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Application of a Genetic Algorithm to the Optical
Characterization of Propellant Smoke
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A search procedure based on a genetic algorithm is used to determine the optical properties and the
particle size distribution function of propellant smoke from angular light-scattering measurements. The
optical properties and size distribution parameters are obtained by matching theoretical values with
measurements of the light scattered by smoke extracted from the plume of propellants that contain
aluminum, magnesium, or zirconium carbide. A genetic algorithm is used to find the theoretical scattering
pattern that best fits the measured scattering pattern. The measurements presented in this article were
not made in situ, and so the results do not accurately reflect the optical properties and size distribution
parameters of smoke found in rocket motors and plumes. However, the retrieved optical properties are
in agreement with values available in the literature, and the retrieved size distributions are consistent
with expectations based on analysis of the sampling method. Therefore, it is clear that the proposed
inversion algorithm could be used to determine the optical properties and size distribution parameters
from in situ light-scattering measurements if such measurements were available.

Nomenclature
C = angular-scattering cross sections
d = particle diameter
dC/dH = differential-scattering cross sections
d32 = mean optical size or Sauter mean diameter
/ = particle size distribution function
/ = distribution of sizes and optical properties
k = absorption index
Nc = particle number concentration
n = refractive index
p = probability
r = particle radius
V = volume
A/I = uncertainty in the normalized angular-scattering

coefficients
AH = solid angle
8 = Dirac delta function
A = wavelength
IJL = angular-scattering coefficient
(L = normalized angular-scattering coefficient
a . = geometric standard deviation
<f> = fitness function
fl = direction

Subscripts
cf = crossover

= final
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j = index
m = mean value, mutation
max = maximum
s = solution
0 = initial

Superscripts
av = average
m = measured
t - theoretical

Introduction

A DDITIVES such as aluminum, magnesium, and zirco-
nium carbide are included in formulations of solid pro-

pellant rocket motors to increase motor performance and sup-
press high-frequency combustion instabilities. The combustion
of these additives results in metallic oxide particles that dra-
matically affect the optical characteristics of the plume. Ra-
diative emission from rocket plumes plays a significant role in
the design process because of the radiant heat feedback to the
nozzle, insulator surfaces, and surface of the propellant. Ra-
diation emitted from the exhaust plumes also plays a role in
the detection and identification of missiles. The particle size
distribution function (PSDF) of the condensed phase particu-
lates is one of the most important parameters needed to predict
thermal radiation as well as the two-phase flow losses in a
rocket nozzle. To assess the effects of smoke on motor per-
formance and to characterize the radiation emitted from
plumes, the PSDF and the optical properties of the metallic
oxide smoke need to be determined.1"6

It has been well established that smoke produced by pro-
pellants containing aluminum is composed primarily of A12O3,
and that the smoke produced by propellants containing mag-
nesium is composed primarily of MgO. Reed7 states that based
on thermochemical equilibrium calculations, ZrC should burn
to ZrO2 in a rocket motor chamber. However, the degree to
which ZrC actually oxidizes to ZrO2 is unknown.
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Because of the important role played by smoke particles in
the performance of a rocket motor, particle characterization
techniques are of great interest.8 Commonly used particle-siz-
ing techniques have been reviewed by Koo9 and Brewster.10

Koo recommended the complementary use of mechanical or
collection techniques and light extinction techniques. Collec-
tion techniques are advantageous in that they are fairly inex-
pensive and straightforward, but it is difficult to obtain uncon-
taminated samples that accurately represent the particles in the
flame. Collection techniques also involve tedious data reduc-
tion and are easily biased during sample preparation. Light-
scattering and absorption measurements can be made unobtru-
sively, and so they have a tremendous advantage over
collection techniques in this regard. However, analysis of data
obtained using optical techniques generally requires knowl-
edge of the optical properties of the smoke particles. Nelson3

reports that optical property data for smoke from solid pro-
pellant rocket motors are sparse and that the use of the avail-
able data often requires considerable extrapolation. Calia et
al.11 and Parker et al.12 used a shock tube to heat rocket ex-
hausted A12O3 particles and measured the optical properties of
the particles over a wide range of wavelengths and at elevated
temperatures. However, in both of these papers the authors
commented on the possible contamination of the samples dur-
ing collection. These results illustrate the need to develop in
situ smoke characterization techniques.

