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Burning Aluminum Particles Inside a Laboratory-Scale
Solid Rocket Motor
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Singleand agglomeratedaluminumdropletswere studied in a solid rocket motortest chamberwith optical access
to the internal � ow at 6–22 atm and 2300 K. The chamber was pressurized by burning a main grain ammonium
perchlorate/hydroxyl-terminated poly-butadiene propellant, and the burning aluminum droplets were generated
by a smaller aluminized solid propellant sample, center mounted in the � ow. A 35-mm camera was used with
a chopper wheel to give droplet � ame diameter vs time measurements of the burning droplets in � ight, from
which burning rate laws were developed. A high-speed video charge-coupled device with high-magni� cation optics
imaged the � ame/smoke cloud surrounding the burning liquid droplets. The intensity pro� les of the droplet images
were deconvoluted using an Abel inversion to give true intensity pro� les. Both single and agglomerated droplets
were studied, where agglomerates comprise hundreds of parent particles or more. The Abel inversions show that
the relative smoke cloud size is not constant with diameter, but instead grows as the droplet shrinks, by » » D ¡ 0:5,
for both the single and agglomerated droplets. Measured diameter trajectories show that, for single droplets, the
mean diameter law is D0:75 = D0:75

0 ¡ 8 ¢ t, and, for agglomerated droplets, D1:0 = D1:0
0 ¡ 20¢ t. For both single and

agglomerateddroplets, the burningrate slopek did notchangesigni� cantly for the chamberpressure range studied.

Nomenclature
a = prefactor constant for Dimage.tb ¡ t/ curve � t
b = diameter power for Dimage.tb ¡ t/ curve � t
D = diameter, ¹m
Dimage = burning droplet image diameter, ¹m
Dsurf = aluminum droplet surface diameter, ¹m
D0 = initial aluminum droplet diameter, ¹m
k = burning-rate constant, ¹mn/ms
n = burning-rate diameter power
p = pressure, atm
Rk = Hermsen relation correction factor
r=rs = nondimensional smoke cloud size
rs; rsurf = droplet surface radius, ¹m
T = temperature, K
t = time, ms
tb = droplet burning time, ms
X eff = effective oxidizer mole fraction
x = arbitrary variable
y = arbitrary variable
® = prefactor coef� cient for r=rs.Dsurf/ curve � t
¯ = diameter power for r=rs .Dsurf/ curve � t
01; 02 = gamma-distributionshape parameters

Introduction

A DETAILED review of aluminum combustion was presented
in Refs. 1 and 2, and a condensed version is presented here.

Aluminum particleshave a characteristicoxide coating that must be
melted or cracked open before the aluminum particle can ignite.
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Because the oxide melting temperature, 2327 K, is higher than
the melting temperature of aluminum, 933 K, the aluminum is
fully melted on ignition. Furthermore, the aluminum and aluminum
oxideare insoluble,3 and the initialoxidecoatingcoalescesintoa cap
on the molten aluminum droplet surface. The droplet surface burns
at a temperaturebetween the oxidemelting temperature,»2300and
»2700 K, the aluminum boiling temperatureat 1 atm. Although the
global oxidation reaction of aluminum produces alumina, Al2O3,
many suboxides such as AlO, AlO2 , Al2O, and Al2O2 exist in the
� ame zone, with AlO as the most prominent.

Aluminum combustion is often studied in air, where it is found
that aluminumdropletsburn in a gas-phasereactionwhere the � ame
front is at a detached distance away from the droplet surface. The
condensation of alumina at »3800 K in a 300-K, 1-atm air envi-
ronment limits temperature of the � ame/Al2O3 oxide cloud. For
O(100-¹m) droplets burning in 1-atm air, the mechanism is con-
sidered diffusion controlled because the species are reacting much
faster than the diffusion rates at the elevated temperatures.

In a solid rocket motor, pressures and temperatures are elevated
and O2 (g) constitutes less than 1% of the equilibrium combustion
products. However, because of the polymer/oxidizer composition
of solid propellants, H2O (g) and CO2 (g) are abundant. For exam-
ple, in our experiments using an ammonium perchlorate/hydroxyl-
terminated poly–butadiene (AP/HTPB) propellant, the major pro-
pellant combustion products are calculated to consist of 41%
H2O (g), 12% CO2 (g), 18% HCl (g), and only 0.8% O2 (g), by mole
fraction. A detailed description of the kinetic rates for Al burning
in H2O and CO2 is presented in Ref. 4. Furthermore, it has been
shown that under these conditions, the droplet � ame may no longer
be diffusion controlled as in 1-atm air conditions, but instead shifts
to a distributed, reaction-rate limited mechanism, as hypothesized
in Fig. 1.1;4

The combustionof aluminumdropletscan be characterizedby the
dropletburningtime, which has been shown to dependon state prop-
ertiesof theenvironmentand the � ow characteristicsof theentrained
droplet. Classical fuel droplet combustion theory states the diam-
eter of a burning droplet as D2 D D2

0 ¡ k ¢ t . The burning time can
be de� ned as tb ´ D2

0=k. The state properties of the medium, most
important gas temperature and oxidizer concentrations, affect the
burning rate coef� cient k. An increase in burning rate results in a
shorter burning time for a given droplet size.

