
Nomenclature
�� = thermal conductivity of solid propellant, W/

m K
� = temperature, K
� = burning rate, m/s
� = moving coordinate whose origin is fixed at

burning surface, m
�� = mass density of solid propellan, kg m－３
� = heat of reaction, kJ/kg
�� = laser power density on burning surface of

solid propellant, W m－２
�� = heat flux supplied from burning surface to

solid phase of propellant, W m－２
�� = heat feedback rate from the flame to burning

surface, W m－２
�	��	��
� = gas-phase temperature gradients in the vi-

cinity of burning surface, W m－２
����� = heat intensity of reaction on the burning sur-

face, W m－２
Cp = specific heat of solid propellant, J/kg K
Subscripts
0 = initial condition

 = burning surface
� = solid phase propellant

� = gas phase

1. Introduction
We propose to apply laser heating to solid propellant

combustion for the estimation of the heat feedback rate
from flame to burning surface, Hf. Conventionally, tem-
perature distribution in both solid and gas phase is meas-
ured with thermocouples embedded in a regressing solid
propellant１)-3), the temperature distribution measurement
yielding the values of Hf. In this method, however, the
thermocouples should have a diameter as small as 10 µm
to have sufficiently low thermodynamic time constants,
and should be strenuously embedded in the solid. The
thermocouples are damaged or melted by the flame and
consequently are difficult to reuse. Additionally, the ther-
mal conductivity in the gas phase, which would be varied
with its temperature and pressure, was necessary for the
calculation of Hf.
In this study, we propose a non-intrusive method using

laser heating for the evaluation of Hf without measuring or
estimating the gas-phase thermal conductivity. A com-
bustion chamber with a laser-introducing window was
designed and used to show the feasibility of the proposed
method. Hydroxyl Terminated Poly Butadiene / Ammo-
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nium Perchlorate (HTPB/AP) composite samples were
tested in the combustion chamber at absolute pressures
from 0.03 to 0.3 MPa. The heat feedback from the flame to
the burning surface was estimated from the dependence
of burning rates on laser power density with the proposed
method that will be mentioned below.

2. Principle of Method
Figure 1 shows a schematic of the heat balance in a

burning solid propellant under laser irradiation. A heat
balance equation in the burning surface has been proposed
to analyze the combustion of the solid propellant４),5). The
model treats heat transfer in the solid phase as follows :
heat transfer from burning surface to solid phase, ��, heat
production on burning surface, ���� and heat feedback
from flame to burning surface, Hf. In the proposed method,
the burning surface is heated with a laser, and by applying
a new laser heating term, IL, the heat balance equation is
expressed as

�������������� (1)

In the solid phase, the steady-state heat transfer equa-
tion using the coordinate x with its origin taken at the
burning surface is expressed as

��
	�

	��
������

	

	�
�� (2)

With the boundary conditions :


�
� �����


�
� ������

Integrating Eq. (2) with x , the heat flux from the burning
surface to the solid phase �� is expressed by

�����
	

	�
� ��������
��
�� (3)

Substituting Eq. (3) to Eq. (1) yields
�������� (4)

where

��
�
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(5)
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(6)

From Eqs. (5) and (6), the heat feedback rate to the burn-
ing surface, Hf, appears as the equation :

���
��
�

(7)

The value of Hf is determined by substituting the ex-
perimentally evaluated values of aL and bL into Eq. (7).

3. Experimental apparatus
3.1 Test chamber
Figure 2 shows a schematic diagram of the experimen-

tal apparatus. The test chamber is cylindrical with an
outer diameter of 120mm, an inner diameter of 54mm and
a length of 320mm. The solid propellant samples were
fixed with a sample holder, which is clasped in the left end.
On the other end, the test chamber had a 50-mm-diam
BK-7 laser-introducing window with anti-reflection
coating. On both sides of the test chamber, 50-mm-diam
BK-7windows were also placed for observing the combus-
tion.
This test chamber has gas inlet ports for introducing ni-

trogen purge gas and outlet ports for expelling nitrogen
and exhaust. The nitrogen purge gas was provided from a
high pressure cylinder through the gas inlet ports and was
divided into two streams in the test chamber. One of the
streams was supplied into the sample holder and went
through an array of holes to let the nitrogen stream flow
along the sample.
The other nitrogen gas stream was injected to the laser

