimated from the visibility of a Doppler signal. Correlation between the measured velocity and the

measured size agreed with the theory for a spherical particle within experimental errors. It is sug

gested that the effective diameters of nonspherical particles can be measured by the laser Doppler
technique provided that correlation between the velocity and the size of free-falling nonspherical
particles agrees with the theoretical correlation for a spherical particle.

1. Introduction

Noncontact particle size measurements utilize the Mie scattering theory, which is recognized as a
powerfull means in many scientific fields. Laser Doppler technique offers an alternative method of
particle size measurements, that has widely been treated theoretically and experimentally [1-5]. This
method takes advantage of extracting both velocity and size information respectively from the fre
quency and the visibility of a Doppler signal obtained by a differential laser Doppler techique. In this
case, size estimation from visibility values is based on the theory for a spherical particle and good
agreement between the theory and experiment has been shown under various experimental conditions.

In this paper, correlation between the velocity and the size of free-falling nonspherical particles
was measured by this method and compared with the theory for a spherical particle, in order to in
vestigate availability of this method to nonspherical particles.

2. Experimental

The experimental arrangement is shown in Fig. 1. The beam from a 5mW He-Ne laser was guided
by two mirrors Mi and M2, and split by a half-mirror HM to provide two beams of the same intensity,
which lay in a plane parallel to the YZ-plane. These beams crossed at an angle of 7 , the bisector of
which was parallel to the Z-axis, to form a probe volume for a differential Doppler technique. A
particle fell plumb down parallel to the Y-axis to pass the probe volume formed within a glass cylin
der, the function of which was to avoid disturbance from the ambient air flow. The scattered light
from the particle was collected by a lens L into a multiplier phototube PM provided with a pinhole
plate A. The light collecting optical axis lay in a plane parallel to the XZ-plane, making an angle of 6
with the bisector of the two crossing beams. The output of the multiplier phototube was fed to a digit

al memory after it was amplified by a preamplifier.
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Fig. 1 Experimental arrangement for measuring velocity and size of
free-falling nonspherical particle.

The experimental arrangement had the following three features:

(1) Any lens for focusing the laser beams and forming a probe volume of high space resolution was not
used.

(2) The distance from the center of the probe volume to the position, where particles were first at
rest and started to fall, was appropriately long, so that particles passed the probe volume with ter

minal velocities determined by acceleration of gravity and resistance of air viscosity.

(3) The lens in the light collecting optics focused the center of the probe volume onto the pinhole in
front of the multiplier phototube, in order to collect the light scattered only from a particle that pas
sed through the center of the probe volume.
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Fig. 2 Photomicrograph of particles of volcanic ashes

80-120 jum sieved size.

ith

Volcanic ashes were used as nonspherical particles. They were classified by passing them
through sieves into two groups whose sieved sizes were 60-80 jum and 80-120 ,um, respectively. A
photomicrograph of particles of the latter group is shown in Fig. 2. The reason of using volcanic
ashes was as follows:

(1) The most of their chemical components consisted of those of glass. Therefore, they were consi
dered to have almost the same density and refractive index as those of glass.
(2) They had randomly distributed shapes and were suitable for obtaining experimental data for gener
al nonspherical particles.
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3. Results and discussion

A typical Doppler burst signal stored in the digital memory is shown in Fig.. 3. It consisted of

modulated components and a pedestal. The frequency/of the modulated components relates to a parti

cle velocity v and, as is well known in the case of a differential Doppler configuration, it is given bv

/= 2t; sin (7/2)/A (1)

where A is the wavelength of the laser source. On the other hand, a particle size relates to the visi

bility of the signal, The visibility Vwas defined as usual by the following formula

V= (/max-/mi„)/Umax + /min) (2)
where Jmax and 7min are burst center values of upper and lower envelopes of the modulated signal, re
spectively. For a nonspherical particle, the main problem exists in the definition and estimation of
particle size. To start with, an effective diameter of a nonspherical prticle was defined and estimated
by using the theory supported by experimental verification for a spherical particle. In the case of a
spherical particle, the relation between the visibility Vand the particle diameter d is given by [1]

Fig. 3 Typical Doppler signal obtained with the experimental arrangement shown in Fig.l. The signal
is the intensity of light scattered from a particle of volcanic ashes.

