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Morphological Characterization and Particle Sizing
of Alumina Particles in Solid Rocket Motor
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Rocket propulsion by solid aluminized propellants produces large amounts of alumina particles, which are
the main cause of the plume’s radiative properties. There are two major factors to consider when assessing the
plume’s radiative properties using simulation tools. One is the optical properties of Al2O3 particles and the other,
their size distribution. As the morphology and nature (e.g., phase) of the particles directly impact on their optical
properties and indirectly on particle size measurement, physicochemical analyses are a useful way of evaluating
these two relevant parameters. We conducted shots experiments on a subscale solid rocket motor. Two experimental
setups were used to characterize the particles for each shot: an in situ Mie light-scattering granulometer and an
impact/collection system. We also conducted several physicochemical analyses on the collected particles. This paper
is mainly focused on the main results of particle size and morphology characterization, whereas the physicochemical
results would be presented in a next paper. We especially discuss the presence of hollow spherical particles revealed
by scanning electron microscopy and transmission electron microscopy, and we tentatively try to explain this
phenomenon and its impact on in situ particle sizing.

Nomenclature
C = extinction, scattering and absorption cross

sections, µm2

C∗ = steam water concentration, mol/m3

D32 = Sauter mean diameter of the particle size
distribution, µm

dCs/d� = differential scattering cross section
f (R) = particle size distribution defined by number, µm−4

K = extinction, scattering, and absorption
coefficients, µm−1

m(λ) = complex relative spectral optical index (relative to
the surrounding medium)

Pe = external pressure, Pa
P steam

H2O = partial pressure of steam water, atm
Pi = internal pressure, Pa
R = mantle radius of the sphere, µm
Rc = core radius of the sphere, µm
Sw = specific surface area, m2/g
T = temperature, K
t = transmittance
V (R) = particle size distribution defined by volume, µm−1

�V (θ) = observed volume for the scattering angle θ
�θ(θ) = angular aperture for the scattering angle θ , deg
��(θ) = collection solid angle for the scattering angle θ , sr
θ = scattering angle, deg
λ = wavelength, µm
ρ

s,l
al2o3

= solid and liquid density of alumina, g/cm3
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ρ̄ = mean particle density, g/cm3

σ = surface tension, N/m
υ = steam water solubility (mg H2O/g Al2O3)

contributing to spitting phenomenon
υS = saturated steam water solubility (mg H2O/g Al2O3)

contributing to spitting phenomenon
υT = total steam water solubility (mg H2O/g Al2O3)
� = wave number, cm−1

Introduction

A N ongoing project is designed to improve knowledge of the in-
frared (IR) and ultraviolet (UV) signatures of rocket plumes.

Substantial efforts have been made to model all of the aerothermo-
chemical effects1 and radiative transfer.2 To compare the measured
radiative properties with the numerical simulations, shots experi-
ments were performed on a subscale solid rocket motor (SRM).
Various experimental setups were used to characterize the plume
and estimate the IR and UV signatures.3 A SRM with aluminized
propellants produces large amounts of alumina particles that mainly
contribute to plume signatures. Consequently, the radiative proper-
ties of the cloud of alumina particles in the rocket exhaust have
become the subject of increasing interest over the past few years.4−6

We therefore focus on the determination of the optical properties7

(e.g., refractive index) and physical properties7,8 (e.g., particle size)
of alumina particles in SRM plumes. Preliminary papers9,10 have
been already presented to introduce the partial results obtained from
few experiments carried out during the year 2002. New experiments
conducted during 2003 were successful for the capture of grams of
exhausted alumina. Therefore, new techniques, which are reported
here, were applied to the characterization of the collected powders.
Because these results modify some of our previous conclusions, we
resume the preceding works in this full paper under a new lighting.

Alumina particles were characterized during the shots experi-
ments by an instrument for in situ particle sizing and a particle col-
lection system. Optical techniques are well-established methods of
providing high quality results for in situ measurements and are there-
fore particularly suitable for particle sizing in SRM exhausts.11−13

A Mie light-scattering granulometer14,15 was developed in order
127



128 GOSSÉ ET AL.

to determine the particle size distribution (PSD) from direct mea-
surements of laser light single scattering during shots experiments.
Two distinct setups were also used to collect alumina fumes: an
impact system and a cyclone collection system. The collected or
impacted particles were analyzed by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and the Brunauer,
Emmet, Teller (BET) Method. As the nonporosity of particles was
confirmed by the BET analyses, density measurements of the col-
lected powder were performed with a helium pycnometer. The mea-
sured mean density (typically 3.5 g/cm3) of the collected particles
is slightly lower than the bulk alumina density. Low densities in
the 2.5 ± 1 g/cm3 range have already been observed in collected
alumina particles. It was most often explained by assuming that
the exhaust particles were highly porous,16 even if the presence
of hollow particles were not excluded.5,17 In this work, SEM and
TEM observations of collected/impacted samples clearly revealed
the presence of hollow particles, even if this phenomenon concerns
only few percents of the collected particles.