Research has shown that the diameter dependence does not nec-
essarily follow the classical D2 law, but instead follows Dn , where
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Fig. 1 Schematic of aluminumdroplet combustion in SRM conditions.

n is typically between 1.5 and 2. Work presented in Ref. 1 showed
that the droplet burning rate in typical solid rocket motor (SRM)
conditions was much greater than the burning rate of droplets in
1-atm, 300-K air. The burning time for aluminum droplets at 10–

20 atm and 2300-K conditions was measured to be tb D Dn
0 =280,

where n D 1:65 § 0.55. This rate is a factor of seven times faster
than those found at 1-atm, 300-K air combustion.5

A commonly used empiricalmodel for aluminumdropletburning
time in SRM conditionsis the Hermsen model,6 Eq. (1), which was
developed by comparing measured to predicted speci� c impulse
and then adjustingaluminumcombustionef� ciencyparameters.The
empirical exponentson the diameter, pressure, and gas composition
were based on the experimental work of Davis,7 Pokhil et al.,8 and
Hartman,9 respectively.The Hermsencorrelation6 isgivenin Eq. (1),
and serves as a basis of comparison for the results presented in this
paper:

D1:8 D D1:8
0 ¡ kt

k D 8:3314 £ 10¡5 ¢ Rk ¢ X 0:9
eff ¢ p0:27 .cm1:8/s/

X eff D
¡
XO2 C XH2O C XCO2 C XOH C XO

¢
¤100%

Rk D 1.laboratory scale/ or 2:7.operational SRM/ (1)

A key objective of this research is to characterizethe burning rate
and � ame structure of aluminum droplets using optical imaging
through a windowed solid propellant rocket test chamber. Chamber
conditions are generated using an AP/HTTB solid propellant oper-
ating at pressuresup to 25 atm; the aluminumsource is a smalleralu-
minized propellant sample. Both single and agglomerated droplets
are studied, and the sizes of the aluminum particles loaded in the
aluminized sample were on the order of magnitude of 10–100 ¹m.
Data were recordedusing a 35-mm camera/chopperwheel setup, as
well as high-magni�cation optics mounted to a high-speed charge-
coupled device (CCD) video camera. Emphasis was placed on the
agglomeratedaluminumdroplets’burningtime, � ame/smoke struc-
ture, and propellantsurface formation processes.The quanti� ed ef-
fect of the parameters is used to compare with and validate other
models for burning rate.

Furthermore,we investigatedagglomerationphenomenathatmay
alter the aluminum combustion in SRM conditions. When high-
speed CCD video and high-magni�cation optics are used, it is pos-
sible to image the agglomerating propellant surface burning and
in-� ight agglomerate events, such as agglomerate explosions, jet-
ting, and fragmentations.

The work presented here builds on previous work presented in
Ref. 1. The major experimentaladdition to the researchin this paper
was the use of the high-speedCCD videocamera and Abel inversion
analysis, as well as the study of agglomerating propellants.

Experimental Techniques
Apparatus

Laboratory-Scale SRM

This experiment studies aluminum droplets in situ, within the
rocketmotor chamberwith hot solid propellantgaseouscombustion

Fig. 2 Experiment layout schematic: larger main propellant serves to
pressurize and heat the chamber, and the smaller aluminized sample
serves as the aluminum droplet source.

products. The aluminum droplet source is an aluminized solid pro-
pellant, which is used in small amounts to avoid overexposing the
cameras with intense radiation from the burning aluminum droplet
� eld. The experiment utilizes a chamber with 30-cm-long axial ob-
servation windows for axis to the continuous � ow that lasts 2–3 s;
details may be found in Ref. 2. Figure 2 shows the overall exper-
iment schematic. The chamber allows for a vertical � ow traveling
upward from a source propellant in the bottom of the chamber to
a discharge through a choked-ori�ce nozzle at the top. The small
aluminizedpropellantsample is mounted on a pedestal in the center
of the square channel, in the bottom half of the window view.

Two propellantsamples burn simultaneouslyduring each experi-
ment: a relatively large (22-g) nonaluminizedbimodal propellant to
� ll the chamber to test conditions and a much smaller (»0.1 g) alu-
minized propellant sample to inject aluminum droplets. The main
composite propellant is a mixture of 88% bimodal AP oxidizer and
12% fuel binder by weight, hand mixed in the lab. The oxidizer is a
compositeof two sizesofAP: 62%200-¹m AP, and 38%50-¹m AP.
The fuel binder is a mixture of 77.4% HTPB fuel, 5.9% dioctyl adi-
pate (DOA) plasticizer, and 16.7% isopherone diisocyanate (IPDI)
curing agent. The propellant is ignited by applying a 5-A current
across a nichrome wire sandwiched between the top of the main
propellant and another wafer of propellant of mass »3 g. The alu-
minized propellant sample is ignited by the hot gases from the main
propellant shortly after the ignition spike and burns throughout the
remainder of the main propellant pressure trace.

Bothpressureand temperatureweremeasuredin thecentersquare
channel where aluminum combustion occurs. Because the experi-
ment lasts for only a few seconds,a fast thermocoupleresponsetime
was required. An Omega open-sheath, type C (tungsten–rhenium,
rated up to 3000 K) thermocouple with 0.23-mm bead was used.
It was calculated to have a 125-ms response time at chamber � ow
conditions. A typical measurement of pressure and temperature is
presented in Fig. 3. A linearly rising pressure trace was observed in
each experiment, with nearly identical slope. This ramp in the pres-
sure is useful because it creates a variable pressure condition for
our studies. As further described in Ref. 1, a quasi-steadychamber
model was developed to investigate the cause of the pressure ramp,
and a heat transfer model with a chamber wall temperature that in-
creased linearly in time was found to match the data. Accounting
for radiation losses from the thermocouplebead, the measured tem-
peratureof »2200 K is corrected to »2300 K. It was also found that
the temperature did not change signi� cantly with pressure, and the
temperature was assumed constant in the study.

By the use of a 35-mm open shutter camera and chopper wheel,
the typical droplet velocity was measured to be 5–7 m/s, which
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Fig. 3 Typical experiment test conditions,pressure, and thermocouple
temperature measurements.

agrees well with a calculatedmass-averagedgas velocity of 5.1 m/s
across the channel area. The burning droplet images often exhibited
convective trails, indicating a slight droplet slip velocity.

