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Combustion of RDX/AP Composite Propellants
at Low Pressures
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The burning rate characteristics of RDX (cyclotrimethylene trinitramine)/AP (ammonium perchlorate) com-
posite propellants were intermediate between the characteristics of RDX and AP composite propellants. Fine
thermocouple traverses in the combustion zones revealed that the flame structure of the RDX/AP propellants
consists of two types of flames: one type is the diffusion flame streams produced by the decomposed gases of the
AP particles and the binder; the other type is the premixed flame produced by the decomposed gases of the RDX
particles and/or the binder. Thus, the flame structure above the burning surface appeared to be very heteroge-
neous. The heat feedback from the gas phase to the burning surface was significantly reduced by the reduced
reaction rate of the RDX premixed flame. Therefore the burning rate of the RDX/AP propellants was lower than
that of the AP propellants. The burning rate of the RDX/AP propellants was also affected by the type of binder
used. The effect of the binder on the physical and chemical processes of the RDX/AP propellant burning was the
alteration of the burning surface structure and the alteration of the burning rate of the AP particles in the
propellants.

Introduction

THE ultimate object of any combustion study of solid
propellants is to deduce enough information about the

combustion mechanism to be able to predict the burning rate
characteristics. Extensive experimental studies of ammonium
perchlorate (AP) composite propellants have been conducted
and several models have been proposed in the past to describe
the burning rate characteristics.1"4 It has been reported that
the addition of nitramine particles to AP propellants improves
their combustion characteristics. For example, the burning
rate spectrum can be enlarged by the addition of nitramines.5'6
However, there has been very little definitive research on the
combustion of nitramine and nitramine/AP composite propel-
lants.5'12

This research was carried out in order to understand the
combustion mechanism of nitramine/AP propellants. The
nitramine tested in this study was cyclotrimethylene trinitra-
mine (RDX). The physical and chemical properties of RDX
particles are different from those of AP particles. The combus-
tion zones of AP propellants are heterogeneous structures of
the propellants. The crystalline AP particles interact with the
binder surrounding the individual AP particles and produce
multiple diffusion flamelets above the burning surface.4'13

Thus, the particle size of the AP plays an important role on
the burning rate of AP propellants.

On the other hand, the crystalline RDX particles decom-
pose and produce a monopropellant flame above the burning
surface of the propellants.7 RDX is stoichiometrically bal-
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anced, and the adiabatic flame temperature is 3275 K. Accord-
ingly, the combustion mechanism and the burning rate
characteristics of conventional AP composite propellants are
altered by the addition of RDX particles. In order to de-
termine the roles of the RDX and AP particles in RDX/AP
propellants on the burning rate characteristics, the combustion
wave structures were examined using high-speed microphoto-
graphs and microthermocouples.

Experiment
Propellant Formulation

The burning rate characteristics of solid propellants are
largely dependent on the physical and chemical properties of
the propellant ingredients. In this study, the effects of the
mixture ratio of RDX and AP, the particle sizes of RDX and
AP, and the type of binder on the burning rate characteristics
were examined. The binders used were hydroxyl terminated
polybutadiene (HTPB) and hydroxyl terminated polyester
(HTPE). To determine the effect of the binder concentration
on the burning rate, binder concentrations of 20% and 14%
were tested. The detailed chemical formulations are shown in
Tables 1-3.

The strand burner used to measure the burning rates and
the combustion wave structures was a modified version of a
chimney type strand burner. It consisted of a combustion
chamber connected to a vacuum pump through a large surge
tank. Four quartz windows were mounted on the side of the
combustion chamber. The temperature profiles through the
combustion zones were measured by embedding microthermo-
couples in the propellant strands. The thermocouples were
made with 5-/xm-diam Pt-Pt 10% Rh wires.
Burning Rate Characteristics

The burning rate characteristics of RDX/AP propellants
with 20% HTPB as a binder are shown in Fig. 1. The mixture
ratio of RDX/AP was 40/40, and the particle sizes of RDX
and AP were varied as shown in Table 1. The burning rates of
the AP propellant (Aa-55) and the RDX propellant (Rr-55)
were also measured. The burning rates of the RDX/AP
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Table 1 Compositions of AP, RDX/AP, and
RDX propellants (20% HTPB binder) used in this study

Propellant HTPBa AP(F)b AP(C)C RDX(F)d RDX(C)e

Aa-55
Ar-55
Ra-55
Rr-55

20
20
20
20

40
—
40
—

40
40
—
—

_
40
—
40

_
—
40
40

aHTPB: R-45M. bAP(F): d=20 /im. CAP(C): d=200
dRDX(F): </= 5 /im. eRDX(C): d= 120 jum.