The possible presence of inhomogeneous particles in the plume
could induce errors in the estimation of the particle cloud’s radiative
properties. First, heterogeneity directly influences the assessment of
radiative parameters. The second effect is indirect and related to the
predominant contribution of PSD in the estimation of the cloud’s
radiative properties. As PSD is obtained through an inverse method
based on a model predicting the scattering properties of a sphere,
the impact of this heterogeneity on the determination of PSD must
be considered. In both cases, a better comprehension of phenom-
ena deriving heterogeneity is required. The melted ceramics (e.g.,
volcano lava) or metals (e.g., in welding process) can absorb large
amount of gas. Because of its higher density, the solid state cannot
contain as much gas as the liquid form. The surplus of gas is then
expulsed during solidification. This phenomenon is denoted fluxing
or spitting. The high solubility of water steam in liquid alumina18

associated to a partial steam water vapor pressure inside the com-
bustion chamber about 5 atm could both be sufficient to induce
the spitting phenomenon for alumina particles. Considering spit-
ting phenomenon with few assumptions, we proposed an empirical
model to predict the heterogeneity comportment. We then adjusted
this model to obtain heterogeneity laws matching the SEM–TEM
experimental data.

The inverse method associated with the Mie light-scattering gran-
ulometer was then modified to include a heterogeneity law. The mea-
sured light-scattering diagrams are inverted with both assumptions
of homogeneous and heterogeneous spheres. The size distribution
and the physicochemical properties of the collected particles can be
influenced by their path and thermal history in the plume. To com-
pare the in situ PSD to the collected one, spectral extinction mea-
surements were performed using several potassium bromide (KBr)
pellets containing collected particles. The inverse method initially
designed for Mie scattering data was adapted to spectral extinction
data. As most of the collected particles are homogeneous, the PSD
of collected particles is derived only considering full spheres. Be-
cause of the possible selectivity of the cyclone in particle collecting
and the probable presence of aggregates in the collected particles,
few biases can nevertheless exist and should be considered.

Finally, using all of the retrieved PSD, we derived the mean den-
sity, the mean diameter, and the mass fraction of γ -Al2O3. These
data were then compared with the same parameters directly derived
from physicochemical analyses of the collected particles (see Refs. 7
and 8 for more details). Considering all of these results, the accuracy
of the determined PSD and the pertinence of the heterogeneity law
are then evaluated and discussed.

Shots Experiments on a Subscale SRM
General Description of the Shots Experiments

Figure 1 is a schematic diagram of the test bench used for the
shots experiments, showing the layout of the various measuring in-
struments. Spectral measurements of the plume were carried out
using an IR spectrophotometer and UV and IR cameras. As we are
focusing on particle characterization, we do not discuss these ex-
perimental setups and their associated results. In the following, we

Fig. 1 Schematic representation of the test bench.

Fig. 2 Nephelometer block diagram (not to scale).

describe more precisely the instrumentation used for in situ par-
ticle sizing, that is, a light-scattering nephelometer and the tools
developed to collect the particles.

In Situ Light-Scattering Nephelometer
Reference 15 presents a complete and detailed description of the

device setup and its associated alignment and calibration proce-
dures. Figure 2 briefly describes the nephelometer used. The plume
section is illuminated by a linearly polarized high-power visible
laser beam. The scattered light is collected by a set of 20 mirrors
Mi placed tangentially along an elliptical path covering scattering
angles θi from −45 deg to 45 deg. An interferential filter centered on
the laser wavelength suppresses any stray light or plume emission
at other wavelengths. One focus of this ellipse coincides with the
center of the observed volume �V defined as the intersection of the
laser beam and the field of view (FOV) of the nephelometer here
equal to 5 deg. A rotating mirror located at the other focus collects
the light sequentially from each mirror Mi . For each scattering angle
θi , the setup satisfies �V (θi ) × ��(θi ) = const. ∀ θi , where �V (θi )
and ��(θi ) are respectively the volume observed and the collection
solid angle, that is, the full angular aperture �θ(θi ). A photomulti-
plier tube (PMT) converts the collected light into an electrical signal.
We also measure the light transmitted through an optical density to
evaluate the optical thickness (OT) for each scattering diagram col-
lected every 20 ms. The scattering diagrams are measured during
the experiment’s period of stability (in terms of pressure). We only
consider the PMT scattering signals that satisfy the OT condition
limit: OT ≤ 0.1. The mean and standard deviation (SD) of these sig-
nals are then evaluated and corrected using an adequate calibration
procedure.

The beam steering effect could provide some difficulties for any
particle size measurement technique based on the forward scatter-
ing at small angles.19 In our opinion, the large FOV limits this phe-
nomenon. Moreover, the small variations on the observed volume
and its associated mean scattering angle are smoothed by the statis-
tical approach. To consider few residual perturbations, we neverthe-
less invert the measured data by integrating the theoretical scattering
diagrams in the range [θ − �θ, θ + �θ ]. Two scattering measure-
ments are performed in plane sections perpendicular to the plume’s
axis of revolution. Each plume section is characterized by two pa-
rameters as described in Table 1: the distance d between the mea-
surement and the nozzle outlet planes and the distance h between the
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Table 1 Definition of the different measurements

Measure d , mm h, mm Øplume estimated, mm

S1 110 0 120
S2 210 85 190

laser beam and the plume axis (see Fig. 1). We investigate the radial
variability of PSD in the plume. The scattering data S1 acquired on a
diameter of the plume’s circular section (h = 0) uniformly integrate
the contributions of each radial area. The measurement S2 taken on
a cord (h �= 0) overestimates the contributions of the external radial
zones. By convenience, the measurements S1 and S2 will in the
following be referred to as “global” and “external” measurements
respectively.