-introducing window in order to prevent the burned par-
ticles from adhering to the window surface and to remove
the plume from the laser-beam path toward the sample.
The nitrogen flow rate for the laser-introducing window,
which went toward the burning surface, would disturb the
combustion. Hence, the mass flow was set as sufficient not
to disturb the combustion.
The exhaust gas went out of the combustion chamber

by itself at back pressures above 0.1 MPa and was evacu-
ated by a rotary pump through a cubic surge tank 320mm
at back pressures below 0.1 MPa. During the experiments,
the back pressure was regulated by adjusting the inlet
port and outlet port valves. The back pressure of the test
chamber was variable from 0.3 kPa to 0.3 MPa.

Fig.１ Heatbalance of burning solid propellant.

Fig.２ Experimental apparatus.
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3.2 Laser
A continuous-wave fiber-coupling laser diode (JOLD-

45-CPXF-1L 808 0.4P, JENOPTIC Laserdiode GmbH)
was utilized as a heat source to the burning surface. The
laser has a wavelength of 808 nm and a rated laser power
of 45 W. In order to stabilize the laser power, the tempera-
ture of the laser diode was regulated using a Peltier device
to keep it at 23-26οC. The laser was driven with a con-
stant current power source, and the laser power was ad-
justed from 10to 45 W with the driving current.
The laser beam was introduced through an optical fiber

of 400 µm core diameter to an optical collimation lends unit
(FCC-A, LIMO-Lissotschenko Mikrooptik GmbH). The la-
ser beam was collimated by the unit and then had a diver-
gent angle of 40 mrad and a diameter of approximately 10
mm.
The collimated laser beam was guided to the test cham-

ber through the laser-introducing window in such way
that the solid propellant sample inside the test chamber
was aligned with the laser beam. The window was coated
with an anti-reflection layer on its surfaces with a trans-
mission ratio of more than 99.5 %.
Figure 3 shows a typical laser power density distribu-

tion in the neighborhood of the laser-irradiated burning
surface. This profile was obtained by scanning the laser
beam using an optical fiber with a core diameter of 100
��. One end of the optical fiber was exposed to the laser
beam and was moved horizontally and vertically using
two linear stages. The laser beam was transmitted to a
NIST-traceable photodiode optical sensor (S140A, Thor-
labs). The output voltage of the optical sensor was re-
corded by an IBM-PC compatible computer through a
data acquisition interface board (PCI-3521, Interface
Corp.). The sample used in the experiments had a burning
surface of 2mm × 2mm in section. In the burning surface,
the laser profile was quite uniform with an average laser
power density of 0.65 W mm－２and a standard deviation of
2.3 × 10－２ W mm－２. The laser power density provided to
the burning surface of the sample ranged from 0.30 to 0.80

W mm－２.

3.3 Solid propellant samples
Table 1 displays the composition of the samples used in

the experiment. The samples were HTPB/AP composite
solid propellants with an average AP diameter of approxi-
mately 5µm. Extra ingredients such as carbon black and
aluminum powder were added to augment laser beam ab-
sorption.
Sample #1 is a non-self combustible solid propellant

whose combustion is sustained by heating the burning
surface with an external heat source and is terminated by
interrupting the heat supply. Our previous study has
shown that the combustion of sample #1 is controllable
with laser heating up to 0.09 MPa３). In the case of sample #
1, the laser diode is a heat source for both controlling com-
bustion and investigating Hf. On the other hand, sample #2
is a self-combustible solid propellant, which autonomously
keeps burning without laser heating of the burning sur-
face once ignited, in which case the laser is a heat source
for estimating Hf.
The solid samples were typically 2mm x 2mm x 15mm

rectangular bars. The size of the cross section was deter-
mined from the laser power density distribution shown in
Fig. 3. Owing to this shape, the standard deviation in laser
power density on the burning surface was 3.5 % of the av-
erage.

3.4 Burning rate measurement
The flame and solid sample regression was recorded at

a frame rate of 30 Hz by a digital CCD video camera from
a lateral view, as shown in Fig. 2. Burning rates were
evaluated from the images. A personal computer captured
sequential images from the digital CCD video camera and
calculated the burning surface position on each frame us-
ing brightness distribution along the longitudinal axis of
the solid sample. The burning rates were determined with
the least square method from the time variation in burn-
ing surface position.