Parry and Brewster13 reported the development of an in situ
light-scattering and extinction technique for determining the
optical constants and mean optical size of molten A12O3 smoke
particles. However, the inversion process required by this tech-
nique is tedious and computationally intensive.

The purpose of this article is to investigate the possibility
of determining both the PSDF and the refractive index of pro-
pellant smoke from angular light-scattering measurements. Ex-
periments were conducted in which smoke was extracted from
the plume of a propellant strand, and measurements of the
angular-scattering patterns were obtained using a multichannel
polar nephelometer. A random search procedure based on a
genetic algorithm was used to obtain the optical properties and
parameters that characterize the PSDF of the smoke. Propel-
lants containing aluminum, magnesium, or zirconium carbide
were used in the experiments.

Light-Scattering Measurements
A 15-channel polar nephelometer was used to measure the

light scattered by the smoke particles. The nephelometer's de-
tectors are located between 23-129 deg, and are positioned
such that they are equidistant in sin(0/2). The nephelometer's
light source is an unpolarized laser beam emitted by GaAlAs
laser diode with a wavelength of 0.84 /mi. Figure 1 shows the
primary components of the nephelometer. Smoke particles are
entrained in the airstream that passes through the center of the
scattering chamber and intersects the laser beam. The laser
light scattered within the acceptance cone of each detector is
measured by photodiodes. A complete description of the neph-
elometer and its calibration and operation is given by Jones.14

The measurements reported in this study were obtained
when the inlet to the nephelometer was positioned perpendic-
ular to the axis of the plume. Previous studies have shown that
the PSDF of A12O3 particles produced in propellant combustion
is bimodal. The smaller mode is composed of primarily sub-
micron smoke that is produced by detached, vapor-phase ox-
idation of the aluminum. The larger mode (10-100 /mi) is
produced by surface oxidation and condensation of the smoke
on the surface of the particle.6'8'10 Since the inlet to the neph-
elometer was positioned perpendicular to the axis of the plume
in this experiment, the momentum of the large smoke and par-
ticles formed by droplet burnout or by coalescence carried
most of them past the inlet. Therefore, the size distributions
obtained in this study are biased toward the smaller smoke and
are not representative of the size distributions found in rocket

Sheath Flow and Aerosol
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Fig. 1 Multichannel polar nephelometer.

motors and plumes. The optical properties of the smoke par-
ticles depend on their temperature.15 Since the smoke cools as
it is drawn into the nephelometer, the optical properties ob-
tained in this study correspond to temperatures that are signif-
icantly lower than that of the rocket chamber or the hotter
regions of the plume. However, the optical constants obtained
in this study could be considered representative of the smoke
particles found in the cooler regions of the rocket plume.

The smoke from three different propellants was examined
in this study. All of the propellants were ammonium perchlo-
rate-based propellants and used hydroxyl-terminated polybu-
tadiene (HTPB) as binder. The first propellant contained 10%
aluminum by weight, and the second propellant contained 10%
magnesium by weight. The detailed formulations of these pro-
pellants are given by Ishihara.16 The third propellant was a
reduced smoke propellant that contained 0.442% zirconium
carbide.

Theoretical Model of the Light-Scattering
Measurements

The nephelometer simultaneously measures the power scat-
tered in the direction of each of its 15 detectors. The ratio of
the power scattered in the direction of a particular detector to
the incident irradiance is defined as an angular scattering cross
section. Assuming single scattering, the angular scattering
cross section measured by the jth detector C} is related to the
distribution of sizes and optical properties by the following
equation:

, . / / f f j V
JVj JbClj Jk0 JnQ Jr0

X dr dn dk dO dV

dC
dH , r, n, k)

(1)

The following assumptions are made to reduce the complexity
ofEq. (1):

1) It is assumed that the smoke is composed of homogenous
spheres. Because of high surface tension, A12O3 smoke parti-
cles are highly spherical; but it is uncertain whether or not
MgO and ZrO2 smoke can be accurately modeled as spherical
particles.7 Nevertheless, predictions of plume radiation prop-
erties are generally based on the assumption that the particles
are spherical, and so the determination of the effective spher-
ical properties of this smoke is of value. Based on the as-
sumption that the particles are spherical, the differential-scat-
tering cross sections can be calculated from Mie theory.17

2) It is assumed that all of the particles have the same optical
properties. Therefore, the distribution function may be written
as the product of the PSDF and two Dirac delta functions:

/(r, n, k) =/(r)6(n - ns)8(k - ks) (2)

3) It is assumed that the particle number density is uniform
over the scattering volume.

