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Self-quenched combustion of fuel-rich AP/HTPB

composite propellant

Makoto Kohga ’, and Yutaka Hagihara "

In order to develop a solid propellant for gas hybrid rocket motor, it is required to investigate the buming

characteristics of fuel-ich ammonium perchlorate (AP) based composite propellant.

For fuclrich composite

propellant prepared with coarse AP and finc AP, the burning characteristics and the sclf-quenched combustion were
investigated in this study. The following results were obtained: 1) The buming rate decreases as the AP content
decreases, and the propellants contained less than a certain AP content self-quench. The sclf-quenched combustion
oocurs at a lower pressure and a higher pressure.  2) The lower limit of AP content to combust, @, exists.  The @z
of coarse AP is lower than that of finc AP. 3) It was found that the possibility of combustion for AP/HTPB composite
propellant was dependent on the AP content, the particle size of AP, and the pressure. 4) The combustion of the
propellant was sclf-quenched when AP particle did not expose on the buming surface. 5) The @, was directly
independent on the heat generated on the buming surface and the buming rate. It could be considered that @, Was
greatly dependent on the particle size and the distances between two adjacent AP particles.

1. Introduction

Hybrid rocket motors have been developing for a rocket
motor of the next generation. Gas hybrid rocket motor is a
kind of hybrid rocket motors that a solid fuel can
self-combust”. Gas hybrid rocket motor is explained as
follows: A high temperature fuel-rich gas is generated by the
combustion of a solid fuel in the gas generator. Thereafter,
the high temperature fuel-rich gas is mixed with a gaseous or
a liquid oxidizer and a high temperature gas is generated by
the combustion of the mixed gas. This high temperature
exhaust gas through a nozzle produces thrust.

Ammonium perchiorate (AP) /Hydroxyl terminated polybutadiene
(HTPB) composite propellant is used most widely.
Therefore, AP/HTPB composite propellant was used in this
study. AP/HTPB compositc propellant for gas hybrid
rocket motor is a fucl-rich solid propellant. The buming
characteristics of AP/HTPB composite propellant have
been investigating until now. However, thc buming
characteristics of fuel-rich AP/HTPB composite propellant
are not revealed sufficiently at present. It is nccessary to
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investigate the buming characteristics of fuel-rich AP/HTPB
composile propellant in order to use AP/HTPB composite
propellant as a solid fuel for hybrid rocket motor.

As the AP content of AP/HTPB composite propellant
decreases, the burning rate decreases, and the propellant
self-quenches less than a certain AP content.  Consequently,
the lower limit of AP content to self-combust, @, (W1%)
exists. A self-quenched propellant cannot be used as a solid
fuel for hybrid rocket motor. It is generally known that the
burning rate of AP/HTPB composile propellant increases
with decreasing the mean diameter of AP particles. It was
considered that the buming rate of fuel-ich AP/HTPB
composite is dependent not only on the AP content but also
on the particle diameter of AP. In this study, the fucl-rich
AP/HTPB composite propellants were prepared with coarse
AP and fine AP, and their buming characteristics and
the self-quenched combustion were investigated. Some
interesting results were obtained.  Detail on the experiments
is reported in this paper.

2. Experiment

Coarse AP(CAP) and fine AP(FAP) werc used as oxidizer
in this study. CAP was prepared by grinding a commercial AP
for 5 minutes in a vibration ball mill. FAP was preparcd by the
frecze-drying method”. The scanning clectron microsoope
(SEM) photographs of these AP samplcs are shown in Fig.l.
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Fig] SEM photographs of CAP and FAP
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Fig2 Buming rate characteristics

The shape of AP used in this study was almost spherical and
the mean particle diameters of CAP and FAP were about 110
pm and 4 um, respectively. HTPB was used as a binder.
HTPB was cured with isophorone diisocyanate. Isophorone
diisocyanate was added to 8 wt% of HTPB. The propellant
mixtures were then cured for 4 days at 333 K.

The size of each strand was |0 mmx10 mm in cross
section and 40 mm in length. The side of cach strand was
inhibited by silicon resin.  The buming ratc was measured in
a chimney-type strand bumner which was pressurized with
nitrogen. The strand bumer was sct in a temperature
conditioner which is operated at a tempcerature of 288%1. 5
K The ignition of cach strand was conducted by an
electrically heated nichrome wire attached on the top of each
strand. The buming of propellant sample was conducted

with the pressurc range of 0. 5 MPa—7 MPa. The bumning
phenomenon of the propellant was rccorded with the
high-speed video recorder. The buming rate was measured
by the picture recorded with the high-speed video recorder.
Three lots of propellants were prepared at same AP content.
It is judged that the propellant cannot combust when one in
the three lots of propellants self-quenched.

