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Abstract: Catalytic hybrid rocket motors using hydrogen peroxide (HP) are easy and efficient to
achieve multiple starts and stops, and hydroxyl-terminated polybutadiene (HTPB) grains are com-
monly used due to their excellent mechanical properties. The low regression rate of HTPB grains
limits the application of hybrid rocket motors. Furthermore, the addition of solid aluminum particles
can effectively improve the regression rate and performance of hybrid rocket motors. However, the
experimental results of a high mass fraction of aluminum and hydrogen peroxide available at present
are not sufficient. In this research, the impact of a high mass fraction of aluminum on the motor
performance and ablation rate of nozzles is studied experimentally. A solution of 95% hydrogen
peroxide and HTPB with an aluminum additive are adopted as propellants. The variation in the axial
regression rate of the grains is obtained by computed tomography (CT) scans and pre-test parameter
measurements. The instantaneous regression rate method is adopted to obtain the real-time regres-
sion rate of the motor. The surface appearance and composition of the front and the end of the grains
after the tests are analyzed by electron microscopy. Carbon ceramic and tungsten-bronze nozzles are
used to explore the effect of a high mass fraction of aluminum on nozzle ablation. The experimental
results show that the addition of aluminum raises the specific impulse and decreases the optimal
oxygen-to-fuel ratio of the propellant combination. The high mass fraction of the aluminum particles
has a severe ablative effect on carbon ceramic nozzles, while the effect on tungsten-bronze nozzles is
minimal for a hot test lasting four to five seconds. Our results can provide experimental guidance for
the application of a high mass fraction of aluminum and hydrogen peroxide hybrid rocket motor.

Keywords: experimental study; high-performance hybrid rocket motors; performance evaluation;
nozzle ablation

1. Introduction

A hybrid rocket motor is a form of propulsion system that typically uses solid fuel
and a liquid oxidizer [1,2]. Due to the benefits of hybrid rocket motors, such as multiple
starts and stops, adaptable thrust adjustments, and superior safety, research on hybrid
rocket motors has become a hot topic in recent years [3-5]. The regression rate is a crucial
parameter in the operation of a hybrid rocket motor. The regression process directly
contributes to the fuel mass flow rate and the oxygen—fuel ratio of the motor, which
determines the specific impulse and thrust of hybrid rocket motors. The combustion of
the hybrid rocket motor, which differs from other engines, is diffusion controlled [6-8].
During the operation of hybrid rocket motors, the gaseous oxidant flows over the channel
of the solid fuel, the fuel is heated to produce pyrolysis products, and the pyrolysis
products diffuse to react with gaseous oxidants. The heat transfer from the combustion
zone maintains the pyrolysis of the fuel and determines the pyrolysis rate of the fuel. Due
to diffusion combustion, the application of hybrid rocket motors is generally limited by
the low regression rate.
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Many researchers have conducted numerous studies to improve the regression rate of
hybrid rocket motors. Injection schemes [9-12], fuel types [13-16], and the addition of fuel
additives have been demonstrated to be constructive methods for improving the regression
rate of the hybrid rocket motor. The injection type variation mainly improves the efficiency
of mixing, which in turn enhances the heat transfer between the reaction zone and the
fuel wall and consequently the regression rate. The formation of a low-viscosity liquid
layer on the grain surface is the intrinsic difference between classical and non-classical
combustion mechanisms, and this liquid layer contributes to a higher regression rate during
the combustion process [17]. The addition of solid particles to the grain mainly enhances the
energy release and results in the improvement of the flame temperature and heat feedback
from the combustion products [18,19]. Meanwhile, the addition of solid particles effectively
improves the density-specific impulse of the propellant combinations and reduces the
optimal oxygen-to-fuel ratio. Shark et al. [20] reported that adding NaBH, and AlHj;
generates up to a 47% and 85% growth in the regression rate, respectively, compared to
neat dicyclopentadiene. The characteristic velocity efficiency is not efficient and varies from
80% to 90%. Risha et al. [21] demonstrated that adding metal nanoparticle fuel additives
to HTPB-based fuels can significantly benefit the regression rate. Aluminum particles are
a common metal addition to grains. The inclusion of aluminum particles within fuels
can lead to an increase in the specific impulse, volumetric heat of oxidation, adiabatic
flame temperature, heat of combustion, and radiative heat transfer [22]. Our previous
findings [23] have shown that the addition of aluminum is more efficient than the addition
of aluminum hydride for the enhancement of the regression rate. There exists a limit in
how much aluminum can be added to a propellant. The inclusion of aluminum particles
increases the regression rate of the propellant combination. However, the combustion
becomes less efficient and the nozzle ablation can be aggravated when an excessive amount
of aluminum particles are added.

