
1. Introduction
It is known that aluminum (Al) particles easily

agglomerate at the burning surface of composite
propellants in solid rockets１）. The agglomerated Al
particle diameter becomes larger than the diameter of the
Al powders mixed in the propellant２）. The burning time of
agglomerated Al particles increases with increasing the
diameter. The data scatter of the burning time is readily
apparent even when they have the same Al particle
diameter. The combustion efficiency of the propellants
decreases because the burning time of agglomerated Al
particles increases３）.
It is known that the solid phase of composite propellants

is heterogeneous. The gas phase heterogeneity of the
reaction zone is influenced by the heterogeneity in the
composite propellants４），５）. When the agglomerated Al
particles ignite, the luminous flame appears around the
agglomerated Al particles６）-16）. Since the agglomerated Al
particle diameter is small, the temperature of the
agglomerated Al particles is uniform. When the burning
rate of the agglomerated Al particles is uniform, the shape
of the luminous flame is nearly spherical around the

agglomerated Al particles. The shape of the luminous
flame is influenced by the flow condition in the gas phase.
In turn, the flow condition is influenced by the gas phase.
However, it has not been clarified the influences of the
heterogeneity of the gas phase on the luminous flame of
the agglomerated Al particles. In addition, it has not been
clarified where the difference of the gas phase
compositions influences the luminous flame of the
agglomerated Al particles.
In this study, we broaden the reaction zone at 0.1 MPa.

At 0.1 MPa pressure, the influences of the heterogeneity of
the gas phase and the composition on the luminous flame
of the agglomerated Al particles are magnified. This study
evaluated the influences of the heterogeneity of the gas
phase on the shape of the luminous flame and the
influences of the difference of the gas phase composition
on the luminous flame brightness. The results were
obtained from the brightness of the luminous flame of the
agglomerated Al particles in the reaction zone. We
clarified that the heterogeneity of the gas phase influences
the distance from the luminous flames to the
agglomerated Al particles in the lateral direction of the
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2. Theoretical analysis
The burning time depends on the square of the

agglomerated Al particle diameter and the constant �.
The data scatter of the burning time is readily apparent
even when they have the same Al particle diameter. The
relationship between the constant � and the luminous
flame temperature �� is obtained in the following steps.
Symbols are described in the section Symbols. The law of
the conservation of the energy exists in the reaction zone
of the Al particles. The following equation indicates the
evaporation energy per unit time��.

������
�����	
 (1)

The following equation indicates the heat transfer��from
the luminous flame to the Al particle.

������
�������� � (2)

From the energy balance, �� equals to �� and the next
equation is obtained.
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The linear burning rate��is as follows.
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The liquid Al particle is a sphere and the burning time�� is
obtained using the following equation from the���law16）.

������
� (5)

From Equation (4) and the differentiated Equation (5), the
linear burning rate is obtained.
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To obtain the coefficient of the heat transfer, the Nusselt
number��represents as the following equation.

���
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�

(7)

��is 2 in this study because the Reynolds number�� is
too small. From Equations 3, 6, and 7, Equation 8 is
obtained.
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��	
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In Equation 8,��	(2700kg m－３),
(10896 kJ kg－１) of the
Al particle, � is the constant in this study. The surface
temperature of the agglomerated Al particles is assumed
by the boiling point and is the constant at the same
pressure. Thus, we observed the luminous flame
temperature with the luminous flame brightness.

3. Experiment
3.1 Composition of sample propellants
Compositions of three sample propellants are shown in

Table 1. One of the sample propellants, the AN/Oct,
consists of an ammonium perchlorate (AP) and an

