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We analyze a modified method of a spectral transmission and experimental setup for
measuring aerosol-particle mean size in the optically dense high-temperature two-phase flows. The
method is based on laser beam attenuation by a cloud of particles using sounding radiation of a
limited number of wavelengths. Experimental results on the condensed aluminum particle size in the

heterogeneous products of burning are presented.

Introduction

Contactless methods based on solving inverse
problems of optics of aerosol, such as the method of
scattering phase function at small scattering angles,
the method of total scattering phase function, and
the method of spectral transmission'? are widely used
in  measuring the aerosol-particle size spectra.
However, application of these methods to diagnostics
of the high-temperature optically dense aerosol
systems, in particular, heterogeneous plasma of the
products of Dburning with high concentration of
condensed particles, is difficult because of the
presence of intense emission of the aerosol particles
themselves.

In this paper we consider a modified method of
spectral transmission based on measuring the spectral
transmission coefficients of a cloud of particulate
matter using sounding radiation of a limited number
of wavelengths.>® This method does not enable one to
determine the particle size distribution function f{(a),
however, it has some advantages in measuring the
mean particle size, in particular, mean volume—
surface diameter az, such as simplicity of the
instrumental setup, its easy adjustment, possibility of
making diagnostics of the high-temperature two-phase
flows of high optical density.

Measurement technique

The idea of this method is in solving the inverse
problem stated by the integral equation

T, = ni“l Ia Qla,r,mf (a)da, 1)

where 1, is the spectral optical thickness, C, is the
number density of particles, & is the wavelength of
sounding radiation, Q is the extinction efficiency
factor of an individual particle, [ is the optical path
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length, @ is the diameter of a particle, m is the
complex refractive index of the particulate matter.

The averaged extinction efficiency factor is
defined by the formula

IQ(a, Lma’f(a)da
O(an,m) =L — 2)
Iaz f(a)da
0

Replacing the number density C, by the mass
concentration

Co = G722 [a'f (@, 3)
0
we obtain the formula for the optical thickness
o 15C,IOam) »

ppalﬂ
where p, is the density of the particulate matter;

©

a*f(a)da
azy =

0
J.a2f (a)da

0

is the mean volume—surface particle diameter.
Physical model of the method is based on the
interaction of a monochromatic radiation with a
polydisperse medium through the Mie mechanism and
conservation of invariance of the mean extinction
efficiency factor relative to the shape of the particle
size distribution function. Validity of this assumption

is caused by the fact that Q(i,m) is determined by
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integrals of f(a) and, hence, it is weakly sensitive to
the peculiarities of the f{a) behavior in the range of
the particle size considered.?*

Under certain conditions, the mean extinction
efficiency factor does not depend on the shape of
f(@), while being a function of the mean volume—
surface diameter of particles @z at a set wavelength
of sounding radiation. It is the most important
optical property of the two-phase polydisperse media.

The problem on determination of the particle
size by this method is reduced to measuring the
spectral optical thickness of a disperse medium at
two wavelengths Ay and A, and calculating the mean
extinction efficiency factors at the same wavelengths.

The ratio of experimentally measured optical
thicknesses at two wavelengths is equal to the ratio
of the mean extinction efficiency factors and is the
function of the mean particle size:

l — 9(032,)\41‘,77l) _ Ej(ﬂ‘ﬂ) (5)
v Olag, k;,m)

The range of mean particle size measurable
depends on the wavelengths of sounding radiation
chosen. Thus, at 2;=0.63 pym and A;=3.39 um the
range of a3 measurable is from 0.5 to 4 pum.

Three wavelengths of sounding radiation were
used in the considered setup, namely, %; = 0.63,
h=1.15, and i3 =3.39 um, and the ratios of
experimentally measured optical thicknesses Fyy, Fiy,
and F3, were determined.

The extinction efficiency factors of individual
particles were calculated by the exact expressions of
Mie theory using logarithmic derivatives of the
Riccati—Bessel functions.> Optical constants of the
aluminum oxide particles were taken from Ref. 6.

The mean extinction efficiency factors Q(asy, L;,m)

are shown in Fig. 1 as functions of the mean
volume—surface diameter a@s».

§<ﬂ32y L, m)
|
3 Ay =1.15 pm A3=3.39 um
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a3y Hm
Fig. 1.