The purpose of this study is to explore the influence of a high mass fraction of alu-
minum on the performance of motor and nozzle ablation. 95HP and HTPB with an
aluminum additive are utilized as propellants. The experiment results indicate that adding
aluminum particles into solid fuel boosts the average regression rate and reduces the
optimal oxygen-to-fuel ratio. The addition of a high mass fraction of aluminum particles
has a severe ablative effect on carbon ceramic nozzles, while the effect on tungsten-bronze
nozzles is minimal for a hot test lasting four to five seconds.

2. Experimental Setup

Figure 1 displays a schematic of the test system. The motor mainly includes a hydrogen
peroxide catalyst bed, a HTPB-based grain, a pre-combustion and a post-combustion
chamber, and a Laval nozzle. The oxidizer feeding system is composed of a gas tank
with high pressure, a hydrogen peroxide tank, a pressure regulator, hand valves, solenoid
valves, pressure transducers, a mass flowmeter, a variable area cavitating venturi, and
other components. A programmable logic controller (PLC) is employed to control the
valves during the operation of the test. MultiscaleVoxel-1000 is used for the CT scans.
A CMF025M /1700 flowmeter with a percentage error of 0.1% is adopted to measure the
oxidizer mass flow rate. A CYB-601S thrust sensor is utilized to measure the engine thrust,
and the measurement error is 0.1%. An electronic scale with an error of 0.1 g is utilized
to weigh the mass of the motor before and after the experiment. A three-jaw caliper is
adopted to measure the nozzle throat diameter before and after the experiment, and the
measurement error is 0.01 mm. Table 1 shows the solid fuel formulas and nozzle material
of the test motor. Table 2 lists the main design parameters of the test motor.
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Figure 1. Schematic of the test system.

Table 1. Solid fuel formulas and nozzle material of the test motor.

Solid Fuel Fuel Formula P (g/cm3) Nozzle Material
A 35%HTPB + 65%Al 1.608 Tungsten—Copper Infiltration
B 42%HTPB + 58%Al 1.488 Carbon Ceramic
C 52%HTPB + 48%Al 1.343 Tungsten—Copper Infiltration
D 62%HTPB + 38%Al 1.214 Carbon Ceramic

where p is the density of the fuel.

Table 2. The main design parameters of the test motor.

Parameter Unit Value

Inner diameter of grain mm 35

Outer diameter of grain mm 100

Length of grain mm 375

Inner diameter of pre-chamber mm 80
Length of pre-chamber mm 35
Inner diameter of post-chamber mm 80
Length of post-chamber mm 50
Diameter of nozzle throat mm 15
Expansion ratio of nozzle - 3

Based on a rocket propulsion analysis (RPA), the theoretical vacuum impulse and
density impulse for the four grains of aluminum particles with mass fractions of 38%, 48%,
58%, and 65%, respectively, are calculated and analyzed. The combustion chamber pressure
is 2 MPa and the expansion ratio of the nozzle is 3. Figure 2 shows the calculated results of
the theoretical vacuum impulse and density impulse. The specific impulse of the propellant
combination of HTPB-based grains with aluminum particles and 95% hydrogen peroxide is
significantly higher than that of the propellant combination of HTPB-based grains without
aluminum particles or 95% hydrogen peroxide with the region of the oxygen-to-fuel ratio
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being from 1 to 4. The specific impulse increases slightly with the increase in the mass
fraction of the aluminum particles at lower oxygen-to-fuel ratios, while it decreases with
the increase in the mass fraction of the aluminum particles at higher oxygen-to-fuel ratios.
Apparently, the addition of aluminum particles reduces the optimal oxygen-to-fuel ratio
of the propellant combination, resulting in a miniaturized oxidizer tank. As can be seen
in Figure 2b, the increase in the mass fraction of the aluminum particles in the grain
has a significant effect on the increase in the density-specific impulse in the region of an
oxygen-to-fuel ratio from 1 to 4.