Impact/Collection System
As previous workers,19−21 we developed and adjusted a subscale

SRM to simulate operating conditions similar to those of a full-size
engine. Working pressures of about 40 atm and a combustion cham-
ber temperature of approximately 3000◦K are obtained. The small
quantity of aluminized butalane propellant (2.5 kg) gives a work-
ing time of approximately 2 s. Seven experiments were conducted.
To not perturb the gas flow and consequently to not interfere with
the spectral measurements, the fumes were collected at a distance
L = 4 m (see Fig. 1) between the impact system and the nozzle
outlet plane. We used dry methods to avoid any chemical reactions
between the crystalline structures and H2O as has already occurred
in the past.16 The first experimental setup is an impact system based
on a cross-shaped support equipped with retractable pellets holders.
The plates made of wood metal are exposed to the plume during
0.2 s. The second setup uses a cyclone technology that is consid-
ered efficient in trapping micrometric fumes. A tube is connected to
this cyclone and fixed on the cross-shaped impact system. We did
not collect the particles close to the nozzle outlet plane. Comparing
the parameters issued from the collected powder to those retrieved
from in situ optical measurements could be biased. First, the thermal
history in the exhaust is very complex, and the collected particles
could differ from those locally measured in the plume. Moreover,
as the particles are not collected separately according to their size,
the presence of aggregates in the collected powder is probable. Be-
cause of the distance of collection, we could also point out a potential
weaker efficiency of both systems to capture the largest particles,
contrary to the small ones that mainly follow the gas.

Analysis of Collected Particles
Morphological Characterization of Collected Al2O3 Particles

The collected and impacted particles were characterized by nu-
merous SEM observations. The particles are mainly spherical and
range from 0.1 to 20 µm in diameter, the majority being fine parti-
cles 0.1 to 2 µm in diameter. The smooth surfaces observed seem
to indicate low particle porosity. At a higher magnification, we de-
tected systematic occurrences of large (diameter Ø > 2 µm) broken
hollow spheres (Fig. 3). To verify if small particles could be hollow,
TEM observations (Fig. 4) were performed and associated to con-
trast level measurements as illustrated in Fig. 5. The increase of the
contrast in the center of the particle clearly confirms the presence of
hollow unbroken small particles. TEM observations also assess that
only a few percent of small particles are hollow. The measurement
of TEM contrast is limited to small particles (Ø < 2 µm) where the
thickness to be crossed by electron is not too high. We cannot cur-
rently confirm if this tendency still occurs in the large size range.
In the following, we defined heterogeneity ε(R) = Rc/R as the ra-
tio of core radius Rc vs the mantle (or total) radius R. SEM and
TEM observations are used to evaluate a representative data set of
heterogeneity ratios of the observed hollow particles.

Density Estimation and BET Measurements
The powder is collected in the outlet at the bottom of the cy-

clone. First, a heat treatment at 750◦C during 3 h in air is applied
to a sample of collected particles to eliminate all of the impurities

Fig. 3 Broken hollow alumina particle observed by SEM.

Fig. 4 Hollow alumina particle observed by TEM.

Fig. 5 TEM contrast level diagram.

(2–6% from total weight). Using a helium pycnometer, the mea-
sured density obtained on this sample is ρmeas = 3.55 ± 0.05 g/cm3.
Measurements of specific surface area (SSA) can also be used to
correlate the mean particle density and the mean particle size and
to verify particle porosity. Using BET method on the same sample,
the measured SSA is Sw = 2.56 ± 0.07 m2/g. This low value favors
the hypothesis of nonporous particles. The SSA might be related
for a distribution of spherical particles to mean particle density ρ̄
and mean particle diameter D32 through the following relations, for



130 GOSSÉ ET AL.

nonporous [Eq. (1)] and porous [Eq. (2)] spheres, respectively:

Sw ≈ 6/(D32 × ρ̄) (1)

Sw ≈ 12/(D32 × ρ̄) (2)

where the mean particle diameter D32 is defined as follows:

D32 = 2

∫
f (R)R3 dR

∫
f (R)R2 dR

(3)

where f (R) is the PSD defined by number (µm−4). Suppos-
ing that the sphere is permeable and using the measured density
ρmeas = 3.55 ± 0.05 g/cm3, we obtain D32 ≈ 1.32 ± 0.06 µm. Ac-
cording to the SEM analyses, this value overestimates the mean di-
ameter of the particle distribution. This result assesses that the parti-
cles are hermetic. As a result, we have (ρ̄ × D32)meas = 2.35 ± 0.05
and Dmeas

32 = 0.66 ± 0.03 µm. This last value will be used in the
following sections to assess the data retrieved from PSD measure-
ments.

Empirical Law for Heterogeneous Particles
The existence of large cavities inside the particles is established.