Because of the elevated pressure and temperature, and low � ow
velocity inside the chamber,one can assume that the productspecies
shift over a short distance to equilibrium,providing a near-constant
composition in the upper part of the chamber where the aluminum
droplets burn. Equilibriumgas composition for the experiment was
calculatedusing the TEP code and de� ning the propellantcomposi-
tion by mass fraction and speci� ed chamber pressure.10 At 13-atm
(thebaselinepressurefor the singledropletburn-timestudy), theadi-
abatic� ame temperatureis »2900K and the gascompositionis 41%
H2O, 18% HCl, 12% CO2, 10% N2, 9% CO, 4% H2, 2% OH, 2% Cl,
and only 0.8% O2, by mole fraction. The solid propellant mixture
yields very little excess oxygen, but ample water vapor and carbon
dioxide are available for aluminum combustion. Because the key
combustionproductsare stablemolecules(H2O, HCl, CO2 , and N2/,
we assumenegligiblerecombinationor dissociationas the � ow cools
away from adiabatic to the measured temperature of »2300 K.

Cameras and Optics

A 35-mm camera with an optical chopper wheel is used in open
shutter operation to obtain data on the aluminum droplets’ burning
diameter time history. A high-speed CCD video camera is used to
freeze in-� ight large-magni�cation images of the burning droplets
and to record video sequences of the burning propellant surface.
As shown in Fig. 2, the chamber’s dual-window design allows both
instruments to be used simultaneouslyduring a single experiment.

The 35-mm camera used for data photography in the droplet
burning-rate experiments is a Canon Eos Rebel G, with a 50-mm,
1:1.8 Canon lens. For all such experiments, the shutter speed is
set at either 1/30 or 1/20 s, and the largest aperture opening, /1.8.
The timing of the 35-mm camera operation is set by the chamber
pressure, as shown in the schematic in Fig. 2.

An optical chopper wheel was used to give time resolution to the
recordedburningdroplets.A Thorlabs, Inc., Model MC100 variable
frequencyopticalchopperwas mounted in front of the lensand set at
a choppingfrequencyof 1000Hz. Opticalchoppinggives thedroplet
trajectorya dashedappearance,so that individualdropletimages can
be resolved in time to give image diameter vs time measurements.
The photographsare digitized using a Nikon Super CoolScan 2000,
which scans directly from the photograph negative at 2700 dpi,
8-bit per color (red–green–blue). Typical experiment results and
analysisfor the 35-mmcamera/chopperwheel arepresentedin detail
in Refs. 1 and 2.

A high-speed CCD video camera was used to study the burning
droplets under high magni� cation. The high-speed video was used
for several reasons. First, a fast shutter time was required to freeze-
frame the burning droplets. Second, because the depth of focus is
so limited under high magni� cation, a continuous video camera
was used to obtain as many in-focus image frames as possible. The

camera is a Redlake Imaging MotionScope 8000S model, with an
8-bit monochrome CCD array. At the normal operating frames per
second rate used in this study, 2000 frames/s the array is 160 £ 140
pixels in size and can recorddata for 2 s. As shown in Fig. 2, a timing
mark is concurrentlysent to the data acquisitionsystem, so that the
image frames can be referenced to their correspondingpressures.

To obtain high magni� cation, the high-speed CCD video camera
is af� xed with a 75-mm C-mount lens with Hoya UV and Vivitar
C4 close-up ring adapters.The aperture was typically set at /5.6 as
the optimal opening for exposurecontrol and focus depth, and, with
these settings, the camera was typically mounted »22 cm from the
center of the combustion channel. The shutter speed of the camera
was nominally 1/30,000 s, or 33 ¹s, operating at 2000 frames/s.
For the � ame/oxide cloud size study of the burning droplets, the
CCD video camera was focusedabout 60 mm above the aluminized
sample surface, with a � eld of view 3.6 £ 3.2 mm.

Data Reduction, Abel Inversion Analysis

The images of the burning droplets are analyzed by applying a
user-written MATLAB® routine, which incorporated several of the
functions in the MATLAB Image Processing Toolbox.The purpose
of the code is to measure true radial intensity slices through the
droplets and surrounding � ames, then deconvolute these intensity
pro� les using an Abel inversion to obtain a true radial intensitypro-
� le. Details of the Abel inversion analysis are presented in Ref. 2.

Becausethe recordedburningdropletimagesare two-dimensional
integrated,line-of-sightprojectionsof three-dimensionalevents, the
intensity pro� le was deconvoluted to obtain the actual radial inten-
sity pro� le. The Abel inversion works on a cylindrically symmetric
radial pro� le. If the burning droplets were spherically symmetric,
any planar slice along the droplet axes would be cylindrically sym-
metric. However, due to the convective environment in this exper-
iment, the droplets often burn with a convective tail, rendering the
upper portions of some droplet images not spherically symmetric.
Therefore, intensity data were only analyzed on a single line pass-
ing through the droplet center and perpendicularto the slip velocity
vector (as discussed hereafter), ensuring spherical symmetry.

The 8-bit, black-and-whiteexperimentimages were enlargedby a
factorof 4 times using the bicubic interpolationof the imresize func-
tion in MATLAB. Magni� cation of the image increased the number
of data points along a given radial intensity slice, therefore reduc-
ing the signal noise in the Abel inversioncalculation.Raw intensity
pro� les are measured using the impro� le MATLAB functionacross
a user-de� ned line that passed the center of the burning droplet im-
age. Figure 4 shows the enlargeddroplet image and intensitypro� le
line and the raw intensity data.

Fig. 4 Example of data reduction process for a single droplet, 72-¹m
diameter, burning at 7.3 atm: high-speed CCD video frame, digitally
magni� ed 4 times with intensity pro� ling line on droplet, and resulting
raw and Abel-inverted intensity pro� les.
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To perform the Abel inversion on the raw intensity data, Dasch’s
recommended three-point method for Abel inversion was incorpo-
rated into the MATLAB routine.11 Dasch’s paper contains an error,
and his relation [Eq. (7) of Ref. 11] was later corrected by Hanson-
Parr of the Naval Air Warfare Center, China Lake, California, in a
personal communication in February 2000. For the Abel inversion
calculation, the raw intensity pro� le was divided into two halves at
the droplet center, and the code operated on the two halves sepa-
rately. The resulting deconvoluted image intensity pro� le is shown
in Fig. 4.