Table 2 Compositions of AP, RDX/AP, and
RDX propellants (14% HTPB binder) used in this study

Propellant HTPBa AP(F)b AP(C)C RDX(F)d RDX(C)e

PB-Aa-55
PB-Ar-55
PB-Ra-55
PB-Rr-55

14
14
14
14

43
—
43
—

43
43
—
—

_
43
—
43

_
—
43
43

aHTPB: R-45M. bAP(F): d=20 jum. CAP(C):
dRDX(F): d= 5 /im. eRDX(C): d= 120 jam.

Table 3 Compositions of AP, RDX/AP, and
RDX propellants (20% HTPE binder) used in this study

Propellant HTPEa AP(F)b AP(C)C RDX(F)d RDX(C)e

TAa-55
TAr-55
TRa-55
TRr-55

20
20
20
20

40
—
40
—

40
40
—
—

_
40
—
40

_
—
40
40

aHTPE: Nipporan 2200. bAP(F): d=20 /im. CAP(C): d=
jum. dRDX(F): d= 5 /im. eRDX(C): d=UO jum.

20

10

I I I

ILL I I I I
10 20

PRESSURE, ATM

50 100

Fig. 1 Burning rate characteristics of AP, RDX/AP, and RDX
propellants (20% binder), showing decreased burning rate when RDX
particles are added.

propellants (Ar-55 and Ra-55) were largely dependent on the
sizes of the RDX and AP particles in the propellants. The
highest burning rate was obtained with the AP propellant, and
the lowest with the RDX propellant. The burning rates of
RDX/AP propellants fall in the intermediate burning rate
zone between the burning rates of the AP and the RDX
propellants.
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Fig. 2 Burning rate characteristics of AP, RDX/AP, and RDX
propellants (14% HTPB binder) at low pressures.

The pressure exponent, defined as d log(burning rate)/d
log(pressure) at a constant temperature, of Aa-55 was 0.34 and
that of Rr-55 was 0.67. The pressure exponents of Ra-55 and
Ar-55 were 0.37 and 0.44, respectively. These measurement
results indicate that the burning rate of the AP propellant
decreases with increasing concentration of RDX and the pres-
sure exponent increases with increasing concentration of RDX.
However, it is shown that the burning rate of the RDX
propellant approaches the burning rate of the AP propellant
as pressure increases.

In order to understand the combustion wave structures of
RDX/AP propellants and the role of the RDX and the AP
particles at the burning surface, burning rate measurements at
low pressures were conducted. The overall chemical composi-
tions of the propellants with 20% HTPB binder were fuel rich
and produced a large amount of carbonaceous material on the
burning surface. Therefore the measurements of the burning
surface and the gas phase by microthermocouples were not
possible. Thus, propellants with 14% HTPB binder instead of
20% were formulated to make the overall chemical composi-
tions more stoichiometric. The chemical formulations of the
propellants used in this study are shown in Table 2. The use of
14% HTPB binder reduced the formation of the carbonaceous
material and measurements of the detailed structures of the
combustion zones became possible.

The burning rate of PB-Rr-55 is an approximately straight
line in a log(pressure) vs log(burning rate) plot (Fig. 2).
However, the burning was interrupted at about 3 atm, and
burning was not possible below this pressure. The burning rate
was significantly increased by replacing the small-sized RDX
with small-sized AP or by replacing the large-sized RDX with
large-sized AP (PB-Ra-55 or PB-Ar-55). Furthermore, burning
became possible even below 1 atm. The highest burning rate
was obtained with PB-Aa-55.

