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The combustion wave structures of dimmonium perchlorate composite propellants have been studied ex-
perimentaily by means of thermal analysis and microthermocouple technigues. Two types of binders are. used in
order to examine the lmpact of binders on the burning rate characteristics. Thie binders used are hydroxy ter-
minated polybutadiene (HTPB) and hydroxy terminated polyester (HTPE). The oxygen concentration of the
HTPE is much higher than that of thie HTPB. The results of thermal analysis show that HTPB decomposes ex-
othermlcally and HTPE decomposes endothermically. The reaction tife in the gas phase just above the burning
surface is calculated based on the data obtained by the temperature distribution measurements in the combustion
waves. The reaction rate of HTPE propellant is found to be higher than that of the HTPB propeliant. Though
the heat feedback from the gas phase to the burning surface of the HTPB propellant is smaller than that of
HTPE propellant, the burning rate of HTPB propellant appears to be higher than that of HTPE propellant. The
results obtained show that the chemical properties of binders play an important role not only in the reaction rate
in the gas phase but also in the heat release at the burning surface.

Introduction

JMEROUS experimental and theorétical studies have
been done ori the combuistion of ammonium perchlorate
(AP) composite propellants. The primary objéctive of these
studies is to deduce enough information about the combustion
mechanism to predict the burning rate characteristics. Since
AP composite propellants consist of finely divided AP par-
ticles bonded in a matrix of polymetric fuel binder, the com-
bustion wave structure on and above the burning surface of
the propellants becomes very heterogeneous. The decomposi-
tion gases generated from AP particles and the binder yield
diffusional flamelets in the gas phase. Thus, the heat feedback
from the gas phase to the burning surface is largely dependent
not only on the chemical reaction in the gas phase but also on
the diffusional process of the decomiposed gases. »
Since the burning rate of the propellants is determined by
the heat feedback from the gas phase to the burning surface
and the heat generated in the condensed phase; thie burning
raté can be controlled by changing the AP particle size. Fur-
thermore, the burning rate can be altered by the addition of
catalysts that act on the reaction zones in the gas phase ard/or
the condensed phase. For example, iron oxide is used to in-
crease the burning rate, and lithium fluoride to decrease it.
However, the range of the burning rate change by means of
changes in the particle size of AP or of added burning rate
catalysts is limited.
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The binder in composite propellants has been considered
with a view to increasing its mechanical properties and to mak-
ing its oxidizer/fuel ratio as close as possible to the
stoichiometric ratio. There have been very limited studies of
the impact of binders on the burning rate of composite

" propellants.'7 It has been reported that binders have an im-

portant effect on the burning rate.® For example, the addition
of carborane within a binder as a plasticizer increases the burn-
ing rate of AP composite propellants by about four times.

‘Thus, in this study the effect of binders on the burning rate
of AP composite propellants was determined in order to gain a
wide spectrum of burning rate. Furthermore, the flame struc-
ture was examined using two differént types of binder. The
measurements of temperature profiles in the combustion wave
were done in order to elucidate the physical and chemical pro-
cesses of propellant combustion.

Binder and Propellant Formulation ‘

In order to evaluate the effect of binders on the burning rate
of AP composite propellants and on the flame structure of the
propellants, the following two types of prepolymers were
used: hydroxy terniinated polybutadiene (HTPB) and hydroxy
terminated polyester (HTPE). Both prepolymers were cured
with isophorondiisocianate (IPDI). The chiemical structures of
the prepolymers are shown in Fig. 1, and the detailed physical
and chemical properties of the binders are shown in Table 1. It
is shown that HTPB coritains low oxygen concentration and
HTPE contains high oxygen concentration. Furthérmore, the
chemical structures of these two binders are characterized with
chemical bonds as shown in Fig. 1. The HTPB binder is
characterized by carbon-carbon double bonds, and the HTPE
binder is characterized by ester bonds and carbon-carbon
single bonds.

Two types of propellants were formulated using HTPB and
HTPE binders. Two types of propéllants were made with 16%
binder and 84% AP. The AP particles used were a bimodal
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Fig.2 TGA and DTA results of HTPB and HTPE binders, showing
that the HTPB binder decomposes exothermically and the HTPE
binder decomposes endothermically.

mixture of a large—51zed AP and a small-sized AP. The com-
position of these two types of propellants is shown in Table 2.
In addition to these propellants, several types of propellants
were also made in order to understand the effect of AP parti-
cle size on the gas phase structure.

Experimental

In order to evaluate the thermal properties of these binders
and propellants, thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) were employed Both ex-
periments were conducted at 1 atm pressure in helium. The
heating rates of the TGA and DTA were varied from 1 to
25°C/min in order to gain kinetic parameters of the decom-
position of the binders and propellants. The weight of the
samples used was about 10 mg for each test.