ammonium nitrate (AN) as oxidizers, an octadecyl alcohol
(Oct : ������	) as a binder, and the Al powders as a metal
fuel. The others sample propellants, the HTPB 1 and the
HTPB 2, consist of AP as oxidizers, a hydroxyl-terminated
polybutadiene (HTPB) as a binder, and the Al powders as
a metal fuel. The mean AP particle diameters are 50 and
200 �m. The mean Al particle diameter is 30 �m. To
observe the difference of the mole fraction, we use two
types of the propellants, the HTPB 1 and the HTPB 2, at
the concentrations of AP, 80 parts and 92.5 parts,
respectively. These concentrations of AP have the major
difference about the mole fraction for the HTPB 1 and the
HTPB 2 propellants. We use the AN/Oct propellant with
80 AP parts. This concentration of AP has the major
difference about the mole fraction for the AN/Oct and the
HTPB 2 propellants. Table 2 shows the burning rates�of
the propellants at 0.1 MPa. The value of the reaction zone
thickness is about 1mm９）. The theoretical adiabatic flame
temperature without Al of the AN/Oct propellant is
2314 K. The adiabatic flame temperature of the HTPB 1
propellant is 2868 K and of the HTPB 2 propellant is
2674 K13）. The theoretical mole fractions are shown in
Figures 1 and 213）. These figures show the changes of the
mole fractions when the concentration of AP changes from
80 parts to 90 parts for the AN/Oct propellant, and from
80 parts to 92.5 parts for the HTPB propellant. In
comparison, the AN/Oct and the HTPB 1 propellants have
about two times as much mole fractions (��	, �	�, 	�) as
the HTPB 2 propellant.

Table１ Compositions of three sample propellants.

Sample
propellant

Composition [%]

AP AN Oct HTPB Al

AN/Oct 80 10 10 - 20
HTPB 1 92.5 - - 7.5 20
HTPB 2 80 - - 20 20

Table２ Burning rates of three sample propellants.

Sample propellant Burning rate�[mm s－１]

AN/Oct 0.40
HTPB 1 0.89
HTPB 2 1.37

Figure１ Relation between mole fraction and AP
concentration for AN/Oct propellant.
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3.2 Experimental method
An experimental apparatus is portrayed in Figure 3.

The sample propellants burned at 0.1 MPa in the ��gas
atmosphere. The burning surface images were taken with
a microscope at the 40magnifications attached to a high
speed camera. The value of a field depth is about 1mm. A
sampling rate of the high speed camera is 8000 fps. A
number of pixels of figures is ���������. The
gravitational force is directed downward in Figure 3. The
sample propellant size is shown in Figure 4. The
cylindrical sample propellant diameter is 10mm.

3.3 Experimental analysis
The figures of the agglomerated Al particles and the

luminous flames of the agglomerated Al particles are
nearly spherical. The direction of the flow is as same as the
direction of the tail of the luminous flame of the
agglomerated Al particles. The agglomerated Al particle
diameter was defined by observing the figure of the
agglomerated Al particles, the brightness �, and the
differentiated brightness������. In Figure 5, where �� is
the agglomerated Al particle diameter, ��is the luminous
flame diameter, the �is the arbitrary length at the vertical
direction of the flow and the flow direction is obtained by

the direction of the tail of the luminous flame of the
agglomerated Al particles, and the ��is the differentiated
�. We use the ��is 1 �m. The �� is the radius of the
agglomerated Al particles. The ��equals ��divided by 2.
The agglomerated Al particle diameter is measured to
establish a basis for a non-dimensional diameter �����. To
observe the influence of the heterogeneity of the gas
phase, we measure the brightness in the direction
perpendicular to the flow rather than the other directions.
Even as the luminous flame shape is an ellipse, the
luminous flame in a direction perpendicular to the flow is
the symmetrical shape. We defined the distance of the
peaks of the differentiated brightness as the agglomerated
Al particle diameter and the luminous flame diameter. The
location of the inner peaks in the differentiated brightness
is the same as the Al particle diameter and we defined the
Al particle diameter in Figure 5. The non-dimensional
diameter ����� was divided into the two halves at the
agglomerated Al particle center, as shown in Figure 5.
The non-dimensional diameter of the agglomerated Al
particles is -1 to 1.
We defined the agglomerated Al particle diameter and

the luminous flame diameter as the following equations by
the figure. The analysis method of the measurement is
shown in Figure 6. The agglomerated Al particle diameter
is measured at three directions and the agglomerated Al
particle diameter is defined as the following Equation 9.
The luminous flame diameter is defined same as the
agglomerated Al particle diameter as the following
Equation 10.

����
������������ �

�
(9)

����
������������ �

�
(10)

4. Result and discussion
Figure 7 shows the agglomerated Al particles and the

luminous flames in the reaction zone. In Figure 7, where

Figure２ Relation between mole fraction and AP
concentration for HTPB propellant.