Consequently, the presence of hollow spheres needs further expla-
nations. Various processing techniques were developed for making
ceramic hollow spheres as a result of their growing potential appli-
cations. In particular, rf thermal plasma processing22 can be used
to prepare hollow alumina particles. Thermal plasma ensures high
temperature for the particles to melt and is similar in that sense to
the SRM operating mode. The phenomena advanced to explain the
presence of hollow particles in plasma processing should be con-
sidered. A first model was proposed to include the modification of
densities between the solid and liquid phases.23 On cooling, a solid
layer grew at the particle surface. Because the density of solid Al2O3

ρs
al2o3

is higher than that of liquid Al2O3 ρl
al2o3

, porosity will form
inside the sphere during further solidification. With this assump-
tion, the heterogeneity ε = 3

√
[1 − (ρl

al2o3
/ρs

al2o3
)] is independent of

the particle radius. As the measured ratios clearly show dependence
to the particle radius, this model is inefficient. Another possibility
was advanced to explain the presence of hollow spherical ceramic
particles.24 During melting, the release of entrapped gas (in partic-
ular water vapor) in the dried agglomerates is supposed to cause the
internal cavity.

In SRM, the pressure of gases mainly compounded by H2, CO,
HCl, H2O, and N2 is also high (50 atm or more). Liquid alumina
is able to dissolve gaseous H2O, and the spitting effect of liquid
alumina under steam atmospheres has already been reported.25,26

No equivalent Al2O3 spitting process exists under other gaseous at-
mospheres (He, H2, N2, O2, and air).26 The spitting phenomenon
occurs during the liquid to solid transition, which is apparently a
very fast reaction. The surplus H2O is expelled from the Al2O3

lattice during the solidification process, mainly near the melting
temperature (2327 K) because of the high-speed kinetics involved.
To reproduce this spitting phenomenon, an experiment was con-
ducted on a steam aerodynamic levitation device, at atmospheric
pressure.27 After melting a 2-mm-diam alumina droplet with a CO2

laser, the beam was cut off, and the cooling alumina observed with
a high-speed camera (500 Hz). As long as the Al2O3 remained liq-
uid, no spitting was observed. However, as soon as the temperature
reached the melting point of Al2O3, large gas bubbles escaped from
the droplet until the alumina became completely solid (Fig. 6). The
residue thus obtained was both spherical and hollow.

According to Coutures et al., the total saturation solubility υT

of H2O vapor absorbed in the Al2O3 lattice is proportional to the
square root of the water vapor partial pressure P steam

H2O (Ref. 26):

υT ≈ 0.62 ×
√

P steam
H2O + 0.46 (4)

For P steam
H2O = 0.83 atm and pure alumina, they measured υT = 0.97 ±

0.07 mg H2O/g Al2O3 and also estimated the saturated solubil-
ity contributing to the spitting to be approximately the half of the

Fig. 6 Alumina droplet under aerodynamic levitation expelling a gas
bubble.

total saturation solubility: υS = 0.50 ± 0.05 mg H2O/g Al2O3. Fur-
thermore, they established that the solubility contributing to spit-
ting υ follows a kinetic process. It increases quickly toward the
value of saturation and then decreases more slowly, tending to-
ward an equilibrium value that is around half the saturation value:
υ = 0.25 ± 0.02 mg H2O/g Al2O3.

Introducing the molar mass MAl2O3 = 0.102 kg mol−1 and density
ρAl2O3 = 2890 kg/m3 of liquid alumina,27 the water steam concen-
tration C∗ can be derived as follows:

C∗ = υ × ρAl2O3

MAl2O3

(mol/m3) (5)

To understand the occurrence of hollow alumina particles in our
collected powder, we applied an empirical model based on a phe-
nomenological approach to spitting. Using the Laplace equations,
respectively for a liquid drop in gas and a gaseous drop in liquid,
we derived the following relation for a hollow liquid drop:

Pi − Pe = 2σ(1/Rc + 1/R) (6)

where Pi and Pe are the pressures applied on the inner and outer
surfaces of the hollow liquid drop, respectively, σ is the surface
tension of the liquid material, and Rc and R were already defined.
Assuming that H2O is the only gas dissolved in liquid alumina, the
number of gaseous H2O moles inside the Al2O3 spherical particle
at the melting point of alumina (T = 2327 K) given by the ideal-gas
law is

nH2O = Pi 4π R3
c

3RT
(7)

In relation (7), the parameter R = 8.3144 J mol−1 K−1 is the universal
gas constant. The solubility υ of H2O in liquid Al2O3 contributing
to spitting can be expressed as

υ = nH2O

nAl2O3

= MAl2O3 Pi R3
c

ρAl2O3 RT
(

R3 − R3
c

) (8)

and consequently, the water steam concentration C∗ is

C∗ = Pi R3
c

RT
(

R3 − R3
c

) (mol/m3) (9)

Identifying the Pi expressions in relations (9) and (6), we finally
derived a formulation that relates the radius to the heterogeneity ε
and the concentration C∗:

R = g(ε, C∗) (10)
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Fig. 7 Comparison of relative density ratios.

where

g(ε, C∗) =
[

(2σ/C∗RT ) × (ε2 + ε3)

1 − [
(1 + Pe/C∗RT ) × ε3

]
]

(11)

In relation (11), the external pressure value and surface ten-
sion of liquid alumina at the melting point were respectively set
at the following values: Pe = 105 Pa, and σ = 0.65 N/m (Ref. 27).
SEM and TEM observations gave a data set of heterogeneity ratios
ε(R) = Rc/R that is relatively dispersed. We first derived the smooth
concentration C∗

f fitting these ratios. A simple iterative method on
the concentration C∗ is used to minimize the following function:

F = 1

N

N∑

i = 1

[
Ri − g(εi , C∗)

Ri

]2

(12)

where Ri and εi are respectively the measured radius and the corre-
sponding measured heterogeneity ratio and N the number of data.
We obtained C∗

f ≈ 85 mol/m3. Identifying for each radius R the
relation (10) and using a simple iterative method on the hetero-
geneity, its corresponding law of heterogeneity ε(R, C∗

f ) was then
derived. Applying this method, we also constructed two bounding
functions ε(R, C∗

f ± �C∗). We increased the parameter �C∗ un-
til these limit functions defined an interval including 90% of the
experimental points (see Fig. 7). We obtained �C∗ = 45 mol/m3,
that is, C∗

min ≈ 40 mol/m3 and C∗
max ≈ 130 mol/m3. To improve our

approach, we compared our semi-empirical approach to a fitting
model of density published in the work of Beiting.17 It expresses
the individual density ratio (density of bulk alumina ρbulk = 3.97) of
a particle as a function of diameter as follows:

ρ(R)/ρbulk = 0.416 + 0.605 × 10−0.39R (13)

This empirical model was derived to fit the retrieved densities of
the small particles observed in stratospheric exhausts of large SRM.
This model only considered small particles less than 5 µm as larger
ones are not captured because of sedimentation effect. In Fig. 7,
we confront this model with our own empirical model according to
ρ(D)/ρbulk = 1 − [ε(R, C∗)]3. The Beiting model and our models
give an identical behavior for particles below 5 µm in diameter.

Particle Sizing
Theoretical Background

Noisy inverse problems are “ill conditioned” and have endless
solutions. So, both the accuracy and stability of the resulting dis-
tribution function from noisy data are generally poor and require
regularization. We developed a specific inverse method where reg-
ularization is based on a numerical filtering approach that is self-
consistent with data uncertainties (see Refs. 14 and 15 for more
details). The measured media are made of randomly distributed
spheres with a known law of heterogeneity ε(R). These media are

illuminated by a linearly polarized laser at wavelength λ0 or a spec-
tral source in the range [λmin, λmax]. The relative refractive index
at wavelength λ of the core and the mantle are mc(λ) and mm(λ),
respectively. Using adequate experimental setups, mean scattering
signals at scattering angle θi , and mean spectral data at wavelength
λi (defined in the surrounding media) are respectively proportional
to the integrated differential scattering cross section S(θi ) and the
extinction coefficient Ke(λi ), which are defined by

S(θi ) =
∫ ∞

0

f (R)

∫ θi + �θi

θi − �θi

dCs

d�

[
R

λ0
, mc(λ0), mm(λ0), ε(R), θ

]
dθ dR

(14a)

Ke(λi ) =
∫ ∞

0

f (R)Ce

[
R

λi
, mc(λi ), mm(λi ), ε(R)

]
dR (14b)

In the preceding relations, dCs/d� is the differential scattering cross
section for a linearly polarized laser, and Ce is the extinction cross
section, both evaluated using an algorithm based on the work of
Toon and Ackerman.28 Equations (14) are written in a more general
form:

U (xi ) =
∫ ∞

0

f (R)ψ(R, xi ) dR (15)

where U is proportional to the measured data and xi is a discrete
parameter of the measurement and assuming N discrete measure-
ments. A system of N Fredholm integral equations of the first kind
was then defined and transformed as follows:

U (xi ) =
∫ Rmax

Rmin

h(R)
xi (R) dR (16)

with


xi (R) = ψ(R, xi ) exp(−γ R)

π R2
(17)

h(R) = π R2 exp(γ R) f (R) (18)

Parameters γ and Rmin were evaluated by the program and depend
on the value of Rmax supplied by the user. At step p of the numer-
ical filtering scheme, the function h(R) was written as the sum of
M(p) ≤ N cubic B-spline functions S p

j (R), having nodes defined by
cutoff frequency ωmax(p − 1). This frequency results from the nu-
merical filtering process and evaluated using distribution h p − 1(R)
and data uncertainties �U (xi ) (see Ref. 14 for more details). By set-
ting the spline decomposition in the relation (16), an overdetermined
linear system is obtained and solved29 to give the spline decompo-
sition coefficients cp

j . The global iterative algorithm is performed,
although the stopping criterion |ωmax(p) − ωmax(p − 1)| < εω is not
verified. When the method achieves global convergence, the best lin-
ear approximation of distribution function h∞(R) is obtained and
finally yields the smooth PSD f ∞(R). In the following, the solution
is expressed by volume according to

v(R) = f ∞(R) × Vp(R) (19)

where Vp(R) = 4π R3/3 and is normalized for the graphical repre-
sentation using the relation:

v(R) = v(R)/max
R

[v(R)] (20)

Parameters Retrieved from PSD
Physicochemical characterizations7−9 indicate that 20–40% of

the powder mass is made of α-Al2O3. The remaining 60–80% is
a complex spinel-type compound denoted γ -Al2O3. Using micro-
Raman microscopy, we have also observed that the smaller drops
less than 3 µm in diameter do not contain α-Al2O3. Using the
smooth PSD, we derived few physical parameters and compared
them to the equivalent data from the physicochemical particle anal-
yses: the mean diameter D32 [see Eq. (3)], the mean density ρ̄, and
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the mass fraction of spinel phases η. Each phase has its own density:
ρα = 3.97 g/cm3 and ργ = 3.65 g/cm3. The density of alumina ρ(R)
is thus a function of the radius:

ρ(R) = ργ ∀R < RL ρ(R) = ρα ∀R > RL (21)

The mean density ρ̄ = fm/ fv is the ratio between the volume mass
fm (in g/cm3) and the volume fraction fv , respectively, defined by

fm =
∫

f (R)Vp(R)ς(R)ρ(R) dR (22)

fv =
∫

f (R)Vp(R) dR (23)

where ς(R) = 1 − ε(R)3. Physicochemical analyses also give the
ratio η of the mass of the γ spinel phases to total mass. Using the
retrieved PSD, this ratio is calculated as follows:

η = f γ
m

/
fm (24)

with

f γ
m =

∫ RL

Rmin

f (R)Vp(R)ς(R)ργ dR (25)

Results
PSD by Inversion of Scattering Data

The shots experiments have a very brief stability period of around
1.3 s. Only P = 50 scatter diagrams consisting of 20 discrete scat-
tering angles and P transmission measurements were performed.
The mean diagrams and their confidence intervals for the two mea-
surements are presented in Fig. 8.

Because of the relatively small number P of scattering diagrams
and plume instability, large uncertainties are observed. The associ-
ated noise levels are around 17% for the global measurement and
around 30% for the external one. Because of turbulence phenom-
ena, plume stability decreases as the distance to the plume center
increases. External scattering data consequently present a higher
noise level than global ones.

The measurements are performed between the nozzle outlet plane
and the first recompression zone (Mach disks). Because of the high
cooling rate of the particles, a phase transition liquid to solid could
occur in this area and the probability to have hollow particles exists.
Consequently, we invert the scattering diagrams considering that all
of the observed particles are hollow or full. The Anfimov model30

is used to predict the evolution of optical indices of Al2O3 at a high
temperature, here set at 1800 K following aerothermochemical sim-
ulations performed to evaluate the temperature of the particles for
the subscale SRM used. The retrieved normalized smooth PSD v(R)
obtained for each scattering diagram is presented in the following

Fig. 8 Scattering data for the shots.

Table 2 Retrieved parameters for both in situ measurements

Data Dhom
32 ρhom ηhom Dhet

32 ρhet ηhet

S1 0.42 3.7 0.87 0.65 ± 0.10 2.20 ± 0.50 0.84 ± 0.04
S2 0.49 3.7 0.89 0.43 ± 0.05 2.95 ± 0.25 0.94 ± 0.02

Fig. 9 Normalized smooth PSD v(R) for S1.

Fig. 10 Normalized smooth PSD v(R) for S2.

figures. For global data (see Fig. 9), the assumption of homogeneous
spheres gives a bimodal PSD. The two wide peaks are respectively
centered near 0.2 and 2.5 µm. Using the three heterogeneity laws, a
trimodal distribution is obtained. A peak of larger particles centered
near 12 µm appears. The second mode is translated to a smaller
median radius near 1.25 µm and is narrower. The first peak is also
subject to a minor translation toward small radii and is located near
0.15 µm. For the external data set, the retrieved PSDs are less influ-
enced by particle heterogeneity, even if differences still remain on
the localization of both peaks (see Fig. 10). It can be considered that
the high noise level reduces the sensitivity of the inverse method.
Only the more heterogeneous assumption obtained with the value
C∗

max gives trimodal distribution.
We used the PSD v(R) and associated heterogeneity law εhet(R)

defined in the preceding section to evaluate the mean diameter, the
mean density range, and the mass fraction of the gamma phase.
In Table 2, we compare the parameters of the global and external
measurements.

Suppose that heterogeneous spheres give a global D32 larger than
the external one, whereas this tendency is inverted if we assume
that the spheres are full. Aerothermochemical simulations of the
plume show that the heavier particles remain concentrated in the
center of the plume, whereas the lighter particles are uniformly dis-
tributed throughout the plume because they follow the combustion
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gases. Therefore, the PSD obtained in the external radial layers of
the plume must have a lower mean radius than a PSD including
all of the concentric layers. From this point of view, the results
obtained assuming heterogeneity are more accurate. We now con-
front the global parameters obtained using the heterogeneous and
homogeneous assumptions with the parameters directly estimated
from the analyses of the collected particles, that is, ηmeas

∼= 0.7 ± 0.1,
Dmeas

32 = 0.66 ± 0.03, and ρmeas = 3.55 ± 0.05. The retrieved hetero-
geneous in situ mean diameter Dhet

32 = 0.65 ± 0.1 is close the esti-
mated value on the collected powder Dmeas

32 = 0.66 ± 0.03, whereas
homogeneous assumption gives a lower value. The in situ gamma
mass fraction and mean density respectively overestimates and un-
derestimates the values obtained on the collected powder.