In order to determine the effect of binder on the burning
rate, propellants with 20% HTPE binder were formulated
(Table 3). The burning rate characteristics of RDX/AP pro-
pellants with HTPE as a binder are shown in Fig. 3. The
burning rate decreases with increasing concentration of RDX
and the pressure exponent increases with increasing con-
centration of RDX. The overall burning rate characteristics
were similar to those of the RDX/AP/HTPB propellants.
However, some difference in the burning rate characteristics
between RDX/AP/HTPB and RDX/AP/HTPE propellants
was evident: the pressure exponent remained approximately
constant for the HTPB binder in the pressure range between
10 and 80 atm. On the other hand, with the HTPE binder, the
pressure exponent decreased with increasing pressure. Fur-
thermore, with the HTPE binder, the burning interruption of
TRa-55 and TRr-55 was below 10 atm, whereas the burning of
TAa-55 and TAr-55 was stable at atmospheric pressure. These
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Fig. 3 Burning rate characteristics of AP, RDX/AP, and RDX
propellants (20% HTPE binder) at low pressures.

results indicate that particle sizes, the mixture ratio of RDX
and AP, and the type of binder cause significant effects on the
burning rate characteristics of RDX/AP composite propel-
lants.

In the following sections, the combustion wave structures of
RDX/AP propellants and the roles of the RDX and AP
particles in the combustion zones are determined to elucidate
the burning rate characteristics of this class of propellants.

Results and Discussion
Combustion Wave Structures

The temperature profiles of the AP, RDX/AP, and RDX
propellants in the combustion waves are shown in Fig. 4. The
temperature gradient above the burning surface of TAa-55
was the largest for the three types of the propellants. The
flame temperature of TAa-55 exceeded 1700°C, which was the
upper limit of the measurement of the Pt-Pt 10% Rh thermo-
couples used.

The temperature in the gas phase of TRr-55 increased
smoothly, reached approximately 600°C at a certain distance
above the burning surface, and remained relatively constant
further into the gas phase. In addition to this lowered gas
phase temperature, the temperature gradient of TRr-55 was
the lowest of the three types of propellants.

On the other hand, the temperature profile of TAr-55 was
somewhat different from those of TAa-55 and TRr-55. The
temperature of TAr-55 fluctuated in the gas phase and the
amplitude of the temperature fluctuation was larger than
100°C. It was found that the observed large temperature peaks
in the gas phase were produced when the AP particles in
TAr-55 burned at the burning surface. The lower temperature
zones between the temperature peaks were produced when the
RDX particles burned at the burning surface. Thus, the flame
structure of the RDX/AP propellant (TAr-55) appeared to be
intermediate in nature between the flame structures of the
RDX propellant (TRr-55) and the AP propellant (TAa-55).

Since the decomposition products of the AP particles react
with the decomposition products of the binder and generate
diffusion flame streams above the burning surface, higher
temperature zones exist in the gas phase. It has been reported
that RDX and the binder melt and diffuse with each other on
the burning surface when HTPE binder is used.7 Thus, a
premixed flame is generated above the burning surface. The
temperature of this premixed flame is much lower than that of
the AP/binder diffusion flame streams. Therefore, the flame
zone of the RDX/AP propellant consists of AP/binder flames
and RDX/binder flames, is highly heterogeneous, and its
temperature varies largely in space and time.

In general, gas phase chemical reactions are dependent on
pressure: the reaction rate decreases with decreasing pressure,
and the reaction zone is enlarged in space and time. This
enables measurements of the detailed structure of the reaction
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Fig. 4 Temperature profiles in the combustion zones of AP, RDX/AP,
and RDX propellants (HTPE binder).
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Fig. 5 Temperature profiles in the combustion zone of the RDX/AP
propellant (HTPB binder) at low pressures.

zone to be done more easily. The measurements at low pres-
sures were applied in this study in order to examine the
detailed structure of the RDX/AP propellant combustion.

The temperature profiles of PB-Ar-55 at 0.65 and 0.25 atm
are shown in Fig. 5. It was apparent that temperature fluctua-
tions also existed for the RDX/AP and AP propellants. The
time intervals between the temperature peaks in the fluctuated
temperature profiles increased with decreasing pressure.