260

3600 . .

A 3400 [ ]
2 -

3200

3000

200

— 38% Al- 62% HTPB
— 48% Al- 52% HIPB
58% Al-42% HTPB
63% Al 35% ITTPR
——HTPB

——38% Al+ 62% HTPB
—— 48% Al+ 52% HTPB
—— 58% Al+ 42% HTPB ]

65% Al+ 35% HTPB
—— HTPB

2800

180 2600

Vacuum specific impulse (s)
Demsity specific impulse (N-sm™)

2400
160

L 2200 L L L L ! :
1 kl 3 4 3 6 7 4 1 2 3 2 5 & 7 8

Oxidizer to fuel ratio Oxidiver w0 Muel ratio

(a) (b)

Figure 2. Theoretical vacuum specific impulse and theoretical vacuum density-specific impulse.
(a) Theoretical vacuum specific impulse. (b) Theoretical vacuum density-specific impulse.

3. Data Processing Method
The initial internal diameter of the grain is measured by vernier calipers before the
test and the internal diameter of the grain after the test is measured by a CT scan. The
calculation of Equations (1)-(6) refers to [23]. The average regression rate r is obtained as:
- Ye — 7
r=— 1
t M
where 7, is the initial inner radius of the grain, 7; is the final inner radius of the grain, and ¢
is the working time of the motor.
Then the oxidizer mass flux G, can be calculated as follows:

g
Gy = — 2
(4] 7‘[1’2 ( )
where m, is the oxidizer mass flow rate, and r is the radius of the grain.
The combustion efficiency of the motor 7.+ is acquired by:
C*
.= 3
Mc e 3)

where cy,* is the theoretical characteristic velocity, which is calculated by RPA. c* is
obtained by:
f;j” pe - Apdt

— R 4
f;;w (1t g + 1i1, )dt @

*

where p. is the chamber pressure, A; is the throat area of the nozzle, m f is the mass flow
rate of the fuel, t;, is the moment when the motor operation ends, and ¢j is the moment
when the motor operation starts.
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The specific impulse Isp is acquired by:

tw
B fto Fdt
Isp = Ttw o N1, @)
‘ftO (mf+mo)dt

where F is the thrust of the motor.
The ablation rate of nozzle r; is obtained by:
dy — dy
T

(6)

where d is the initial nozzle throat diameter, and d is the final nozzle throat diameter.

For motors operating for long periods of time, the size of the grain passage varies
significantly, and the oxidizer flux and regression rate change continuously during opera-
tion. In this paper, a method is developed to analyze the instantaneous regression rate of a
hybrid rocket motor. By means of one or several tests, the change curve of the regression
rate under different oxidizer flow rates can be obtained, and the regression rate equation
can be fitted.

Assuming that the pressure of the combustion chamber measured in the test is pc exp,
and the combustion efficiency of the motor is 7.+, then by the equation for conservation of
mass in the combustion chamber, the following equation can be given:

. Pc, At .
R )
C Mex
During the operation of a hybrid rocket motor, the combustion chamber pressure and
the oxygen-fuel ratio are continuously varied, and the theoretical characteristic velocity is
a function of them. The value of c* is obtained by a thermodynamic calculation:

. :f(pC/rof) ®)

Moreover, the oxygen-to-fuel ratio 7, ¢ can be calculated as:

My Mo
Tof = == = ——— )
mf PeexpAt m
f(pCrrof)UC* °

For a given test chamber pressure pexp, nozzle throat area A¢, combustion efficiency
fex, and oxidizer flow rate m1,, the oxygen-to-fuel ratio and fuel flow rate can be calculated
iteratively from the above equation until the given accuracy is met:

ﬁio/Mf—rof SS (10)

Based on the fuel mass flow rate obtained after iterative convergence, the oxidizer
mass flux G, and the instantaneous regression rate 7 can be calculated by combining the
cross section of grain. After integration, parameters of the next moment, such as channel
area and flesh thickness, can be obtained. As the combustion efficiency is not known before
the test, an initial value is assumed for the calculation. The fuel mass flow rate at each
moment is calculated according to the above method and integrated to determine whether
the fuel consumption for the entire combustion time is equal to the fuel consumption
measured in the test; otherwise, the ., is adjusted until the given accuracy ¢ is met:

dt — < 11
/tmf ’ € (11)
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where L is the length of the grain. The radius of the grain r can be calculated as:
t .