PSD by Inversion of Extinction Data
A 1% in mass Al2O3-KBr mixture was prepared and then pressed

to form two pellets. The spectral transmittances of these pellets and
of a KBr reference pellet were measured using a Fourier transform
infrared spectrophotometer from 370 to 7500 cm−1. The results
are presented in Fig. 11. Both pellets give similar transmittances.
To derive spectral data to be inverted, we first verify that pellet
thickness is constant. The residual porosity of KBr is also assumed
to remain identical for all of the samples. With these assumptions,
the spectral data β(�) proportional to the extinction coefficient are
derived according to

β(�) = cste × ln[tsample(�)/tKBr(�)] (26)

We first interpolate the spectral data β(�) in a finite set of N = 31
wavelengths [λi ] that are equally spaced in the spectral range
[2–12 µm]. We then calculate the mean of β(λ) obtained on the
two pellets, and we define random uncertainties having a mean SD
set at 20% in order to compare the PSD retrieved from extinction
data to those issued from scattering measurements. The correspond-
ing data are presented in Fig. 12.

The inversion of extinction data requires an a priori knowledge
of the optical indices of alumina and KBr, which are obtained from
bibliographical data.31 The noisy extinction data are inverted with
the assumption of homogenous spheres. The resulting normalized
smooth PSD v(R) in volume is presented in Fig. 13. Residual aggre-
gates of individual particles give a fourth mode located near 50 µm.
Eliminating this mode, we evaluate the parameters corresponding
to this PSD and compare them to the measured ones (see Table 3).

Table 3 Powder parameters

Data type D32 ρ̄ η

Measured 0.65 ± 0.10 3.55 ± 0.05 0.7 ± 0.1
Evaluated 0.56 3.74 0.74

Fig. 11 Measured spectral transmittances.

Fig. 12 Mean and SD of β(λ) for the powder.

Fig. 13 Normalized smooth PSD v(R) for powder.

Fig. 14 Normalized smooth PSD v(R) for powder and in situ measure-
ment.

Considering the uncertainties, the data are close. The underesti-
mation of the evaluated mean diameter can be related to the presence
of aggregates in the powder. In the physicochemical analyses of den-
sity and gamma mass fraction, the aggregates do not interfere. The
lack of density can be explained as the powder contains a small
fraction of hollow particles. In Fig. 14, we confront the PSD of the
powder to the in situ measured ones. The small particles present
identical modes. This result tends to infirm the lack of efficiency
of the cyclone to collect large particles as already mentioned. The
modes are weakly shifted toward smaller radii. This phenomenon
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seems to be more intense for large particles. An explanation can
be tentatively proposed. A hollow particle crosses all of the recom-
pression (Mach disks) and postcombustion zones that could present
very high temperatures over the melting point. If we consider a weak
thermal inertia, this particle could melt. The residual water steam in
this new liquid particle could be then insufficient to induce a novel
spitting. A full sphere with a lower radius satisfying the mass con-
servation is finally obtained. This phenomenon could also explain
the small fraction of hollow particles in the collected powder.

Discussion
Water Steam Concentration

We have plausibly suggested that there is spitting at the liquid
to solid transition, which would explain the heterogeneity of col-
lected particles. Therefore, we assumed the water steam concen-
tration before solidification to be unknown. We proposed a simple
empirical model to predict particle heterogeneity using this value
as an adaptable fitting parameter. Using experimental techniques to
determine the heterogeneity directly from powder analysis, we es-
timate the water steam concentration C∗ = 85 ± 45 mol/m3 fitting
the experimental values. Coutures et al. have experimentally studied
the spitting of water steam in alumina. Even if the SRM operating
conditions are far from the working characteristics of their experi-
ments, it could be of interest to discuss how the work of Coutures
et al. could corroborate our estimation of the water steam concentra-
tion. The incorporation of steam water in an alumina liquid droplet
is a kinetic process. As a consequence, it mainly depends on the
temperature, size of the liquid droplet (i.e., the surface exchange),
and melting time. In a SRM chamber, gases and liquid alumina
drops reach a temperature of nearly 3000 K. The size of liquid alu-
mina droplets is typically between 20 and 200 µm before breakup,
and their lifetime can be estimated between a few milliseconds and
a few tens of milliseconds. Deriving a kinetic law predicting the
steam water’s concentration as a function of time for those liquid
droplets at very high temperature is difficult. Nevertheless, we can
reasonably presume that the maximum or equilibrium values and
their relative ratios are globally unchanged. Considering this hy-
pothesis and also supposing that the relation (4) is conserved for
P steam

H2O = 5 atm, the concentration contributing to spitting should lie
within the 120 ± 50 mol/m3 range that is relatively close to our re-
sults. Additionally, in the SRM shot a complex mixture made of
α-Al2O3 and spinel-type alumina denoted γ -Al2O3 is formed,7−9

whereas in Coutures work, we can anticipate pure α-Al2O3. As the
difference of density between liquid and solid states for γ -Al2O3

decreases, the concentration contributing to spitting for a SRM ex-
haust mainly made of γ -Al2O3 could be reduced and can contribute
to moderate the retrieved concentration on the collected particles.

How Could the Results Be Representative of a Full-Size SRM?
The presented results have been obtained on a subscale SRM.

Such experiments have been intensively used to study the alumina
particles19−21 exhaust or the validation of stability prediction32 in
SRM. As already mentioned, the SRM used in this paper was spe-
cially developed to deliver a specific set of representative operating
conditions of a full-size SRM. Nonetheless, we could wonder if the
behaviors described in this paper could be also present in a full-
size SRM. It is impossible to answer to this question in an absolute
way because many factors should be considered. Nevertheless, few
arguments could be underlined in favor of discussing this question.