The temperature gradient in the gas phase just above the
burning surface, (dT/dx)s+, was measured for the RDX/AP
and AP propellants, where T is the temperature, x is the
distance, and the subscript s+ is the gas phase at the burning
surface. The results are plotted logarithmically in Fig. 6. The
temperature gradient for TAr-55 was much smaller than that
for TAa-55. Though the measured results showed large scatter,
the difference between the RDX/AP and AP propellants was
evident. These results indicate that the chemical reaction in
the gas phase of the RDX/AP propellant is slower than that
of the AP propellant. In other words, the gas phase reaction
rate of the AP propellant is delayed by the addition of RDX.

Similar results were also obtained in the case of PB-Aa-55
and PB-Ar-55, as shown in Fig. 7. However, the (dT/dx)s+
for PB-Aa-55 and PB-Ar-55 appeared to be more pressure
sensitive than that for TAa-55 and TAr-55. In general, the
burning rate of solid propellants is closely proportional to the
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Fig. 6 Temperature gradient in the gas phase and the heat feedback
from the gas phase to the burning surface of AP and RDX/AP
propellants (HTPE binder).
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Fig. 7 Temperature gradient in the gas phase and the heat feedback
from the gas phase to the burning surface of AP and RDX/AP
propellants (HTPB binder).

heat feedback from the gas phase to the burning surface, qs+.
The qs+ is represented by qs+= Xg(dT/dx)s+, where Xg is the
thermal conductivity of the combustion products. The calcu-
lated results of qs+ are shown in Fig. 6 for TAa-55 and
TAr-55, and in Fig. 7 for PB-Aa-55 and PB-Ar-55. In comput-
ing the heat transfer, A was assumed to be 2 X 10 ~4 cal/cm-
s-°C. It is shown that me qs+ is decreased by the addition of
RDX, which, in turn, decreases the burning rate. The burning
rate characteristics of the AP and RDX/AP propellants tested,
shown in Figs. 2 and 3, can be correlated with the results of
qs+ shown in Figs. 6 and 7.
Determination of the Burning Rate of AP Particles
in RDX/AP Propellants

It has been shown in this study that the burning rate of
RDX/AP propellants is largely dependent on the burning
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Fig. 8 Burning rate of the AP particles in AP and RDX/AP propel-
lants (HTPB binder) showing little effect of the addition of RDX
particles on burning rate.

process of the AP particles in the propellants. Experiments
were carried out to determine the burning rate of the AP
particles in the propellants shown in Tables 2 and 3. Since the
time interval of a temperature peak shown in Figs. 4 and 5 can
be assumed to be equal to the burning time of an AP particle,
the burning rate of the AP particle can be determined by

AP

where rAP is the burning rate of the AP particle, dAP is the
averaged AP particle diameter mixed in the propellant, and
TAP is the time interval of the temperature peak.

The burning rates of the large- sized AP particles in PB-Aa-55
and PB-Ar-55 are shown in Fig. 8. The scatter in the data was
caused possibly by the size distribution of the AP particles in
the propellants and by the irregularly distributed AP/binder
diffusion flame streams in the gas phase. It is evident that the
burning rate of the AP particles in the RDX/AP propellant
(PB-Ar-55) is approximately equal to that of the AP propel-
lant (PB-Aa-55) in the pressure range tested. Both pressure
exponents were about unity, which coincided with the pressure
exponent of PB-Ar-55. The burning rate of the AP particles
falls in the intermediate burning rate zone between PB-Aa-55
and PB-Ar-55. It is important to note that the burning rate of
the AP particles was affected very little by the addition of the
RDX particles. Since each AP particle is surrounded by bi-
nder, the burning rates of the individual AP particles are
affected by the decomposition process of the binder.

In order to determine the effect of binder on the burning
rate of the AP particles, the burning rate of the AP particles
which were surrounded by the HTPE binder was measured.