Figure５ Experimental analysis.

Figure３ Experimental apparatus for observation of burning
surface.

Figure４ Sample propellant size.
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��� is the average agglomerated Al particle diameter,���
is the average luminous flame diameter. We pick up
almost the same agglomerated Al particle diameter in
Figure 7 and these average agglomerated Al particle
diameters and these average luminous flame diameters
don’t have dependence of the propellant composition. The
agglomerated Al particles have a small cap and the Al jet
is a really short time. The white broken line represents the
burning surface of the propellant. We observed the
agglomerated Al particles in the reaction zone of the
propellants. Figures 8, 9 and 10 show the relation between
the non-dimensional diameter �����and the brightness �,
and between the �����and the differentiated brightness��
����. Figure 8 is shown for the AN/Oct propellant (Figure
7-�). Figures 9 (Figure 7-�) and 10 (Figure 7-�) are
shown for the HTPB propellants.
The peak brightness of the luminous flame is located at

the �����������on the left side of the agglomerated Al
particles and the ����������on the right side of the Al
particle in Figure 8. The ratio of the left side �����to the
right side ����� is 1.10 and it is larger than 1. The peak
brightness of the luminous flame is located at the �
�
�

��
������ on the left side of the agglomerated Al

particles and the ����������on the right side of the
agglomerated Al particles in Figure 9. The ratio of the left
side�����to the right side�����is 0.98 and smaller than 1.
One of the ratios of the left (�����) to the right (�����) is

over 1. The other of the ratios of the left (�����) to the right
(�����) is under 1. One of the luminous flames moves just a
little to the left, like as shown in Figures 7-� and 8. The
other luminous flames move just a little to the right, like as
shown in Figures 7-�and 9. It is considered that the
heterogeneity of the gas phase influences the distance
from the luminous flame to the agglomerated Al particles
in the lateral direction of the plane surface. Since the
burning rate of the agglomerated Al particles is the
uniform, it is considered that the shape of the luminous
flame is nearly spherical around the agglomerated Al
particles. However, the luminous flame is influenced by
the flow condition.
The brightness of the luminous flame for the AN/Oct

and the HTPB 1 propellants are higher than that of the
luminous flame for the HTPB 2 propellant. In Figure 8 for
the AN/Oct propellant, the peaks of the differentiated
brightness and the luminous flame are obvious at the
agglomerated Al particle diameter and the luminous flame
diameter. In Figure 9 for the HTPB 1 propellant, the peaks

Figure６ Analysis method of measurement.

Figure９ Relation between the �and ����� in HTPB 1
propellant (as shown in Figure 7-�).

Figure８ Relation between the � and ����� in AN/Oct
propellant (as shown in Figure 7-�).

Figure７ Formation of luminous flames.
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of the differentiated brightness and the luminous flame are
obvious. In Figure 10 for the HTPB 2 propellant, the peaks
of the differentiated brightness appear faintly at the
luminous flame diameter. It is considered that the
difference of the brightness for the luminous flame
between the propellants depends on the difference of the
mole fractions of ���, ���, and �� around the
agglomerated Al particles.

5. Conclusion
・The heterogeneity of the gas phase influences the
distance from the luminous flame to the agglomerated
Al particles in the lateral direction of the plane
surface.

・The gas phase composition influences the intensity of
the brightness of the luminous flame.

Symbols
��- Agglomerated Al particle diameter / [m].
�� - Luminous flame diameter of the agglomerated Al
particle / [m].
�- Heat transfer coefficient / [Wm－２K－１].
�- Heat of the vaporization / [kJkg－１].
��- Nusselt number / [-].
��- Evaporation energy per unit time / [W].
��- Heat transfer / [W].
�	- Reynolds number / [-].

- Burning rate of the propellant / [mms－１].

	- Evaporation rate / [ms－１].
�� - Luminous flame temperature surrounding the Al
particle / [K].
��- Surface temperature of the agglomerated Al particle
/ [K].

	- Burning time / [s].

���- Al particle density / [kgm－３].
�- Heat conductivity / [Wm－１K－１].
�- Constant / [sm－２].
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