The droplet image intensity data were analyzed to obtain the size
and characteristics of the smoke/� ame region. The droplet surface
was de� ned by examining the burning droplet image, raw inten-
sity pro� le, and Abel-inverted intensity pro� le. The droplet surface
is � rst measured to establish a basis for a nondimensional radius,
which is calculated on the two halves separately.The Abel data are
then used to measure the nondimensionalradial locationof the peak
in the intensity, as well as the overall size of the smoke cloud sur-
rounding the droplet. In the example droplet in Fig. 4, the droplet is
measured to be 72 ¹m at that instant. The peak intensity is located
at .rpeak=rs/ D 2:5 radii on the left side of the droplet and 3.6 on the
right (average: 3.1). The overall size of the smoke/� ame cloud is
4.5 radii on the left and 5.5 on the right (average: 5.1).

Aluminized Propellants Studied
A small, aluminized propellant sample of size approximately

3 £ 3 £ 8 mm3 and mass »0.1 g was mounted on a pedestal in the
center of the square channel in an end-burning con� guration. Two
different types of burning aluminum droplets, singles and agglom-
erates, were studied. To study these two types of burning droplets,
two different aluminized propellant test samples were used.

Nonagglomerating Propellant

The nonagglomerating propellant studied was manufactured by
Thiokol Corporation and is designated Thiokol 1, which is an
AP/HTPB bimodal propellant, similar to the base propellant used
to pressurize the chamber. Scanning electron microscope (SEM)
images of the burning propellant are presented in Ref. 1. The alu-
minum loaded is 15% of the propellantmass. A size analysis of the
aluminum particles visible in the propellantSEM shows an average
size of 106§ 20 ¹m.

To predict the likelihoodof particle agglomeration,the aluminum
behaviornear the burningpropellantsurface must be considered.At
the chamber operating pressure, the thermal heat-up layer near the
propellant surface is only »15 ¹m. The propellant falls under the
large particle regime in the Gany and Caveny model12 and, accord-
ingly, shows little if any agglomeration.For this propellant sample,
agglomeration was not observed in 1-atm tests, where agglomera-
tion would be most likely to occur. Therefore, it is assumed that the
propellant does not agglomerate under SRM test conditions either.

Agglomerating Propellant

The agglomerating propellant used here at University of Illinois
at Urbana–Champaign (UIUC) was manufactured by Alliant Tech-
systems, Inc., and is designated as Alliant 1. Like the other pro-
pellants described, the Alliant 1 propellant is a bimodal, AP/HTPB
propellant with additional ammonium nitrate (AN) oxidizer, and is
20% 15-¹m aluminum by weight. There is a signi� cant size differ-
ence between the large-mode AP and the Al particles, which have
ample pocket volume between the 200-¹m AP particles to collect
for agglomeration.At a chamber operating pressure of 15 atm, the
Alliant 1 propellant is calculated to have a »13-¹m thick thermal
heat-uplayer,which is the same orderofmagnitudeas the aluminum
size, thus leading to agglomeration.

Surface Agglomeration Video

The high-speed CCD video camera was used with a reverse-
mounted, 20-mm Nikon F-mount lens to image combustion phe-
nomena at and near the aluminized propellant surface at both
1 atm and pressures exceeding 10 atm. Under these conditions, the

Fig. 5 High-speed CCD video of Alliant 1 agglomerating propellant
burning at 1-atm pressure (in room temperature air); image frames
4 ms apart and » 1 mm wide.

camera typically was set at /11 with a framing rate of 250 frames/s
(480 £ 420 pixel array) and a 1/250-s shutter.Becauseof the intense
magni� cation, one or two 250-W spot lamps were often employed
for lighting.

At 1-atm (air) conditions, an agglomerate is formed by corallike
clusters of aluminum that are exposed at the surface near the same
time and is then entrainedin the � ow shown in Fig. 5. Other agglom-
erates are observed to stick to the surface, moving around and ab-
sorbingmore aluminum. Although quenchtests were not performed
on the propellant surface, it is assumed that the corallike cluster is
initially a buried vein or pocket of loaded aluminum that sinters to-
gether and exposes as a single structurebefore agglomerationas the
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Fig. 6 High-speed CCD video frames of Alliant 1 burning surface in
13.4-atm, SRM experiment conditions.

propellant surface regresses. The coral-forming mechanism is the
primary agglomerationprocess at 1 atm for this propellant.This ob-
servation is contrary to the straight pocket model of agglomeration,
which does not predict such coral structures.3

Further studies were conducted of the Alliant 1 agglomerating
propellantat SRM chamber conditions.As shown in Fig. 6, no coral
structures,as observedat 1 atm, are observed in the SRM conditions
at 13.4 atm. Thus, we presume that the pocket model of agglomera-
tion dominates the agglomeration process in the SRM condition.
The primary difference between the two conditions is the pres-
sure and the resulting propellant burning rate. With the decreased

thermal melt layer under high pressure, the parent aluminum par-
ticles do not have the time to sinter into the large coral structures,
and only smaller pockets of aluminum will have such time to sinter
and agglomerate. We calculate the thermal layer for the propellant
at 1 atm (Fig. 5) is »36 ¹m, and »14 ¹m at 13.4 atm (Fig. 6).

At chamber conditions, a wide range of agglomerate sizes were
observedleavingthepropellantsurface,some as small as»35 ¹m in
diameter and others larger than 500 ¹m in size. Most agglomerates
left the surface in the size range of 120–200 ¹m diameter.Although
the agglomerates formed in the SRM � ow were generally smaller
than those formed in 1-atmair, therewas no discernablerelationship
between agglomerate size and pressure over the range studied.

Agglomerate Fragmentation

Another key observation in the propellant surface video is that
some agglomerates are generated with large oxide caps that greatly
disrupt the droplet � ame symmetry during the � rst few milliseconds
of motion away from the propellant surface. These caps are the
residual oxide mass from the initial oxide shells encompassing the
parent particles. At SRM conditions, the initial � ame asymmetry
is observed in 20–30% of the agglomerates. For affected agglo-
merates, smoke cloud symmetry is usually gained within the � rst
5–10% of the droplet burn time, either spherically or cylindrically
symmetric (axis parallel to local � ow), depending on the presence
of a convective tail.