r=r;+ [ rdt (13)

to

After the convergence of iterations, the instantaneous values of the oxidizer mass
flux and the regression rate are obtained for the entire test, and the average combus-
tion efficiency of the engine is obtained. Figure 3 shows the flow chart of the entire

calculation process.
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Figure 3. Flow chart for calculating instantaneous regression rate.
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4. Results and Discussion

Figure 4 shows the measured combustion chamber pressure and the thrust of the
test. The oxidizer valve opening and closing once in a short time is one pulse. In order to
achieve a rapid ignition, five pulses are added before ignition to raise the temperature of
the catalytic bed, thus promoting the efficiency of the decomposition of hydrogen peroxide.
The duration of each pulse is 100 ms, and the gap for each pulse is 600 ms. After five pulses,
the oxidizer valve opens at 4.5 s and closes at 9.5 s. The test lasts for five seconds. It is
obvious from the combustion chamber pressure curve and thrust curve that an unstable
combustion is generated. Furthermore, this oscillation does not occur at the beginning
of the engine build-up, but after a period of operation. A possible explanation is that the
addition of the high fractional aluminum particles results in an unstable combustion. The
unique combustion mechanism of the hybrid rocket motor is diffusion combustion. A vast
number of aluminum particles are blown into the flow field as droplets for combustion [24],
and the aluminum particles are highly susceptible to coupled oscillations with the airflow.
Possible ways to suppress this instability are to reduce the particle size of the aluminum
particles and to increase the space of the pre-combustion chamber [25].
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Figure 4. Measured combustion chamber pressure and thrust of test.

Figure 5 shows the instantaneous regression rate versus time and oxidizer mass
flux. The instantaneous regression rate in Figure 5a is calculated according to the method
described above. As can be seen from Figure 5a, the regression rate shows a general trend
of a rapid decline with time. The instantaneous regression rate can be calculated from
Equation (7). Therefore, the instantaneous regression rate generally oscillates significantly
after the engine has been operating steadily for 1-2 s synchronized with the combustion
chamber pressure. As can be seen in Figure 5b, the grain with a 65% mass fraction of
aluminum particles decreases from 1.57 mm/s to 1.08 mm/s in the oxidizer mass flux range
of 130-160 kg-s~!-m~2, which is higher than the grain with 58% and 48% mass fractions of
aluminum particles. Furthermore, in the oxidizer mass flux range of 110-130 kg-s~1-m~2,
the grain with a 65% mass fraction of aluminum particles decreases from 1.08 mm/s to
0.75 mm/s, which is between the grain with 58% and 48% mass fractions of aluminum
particles. The regression rate of the grain adding a 38% mass fraction of aluminum particles
is between that of the grains with 58% and 48% mass fractions of aluminum particles in
the oxidizer mass flux region from 105 kg-s~!-m~2 to 120 kg-s~'-m~2. Among the four
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grains with aluminum particle mass fractions of 38%, 48%, 58%, and 65%, the grain with
the mass fraction of 58% decreases the most smoothly with the diminishing oxidizer mass
flux. Compared with neat HTPB grains [18], it is clear that the increase in the aluminum
mass fraction of the grain enhanced the regression rate. The regression rate of the 90HP
and pure HTPB is 0.37 mm/s with an oxidizer mass flux of 93 kg-s~!-m~2. The regression
rate of the grain with a mass fraction of 38% aluminum particles is 0.56 mm/s, which has
increased by 51.35%.
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Figure 5. Instantaneous regression rate versus time and oxidizer mass flux. (a) Instantaneous

regression rate versus time. (b) Instantaneous regression rate versus oxidizer mass flux.

Table 3 shows the performance results. As can be seen from Table 3, the specific
impulses of the hybrid rocket motor with 95% hydrogen peroxide and a combination of
38%, 48%, 58%, and 65% mass fractions of aluminum and HTPB are 185.79 s, 186.82 s,
188.91 s, and 192.46 s, respectively. The average regression rates of the grains containing
38%, 48%, 58%, and 65% mass fractions of aluminum are 0.78 mm/s, 0.96 mm/s, 1.07 mm/s,
and 1.12 mm/s, respectively. The addition of aluminum particles leads to an improvement
in the specific impulse and regression rate, and the grain with a 58% mass fraction of
aluminum particles has the highest combustion efficiency.