3. Results and discussion
3. 1 Burning rate characteristics

Because of the requirements for the preparation of
AP/HTPB composite propellant, the upper limit of AP
content in propellant exists®”. The upper limits of AP
ocontent in propellants prepared with FAP and CAP are 80
wi1% AP and 85 wi% AP, respectively”.  About each AP
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sample, the propellant samples were preparcd less than the
upper limit of AP content in propellant. The bumning rates
of the propellants were measured. The buming rate
characteristics of the propellants are shown in Fig.2. The
burning rate decreases as the AP content decreases. In
regard to the propellant prepared with CAP, the propellants
contained above 64 wt% AP combust in the pressure range
adopted in this study. The propellant contained at 63
Wi%AP self-quenches at 0.5 MPa, and the propellant
contained at 62 wt% AP self-quenches also between 5 MPa
and T MPa. The combustible pressure range decreases with
decreasing AP content.  The propellant contained at 95 wi%
AP combusts only between 1.5 MPa and 2 MPa, and the
propellant contained at 54 wt% AP docs not combust in the
pressure range adopted in this study.

In regard to the propellant prepared with FAP, the
propellants contained above 69wt% AP combust between
0.5 MPa and 7 MPa. The propellant contained at 68
wWi%AP self-quenches at 0.5 MPa and 7 MPa. The
combustible pressure range decreases with decreasing AP
content. The propellant contained at 63 wi% AP combusts
only between 2 MPa and 3 MPa, and the propellant
contained at 62 wi% AP does not combust in the pressure
range adopted in this study. These results indicate that @,
of CAP and FAP is 55 wi% AP and 63 wi% AP, respectively.
The @y, of coarse AP is lower than that of fine AP. These
results suggest that the possibility of combustion for
AP/HTPB composite propellant is dependent on the AP
content, the particle size of AP and the pressure.

In order to make more clear the effect of the AP content on
the buming rate, the relationship between the buming rate and
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the AP content is illustrated graphically in Fig3. The
buming rate decreases as the AP content decreases, The
buming ratc decreases greatly in the vicinity of the upper
limit of AP content in propellant. The decrease in the
buming rate of the propellant prepared with FAP is larger than
that of the propellant prepared with CAP. For the propellant
prepared with FAP, the reduction of the burning rate increases
as the pressure increases and that for the propellant prepared
with CAP is scarcely dependent on the pressure.

As mentioned above, ¢.;, of CAP and FAP is 55 wt% AP
and 63 wi% AP, respectively. In regard to the propellant
contained at ¢, the heat generated on the burning surface of
the propellant prepared with FAP is larger than that of the
propellant prepared with CAP because &, of FAP is larger
than that of CAP. At 63 wt% AP, whichis @ ,;,, of FAP, the
bumning rates at 2 MPa of propellant prepared with FAP and
CAP are 1.7 mm-s™ and 1.4 mm-*s™, respectively. The
heat generated on the bumning surface and the buming rate of
the propellant prepared with FAP are higher than these values
of the propellant prepared with CAP, however the propellant
prepared with FAP self-quenches nevertheless.  This result
suggests that ¢, was directly dependent on the heat
generated on the burning surface and the buming rate. It
could be considered that the main cause of the self-quenched
combustion was the mechanical condition on the buming
surface as discussed in the next section.

3. 2 Process of self-quenched combustion

3. 2. 1 Observation of self-quenched burning surface
The self-quenched buming surface was obscrved with

SEM in order to examine the cause of the self-quenched
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Fig3 Relationship between buming rate and AP content



combustion.  Fig.4 shows the SEM photographs of the
burning surfaces self-quenched at 6 MPa and | MPa for the
propellant prepared with CAP at 55 wi% AP. Figs.4 (a-2)
and (b=2) are the photographs enlarged a part of Figs.4 (a-1)
and (b-1), respectively. According to Fig.4 (a), some holes
are observed on the burning surface self-quenched at 6 MPa.
The size of hole is almost the same as the particle diameter of
CAP. It can be considered that the hole was the trace of AP
particle. The AP particle does not remain in all holes.
According to Fig.4 (b), the hole such as that at 6 MPa is not
observed on the burning surface self<quenched at | MPa and
some striped patterns of HTPB are observed on the
sclf-quenched buming surface. HTPB melts before the
decomposition. It can be considered that the stripes were the
trace of the flow of melted HTPB. The AP particle is not
observed on the self<quenched buming surface.  The convex

(b-1) 1000 2 m
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surface is observed in Figd (b-2). The size of the convex is
almost the same as that of AP particle. It can be supposed that
there was the AP particle just under the HTPB layer on the
convex surface. It could be presumed that the melted HTPB
was covered on the burning surface of AP particle.