Although it is possible that the � ame is simply spreading itself
symmetrically, even over the initial cap, another likely explanation
exists. It may be possible that the agglomerate rejects the initial
oxide cap mass. Recall that the oxide cap and the aluminum are
insoluble.3 Under the convective tail, the initial cap may be sepa-
rated from the agglomerate as a single large ejection or a stream of
smaller ejections,both of which are observed to occur. This hypoth-
esis is supportedby results reported by Brulard, who photographed
agglomerates spitting off several particles from the convective tail
when burning in 1-atm air.13 It is apparent from the images that the
region downstreamof the droplet is laminar, both in 1-atm and SRM
� ow conditions,and one could assume that the separationwould not
be due to the strength of the wake downstream of the droplet. An-
other possible explanationlies in the chemical interactionsinvolved
at the aluminum droplet surface under the oxide cap that could po-
tentially lead to oxide cap ejection.A sample video image sequence
is shown in Fig. 7 for an agglomerate burning during its � rst few
millisecondsof its burn time in 1-atm, room-temperatureair condi-
tions near the propellantsurface.The aluminized propellant sample
was ignited from room temperatureconditions.Because the droplet
is only »5 mm above the burning propellant sample surface, the
local environment temperature and gas composition will be very
near to SRM conditions (albeit at 1 atm). The burning agglomerate
is clearly seen ejecting liquid-phaseoxide particulates from the top
of the oxide cloud. The ejected particulates are assumed to be ox-
ide because their radiative intensitymatches the oxide cap intensity.
Note that although the oxide cap on the droplet surface appears to
move around on the surface, one cannot tell the difference between
the cap rotating or the droplet rotating.

Similar ejections were observed in the test motor conditions,but
were not as easy to detect against the bright SRM � ow background.
In Fig. 8, particulate ejections can be seen in the convective tail of
a »290-¹m agglomerate burning at 8.6-atm SRM experiment con-
ditions within the � rst few milliseconds of its burn time. These
results indicate that oxide cap ejection can contribute to retain-
ing � ame/smoke cloud symmetry around the burningagglomerates,
even in the SRM experiment conditions. An alternative interpreta-
tion is that the particulate ejection results from � ne oxide smoke
coagulation in the cloud, hinted at the location of the ejection in
Fig. 7. However, the ejection phenomenon is primarily observed
only in the initial stages of droplet combustion, which eliminates a
� ne smoke coagulation mechanism acting alone.

Agglomerated droplets may have a heterogeneous composition
due to contaminant entrainment during formation on the propellant
surface, and such agglomerates may exhibit spinning, jetting, frag-
mentation, or explosions. The high-speed CCD video camera was
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Fig. 7 Sequence of particulate ejection from » 380-¹m agglomerate burning in 1-atm; frames 1 ms apart and » 5 mm above Alliant 1 propellant
sample surface.

Fig. 8 Sequence of particulate ejection from » 290-¹m agglomerate burning in 8.6-atm SRM experiment conditions; frames 1 ms apart and » 5 mm
above Alliant 1 propellant sample surface.

used in a study to determine the percentage of agglomerates that
explode or fragment instead of burning out in a continuousmanner.
A large � eld of view was used so that the number of particles en-
tering the frame, as well as the number of agglomerates explod-
ing, could be counted. When burning in 1-atm air, »15–20% of
agglomeratesdid explode, and the agglomerate explosionsare very
brilliant.An explosion is characterizedby sudden and completepar-
ticle annihilation in contrast to the oxide particulate ejection shown

in Fig. 7. The agglomerates exploded at various times during their
burn history, but were chie� y observed in the latter half of the typ-
ical droplet lifetimes. Details of this experiment are presented in
Ref. 2.

Similar large-� eld CCD recordings were made of the agglom-
erates burning in chamber experimental conditions over 6–21 atm
pressure, and no droplet explosions were ever observed. Thus, the
agglomerate explosion phenomena has virtually no effect on the
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agglomerate burn-time model for SRM conditions developed in
this study. Likewise, single, nonagglomerateddroplets would have
relatively low heterogeneity and did not exhibit any spinning, jet-
ting, or explosions in laboratory experiments, both in 1-atm air and
SRM conditions.

Micheli and Schmidt claim that particle fragmentation would
be an insigni� cant effect in SRM conditions due to a lack of O2

(Ref. 14). However, it is more likely that the lack of explosions in
SRM conditions compared to the typical explosions in 1-atm air
stems from the differences in agglomerate formation processes, as
described in the preceding section. Recall that the agglomerates
seem to form by exposed corallike structures in 1-atm air, but are
formed by the pocket model in the SRM conditions. If the coral-
exposing process inherently forms structurally less stable agglom-
erates than the pocket model, then those agglomerates in 1-atm air
would be more likely to fragment. The coral-formed agglomerates
may be less uniform in composition, with more initial oxide shell
material from the parent particles distributed throughout the ag-
glomerate. This is supported by SEM imaging of agglomerates by
Price and Sigman, who show whole oxide shells enclosedwithin the
formed agglomerates.3 This hypothesis would indicate that the ag-
glomeratesformed in SRM conditionsby the pocketmodel are more
uniform and closed, perhaps with the initial oxide shells formed
neatly into the initial oxide cap, more similar to a single (non-
agglomerated) droplet.

Results and Discussion
The data for the � ame/smoke cloud size presented hereafterhave

a common characteristic of broad scatter. This scatter is not due
necessarily to the data reduction method because, if this were the
case, the scatter rangewould increaseat smallerwavelengths,which
was not observed. Instead, the scatter is from the inherent stochas-
tic nature of the aluminum combustion events in SRM conditions.
For example, if the oxide cap on the molten droplet surface varies
just slightly in size from droplet to droplet, then the overall smoke
cloud size and burning rates would vary as well. In the case of ag-
glomerates, the composition quality of the molten droplet can vary
droplet to droplet, affecting both the smoke cloud size and burning
rate.