As the spitting could interact concurrently with the breakup and
coalescence event, a most recent campaign of shots experiments
has been performed on the same subscale SRM used in this work.
An identical AP-HTPB-Al propellant was burned, but the nozzle
was less divergent. Higher working pressures of about 50 atm were
also obtained. The collected particles verify the heterogeneous laws
presented in this paper. Using the heterogeneous laws described here
and assuming all of the particles are hollow, quite identical PSD
were retrieved. These results seem to indicate a moderate influence
of nozzle geometry on the spitting phenomenon. Nevertheless, the
fraction of hollow particles is reduced and becomes less than 1%.

This tendency is confirmed by the measurement of mean density:
ρ̄meas = 3.80 ± 0.04. In this second campaign, higher temperatures
of the particles and the gases were revealed by the IR observations.
We can reasonably suppose that the probability for a hollow particle
to melt before its capture was enforced.

We could also point out previous observations of hollow par-
ticles for various subscale SRM associated with the Aerodynam-
ics of Segmented Solid Motors program,32 which was devoted to
characterize the Ariane V SRM. Different operating conditions and
AP-HTPB-Al propellants were used to perform many shots. Very
large hollow particles were observed during these shots. Unfortu-
nately, this point was not further investigated.

Another statement could be mentioned in order to support the
potential applicability of our results for full-size SRM. We can notice
that the in situ mean density derived in this paper is close to the
density 2.5 ± 1 g/cm3 range reported in previous work.5,17 This value
was obtained on full-size SRM at high altitudes having PSD close to
ours. As high altitudes considerably reduce the plume temperature,
the consequences of the spitting phenomenon could be then less
affected by the thermal structure of the plume.

Conclusions
The morphological properties of alumina particles collected dur-

ing subscale SRM tests are fully characterized. The characterization
of these powders by TEM and SEM indicates that drops are formed
from spherical particles between 0.1 and 20 µm in diameter. These
drops could be hollow, and, in view of the BET results, the particles
are probably nonporous. The formation of hollow particles is then
justified by the spitting phenomenon that occurs during the solidifi-
cation process and is caused by the presence of gaseous H2O inside
the combustion chamber. Despite the complexity of describing the
spitting phenomenon in a SRM, an empirical predictive model is
introduced. Its validity and its accuracy are widely discussed.

Particle size analysis based on two inverse methods associated
with appropriate experimental setups is carried out. These methods
are based on in situ light scattering measurements or the spectral
extinction characterization of collected particles. Integrating an em-
pirical model predicting heterogeneity into inverse method fits the
retrieved in situ PSD well from an aerothermochemical point of
view, thus backing up the pertinence of the empirical heterogeneity
law. Using reasonable assumptions on the collected particles, the
comparison of in situ PSDs and those derived from extinction data
on collected particles is consistent. Furthermore, considering all of
the uncertainties, the parameters retrieved from the PSD of collected
particles are reasonably close to the equivalent measured data.

A recent campaign confirms the heterogeneous laws to be per-
tinent but clearly shows that the fraction of the hollow particles in
the collected powder is variable. This result points out the complex
evolution of the morphology and PSD in the plume. For a better
comprehension of these evolutions, we intend to perform system-
atic morphological size and physicochemical characterization of
particles collected in different zones of large SRM using a more
efficient collection system based on a 13-levels cascade impactor.
New optical in situ granulometers under development would be also
used to perform local analyze of dense scattering media.
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Chimiques et Morphologiques de Particules,” ONERA, Technical Rept. RT
4/08373 DOTA, Palaiseau, France, April 2004.
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Hautes Températures et des Réfractaires, Vol. 17, 1980, pp. 351–361.

27Millot, F., Glorieux, B., and Rifflet, J. C., “Measurements of the Physico-
Chemical Properties of Liquid Alumina Using Contactless Techniques,”
Solid Propellant Chemistry, Combustion, and Motor Interior Ballistics,
edited by V. Yang, T. B. Brill, and W.-Z. Ren, Progress in Astronautics
and Aeronautics, Vol. 185, AIAA, Reston, VA, 2000, pp. 777–788.

28Toon, O. B., and Ackerman, T. P., “Algorithms for the Calculation of
Stratified Spheres,” Applied Optics, Vol. 20, No. 20, 1981, pp. 3657–3661.

29Lawson, C. L., and Hanson, R. J., “Linear Least Squares with Linear In-
equality Constraints,” Solving Least Squares Problems, Series in Automatic
Computation, Prentice–Hall, Englewood Cliffs, NJ, 1974, pp. 158–173.

30Anfimov, N. A., Karabadjak, G. F., Khmelinin, B. A., Plastinin, Y. A.,
and Rodionov, A. V., “Analysis of Mechanisms and Nature of Radiation of
Aluminum Oxide in Different Phase States in Solid Rocket Exhaust Plumes,”
AIAA Paper 93-2818, July 1993.

31Palik, E. D., Handbook of Optical Constants of Solids II, Academic
Press, San Diego, CA, 1991, pp. 989–1004.

32Prevost, M., Godon, J. C., and Maunoury, J., “Overview on the Rep-
resentativity of Small Scale Motor Tests,” ONERA, Rept. TPND 2005-1
DMAE, Le Fauga-Mauzac, France, 2005.