V= I 2 Ji {nd/d)/{nd/d) I (3)
where Ji is the first-order Bessel function, and d is the interference fringe separation in a probe
volume, i. e.

S = A/2 sin(7/2) W
The effective diameter of a nonspherical particle was defined as d in eq.(3).

The beam crossing angle 7 was chosen to be 0.30° ane 0.20° for two groups of volcanic ashes, i.
e. size of 60-80 /utm and 80-120 //m, respectively. The velocity v was calculated by eq. (1) using this
7 and a frequency/obtained from Doppler burst signal. The fringe separation d became from eq. (4)
120 jum and 180 jum according to 7 of 0.30° and 0.20°, respectively. Therefore, the argument n d/ d
in eq. (3) remained less than the value of 3.83, which makes the visibility Vgiven by eq. (3) a monoto-
nic decreasing function of d free from ambiguity in determining the effective diameter d. An observa
tion angle 6 was set at 90°. Effective diameters were calculated by eq.(3) using the visibility values
of the Doppler signals. In this way, velocity and effective diameter were measured from each burst
signal and correlation between velocity and effective diameter for each particle was obtained.

The correlation obtained in the above mentioned way is shown as open circles in Fig. 4. It is im

portant to note that the measured effective diameters coincided well with the sizes of two sieved
groups. In comparison to this, a similar experiment for spherical particles was made using glass beads
of 60-80 jam diameter and the obtained correlation is shown in Fig. 4 as solid circles. The measured
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Fig. 4 Correlation between velocity and effective diameter of free-falling volcanic ashes. The results
of glass beads together with a theoretical curve are also shown.

diameters coincided well with the specified size. A theoretical correlation curve between terminal

velocity and size is also shown is Fig. 4 as a solid curve, calculated from the theoretical relation be

tween terminal velocity vt and particle diameter d, which is given by

i>t = </4(P-Po)gd/3 P0CD (5)
wkere P and P0 are densities of particle and medium, respectively, g is acceleration of gravity, and
CD is a drag coefficient of the medium, which is a function of viscosity V of the medium[6]. For
obtaining the theoretical curve shown in Fig. 4, following values were used. P —2.5X103kg/m3 (for
glass), P0 = 1.21 X 103 kg/m3 (for air) and V = 1.82 X 10"5 Nsm"2(for air). The theoretical curve
agreed well with the experimental values both for nonspherical and spherical particles.

There are various definitions of nonspherical particle size [6) and two typical ones are mentioned
in the followings:

(1) The diameter of a nonspherical particle is defined as the diameter of a sphere which has the same
projected area as the nonspherical particle.

(2) The diameter of a nonspherical particle is defined as the diameter of a spherical particle which
falls in a medium with the same terminal velocity as the nonspherical particle.

The effective diameters obtained in the experiments were the same as those defined by the de
finition (2) and, moreover, judging from above mentioned coincidence with the sizes of two sieved

particle groups, showed no discrepancy with those defined by definition(l). Therefore, it is concluded
that the effective diameters of nonspherical particles can be measured by laser Doppler technique,
provided that correlation between velocity and size coincides with the theory for a a spherical
particle.
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4. Conclusion

Correlation between the velocity and the size for free-falling volcanic ashes, i. e. nonspherical

particles was measured by laser Doppler technique. Correlation between the measured velocity and

the measured size agreed with the theory for a spherical particle within experimental error. The re

sults show that the effective diameters of nonspherical particles can be measured by the laser Dop-

pley technique, if it is checked beforehand that measured correlation between the velocity and the size

of free-falling nonspherical particles agrees with the theoretical correlation for a spherical particle.

The method is applicable to velocity and size measurement of moving nonspherical particles in any in

dustrial apparatus or equipment.
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