Althoughthepercentageof surfacearea coverageby theoxidecap
greatly in� uences the droplet burn rates, the percentagewould have
little effect on the droplet diameter measurement. The aluminum
droplet retains a spherical shape whose diameter is de� ned by the
aluminum mass. Therefore, the size of the oxide cap or the subse-
quent surface area coverage is not addressed in the droplet diameter
analysis.

Abel Inversion Data

To verify further that the dropletswere imaged with smoke clouds
dominated by thermal emission from the hot oxide smoke, two
data sets are presented at two wavelengths, 490 nm, where AlO
emits strongly, and 560 nm, where no AlO emission occurs. As de-
scribed in Refs. 1 and 2, the two wavelengths were studied using
§9-nm bandpass � lters combined with a neutral density � lter to
match the change in thermal emission. As will be shown, the data at
the two wavelengths lie close togetherwithin the scatter. Hence, the
� ame/smoke cloud regions in the images are dominated by thermal
emission from the hot oxide particles, and not AlO chemilumines-
cence, which agrees with work by Brewster and Taylor.15

Single Droplets

The smoke cloud size is nondimensionalizedby the surfacediam-
eter Dsurf, and each r=rs data point (out of the 325 shown) represents
the average of two halves of one droplet image. The data presented
in Fig. 9 are for single, nonagglomeratingdroplets burning in SRM
� ow conditions, p D 1 and 6.7–20.1 atm. The plot shows 325 data
points and each point represents the average of two halves of one
droplet image. The combined 490- and 560-nm data are curve � t as
r=rs D ® ¢ D¡¯

surf, where we obtain ® D 53 § 18 and ¯ D 0:55 § 0:10,
represented by the mean (solid) line and the error (dashed) lines

Fig. 9 Nondimensional size of oxide cloud surrounding burning
droplet vs droplet diameter for single droplets burning in SRM � ow
conditions, p = 1 and 6.7–20.1 atm; combined 490- and 560-nm data
(325 points) are curve � t as r/rs = ®¢ D ¡ ¯

surf, where ® = 53 §§ 18 and
¯ = 0:55 §§ 0:10.

in Fig. 9. That is, as the droplet diameter gets smaller, the smoke
cloud’s relative size grows.

The growing relative size of the oxide cloud with shrinking dia-
meter can be potentially explained by considering that the oxide
cap grows on the droplet surface as the droplet burns. As the droplet
gets smaller, the oxide cap covers a larger percentageof the droplet
surface area. The oxide cap can reduce the percentage of free alu-
minum surface area to only 20–40% of the droplet surface area for
single droplets. One may presume then that as less pure aluminum
surfacearea is availableas the dropletgets smaller, the droplet � ame
becomes fuel-lean in a reaction-limited regime. Under these fuel-
lean conditions, the reactions are slowed, and the � ame envelope
may thicken, making the apparent smoke cloud size larger.

Agglomerated Droplets

The � rst set of data presented for the agglomerates is the overall
size of the oxide smoke cloud surrounding the burning droplet as a
functionof measured agglomeratesurface size, as shown in Fig. 10.
Again, the smoke cloud size r=rs is nondimensionalized by the
agglomerate surface radius, and each data point (out of the 194
included) represents the averageof two halves of one droplet image.
The SRM chamber pressures ranged from 5.9 to 21.2 atm. Note that
two wavelengths are again represented,and the combined 490- and
560-nm data are curve � t as r=rs D ® ¢ D¡¯

surf, where ® D 32 § 11 and
¯ D 0:47 § 0:10, represented by the mean (solid) line and the error
(dashed) lines in Fig. 10. The curve � t for the single droplet data
presented in Fig. 9 is includedon the plot with the agglomeratedata
for comparison.

Both the single and the agglomerateddropletsapproximatelyfol-
low an r=rs » ® ¢ D¡0:5 relation for the overall smoke cloud size.
The only difference in the two is simply the leading term coef� -
cient ®, which is slightly smaller for agglomerates than for single
droplets, but, as evident in Fig. 10, the two curves really lie within
each other’s data scatter range. Also note that the scatter range for
® for both the single and agglomerated droplets is »34% of their
mean values. Additional analysis was conducted that indicates no
signi� cant change in D� ame=Dsurf over the pressure range studied.

Aluminum Droplet Burning Rate Correlations

Attention to how the � ame size vs diameter relation affects the
measurement and calculation of the aluminum droplet burning rate
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Fig. 10 Nondimensional size of oxide cloud surrounding burning
droplet vs droplet diameter for agglomerated droplets burning in SRM
� ow conditions, p = 5:9–21.2 atm; combined 490- and 560-nm data
(194 points) are curve � t as r/rs = ® ¢ D ¡ ¯

surf, where ® = 32 §§ 11 and
¯ = 0.47 §§ 0.10.

laws is important. In our previous work, the Dn burning rate law
for single,nonagglomateddropletswas measuredand calculatedfor
the experimentalSRM conditions.1 The diameterof the outer smoke
cloud was measured as a function of time because the 35-mm cam-
era cannot image the interior, that is, the droplet surface diameter.
However, to analyze the data, two key assumptionswere made, that
the droplets each had a 110-¹m initial diameter and that apparent
r=rs smoke cloud size was constant throughout the droplet lifetime.
With the new data presented here and obtained with the high-speed
CCD video and Abel inversionanalysis, these two analysis assump-
tions can be eliminated by correlating the r=rs vs Dsurf laws with
the burning-rate data.

Before fully describing a data correlation, review of the earlier
data analysis for droplet burn time is useful. The analysisderivation
is based on the idea of calculating the n power and k slope in the
Dn law for burningdroplets, presented in Eq. (2). By setting D D 0,
a burn time tb can be de� ned as in Eq. (3):

Dn D Dn
0 ¡ kt (2)

tb ´ Dn
0

¯
k (3)

To calculaten and k, the measured diameter data are curve � t to a
power-law equation of the form y D a ¢ xb . Therefore, by using the
Eq. (3) de� nition for tb , Eq. (2) must be rewritten as Eq. (4):

D D
¡
Dn

0 ¡ kt
¢1=n

or D D k1=n.tb ¡ t/1=n (4)

In the form of Eq. (4), the timescale .tb ¡ t/ is treated as time to
burnout.