4) It is assumed that the solid angles subtended by the de-
tectors are small, and so the integral over ft can be replaced
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by the product of the average of the differential scattering cross
sections and the solid angle subtended by each detector:

JAO,
T77 (0, r, n, k) • (r, n, *)AO, (3)

These assumptions simplify Eq. (1) to

l dCT
f(r)-^-(r,ns,ks)dr (4)

The scattering volume and the solid angle subtended by each
detector depend on the geometry of the nephelometer. When
comparing the measurements to theoretical values, it is con-
venient to remove the dependence on the geometry of the
nephelometer. For this purpose, angular scattering coefficients
are defined as the angular scattering cross sections divided by
the scattering volume and by the solid angle subtended by each
detector:

Randomly select the
initial population of
possible solutions

Calculate the fitness of
each possible solution.
Stop if a sufficiently fit
distribution is found.

Reproduce the possible
solutions based on relative

fitness values.

Create a new generation
using crossover and
mutation operators

Fig. 2 Structure of a genetic
algorithm.

flj = (5)

It can be seen from Eqs. (5) and (6) that the unknown par-
ameters are the particle number concentration, the PSDF, and
the differential scattering cross sections. A quantity that de-
pends only on the PSDF and the differential scattering cross
sections may be obtained by normalizing the angular-scattering
coefficients by their mean:

ft>j= (6)

Calculation of the theoretical angular-scattering coefficients re-
quires that the functional form of the PSDF be assumed.
Salita8'18 reported that the PSDF of combustion-generated
A12O3 particles may be approximated using a bimodal log-
normal distribution. Since only the smaller smoke particles
were drawn into the nephelometer, the unimodal log-normal
distribution given by Eq. (7) was assumed as the functional
form of the PSDF:

exp K -

/(r) = •
V2 €n(cr)

rj121
) J J

(7)

In the rare case that a large particle was drawn into the neph-
elometer, the amount of scattered light and the shape of the
scattering pattern varied greatly, so that such measurements
were easily identified and discarded.

A randomized search procedure based on a genetic algo-
rithm-was used to find the values for the refractive index, the
absorption index, the mean diameter, and the geometric stan-
dard deviation that produced the best agreement between the
measured and theoretical scattering patterns. The search pro-
cedure is described in the following section.

Genetic Algorithm Based Search Procedure
Genetic algorithms are randomized search procedures that

are based on the principle of natural selection or survival of
the fittest. Genetic algorithms have recently been applied to a
wide variety of optimization problems and have been found to
be very robust. Goldberg19 presents the fundamentals of ge-
netic algorithms in detail and describes many of the problems
in which genetic algorithms have been successfully applied.
Genetic algorithms only require the copying and exchanging
of binary strings, and so their implementation is extremely
simple. The structure of a typical genetic algorithm is shown

in Fig. 2, and the following paragraphs briefly describe each
of the steps illustrated in Fig. 2.

The first step in a genetic algorithm is the selection of an
initial population of possible solutions. In this case possible
solutions consist of values of the refractive index, the absorp-
tion index, the mean radius, and the geometric standard devi-
ation. An initial population of 101 possible solutions was cre-
ated by randomly selecting values for each of these parameters.

The second step is to define a function that will determine
the fitness of each possible solution. It is customary for the
fitness function to be chosen such that it assigns large values
to the highly fit possible solutions and low values to the poorly
fit possible solutions. Therefore, the following fitness function
was used:

15

g (flf ~ (8)

The first term on the right-hand side, <£max, was chosen to be
the largest value of the objective function observed at that
point in the search.

The third step is to copy possible solutions into the repro-
duction pool. The probability that a possible solution will be
selected for reproduction is determined by its fitness relative
to the other possible solutions. The reproduction operator is
controlled such that there is a high probability that possible
solutions with average fitness values are copied into the repro-
duction pool once, and that there is a low probability that any
possible solution is copied into the reproduction pool more
than once.