Table 3. Performance results.

Oxidizer Mass Flow Average Regression Combustion

Fuel Rate (g/s) pMPa) — O/F s () Rate (mm/s) Efficiency (%)
38%Al + 62%HTPB 165.2 1.53 3.13 185.79 0.78 87.68
48%Al + 52%HTPB 157.3 1.74 2.71 186.82 0.96 85.35
58%Al + 42%HTPB 155.3 1.70 2.29 188.91 1.07 88.88
65%Al + 35%HTPB 163.3 1.81 1.94 192.46 1.12 85.30

Figure 6 shows the CT scan images of the grains after the test, from which it can be
seen that there is a distinct area of end-burning at the front and post-side of all the grains.
The end-burning area on the front face is caused by the direct exposure to high-temperature
peroxide decomposition products, while the end-burning area on the post-face is attributed
to the swirling effect of the post-combustion chamber. The effect of the direct exposure
to high-temperature peroxide decomposition products on end-burning at the front face is
much more dramatic than the swirling effect of the post-combustion chamber. All four sets
of grain CT images in Figure 6 show this trend. Figure 7 shows the axial distribution of the
regression rate. The curves in Figure 7 show the effect of removing the front- and rear-end
combustion regions. At the front of the grain, the maximum speed of the regression rate
occurs. As the axis distance increases, the regression rate decreases rapidly until it reaches
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a minimum value, then it increases slowly and gradually decreases. The reasons for this
trend are as follows: at the front part of the grain channel, the flame layer is relatively
thin and closest to the grain surface, resulting in a high temperature gradient between the
flame layer and the grain surface. A higher heat flow density leads to a higher regression
rate. However, at the same time, due to the continuous addition of fuel mass flow from
the upstream grain, the total mass flow in the grain channel is increasing, which causes an
increase in the heat flow. The combined effect of these two factors leads to the above trend
in the axial distribution of the regression rate.

Front face

4— End face

[S—— ] ]

(a) 65%Al

. End face
(———

(c) 48%Al (d) 38%Al

End face

Figure 6. CT scan images of the grains after the test.
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Figure 7. Axial distribution of regression rate.

Figure 8 shows the results of the electron microscopy scan of the grain surface. The
spot scans of the electron microscope are repeated three times and the normalized results
are shown in the graph. The scanned areas in the graph show that the mass fractions of
aluminum on the front surface of the grain after the test are 83.69%, 86.76%, 58.76%, and
51.34% for grains with 65%, 58%, 48%, and 38% mass fractions of aluminum, respectively.
It is true that an elemental analysis by electron microscopy cannot detect hydrogen, and
the elemental content selected is mainly based on the composition of the main elements
blended in the grain before the test; therefore, it will result in a slight overevaluation of
the aluminum content on the surface of the grain after the test. The presence of HTPB
can be clearly seen on the surface of the grain before the test. After the test, it can be
seen that the mass fraction of aluminum on the front surface of the grains is higher than
that of the initial mass fraction of the grains, and as the mass fraction of aluminum of the
grains increases, the front surface of the post-test grains gradually becomes encapsulated
by spherical crystals, making the presence of the HTPB matrix more and more difficult to
identify. In addition, the front of the grain is more fully reacted than the post of the grain.
The aluminum particles are densely packed on the surface of the front of the grain, while
the HTPB matrix has not yet completely retreated below the surface of the back end of the
grain, the aluminum and aluminum oxide particles scatter throughout the matrix.