4. Results and Discussion
4.1 Non self−combustible solid propellant
Figure 4 illustrates a typical image of the regressing

burning solid propellant in the experiment when sample #
1 was irradiated with a beam 0.8 Wmm－２ in laser power
density. The preferable alignment of the laser beam with
the solid sample and the uniform laser power density al-
lowed the burning surface to maintain regress well along
the longitudinal axis of the solid sample. This propellant
could not support the combustion by itself, and hence, the

Table１ Ingredients and weightmixture ratios of test solid
propellants (Sample #1 is non-self burning, #2 is self
-burning)

Sample HTPB AP
Carbon
black

Aluminum

#1 30 70 0.5

#2 20 80 20

Fig.３ Atypical laser density distribution in the region near
solid propellantsurface.
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combustion was terminated by interrupting laser irradia-
tion to the solid propellant. The time variation in the burn-
ing surface position was evaluated using sequential images
such as Fig. 4 and is exhibited in Fig. 5. The solid samples
yielded constant burning rates during the laser heating in
all experiments. Hence, the burning rates measured in the
experiment can be used for the estimation of Hf values us-
ing Eq. (7).
The variation in burning rate with back pressure was

shown in Fig. 6. With the entire laser power density
tested, the burning rate increased monotonously with
back pressure until 0.18 MPa. On the other hand, the burn-
ing rate was abated with back pressure at pressures over
0.22 MPa, and the combustion became unstable. The flame
repetitively expanded and shrunk during the laser irradia-
tion.
Figure 7 shows the dependence of the burning rate on

the laser power density. Fitting the burning rates to Eq. (4)
by the least square method gives the coefficients aL and bL
with the determination R２, which are listed in Table 2. All
the values of R２ were over 0.90 with the exception of the
case at 0.22 MPa, and then the burning rate linearly in-
creased with the laser power density. Hence, experimen-

tally evaluated values of aL and bL yield Hfvalues using Eq.
(7), because the burning rate r remained constant during
laser irradiation as shown in Fig. 5 and the determination
R２was as high as 0.9 where the relation between burning
rate r and laser power density was fitted using Eq. (4).
Figure 8 represents the variation in Hf with back pres-

sure for sample #1. The errors were evaluated using the
determination R２ listed in Table 2. At 0.22 MPa, the error
of Hf is large in comparison with the other back pressures.
This would be attributed to the unstable combustion at
this pressure.

4.2 Self−burning solid propellant
For sample #2, the combustion was stably sustained

during the laser irradiation and in contrast with sample #

Fig.４ Image of burning solid sampleunder laser heating. La-
ser power density : 0.7 W mm－２, backpressure : 0.2
MPa, sample #1.

Fig.６ Variation in burning rate withback pressure on back
pressure for sample #1.

Fig.５ Burning surface regression withtime.

Fig.７ Dependenceof the burning rate r on thelaser power
density ILwith laser power density for sample #1 un-
der different pressures.
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1, even after interrupting the laser heating. During the
combustion, neither flickering nor extinguishing occurred
at any back pressure tested in the experiment. The time
variation in the position of the regressing burning surface,
which was similar with that of sample#1shown in Fig. 5,
shows that the burning rate was constant even with self-
burning solid propellants in laser assisted combustion.
Hence, the combustion of sample #2 met one of the neces-
sary conditions for estimating Hf using Eq. (7). Figure 9 il-
lustrates the burning rate variation with back pressure.
The burning rate increased monotonously with back pres-
sure with the laser irradiation.
The burning rate of self-burning propellants was also

monotonously augmented with laser power density, as
shown in Fig. 10. Fitting the burning rates and laser power
density with Eq. (4) yields the values of aL, bL and R２ listed
in Table 3. The evaluated coefficients of determination, R２
showed that the burning rates linearly increased with la-
ser power density even for the self-combustible solid pro-
pellant. Hence, the linear dependence of the burning rate
on the laser power density yields the values of Hf with
relatively smaller errors using Eq. (7). Figure 11 shows
that the variation in Hf with back pressure. The values of
Hf somewhat increased with back pressure and ranged
from 1.0 to 2.0 W mm－２.