Figure 9 shows the burning rates of the large- sized AP
particles mixed in TAa-55 and TAr-55. Again, the burning
rates of the AP particles were approximately the same for both
propellants. The burning rates fall in the intermediate burning
rate zone between the burning rates of TAa-55 and TAr-55.
The pressure exponent of the rAP was 0.41, which was much
less than that of the rAP of the propellants made with the
HTPB binder. Furthermore, the pressure exponent of the rAP
was less than the pressure exponents of the propellants (TAa-55
and TAr-55).

It was found that the burning rate of the AP particles is
little dependent on the addition of the RDX particles; how-
ever, it is strongly affected by the type of binder used, as
shown in Figs. 8 and 9.
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Fig. 9 Burning rate of the AP particles in AP and RDX/AP propel-
lants (HTPE binder) showing little effect of the addition of RDX
particles on burning rate.

Fig. lOa Scanning electron microphotograph of the RDX/AP propel-
lant (HTPB binder) surface before combustion.

Fig. lOb Scanning electron microphotograph of the RDX/AP propel
lant (HTPB binder) surface after self-extinction.

Burning Surface Structures of RDX/AP Propellants
The burning surface structures of PB-Ra-55 and TAr-55

were observed by high-speed microphotographs during propel-
lant burning at pressures between 2 and 25 atm. The burning
surface of PB-Ra-55 was very heterogeneous and irregularly
regressing. A large number of flame streams were generated
from the burning surface. They were produced by the decom-

Fig. lla Scanning electron microphotograph of the RDX/AP propel-
lant (HTPE binder) surface before combustion.

Fig. lib Scanning electron microphotograph of the RDX/AP propel-
lant (HTPE binder) surface after self-extinction.

position gases of the AP particles and the HTPB binder which
surrounded each particle. On the other hand, the burning
surface of TAr-55 was somewhat different from that of PB-
Ra-55. The burning surface of TAr-55 was more homogeneous
and was locally melted.

The burning surfaces of propellants that self-extinguished at
low pressures were photographed by a scanning electron mi-
croscope. As shown in Figs. 10 and 11, there exist a large
number of crystalline RDX and AP particles on the burning
surfaces of PB-Ra-55 and TAr-55 before burning. However,
no crystalline particles were seen on the self-extinguished
surface of PB-Ra-55 at 1 atm. A large number of holes are
seen, which were produced by the burning of the RDX and
AP particles. This result indicates that at low pressure the
burning rates of the RDX and AP particles are faster than the
decomposition rate of the HTPB binder which surrounds these
particles.

On the other hand, the self-extinguished surface of TAr-55
at 1 atm showed a significantly different structure when com-
pared with that of PB-Ra-55. The surface consisted of large-
sized crystalline particles and finely divided crystals. The large
crystalline particles were determined to be AP particles and
the finely divided crystals were recrystallized RDX. It is
suspected that the RDX particles mix in the propellant melt
and diffuse into the melting HTPE binder, forming an en-
ergetic mixture at the burning surface. When self-extinction
occurred and the temperature of the burning surface de-
creased, finely divided RDX was recrystallized from the en-
ergetic mixture.

These measurement results show that the role of binder on
the burning rate characteristics of RDX/AP propellants is
significant, and burning rate models which attempt to predict
the burning rate characteristics must take into account the
physical and chemical properties of the binder used.
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Conclusions
The combustion zone of AP propellants is altered signifi-

cantly by the addition of RDX particles. The AP particles
produce high-temperature flamelets, and the RDX particles
produce a low-temperature flame zone above the burning
surface. Thus the temperature in the gas phase fluctuates with
high amplitudes due to the heterogeneous flame structure
produced by the RDX and AP particles.

The measurements of the temperature gradient just above
the burning surface revealed that the heat feedback from the
gas phase to the burning surface is reduced by the addition of
RDX, which, in turn, decreases the burning rate. Examination
of the self-extinguished burning surface of the RDX/AP/
HTPE propellants shows finely divided recrystallized RDX
dispersed on the burning surface and crystalline AP particles.
However, neither recrystallized RDX nor crystalline AP par-
ticles are seen on the self-extinguished surface when the HTPB
binder is used. Thus the role of binder on the burning rate
characteristics of RDX/AP propellants appears to be signifi-
cant.
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