
1. Introduction
Ammonium perchlorate (AP) has been used as an

oxidizer in AP composite propellants for solid rockets.
Hydrogen chloride (HCl) emissions from AP composite
propellant are an important concern because of their
demonstrated impact on the environment. Ammonium
nitrate (AN) composite propellants are environmentally
friendly and chlorine-free propellants��-��. As an alternative
oxidizer without chlorine (Cl) to AP, AN use has been
attempted, but its higher hygroscopicity and lower
burning rate than those of other oxidizers render it
difficult to use practically. To improve these shortcomings,
adding aluminum, modified AN such as PSAN, and adding
AP as another oxidizer have been studied��-��; various
other challenges have been investigated.
Aluminized AN composite propellants present

shortcomings related to aluminum which are similar to

those of aluminized AP composite propellants. This
problem is agglomeration of aluminum particles on the
burning surface. Agglomeration of aluminum particles has
been studied by many researchers for many years��-��.
Particularly, agglomeration of aluminum particles has
been investigated experimentally and theoretically in
aluminized AP composite propellants��-14). Agglomeration
and ignition of aluminum particles in aluminized AN
composite propellants differ from those in aluminized AP
composite propellants. In aluminized AP composite
propellants, aluminum particles aggregate and
agglomerate on the burning surface to a diameter of about
300µm, at which temperature they ignite immediately
near the burning surface��-��	14). However, in aluminized
AN composite propellants, the agglomerate diameter is
about 1000µm. Therefore, ignition is delayed15).
The effects of agglomerate and ignition of aluminum
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particles on temperature profile in the reaction zone of
aluminized AN composite propellants has not been well
studied. Because the temperature profile in the reaction
zone of composite propellants affects the burning rate16), it
is important to investigate the effects of agglomerate and
ignition of aluminum particles on the temperature profile.
This study specifically addressed the effects of the

agglomerate and ignition of aluminum particles on the
temperature profile in the reaction zone near the burning
surface of aluminized AN composite propellant. The
agglomerate diameter and ignition of aluminum particles
near the burning surface were observed with a high-speed
video camera and temperature profiles in the reaction
zone were measured using a fine thermocouple. In
addition, agglomerated aluminum particles were collected
in the luminous flame and on the burning surface. We
measured their diameters and observed those shapes. The
effects of ignited aluminum particles as a heat source on
the temperature profile in the reaction zone were
investigated using CFD simulation.

2. Experiments
2.1 Solid propellant samples
Aluminized AN composite propellant samples were

made with the compositions shown in Table1. Ethyl
carbamate was selected as a binder and activated carbon
as a catalyst for ignition at low pressure and to maintain
spontaneous combustion. To compare the effects of
aluminum particles on the temperature profile in the
reaction zone near the burning surface, samples were
prepared with and without Al-added. The samples were
molded with constant pressure compression. Having about
10mm in diameter and 10mm in height, they were formed
into a cylindrical shape, as presented in Figure 1. To
perform end burning, the exterior of the samples was
coated with a vinyl-based adhesive 17),18).
To measure the temperature profiles in the reaction

zone near the burning surface, fine thermocouple (Pt-Pt
10%Rh, 12.5µm wire diameter) was embedded in the
center of the sample. Temperature profiles in the reaction
zone near the burning surface were measured with the
regression of the burning surface17),18).
When the thermocouple was embedded, we used

�Yamatonori� (water-based glue) as an adhesive. Based on
a comparison of Yamatonori with a superglue, an epoxy-
based adhesive, and a vinyl-based adhesive, we chose
Yamatonori because we were able to glue with it best.
While adhering, we vaporized water because we applied
the adhesive thinly to avoid too much infiltration into a
sample and adhered it. The water-based adhesive did not
affect our experiment results.
Figures 2 and 3 show an end face of the sample and a

magnified image of the bonding plane. The magnified
image of Figure 3 is equivalent to the �Magnified area� in
Figure 2. The bonding plane adheres tightly as shown in
Figure 3, in the thickness of the void, which is near to
thermocouple wire diameter. Alternatively, the adhesive
is not visible, it is adhered sufficiently homogeneously
without a gap.

Table� Composition of samples.

Al non-added
[parts]

Al-added
[parts]

Average
diameter
[µm]

Oxidizer
Ammonium
nitrate (AN)

85 85 100

Binder
Ethyl

carbamate
(EC)

15 15

Catalyst
Activated
carbon (AC)

7 7 15

Metal
fuel

Aluminum
particle (Al)

0 10 7

Figure� Solid propellant sample.

Figure� End face of the sample.
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(a) Collector in the  luminous flame. 

(b) Collector on the  burning surface. 