4.3 Comparison with thermocouple measurement
For the purpose of validating the proposed method, the

Hf values for a self-combustible HTPB/AP solid propel-
lant were estimated using empirical data shown in Ref.6.
The thermocouple measurement yielded the fitted curve
of the gas-phase temperature gradient in the vicinity of
the burning surface ��������� for the HTPB/AP=16/84
propellant, as shown in Fig. 125). The gas-phase thermal
conductivity in the vicinity of burning surface, ���was ob-
tained using with Chemical Equilibrium Application
(CEA)６). In the calculation, the gas-phase temperature
near burning surface is assumed to be 600 K, which was
measured at back pressures ranging from 0.02 to 0.1
MPa５). The product of ��� and��������� provides the heat

Table２ Evaluated aL and bL obtained from the experiment
for non-self burning sample #1

Pressure P , MPa aL bL R２

0.04 0.48 0.61 0.99
0.08 0.70 0.93 0.90
0.10 0.69 0.97 0.98
0.18 0.95 0.99 0.92
0.22 0.62 1.1 0.63
0.30 0.53 0.78 0.94

Fig.８ Evaluated variation in heatfeedback from flame to burn-
ing surface with back pressure for sample #1.

Fig.９ Dependence of burning rate r on back pressure P for
sample #2 with each laserpower densities IL.

Fig.10 Variation in burning rate r with laser power density IL
for sample #2 at backpressures ranging 0.04 to 0.10
MPa.
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feedback from flame to burning surface, which are illus-
trated as the solid line in Fig. 12. The values of Hf for
HTPB/AP=14/86 monotonously increased from 1.0 to 2.4
W mm－２with back pressure. For samples #1 and #2, the
proposed method showed that the Hf almost monotonously
increased with pressure below 0.1 MPa and varied from
1.0 to 2.0 W mm－２, as shown in Figs. 8 and 11. From these
results, the proposed method would be reasonable for the

evaluation of Hf.

5. Summary
This paper proposes a new method for rating the heat

feedback from flame to burning surface Hf for solid propel-
lants, and is summarized as follows :
1. Laser heating to the burning surface was applied for
the non-intrusive estimation of Hf using the depend-
ence of the burning rate on laser power density. This
method requires no gas-phase thermal conductivity,
which would be obtained with chemical equilibrium
calculation.

2. In both self-sustained and non self-combustible solid
samples, the burning rates kept constant during laser
irradiation and were almost linear with laser power
density. Consequently, the burning rates under laser
irradiation were applicable to the estimation of the
heat feedback from flame to burning surface.

3. The Hf values evaluated with the proposed method
almost monotonously increased with back pressure
and were coincident with the estimated values using
thermocouple-yielded temperature gradients and
gas-phase thermal conductivity provided with
chemical equilibrium calculation.
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Table３ Evaluated aL and bL obtained from theexperiment
for self burning sample #2

PressureP MPa aL bL R２

0.04 0.63 0.82 0.92
0.06 0.55 1.0 0.98
0.10 0.80 1.4 0.96

Fig.11 Evaluated variation in heatfeedback from flame to
burning Hf surface with back pressure for sample #2.

Fig.12 Evaluated heat feedback fromflame to burning surface
for HTPB/AP=16/86 propellant using CEA andrefer-
ence 6.
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固体推進薬燃焼の熱バランス算出に資する
レーザ加熱法の提案

各務 聡＊†，寺下祥太＊＊，橘 武史＊

本論文では，固体推進薬燃焼における火炎から燃焼面への熱のフィードバック量（Hf）を評価するためにレーザ加熱
を適用することを提案する。本方式では，圧力を一定に保った燃焼容器に固体推進薬を入れ燃焼面にレーザを照射し，燃
焼速度とレーザパワー密度との関係からHfを算出するのである。HTPB/AP系固体推進薬をサンプルとしてレーザパワー
密度を0.3~0.8 W mm－２の範囲で変化させたところ，燃焼速度はレーザパワー密度に依存しHfを算出するに至った。Hfは
背圧と共にほぼ単調に増加しその範囲は1.0~2.0 W mm－２であった。
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