The fourth step is to create a new generation by applying
the crossover and mutation operators to each of the possible
solutions in the reproduction pool. Before using these opera-
tors, it is necessary to digitize each element of the possible
solutions using binary strings. The crossover operator is ap-
plied by randomly selecting two digitized possible solutions
from the reproduction pool. A random number is then used to
determine whether or not the selected distributions are crossed.
If the random number is greater than the crossover probability
pc, the selected possible solutions are copied directly into the
new generation, and if the random number is less than or equal
to pc, each element of one possible solution is crossed with the
corresponding element of the other possible solution. A cross-
over probability of 0.6 was used in this study. As with the
crossover operation, whether or not the mutation operator is
applied is determined by generating a random number and
comparing it to the mutation probability pm. A random number
is generated for each bit in a possible solution. If the random



JONES, BREWSTER, AND YAMADA 375

number is less than or equal to pm, the value of the bit is
changed. A mutation probability of 0.01 was used in this study.

After creating a new generation of digitized possible solu-
tions, each of the possible solutions are decoded and theoret-
ical Values of the angular-scattering coefficients are calculated.
The fitness values of the new distributions are calculated, and
the cycle is repeated until a solution is obtained.

Results
It is possible that more than one combination of optical

properties and PSDF parameters will produce scattering pat-
terns that are similar to the measured scattering pattern. It is
generally recognized that nonuniqueness is one of the primary
difficulties encountered in obtaining solutions to inverse prob-
lems. Therefore, techniques for solving inverse problems often
require the use of a priori information. In this study, the prob-
ability of obtaining extraneous solutions is reduced by care-
fully selecting the parameter space in which the search is
conducted.

The ranges over which the optical constants of A12O3 and
MgO are allowed to vary are determined based on previously
published values. Malitson20 reported that the refractive index
of A12O3 at room temperature and at A = 0.85 /nn is 1.76.
Plass21 gave a value of 1.75 for the refractive index of A12O3
at A = 1.0 /xm, and a value of 1.72 for the refractive index of
MgO at A = 1.0 /xm. He also reported that the absorption index
for both A12O3 and MgO at A = 1.0 /mi is on the order of
10~6. In a later study, Plass22 indicated that the refractive index
of A12O3 at A = 1.0 /xm varies between 1.78 at 1200°C and
1.81 at 2020°C. To select the parameter range for the smoke
produced by the propellant that contained zirconium carbide,
it is assumed that the smoke is composed primarily of ZrO2.
Rujkorakarn and Sites23 reported that the refractive index of
thin ZrO2 films varies between 2.0-2.2, and that the absorption
index is on the order of 10~3 at A = 0.6 jjum. Based on these
results, the ranges for the optical constants listed in Table 1
were selected.

Salita8 and Parry and Brewster13 report that the size of A12O3
smoke is approximately 1 /xm. However, the method used to
draw the smoke into the scattering chamber of the nephelom-
eter biased the PSDF toward the smaller smoke particles.
Based on these considerations, the PSDF parameters listed in
Table 1 were selected.

The measured normalized angular-scattering coefficients for
smoke produced by the aluminized propellant are shown in
Fig. 3. The solid curve shown in Fig. 3 is the scattering pattern
that was calculated using the refractive index and size distri-
bution parameters shown in the A12O3 column of Table 2. The
values of optical properties obtained in this study agree well
with previously published values.

The measured normalized angular-scattering coefficients for
the smoke produced by the magnesium-containing propellant

Table 1 Ranges of optical properties and size
distribution parameters

n, A = 0.84 /im
k, A = 0.84 ^m
Mean radius dm, fjum
cr

A1203

1.7-1.9
io~6-io-4

0.001-1.0
2.0-3.5

MgO
1.6-1.8

io-6-io~4

0.001-1.0
2.0-3.5

Zr02

2.0-2.2
io~4-io-2

0.001-1.0
2.0-3.5
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Fig. 4
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Fig. 3 Normalized angular-scattering coefficients for A12O3.
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Normalized angular-scattering coefficients for MgO.
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Fig. 5 Normalized angular-scattering coefficients for ZrO2.

140

Table 2 Retrieved optical properties and size distribution parameters

A1203 MgO ZrO2

n, A = 0.84 /xm 1.78
ky A = 0.84 /mi 4.4 X 10~
Mean diameter, dm, ^m 0.03
Mean optical size, d32, /im 0.35
a 2.7

1.69
4.8 X 10"

0.03
0.20
2.4

2.09
1.0 X 10"

0.07
0.99
2.8
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Table 3 Normalized angular-scattering coefficients and uncertainties