2.2 Strand burner
The solid propellant samples were burned in the strand

burner as presented in Figure 4. Experimental conditions
were a nitrogen atmosphere, 1.5 MPa initial pressure, and
293K (20οC) initial temperature. The experiments were
repeated 10 times for each sample.

2.3 Particle collector
Figure 5 presents the solid propellant samples with

particle collectors in the luminous flame and on the
burning surface. They were set in the strand burner.
While the sample is combusting, the aluminum particles in
the luminous flame are caught in the cold water, as shown
in Figure 5 (a). We embedded the stainless steel pipe (2
mm inner diameter) in the center of the sample as shown
in Figure 5 (b). While the sample is combusting, the pipe
appears on the burning surface. The aluminum particles
on the burning surface are sucked into the pipe and fall
into the cold water by a pressure difference between the
burning surface and the ambient gas. The collected

aluminum particles dried naturally. Then we measured
the aluminum particle diameters from SEM images and
observed the particle shapes.

3. Numerical analysis with CFD simulation
OpenFOAM (Open source CFD toolbox ; OpenCFD

Ltd., UK) was used for CFD simulation. The simulation
was conducted using three-dimensional finite volume
method. The solver was �reacting Foam� included in
OpenFOAM. In this study, chemical reactions and
turbulence models included this solver were not used.
SALOME (Open source software for pre-processing and
post-processing ; Open CASCADE, France) was used for
domain and mesh generation. The mesh was a non-
structured mesh by tetrahedra. The simulation was
performed in a cylindrical domain.
The ignited aluminum particles were assumed as a

spherical heat source. The temperature distribution by
the heat transfer from the particle as a heat source was

Figure� Magnified image of the bonding plane.

Figure� Particle collectors.

Figure� Strand burner.
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examined specifically. Heat transfer was accomplished by
the working fluid. The particle diameter was the average
diameter from experimentally obtained results from
Figure 10 in Section 4.2. The particle surface temperature
was referred from another report��.
The initial and inlet conditions were obtained from

results of experiments and theoretical calculations.
Nitrogen gas was used as the working fluid.
The conditions of the simulation are presented in Table

2.

4. Results and discussion
4.1 Burning rate
The burning rate was calculated from the length of the

sample and the combustion time, which were measured
using a high-speed video camera. The burning rates are
depicted in Figure 6.
By adding aluminum particles, the burning rate

increased and the pressure sensibility decreased. These
results resemble those of previous studies��. The burning
rate changed by ignition and burning of aluminum
particles, indicating that added aluminum particles are
effective at improving the burning rate.
In this experiment, the effect of adding aluminum

particles was confirmed. However, details of the effects of
aluminum particles are unknown. Enhancement of the
burning rate is regarded as related with the effects of
aluminum particles on the temperature profile in the

reaction zone. Where aluminum particles ignite and the
diameter of agglomerated aluminum particles are
investigated in later sections.

4.2 Agglomeration of aluminum particles
Agglomeration of aluminum particles on the burning

surface was observed using a high-speed video camera, as
portrayed in Figure 7.
Aluminum particles aggregate on the burning surface.

They agglomerate in a spherical shape. Then they begin
oxidation or ignition, and detach from the burning surface.
This behavior resembles that reported for aluminized AP
composite propellant�����and other studies���15). However,
aggregates of irregular shapes are also present on the
burning surface, with diameter of 1000µm or greater.
These are much larger than the diameter of about 300µm
found for aluminized AP composite propellant.
Figure 8 presents SEM images of the aluminum

particles collected on the burning surface. The aluminum
particles are aggregated and melted as shown in Figure 8
(a). Because the aggregated aluminum particles are round,
they melt. Furthermore, it becomes the particle in Figure
8 (b) when the particle in Figure 8 (a) continues to
aggregate and melt. It is considered that �Aggregated and
melting aluminum� in Figure 7 is similar to Figure 8 (b).
Agglomerate diameters of aluminum particles on the

burning surface were measured from high-speed video
camera images as presented in Figures 9 and 10.
Regression distance of the burning surface was calculated
with the time of agglomeration on the burning surface and
the burning rate. The particles in the high-speed video
camera images have a blurred outline. The inside almost
becomes the white by the luminous flame. When we
measure the diameters of the particles from the images,
we measure the diameter of the part of the white area
inside the blurred outline (luminous flame zone).
In Figure 9, the regression distance from about 1µm to

90µm is shorter than the reaction zone, which has

Table� Conditions of CFD simulation.