Burning rates of the propellants were measured with a
chimney-type strand burner, which was pressurized with
nitrogen. The size of the strand samples was 7 X7 X 70 mm,
and three low melting-point fuse wires (0.25 mm in diameter)
were threaded through each strand for the measurement of the
burning time. The burning rates at subatmospheric pressure
were also measured with the same strand burner. A vacuum
pump was used to lower the pressure in the burner, and
nitrogen gas was supplied from the side of the burner to adjust
the pressure in the burner.

The combustion wave structures were measured with
mlcrophotography and microthermocouples. The flame struc-
tures of the propellants at subatmospheric pressures were
photographed through a transparent window, which was
mounted on the side of the burner. The temperature distribu-
tions in the combustion waves were measured with microther-

1 ! 1 ol
100 200 300 400 500
TEMPERATURE, °C

Fig. 3 TGA and DTA results of HTPB and HTPE propellants.

Table 1 Chemical properties of HTPB and HTPE binders

Binder AH? ¥(0)P Chemical formula
HTPB -13.8 3.6 C7.015H10.64700.223No.063
HTPE —131 34.1 Cy363H 7.50502.131No.oss

aHeal of formation (25°C), Kcél/mole. bOxygen conceﬁtration, % by weight.

mocouples (Pt-Pt10%Rh 2.5 pm in diameter and 25 pm
diameter wires) which were embedded in the strand samples.
The measurement techniques are described elsewhere.®

Thermal Decompositions of Binders and Propellants

Typical TGA and DTA curves of HTPB and HTPE binders
in helium atmosphere are shown in Fig. 2. The HTPB binder
decomposes exothermically at 140-410°C, and an endothermic
reaction occurs at about 440°C. On the other hand, the HTPE
binder decomposes endothermically at 90-450°C. No exother-
mic reaction is observed for the decomposition of the HTPE
binder.

As shown in Fig. 2 both HTPB and HTPE binders decom-
pose in two-stage reactions. The first-stage reaction of the
HTPB binder occurs at 140-420°C, and 30% of weight decom-
poses to gases. The second-stage reaction occurs at 420-480°C,
and the remaining 70% of weight decomposes to gases. The
maximum weight loss of the HTPB binder appears at about
435°C, and the decomposition is completed at about 500°C.

The first-stage reaction of the HTPE binder occurs at
90-270°C, and 20% of weight- decomposes to gases. The
second-stage reaction occurs at 270-420°C, and the remaining
80% of weight decomposes to gases. The maximum weight
loss of the HTPE binder appears at about 405°C, and the
decomposition is completed at about 450°C.

The TGA and DTA curves of HTPB and HTPE propellants
are shown in Fig. 3. The TGA curves show that the HTPE
propellant decomposes more slowly than the HTPB pro-
pellant, The 50% of weight loss temperature is 350°C for the
HTPE propellant and 360°C for the HTPB propellant. The
endothermic peak is observed at 245°C for both propellants.
This endothermic peak is caused by the crystal transformation
of AP from orthorhombic to cubic structures.'¢

The maximum exothermic peak is 300°C for the HTPE pro-
pellant and 370°C for the HTPB propellant. An endothermic
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Fig. 4 Burning rate characteristics of HTPB and HTPE propellants
at low-pressure region, :

Table 2 Propellant compositions tested in this study

Propellant  Binder AP (200p) AP (20p) T2
HTPE 16 (HTPE) 4 ) 2546
HTPB 16 (HTPB) 42 42 2557

2 Adiabatic flame temperature at 0.5 atm, K.

reaction occurs at 360-400°C for the HTPE propellant.
However, no endothermic reaction occurs for the HTPB
propellant.

Burning Rate

As shown in Figs. 4 and 5, the burning rates of HTPB and
HTPE propellants are characterized by low- and high-pressure
regions. At a low-pressure region below 1 atm, the burning
rates of both propellants increase linearly with increasing
pressure in log (pressure) vs log (burning rate) plots. The
pressure exponents of HTPB and HTPE propellants are 0.79
and 0.96, respectively. It is evident that the burning rate
characteristics are dependent on the type of binder used.

At high-pressure regions above 10 atm, the effect of binders
on the burning rate characteristics is clear. The burning rate of
the HTPB propellant increases with increasing pressure, and
the pressure exponent is 0.51 above 10 atm. However, the
burning rate of the HTPE propellant becomes less pressure
dependent and the pressure exponent decreases with increasing
pressure. When pressure is further increased, burning inter-
ruption occurs at about 120 atm.

Temperature Distribution in the Combustion Wave

The combustion processes of the propellants were studied
through temperature measurements in the combustion waves.
The temperature rise of both HTPB and HTPE propellants
was rapid above the burning surface, making the temperature
gradient in the reaciton zone too steep to measure accurately.
The measurements, however, provided considerable informa-
tion about the effects of binders in the combustion wave. In
general, the reaction rate of a gaseous mixture becomes slow
at low pressures, and the thickness of the reaction zone in-
creases with decreasing pressure. Thus, the temperature
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Fig. 5 Burning rate characteristics of HTPB and HTPE propellants
at high-pressure region.
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Fig. 6 Typical temperature profiles in the combustion waves (zones 1
and II) of HTPB and HTPE propellants at low-pressure region.

measurements were conducted at low pressures below 1 atm in
order to obtain information as detailed as possible.