Fig.5 shows the SEM photographs of the burning surfaces
self-quenched at 4 MPa and | MPa for the propellant
prepared with FAP at 63 wt% AP.  According to Fig.5 (),
some holes is observed on the bumning surface self-quenched
at 4 MPa. The size of hole is almost the same as the particle
diameter of FAP.  The AP particle does not remain in all holes.
According to Fig.h (b), the bumning surface self-quenched at |
MPa is almost flat and any hole is not observed on the buming
surface. It is found that AP particles do not expose on these
self-quenched buming surfaces through the observation of the

self-quenched burning surface.
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b. Quenched burning surface at 1 MPa

Figd  SEM photographs of quenched buming surface of propellant prepared with CAP
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Fig5 SEM photographs of quenched buming surface of propellant prepared with FAP

3. 2. 2 Qualitative analysis

When the burning surface of a propellant extinguished by
rapid depressurization was observed, at a lower pressure the
AP particles protrude above the exposed surface of the binder
10 a greater height and at a higher pressure they recess”®.
This fact indicates that at a low pressure the regression rate of
the AP buming surface is less than that of the HTPB buming
surface and vice versa at higher pressures.

The flame of AP composite propellant is a so called
diffusion flame, and the model of Multiple Flames®is
generally accepted as a model of the flame structure.
According to the model of Multiple Flames, the flame
structure of AP composite propellant consists of the AP
monopropellant flame, the primary flame, and the final
diffusion flame. The AP particle on the buming surface
sublimes and does not melt. The AP decomposition
products compose the AP monopropellant flame. HTPB
melts and thereafier decomposes. The primary flame and
the final diffusion flame are composed by the combustion of
thesc decomposition products. AP and HTPB can be
decomposed by the heat gencrated at the buming surface and
in the flames. By means of the continuance of this routine,
the combustion of the propellant can be sustained and the
buming surface regresses.

AP can decompose and combust continuously because
the decomposition of AP is exothermically and AP
decomposition products compose the AP monopropellant
flame. On the other hand, HTPB cannot decompose on the
bumning surface independently because HTPB is allowed to
decompose by means of the enough heat generated at the
burning surface and in the flames. It is necessary that AP is

first decomposed and the AP monopropellant flame is formed
with the AP decomposition products in order to combust the
AP/HTPB composite propellant. This suggests that the
combustion of the propellant is sclf-quenched when AP
particle does not expose on the buming surface. The HTPB
layer between two adjacent AP particles should be
decomposed before the AP particles on the buming surface
was disappeared by the decomposition in order to maintain
thc combustion of the propellant. As the AP content
decreases, the HTPB layer between two adjacent AP particles
becomes thicker and, that is, the self-quenched combustion
was casicr.

The cause of the self-quenched combustion was presumed
as follows on the basis of the above considerations. The
self-quenched combustion occurs at a lower pressure and a
higher pressure.  First, the rcason of the self-quenched
combustion in a higher pressure was discussed. Fig.6
shows the schematic diagram of the burning surface structure.
The regression rate of the AP burning surface is faster than
that of the HTPB buming surface at higher pressures™®.
The AP burning surface is lower than the HTPB buming
surface (Figs.6 (a-2) and (a-3)). Before the AP particles
on the buming surface was disappeared by the decomposition,
the HTPB layer between two adjacent AP particles could not
decompose (Fig.6 (a-4)). Consequently, the flame could
not propagate to the next planc of AP particle and the
combustion of the propellant was self-quenched at higher
pressure.

Second, the reason of the sclf-quenched combustion in a
lower pressure was discussed. At a low pressure the
regression raie of the AP burning surface is less than that of
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Fig6 SEM photographs of quenched buming surface of propellant prepared with FAP

the HTPB buming surface™®. The HTPB bumning surface
could regress faster than the AP buming surfacc in the
vicinity of the AP particle and, however, the entire buming
surface of HTPB between two adjacent AP particles could
not regress faster than that of the AP particle (Fig.6 (b-2)).
This is because the distance between two adjacent AP
particles increases, and the net heat of reaction at the buming
surface decreases and the heat feedback from the flames to
the bumning surface decreases as the AP content decreascs.
When the decomposition of AP and HTPB proceeded to
some extent at the buming surface, a depression was
formed (Fig.6 (b-3)). The HTPB is melted and, thereafier,
decomposed by the heat generated at the burning surface and
in the flames. The melted HTPB in the vicinity of AP
particle would flow into the depression and cover the burning
surface of AP before the melted HTPB was disappeared by
the decomposition (Fig.6 (b-4)). Therefore, AP particle
could not expose on the buming surface and the combustion
of the propellant self-quenched.