Initial and inlet conditions
Laminar flow
Velocity : 2 [m s-�]

Temperature : 500 [K]

Particle
Spherical particle

Particle diameter : 160 [µm]
Surface temperature : 3000 [K]

Figure� Burning rate. Figure� Aluminum particles near the burning surface.
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thickness of about 700µm, as described in Section 4.4.
Agglomerate diameters of aluminum particles are
distributed from about 30µm to 400µm, with average
diameter of 160µm, as depicted in Figure 10. These
diameters do not include irregular shapes because they
were unable to ignite near the burning surface. In the
regression of the burning surface from about 1µm to 90
µm, aluminum particle agglomerates from about 30µm to
400µm appeared.
Figure 11 shows the agglomerate diameter distribution

in the luminous flame. In Figures 10 and 11, there is a peak
at about 160µm. The distributed range almost agrees.
When the aluminum particle combusts, the diameter
decreases. However, because the burning time from the
reaction zone to the luminous flame is short, the change of
the diameter is small. Therefore the diameter distribution
of the luminous flame is similar to that of the reaction zone,
and the accuracy of the diameter distribution in the
reaction zone is confirmed.

4.3 Confirm agglomeration and ignition of
aluminum particles

Figures 12 and 13 present SEM images of the aluminum
particles which were collected in the luminous flame and
on the burning surface. In figures, the ignited aluminum
particles are denoted as �Ignited aluminum�. We show the
different particles of representative particle diameters.
They agglomerated, became spherical, and ignited as
shown in Figure 12. They were combusting when they

Figure� Agglomerate diameter in the reaction zone.

(a)

Figure�� Agglomerate diameter distribution in the reaction
zone.

(b)
Figure� SEM images of aggregated and melting aluminum

Pareicles on the burning surface.

Figure�� Agglomerate diameter distribution in the luminous
flame.
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were collected. The aluminum particles in Figure 13 are
similar to those in Figure 12. Therefore the particles in
Figure 13 were ignited. Ignited aluminum particles were
present near the burning surface. Furthermore, because
the aluminum particles are spherical in Figures 12 and 13,
agglomeration of the aluminum particles was confirmed.
We defined a particle that is agglomerated in a spherical

shape and which becomes white by luminous flame as an
ignited aluminum particle. We show the ignited aluminum
particle as �Agglomerated aluminum� in Figure 7.

4.4 Influence of voids in the solid propellant
sample on the temperature profile

The voids are in the solid propellant sample, because the
sample is composed of the crystalline oxidizer with the
binder, the catalyst, and the metal fuel, and it is
compaction-molded at constant pressure. The void ratio
becomes 9% without Al addition, 7% by the Al 10% added.
The combustion gas decreases at a void, and a
temperature fluctuation is caused, however, it is
considered that its fluctuation differs from the fluctuation

by an ignited and burning aluminum particle. The
phenomenon by which temperature falls greatly near the
burning surface in the temperature profile irrespective of
aluminum particles addition or not was not observed, it is
considered that the influence of the voids is small in the
experiment used for this study, and we take no thought of
the influence in next section.

4.5 Temperature profile near the burning surface
Temperature profiles near the burning surface are

shown in Figures 14 and 15. Because the width of the
temperature fluctuation of Figure 15 (a) is 400µm, the
movement speed of the aluminum particle by the
observation of a high-speed video camera is 0.2m s-�.
Therefore the time passage near the thermocouple is 2ms.
When the ambient temperature is 1200K, the time
constant of the thermocouple in this study is 0.015ms.
Therefore, the response of the thermocouple is sufficient
for this study.
The temperature profile of Al non-added sample is

portrayed in Figure 14. The burning surface is located at 0

(a) (a)

(b)(b)
Figure�� SEM images of aluminum particles on the burning

surface.
Figure�� SEM images of aluminum particles in the luminous

flame.
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µm. The burning surface was determined at the location
with a changing temperature gradient from solid phase to
gas phase��,19),20). In the reaction zone, temperatures rise
rapidly to about 200µm, as portrayed in Figure 14. The
temperature rises slowly to about 500µm near the flame
zone. The reaction zone thickness is about 500µm.
For the Al-added sample, the reaction zone thickness is

about 700µm, because temperature rises rapidly at about
700µm near the flame zone as presented in Figures 15 (a)
and 15 (b). Temperature fluctuation occurs at about 250
µm, and the temperature fluctuation reaches about 400µm
width. The temperature fluctuation in Figure 15 (a) was
not observed in the Al non-added sample in Figure 14,
because of the temperature fluctuation caused by ignited
aluminum particle, which ignited up to the regression
distance of about 250µm. Rapid temperature rising at
about 200µm is caused by the ignited aluminum particle,
the rapid rising is similar to the rising at about 100µm as
shown in Figure 15 (c). The temperature profile of Figure
15 (c) is cut off by the ignited aluminum particle at about
160µm, the rapid temperature rising is occurred near the
ignited particle. Aluminum particles produce a diffusion
flame by burning in the gas phase, reaching a temperature
of about 3000-4000K��. Then the particle produces a higher
temperature area than that around the gas temperature.
Details related to the temperature distribution around the
particle are described in the next section. The reason why