Thus, one can determine a3 from the
experimentally measured 71,; and calculated values
Fiasz). The number density of particles in the
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measurement zone was determined by the following
formula

_ TaPpd32

" 1.510(asy, ), m) ©
assuming that the optical path length to be a priori
known or determined experimentally.

In practical realization of the multiwavelength
sensing of two-phase media, the choice of the
radiation wavelengths is necessary, the measurements
at which Dbear information on the particle size
spectrum.

The main condition for choosing %; in realizing
this method is the well pronounced dependence of the
mean extinction efficiency factors on the mean
volume—surface diameter of particles. The position of

the maximum of the functions O(ps) is well
described by the formula®:
T[ 4
Py = —azy =14+ —5——, @)
2= A \m\z ~

where the superscript “o0” determines the values of
the mean diffraction parameter p3 and the particle
size as, at which the function OQ(pyp) has an
extreme.

It follows from the condition (7) that setting
a priori the range of the measurable mean size of

min max

particles under study (a$", a$3™), determines the

radiation wavelengths to be mnear the following
values”:

}Lmiu — TECZ;;‘S“ ‘"2‘22 -1 , (8)
Im” +3
max max ‘"2‘2 -1
A = Td3y 3 . (9)
Im” +3

At %; < A™M" the mean size of fine particles of
the medium under study will be measured in the
experiment, while at A; > 1™ of the coarse particles.

The values of the ratios of the mean extinction
efficiency factors F(as) at three wavelengths of
sounding radiation calculated Dby Eq. (5) are
presented in Table 1.

Table 1. Ratios of the mean extinction efficiency factors
(M= 0.63, %= 1.15, and A3 = 3.39 pm)

asy as»
’ F F F ’ F F F
l.lm 21 31 32 ulll 21 31 32

1.5 [ 1.117 0.648 0.580 | 5.0 | 1.065 1.281 1.202
2.0 |1.116 0.946 0.847 | 5.5 | 1.089 1.303 1.196
2.5 | 1.100 1.139 1.031| 6.0 | 1.063 1.254 1.180
3.0 | 1.125 1.270 1.128 | 6.5 | 1.067 1.231 1.152
3.5 [1.087 1.308 1.203 | 7.0 | 1.099 1.226 1.114
4.0 [1.064 1.296 1.218 | 7.5 | 1.056 1.222 1.157
4.5 [ 1.089 1.310 1.203 | 8.0 | 1.050 1.211 1.151
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The maximum measured particle size a3 in this
case is determined by the wvalue, at which the
corresponding function F(as,) has its maximum.

min max

The ranges (a%", a%") of measured a3 values
were determined based on calculated dependences
O(ay) and F(as) for the corresponding pairs of

wavelengths (Table 2).

Table 2. Ranges of the mean particle size

Ai, pm Ag, pmM as", um ap™, um
0.63 1.15 0 1.5
0.63 3.39 0 3.5
1.15 3.39 0.1 3.6

As was mentioned above, the method is based on
the Mie theory to describe the interaction of
radiation with a particle within the frameworks of
single scattering of light by independent spherical
homogeneous particles. As a rule, the condensed
particles of metal oxides in high-temperature two-
phase plasma flows of the products of burning are
liquid droplets. A droplet under the effect of surface
tension takes the shape close to spherical (at Weber
numbers less or equal to 1—5).%

The contribution of multiple scattering becomes
essential at the values of the optical thickness
1> 10—18." In that case deviations from the Bouguer
law occur, and the method of spectral transmission
can result in large errors in determining the aerosol
particle size.!

Besides, serious problems appear in measuring
the spectral transmission coefficients of optically
dense flows related to isolation of the sounding
radiation against the background of the emission of
the plasma itself. Thus, real applicability limits of
the method are for optical thickness that does not
exceed the values 1, = 3—4.>

Experimental setup

The study of the disperse parameters of aerosol
flows in high-temperature products of burning in the
frameworks of the considered method requires
development of corresponding instrumentation that
would meet quite strict requirements. Operation of
such instrumentation complexes is based on the
principle of measuring extinction of laser radiation
passed trough the flow.