The distance between two adjacent AP particles for the
propellant contained at @, was calculated theoretically on
the hypothesis that AP particle was spherical and the size was
constant. The distances for the propellant prepared with
FAP and CAP are 0. 2 ym and 14. 5 um, respectively. The
distance for the propellant prepared with FAP is smaller than
that for the propellant prepared with CAP.

As mentioned above, it could be considered that the main
cause of the self-quenched combustion was the mechanical
condition on the buming surface, and @, was greatly
dependent on the particle size and the distances between two

adjacent AP particles. The value of @y could not be
revealed quantitatively in this study. It is necessary to
investigate @, of AP which vary in size in order to clarify the
relationship among @, the particle size and the distances
between two adjacent AP particles.

4. Conclusions.

Gas hybrid rocket motor has been developing for a hybrid
rocket motor of the next generation. It is necessary to
investigate the buming characteristics of fucl-rich AP/HTPB
composite propellant in order to develop a solid propellant for
gas hybrid rocket motor. In regard 1o fuel-rich AP/HTPB
composite propellant prepared with coarse AP and fine AP,
the buming characteristics and the self-quenched combustion
From this study the
following conclusions were obtained: 1) As the AP content
decreases, the bumning rate decreases and the propellants
self-quench at less than a certain AP content. The
self-quenched combustion occurs at a lower pressure and
a higher pressure. 2) The lower limit of AP content to
combust, @y, exists. The @y, of coarse AP is lower than
that of fine AP. 3)It was found that the possibility of
combustion for AP/HTPB compositc propellant was
dependent on the AP content, the particle size of AP and
4)The combustion of the propellant is
self-quenched when AP particle does not expose on the buming
suface. 5)The @, was directly dependent on the heat
generated on the buming surface and the buming rate. It could
be considered that ¢y, was greatly dependent on the particle
size and the distances between two adjacent AP particles.

were investigated in this study.

the pressure,




74 Sci. and Tech. Energetic Materials, Vol.64, No.2, 2003

References

1) YTakishita and Y.Teramoto,"A Study of Gas-Hibrid
Rocket(1) ", J, Expl. Soc., Japan, 57, 4, 135-141 (1996).

2) M.Kohga and YHagihara," Preparation of Fine Porous
Ammonium Perchlorate by Freeze-drying Method",
Kagaku Kougaku Ronbunchu, 23, 2, 163-169 (1997).

3) idem," Experimental Study on Estimation of Upper Limit
of Ammonium Perchlorate Content in  Ammonium
Perchlorate/Hydroxyemminated Polybutadicne Composite
Propellant”, Trans. Japan Soc. Acro. Space Sci., 41, 132,
74-78 (1998).

4) idem,” Estimation of Upper Limit of AP Content in
AP/HTPB Composite Propellant -A consideration based

on Flow Characteristics of AP/HTPB ", J. Ind. Expl. Soc.,
Japan, 61, 4, 157-166 (2000,

§) TLBoggs, RLDecer, and M.W.Beackstead, "Surface
structure of Ammonium Perchlorate Composite Propellants”,
AIAAJ. 8, 370-372 (1970).

6) R.L.Deer and T.L.Boggs, "Role of Scanning Electron
Microsoopy in the study of Solid Propellant Combustion:
Part [II. The surface Structure and Profile Characteristics
of Buming Composite Solid Propellant”, Combustion
Science and Technology, 1, 369-384 (1970).

7) M.WBeckstead, R.L.Deer, and C.FPrice,"A Model of
Composite Solid-Propellant Combustion Based on Multiple
Flames™, AIAAJ. 8, 2200-2207 (1970),

Fuel-rich AP/HTPB £ >R w Mk D bR
B, HE o

N TUy Rodyy FABGHEEREOHRBDIHIZ, Fuel-rich AP/HTPB £ R bt D MRSk
HHEZWASHITILEND S, AR TR, HEE/ 2% AP 2 AW THI X N/ Fuel-rich AP/HTPB
ZaCRYy MMELEOMRBERIERSE R UHEHRBIIOVTHRE. TO/R, LTOI EHHSMC
2ok, DAPSHBOBRDVITLIMWIREREIIMDL, 2 AP SHRBUT THERENEZ o 7=,
PRI EE S A IIBEFBISE I o/, DBEETHES AP SHROTR, ¢, MFELE. HE
AP ERWEHERD 6, 13, B AP ZHVLHEEOENLOME Mo/, 3) AP/HTPB IR
w PR OMMGEN T BEIZ, AP SHE, AP ONTFRRUENIEKETI &Mbho/k, IR
BREIZAPKMFHBHLAVWES, HEESOBREERNE T2 Z&Atbholk, 5) ¢, IIRBEMEE & REE
FELETCRETA/BICIEABNICHBEINT, APORTEE APHNTIHOFHBIIKEEEFET S,

CREE RS WAL T239-8989 BAATATEK 1-10-20)