Table 4 shows the parameters of the nozzle after the test. The grains with mass
fractions of 38% and 58% aluminum used carbon ceramic nozzles and the grains with mass
fractions of 48% and 65% aluminum used tungsten—copper infiltration nozzles. From the
data measured before and after the test, the diameter of the carbon ceramic nozzle throat
after the test is larger than the throat diameter before the test, and the throat diameter of
the tungsten-bronze nozzle after the test is smaller than the throat diameter before the test.
The target ignition time for the test is 5 s, but in reality, the steady working time is 4.18, 4.82,
4.55, and 3.87 s due to the ignition delay. The ablation rates are 0.075 mm/s and 0.19 mm/s
for carbon ceramic nozzles with grains containing 38% and 58% aluminum mass fractions,
respectively, and —0.033 mm/s and —0.099 mm/s for tungsten—copper infiltration nozzles
with grains containing 48% and 65% aluminum mass fractions, respectively. The addition
of aluminum particles leads to the deposition of particles in the nozzle, while increasing
the scouring effect of the particles on the surface of the nozzle throat. For tungsten—copper
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infiltration nozzles, the addition of aluminum particles will also enhance the heat flow
density of the nozzle throat, which results in the precipitation of copper. The precipitation
of copper and the deposition of aluminum oxide particles will lead to the throat diameter
becoming smaller, while the scouring of aluminum oxide particles will lead to a larger
throat diameter. For the tungsten—copper infiltration nozzle, the overall rate of copper
precipitation and deposition of aluminum oxide particles is greater than that of the scouring
effect, which ultimately leads to a reduction in the throat diameter. For carbon ceramic
nozzles, the scouring effect of the alumina particles is stronger than the deposition effect,
thus making the nozzle throat diameter smaller. With the increase in the aluminum particles
in the grain, the ablation rate of the carbon ceramic nozzle tends to become larger, and
the precipitation rate of tungsten-bronze shows a trend of becoming larger. A more stable
throat diameter ensures relatively smooth thrust and motor operating conditions, therefore
tungsten-impregnated copper nozzles have a noticeable advantage in engines with a high
mass fraction of aluminum particles.
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Figure 8. Results of electron microscopy scans of the grain surface. (a) 65%Al (front side of grain
after test). (b) 65%Al (post side of grain after test). (c) 58%Al (front side of grain after test). (d) 58%Al
(post side of grain after test). (e) 48%Al (front side of grain after test). (f) 38%Al (front side of grain
after test). (g) 48%Al (front side of grain before test). (h) 38%Al (front side of grain before test).

Table 4. Nozzle test results.

. . Ablation
Fuel Nozzle Material dq (mm) dy (mm) Work Time (s) Rate (mm/s)
38%Al + 62%HTPB Carbon Ceramic 15.293 15.923 4.18 0.075
48%Al + 52%HTPB Tungsten—copper Infiltration 14.882 14.562 4.82 —0.033
58%Al + 42%HTPB Carbon Ceramic 14.655 16.152 4.55 0.19
65%Al + 35%HTPB Tungsten—copper Infiltration 15.002 14.270 3.87 —0.099

5. Conclusions

In this study, the effect of a high mass fraction of aluminum particles on the perfor-
mance and nozzle ablation of hybrid rocket motors is investigated experimentally. The
main conclusions are as follows:

1. The specific impulse of a hybrid rocket motor with 95% hydrogen peroxide and a
combination of 38%, 48%, 58%, and 65% mass fractions of aluminum particles and HTPB is
185.79 s, 186.82 5, 188.91 s, and 192.46 s, respectively. The addition of aluminum particles
results in an increase in the specific impulse. The addition of aluminum particles decreases
the optimal oxygen-to-fuel ratio of the propellant combination, and significantly increases
the density-specific impulse in the interval of the oxygen-to-fuel ratio from 1 to 4. The
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grain with a 58% mass fraction of aluminum particles has the highest combustion efficiency,
which is 88.88%.

2. Due to the lower pyrolysis temperature of HTPB compared with that of the alu-
minum particles, the aluminum mass fraction on the surface of the grains at the front of the
axial position after the test is much higher than that added to the grains before the test. In
contrast, the aluminum content on the surface of the axially positioned grains is slightly
higher than that added to the grains before the test, indicating that the reaction and heat
transfer on the front surface of the grains is more intense compared with the back surface
of the grains.

3. The ablation rates of carbon ceramic nozzles with grains containing 38% and 58%
aluminum mass fractions are 0.075 mm/s and 0.19 mm/s, respectively, and —0.033 mm/s
and —0.099 mm /s for tungsten—copper infiltration nozzles with grains containing 48% and
65% aluminum mass fractions, respectively. The tungsten-impregnated copper nozzle is
more resistant to ablation than the carbon ceramic nozzle. After four to five seconds of
testing, the tungsten-impregnated copper nozzle shows less variation in throat diameter,
which can guide the selection of materials for nozzles for motors containing aluminum.
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