When it is kept in mind that the measured diameters with
the 35-mm camera are the outer smoke cloud diameters, and
Dsurf D Dimage=.r=rs/, Eq. (4) must be rewritten as Eq. (6), that is,

Dsurf D k1=n.tb ¡ t/1=n (5)

Dimage D .r=rs /k
1=n.tb ¡ t/1=n (6)

In the work reported in Ref. 1, single particles quenched in the
chamber were measured to be in the same size range as the loaded
aluminum.Foreachdroplet,the smokesize ratio,r=rs , was thensim-
ply calculatedby dividing the initialmeasured diameter by 106 ¹m.
Recall that, there, the critical assumption of the data analysis was

that r=rs remains constant throughout a single droplet burn streak,
which we now know is incorrect.

As shown in Figs. 9 and 10, r=rs can be � t with a power-lawcurve
� t for the dependence on the measured droplet surface diameter:

.r=rs/ D ®D¡¯

surf (7)

Equation (7) is then rewritten in terms of Dimage , and Eq. (5) is
substituted in for Dsurf, resulting in Eq. (8):

Dimage D .r=rs/Dsurf; Dimage D ®k.1 ¡ ¯/=n.tb ¡ t/.1 ¡ ¯/=n (8)

By the use ofEq. (8), the originalcurve-� t parametersa and b cal-
culated in Ref. 1, in the form of y D a ¢ xb , can still be used, but now
the Dn law n power and k slope are recalculated as n D .1 ¡ ¯/=b
and k D [a=®]1=b D [a=®]n=.1 ¡ ¯/ .

Of course, there has now been another key assumption intro-
duced into this data analysis technique. That is, the r=rs vs Dsurf

relations used from the Abel data for the correlation represent all
droplet diameters equally, regardless of time during droplet burn.
For example, the assumption is made that a measured value of r=rs

at Dsurf D 100 ¹m represents all droplets at 100 ¹m, regardless of
whether the r=rs was measuredfor a newly burning100-¹m droplet,
or a 200-¹m droplet that has been burning for some time.

The growth of the oxide cap with time would impact this new
assumption by tending to shift the r=rs vs Dsurf curve down for
newly born droplets based on our conclusion that a cap makes the
smoke cloud bigger (or the absence of a cap makes the smoke cloud
smaller). The shift would chie� y appear at larger values of Dsurf

where most new droplets are born. The analysis would be affected
with an underpredictionof the initial droplet diameter when calcu-
lating the Dn law. The � nal calculationsfor burning rate would then
be underpredictedfor these cases.

Single Droplet Burning Rate Results

The described correlation was performed on the 61 data points
presented by Melcher et al.1 for single droplets burning in SRM
conditions for pressuresof 13–22 atm. Given a normal distribution,
the mean is n D 0:74, with a standard deviation §0.28. Because the
mean is close to 0.75 within the standard deviation, the correct Dn

law can be approximated with n » 3
4 .

The data are skewed from a Gaussian normal curve, and a gamma
distribution was calculated instead. Gamma distributions are typi-
cally used in situationswhere a lower boundary to the data exists,16

as in this case, where it would be completely illogical for the value
of n to be less than zero. The parameters used for the gamma dis-
tribution are 01 D 12 and 02 D 0:063, valid for the chosen mean of
n D 01 ¢ 02 D 0:75 with a standard deviation of (01 ¢ 02

2/1=2 D 0:22.
To calculatea mean k slope,all k for are normalizedto a D0:75 law.

Again, a gamma distributionis � t to the data, and a gooddistribution
shape agreement was found with 01 D 4 and 02 D 2, for which the
mean k D 8 ¹m3=4/ms, with standard deviationD §4.

Equation (9) (the � nal result of the correlation analysis) is the
corrected burning-rate law for single droplets in SRM conditions,
13–22 atm, and is plotted in Fig. 11 with the earlier D1:65 prediction
by Melcher et al.1 for comparisonfor a 100-¹m-diam singledroplet:

D0:75 D D0:75
0 ¡ 8t (9)

There are two clear differences in the two curves: the shape and
the overall burn time. As shown in Fig. 11, the D0:75 law predicts
burnout for the 100-¹m droplet in »4 ms, and the D1:65 law predicts
»7 ms. The shape of the curve is differentbecause of the correction
to the constant r=rs assumption in the preceding curve analysis.
The overall burn time is faster because, in the preceding curve,
the initial diameter had to be assumed as 106 ¹m for all droplets,
which is proven a size underestimate according to the Abel data.
Therefore, the droplets measured with the 35-mm camera/chopper
wheel technique are larger than the expected 106 ¹m, hinting at
slight agglomeration even with the Thiokol 1 propellant.
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Fig. 11 Comparison of 100-¹m single-droplet diameter burn history
calculation for mean D0:75; k = 8 ¹m0:75/ms law accounting for noncon-
stant r/rs smoke size compared with D1:65 law previously predicted by
Melcher et al.1

Because of the difference in curvature of the Dn laws, the mass
burning rates, represented by the dashed curves in Fig. 11, are sig-
ni� cantly different. In the 100-¹m example plotted, the mass/initial
mass ratios are calculated using a D3=D3

0 approximation, which
includes the assumption that relative quality of a droplet would re-
main constant through its burn history. The mass burns to 10% of
its initial value in <2 ms according to the D0:75 law, less than half
of the burnout time. For the earlier D1:65 law, the mass is 10% after
»5 ms, which is about 70% of the burnout time.

It would be useful to considerthe effect of pressureon the burning
rate law. As described in the Introduction, the burning rate slope k
increases as pressure increases. In other words, droplets burn faster
when pressure is increased. In Ref. 1, Melcher et al. reported that
k increased approximately linearly over the pressure range studied,
13–22 atm in SRM conditions. However, when the data are pro-
cessed with the new correlation and normalized with the D0:75 law,
the resulting data exhibit little dependence on pressure within the
data scatter. It would be surprising to see a signi� cant effect over
the 13–22 atm pressure range studied here, assuming Hermsen’s
k » p0:27 law is correct.6 When a p0:27 law is followed, k would
only increase 15%, which still falls within our data scatter.