the peak temperature of this temperature fluctuation as in
Figure 15 (a) is lower than 3000-4000K is that the ignited
aluminum particle is distant from the thermocouple.
Because the aluminum particles aggregate on the

burning surface, some diameters in them are about 1000
µm, they affect reaction mechanism in the reaction zone
near the burning surface. Therefore the temperature
profile in the reaction zone is affected, and the low
temperature profile occurs as shown in Figure 15 (a) from
0µm to 160µm.
The agglomerated aluminum particle diameter and the

appearance are irregular. The small influence of the
agglomerated aluminum particle in the temperature
profile might occur. In such cases, the temperature profile
is similar to that of Figure 15 (b).
When the burning aluminum particle is close to the

thermocouple, the temperature fluctuation is measured.
The location and the width of the temperature fluctuation
are regarded as related to the diameter, the amount, and
the agglomeration of aluminum particles.
Figure 16 presents a comparison of temperature profiles

with aluminum particles non-added or added. Figure 16 (c)
is cut off by the ignited aluminum particle. The cutting
position is in the reaction zone near the burning surface.
The temperature soars immediately before cutting. The
temperature around the ignited aluminum particle is
higher than that with no addition of Al. The temperature
fluctuations caused by ignited aluminum particles as in
Figure 16 (a) or 16 (c) are distributed in the reaction zone.
The temperature rises by the ignited aluminum particle in
this way, the temperature in the reaction zone near the
burning surface rises on average, and the temperature
gradient near the burning surface increases. When the
aluminum particle ignites near the burning surface, the
temperature in the reaction zone is affected and altered,
and the burning rate is affected. However, the
heterogeneous combustion wave is stronger in the
aluminized sample, as shown in Figures 16 (a) and 16 (c).

4.6 Ignited aluminum particles as a heat source
The temperature distribution around an aluminum

Figure�� Temperature profile of the Al non-added sample. Figure�� Temperature profiles of Al non-added and added
samples.

Figure�� Temperature profile of Al-added sample.
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particle in aluminized AP composite propellant was
examined in our previous study17). The CFD simulation
was performed using the same CFD tool as that used in
this study to evaluate the effects of the temperature
distribution around an ignited aluminum particle as a heat
source.
In this section, the relation between the temperature

fluctuation in the temperature profile and the temperature
distribution around the ignited aluminum particle was
investigated using the CFD simulation.
When the ignited aluminum particle of the diameter of

160µm becomes a heat source, the temperature
distribution near the particle as a heat source is like that
presented in Figure 17, which shows temperature profiles
as lines along the gas flow direction (indicated in the
figure). The forms of the temperature profile and the peak
temperature are shown according to the distance from the
particle. These lines are 80-640µm distant from the center
of the particle. The particle is put at 250µm distance from
the burning surface. The temperature around the particle
is higher than the gas temperature of 500K. It is about
1000-3000K. Close to the particle, the temperature
increases ; moreover, the temperature profile becomes
sharper.
The temperature fluctuation at around 250µm in the

temperature profile of Figure 15 (a) becomes the
fluctuation width of 400µm and the peak temperature of
1200K, which almost agrees with the temperature profile
of around 160µm (blue line) to 240µm (magenta line) away
from the particle. The peak temperature differs according
to the distance from the particle. The fluctuation width
changes according to the particle diameter. In this way,
we are able to estimate the distance from the particle and
the particle diameter by the temperature fluctuation in
the temperature profile. We are able to estimate the
temperature fluctuation of Figure 15 (a) by the ignited
aluminum particle, which has approx. 160µm diameter and
which is around 160µm to 240µm distant from the
thermocouple. In addition, when the thermocouple is cut
off, it is similar to a temperature profile from around 80µm
(green line) to 160µm (blue line), the tendency that the
temperature soars almost accords with Figure 15 (c)
because the ignited aluminum particle came extremely

close to the thermocouple.

5. Conclusion
After addition of aluminum particles to AN composite

propellant, the burning rate increased and the pressure
sensibility decreased. The process of aggregation and
agglomeration of aluminum particles on the burning
surface was observed. These are similar to results
obtained in earlier studies������15).
In the aluminized AN composite propellant examined in

this study, aluminum particles aggregate and agglomerate
on the burning surface. Then some of them ignite in the
reaction zone near the burning surface. When
agglomerates of aluminum particles ignite and burn near
the burning surface, the temperature profile in the
reaction zone is affected, thereby changing the burning
rate.
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