A1203 MgO Zr02

Angle, deg
23.1
29.0
34.9
41.0
47.2
53.5
60.0
66.7
73.7
81.1
88.9
97.2

106.3
116.4
128.3

3.03
2.56
1.99
1.54
1.23
0.96
0.80
0.60
0.48
0.39
0.33
0.28
0.25
0.27
0.28

0.33
0.35
0.28
0.21
0.19
0.15
0.12
0.10
0.08
0.05
0.03
0.04
0.03
0.04
0.04

3.16
2.37
2.13
1.66
1.35
1.04
0.78
0.60
0.46
0.37
0.28
0.24
0.18
0.19
0.20

0.34
0.32
0.30
0.22
0.21
0.16
0.12
0.09
0.07
0.04
0.02
0.03
0.02
0.03
0.03

2.94
2.23
1.81
1.47
1.26
1.00
0.79
0.69
0.53
0.48
0.39
0.37
0.33
0.35
0.38

0.29
0.26
0.23
0.19
0.17
0.14
0.12
0.10
0.07
0.05
0.03
0.04
0.04
0.05
0.05

PSDF^m'1)

0.1 0.2 0.3
Diameter (\im)

Fig. 6 PSDFs.

0.4 0.5

are shown in Fig. 4. The solid curve shown in Fig. 4 was
calculated using the parameters listed in the MgO column of
Table 2. The refractive index and the absorption index of MgO
obtained in this study are also in relatively good agreement
with previously published values.

The measured normalized angular-scattering coefficients for
the smoke produced by the zirconium carbide-containing pro-
pellant are shown in Fig. 5. The solid curve shown in Fig. 5
was calculated using the parameters listed in the last column
of Table 2. The values of the optical properties obtained in
this study are consistent with previously published values for
ZrO2. This result supports the assumption that the smoke pro-
duced by propellants that contain zirconium carbide is com-
posed primarily of ZrO2.

The retrieved PSDF for each type of smoke are plotted in
Fig. 6. These PSDF were used to calculate the optical mean
sizes listed in Table 2. The mean optical size for A12O3 smoke
(d32 = 0.35 jjm) obtained in this study is significantly less than
the value of approximately 1.0 /mi reported by Salita8 and by
Parry and Brewster.13 However, this is to be expected since
the sampling method biased the size distribution toward the
smaller smoke particles. Use of the available nephelometer re-
quired that the inlet to the nephelometer be aligned perpendic-
ular to the axis of the plume, and so it was not possible to
obtain unbiased size distributions. However, the inversion pro-
cedure described in this article could be applied to measure-
ments obtained on unbiased size distributions within the flame.
To obtain measurements within the flame it would be neces-

sary to design and construct a nephelometer that allows pro-
pellants to be burned within the scattering chamber. A system
capable of adjusting the position of the propellant strand such
that the distance from the burning surface to the plane defined
by the laser beam and the detectors remained constant would
also be necessary. Other experimental obstacles such as beam
steering because of density fluctuations in the flame would also
need to be addressed.

Summary and Conclusions
A technique capable of determining the optical properties

and the PSDF of propellant smoke from angular light-scatter-
ing measurements has been described. Experiments were con-
ducted in which smoke from the plume of propellants that
contain aluminum, magnesium, or zirconium carbide was
drawn into the scattering chamber of a multichannel polar
nephelometer. A model of the scattering process was devel-
oped and the smoke particles were characterized by matching
theoretical values of the angular-scattering coefficients with the
15 measured values. A random search procedure based on a
genetic algorithm was used to obtain the optical properties and
size distribution parameters that resulted in the best fit of the
measured scattering pattern.

Note that these results were obtained using a random search
procedure, and so it cannot be proved that the solutions are
unique. However, the good agreement between the refractive
indices of A12O3 and MgO reported in this article and previ-
ously published values gives confidence that the results ob-
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tained in this study are accurate. The scattering measurements
and associated uncertainties are listed in Table 3 to assist those
who may want to analyze the data using different inversion
algorithms.

Although it was not possible to obtain measurements of the
smoke particles within the propellant flame, the inversion pro-
cedure proposed in this article would have been applicable if
such measurements could have been obtained. The refractive
and absorption indices of the smoke particles examined in this
study are representative of smoke particles found in the cooler
regions of a rocket plume. Therefore, the complex refractive
indices reported in this article are useful to researchers who
are interested in using optical techniques to analyze plumes.
These measurements begin to fill the need for an expanded
database for the refractive index of metal oxide smokes. Such
data are essential to perform accurate calculations of the ra-
diative transfer in rocket plumes.
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