Agglomerate Burning Rate Results

The correlation for droplet smoke cloud size to droplet burn-
ing rate described earlier was also performed on agglomerated
droplets burning in SRM conditions for pressures 11–20 atm. For
the agglomerate correlation, the smoke cloud size law used was
r=rs D 32 ¢ D¡0:47

surf , as shown in Fig. 10. For the 53 data points and
assuming a normal distribution, the mean is n D 1:0, with a large
standard deviation §0.61.

As was the case when examining the single-dropletdata, the ag-
glomerate data are apparently shifted away from the normal curve,
and a gamma distributionwas calculated.Here, the parametersused
for the gamma are 01 D 5 and 02 D 0:15, valid for the chosen mean
of n D 01 ¢ 02 D 1:0 with a standarddeviationof (01 ¢ 02

2/1=2 D 0:45.
To calculate a mean k slope, the k for each agglomerate is nor-

malized to a D1:0 law. Again, a gamma distribution is � t to the data,
and a relation was found, with 01 D 2 and 02 D 10, for which the
mean k D 20 ¹m3=4/ms, with standard deviation of §14.

The result of the correlation analysis is the burning-rate law for
agglomeratedaluminum droplets in SRM conditions,11–20 atm, is
Eq. (10):

D1:0 D D1:0
0 ¡ 20t (10)

Similar to the results for the single droplets, there is no discern-
able relationship to pressure within the data scatter over the limited
pressure range 11–20 atm.

Fig. 12 Comparison of predicted mean burning history of 100-¹m
droplet for agglomerateddroplet data, singledropletdata, andHermsen
model.6

A comparison of the mean D1:0 law for the agglomerates, the
mean D0:75 law for the single droplets, and the Hermsen model6 are
plotted in Fig. 12 for a 100-¹m droplet.Recall that theHermsenrela-
tion claims a correctionfactorof Rk D 2:7 for real SRMs and Rk D 1
for laboratoryexperimentsand that Rk D 2:7 providesa closer com-
parison to our conditions � ndings. For the Hermsen model calcu-
lated here, conditions were set at p D 15 atm and X eff D 56%.

As shown in Fig. 12, the agglomerated droplet burns about 1 ms
slower than the single-dropletpredictedburn time, which is a »25%
increase in burn time for the 100-¹m droplet case using the mean
diameter burning rate laws. Note that the burn time predicted for
the two types of droplets might overlap when considering the un-
certainty limits reported earlier. The mean prediction for the ag-
glomerate burn time is still about 2 ms faster than the SRM con-
ditions prediction of the Hermsen model.6 It is predictable that
the mean agglomerate curve is closer to the Hermsen model be-
cause the Hermsen curvewas developedto representagglomerating
propellants.

The agglomeratesmight burn slower than the single dropletsdue
to their more heterogeneouscomposition.As was discussed earlier,
agglomeratescan containboth propellant fuel and oxidizer contam-
inants from the propellant surface, as well as excess initial oxide
shell mass from the agglomeration process. For a given diameter,
a single droplet will have more aluminum mass and available alu-
minum surface area than an agglomerate. Therefore, following the
logic of reduced surface area causing decreased burning rate, it is
expected for the agglomerates to burn slower.

Furthermore, it was not an objectiveof this research to categorize
the in� uence of propellant composition on aluminum droplet burn-
ing rate. However, one must consider that propellant formulation
may affect the droplet burning, particularly in the case of agglom-
erates, which can entrain propellant surface contaminants during
formation.

Summary
Both single and agglomerated aluminum particles were studied

in an SRM laboratory-scaletest chamber with optical access to the
internal � ow, at pressuresrangingfrom 6 to 22 atm and at an average
temperature of 2300 K. The chamber was pressurized by burning
an AP/HTPB propellant, and the burning aluminum droplets were
generated by a second, reduced mass, aluminized solid propellant
sample.

The high-speed CCD videos of the propellant surface show that
agglomeratescanhavean initialoxidecap thatdisruptsdroplet� ame
symmetrywhile still near propellantsurface,but � ame/smoke cloud
symmetry around the burning agglomerates is attained within the
� rst 5–10% of the burn time. Oxide particulates are ejected from
the droplet surface.
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The agglomerationphenomenaobservedat 1 atm was very much
different than the observations made at the pressurized SRM con-
ditions, where the pocket mainly applies. At 1 atm, 15–20% of
agglomerates exploded or fragmented, but in the pressurized SRM
� ows, no agglomerate explosions were observed for the pressure
range of 6–21 atm, due to the differences in agglomerate formation
and resulting quality.

The high-speed CCD video was used to image burning single
droplets in SRM � ow at 1 atm and from 7 to 20 atm, and agglomer-
ates were imagedat 6–21 atm. The key result from the Abel-inverted
image intensitypro� les of theburningdropletsis that relativeoverall
smoke cloud size is not constant with diameter, but instead grows
as the droplet shrinks by »D¡0:5 for both single and agglomer-
ated droplets. The smoke cloud size for the agglomerates is slightly
less than that for single aluminum droplets.Under SRM conditions,
the droplet � ame is reaction limited, resulting in changing relative
smoke cloud size as the oxide cap reduces surface area and fuel
mass � ux. This reaction-limited mechanism is in contrast to the
diffusion-limitedmechanism in 1-atm air conditions.

The 35-mm camera/chopper wheel technique was used to estab-
lish burning rate laws for single droplets over a range of 13–22 atm
and agglomerates over 11–20 atm. For single droplets burning in
SRM conditions, the diameter law is D0:75 D D0:75

0 ¡ 8t , and for
agglomerated droplets, D1:0 D D1:0

0 ¡ 20t : For both single and ag-
glomerated droplets, the burning rate k did not change signi� cantly
over the pressure range studied.
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