The laser measurement complex consists of
a block of emitters, a block of photodetectors, and
a recording device. A number of requirements are
imposed on all components of the complex: wide range
of intensities and wavelengths of the laser radiation,
high spectral sensitivity and linear dependence of the
output signals of the photodetectors, wide dynamical
range of the detectable signals and frequency
stability of the recording devices.?
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All these conditions were realized in a specially
designed three-wavelength He—Ne radiation source
(Fig. 2), which consists of a commercial LG-75 laser
(the output power of 25 mW) and the optical—
mechanical block including the spherical mirror
covered with aluminum (with the focal length of
2 m) and a modulator with a perforated disc.'!

Optical-mechanical block
Y

| 4 -

LG-75 laser

I O R . _\\ I // -
(G g

1 Modulator f

| A
> N =N
| . - -

{Spherical mirror N\ Spherical and plane |

[ covered with aluminum \ dielectric mirrors |
.

Fig. 2. Functional block-diagram of the three-wavelength
radiation source.

The optical—mechanical block is an adjustment
device from a commercial laser attached to the end of
the LG-75 laser by means of small invar rods thus
comprising the single unit with it. Resonator of the
LG-75 laser for radiation at the wavelength
A =0.63 pm is placed inside the resonator for A =3.39
and 1.15 pm. The output mirror is common for all
wavelengths. Modulator opens and closes the mirror
covered with aluminum from the side of the active
element by means of a perforated disc, then the
external resonator for A =3.39 and 1.15 pm between
dielectric mirrors is switched on and off.

When the external resonator has been switched
on, the conditions are provided for generation at
2 =3.39 um. Simultaneously occurs the generation at
the wavelength A =1.15 um. When modulator closes
the mirror, the conditions are provided for generation
at A =0.63 pm in resonator formed by dielectric
mirrors of LG-75 laser. As a result, the modulated
laser radiation appears at three wavelengths directed
along the same optical path.

The photodetection block with the system of
wavelength selection was designed for recording laser
radiation at three wavelengths (Fig. 3). The laser
beam in the photodetection block is divided into
three beams by means of the system of dividing semi-
transparent optical plates with a dielectric coating.
Radiation at the wavelengths of 0.63 and 1.15 pm is
recorded with FD-24K photodiodes. The interference
filter is used for selection of the wavelength of
0.63 um, and the silicon filter is wused for
A =1.15 um. Radiation at the wavelength of 3.39 pum
is recorded by means of an MG-30 pyroelectric
detector with a germanium filter.

Calibration of the measurement path was carried
out in order to control the linearity of the
photodetection and identification of the optical
thickness of the two-phase flow by use of standard
values of the calibration optical filters. The block-
diagram of the measurement setup is shown in Fig. 4.
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Fig. 4. Block-diagram of measurements of the parameters of
the products of burning.

Measurement results

The technique was tested and validated by
analyzing the condensed products of Dburning
(aluminum oxide) of the model compounds of mixed
solid fuels based on ammonium perchlorate, butyl
rubber, and 10% aluminum powder of the ASD-4
type. Cylinder samples of solid fuels of 47-mm
diameter and 81-mm length having mass of 0.25 kg
were used. Measurements were carried out in a
heterogeneous flow of the products of burning in a
nozzleless gas generator with the outlet diameter of
10.8 to 13.3 mm. The values of the spectral optical
thickness t, measured in the experiments did not
exceed 1 to 3. The external view of the flow of the
products of burning during the operation of the
model generator is shown in Fig. 5.

Typical experimental data of the obtained
dependences of the particle size @3, on time are shown
in Fig. 6 for different mean values of temperatures
realized in the burning chamber.

Fig. 5.
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Fig. 6.

Non-monotonic view of the dependences at high
temperatures is caused by quite strong nonstationary
behavior of the inner ballistic parameters realized
under these conditions, in particular, by moving the
boundary of the critical cross section and the change
of the length of the zone of high speed of the flow.
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Conclusion

Thus, the proposed modified method of spectral
transmission for measuring the aerosol disperse
composition is characterized by a sufficient simplicity
of instrumentation and its alignment, as well as by
the possibility of performing diagnostics of two-phase
flows of large optical density.

The instrumentation complex developed and the
software for determination of the parameters of the
products of burning were tested by means of analysis
of the disperse composition of the products of
burning of model mixed solid fuels at burning in a
nozzleless generator.
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