Figure 6 represents a typical trace produced by an
oscillograph of the distribution of temperature in the combus-
tion wave. In all the temperature traces, it is possible to
distinguish the following three zones. Zone I is a nonreacting
zone where only pure heat conduction occurs. Zone Il is an ex-
othermic reaction zone, which extends from the burning sur-
face to the region at which temperature gradient becomes
small. Zone III is a flame zone where the temperature reaches
maximum and remains approximately constant.

A relatively large spike in the temperature signaling appears
at the end of zone I, which is defined as the burning surface of
the propellant. The several observed temperature spikes in
zone I1 are believed to be caused by a number of flame streams
generated by the diffusion flames produced by each AP parti-
cle and the binder surrounding the AP particle. The
temperature spikes diminished downstream in the gas phase.

This is because the diffusion flame streams emerged and
formed a homogeneously mixed flame zone (zone III). The
results described above were confirmed with the experiments
using various types of AP propellants made from different AP
concentrations. The number of temperature spikes decreased
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Fig. 7 Burning surface temperatures of HIPB and HTPE pro-
pellants, showing no clear difference of T, between HTPB and HTPE
propellants.
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Fig. 8 Heat feedback from the gas phase to the burning surface of
HTPB and HTPE propellants, showing higher heat flux of HTPE
propellant than that of HTPB propellant.

when large-sized AP (400 um-diam) particles were used and
also decreased when the concentration of AP was decreased.

In order to evaluate the effects of gas phase and condensed
phase reactions on the burning rate, the following heat
balance equation at the burning surface can be applied to the
measurement results:

dTr
dx /5,

where \ is thermal conductivity, o density, ¢ heat capacity, r
burning rate, T temperature, x distance, Q, the heat release at
the burning surface (exothermic or endothermic), subscript p
propellant, s burning surface, g gas phase, 0 initial condition,
and s,g the gas phase at the burning surface.

Figure 7 shows the results of the burning surface
temperature vs pressure relationship obtained from the
temperature distribution measurements. The burning surface

pprCp (T —To)+p,rQ =X,
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temperature was determined by the so-called *‘temperature in-
flection method’’ described in Ref. 9. The surface temperature
increases with increasing pressure for both HTPB and HTPE
propellants. No clear difference in the burning surface
temperature was seen between these two types of propellants.

Since the determination of the heat flux from the gas phase
to the burning surface is in the center of the research of pro-
pellant combustion mechanism, the measurements of the
temperature gradient in zone II were conducted using the
temperature profile traces.. The temperature gradient was
defined as an averaged value of the gradient which excludes
the temperature spikes.

The g, , =\, (d7/dx),, was determined from the results of
the temperature profile measurements. The results are shown
in Fig. 8. The scatter in the data is high because of the
heterogeneous structure in zone II. The ¢,, for both pro-
pellants increases with increasing pressure. Figure 9 shows the
calculated results of Q, based on the heat balance equation at
the burning surface and the data shown in Figs. 7 and 8. The
physical parameters used for the calculation were
A, =2.0x10"* cal/cm-s-K, p,=1.66 g/cm?, and ¢, =0.30
cal/g-K for both propellants. The Q, of the HTPB propellant
is relatively pressure-independent and appears to be exother-
mic below 1 atm. However, the Q; of the HTPE propellant in-
creases with increasing pressure and appears to be endother-
mic below 1 atm.

Discussion of Combustion Wave Structures

Though the heat feedback from the gas phase to the burning
surface of HTPB propellant is smaller than that of the HTPE
propellant, the burning rate of the HTPB propellant is greater
than that of the HTPE propellant. These results are seen from
Figs. 8 and 4. In order to understand the reaction mechanisms
in the combustion waves, the reaction time in the gas phase
just above the burning surface is evaluated.

The reaction time can be represented by

T, =L,/ u,

where 7, is the reaction time, L, the thickness of the reaction
zone, and u, the gas flow velocity in the reaction zone. The
thickness of the reaction zone is given by
_ Ts - Ts

¢ (dT/dx),,
Using the mass continuity relation at the burning surface and
the equation of state in the gas phase, the reaction time is
given by
T,-T; p

ro, RT,(dT/dx),,

where R is the gas constant in the reaction zone.

The calculated results of 7, for both HTPB and HTPE pro-
pellants are shown in Fig. 10. In the computations of 74, the
(d7/dx),, and T; obtained from the temperature profile
measurements were used. The gas constant R was assumed to
be 3.2x 10° g-cm/g-K. The 7, was defined as the reaction time
needed to raise the gaseous species temperature from the burn-
ing surface temperature T to the temperature 7, = 1500 K.

As shown in Fig. 10, the reaction time in the gas phase
decreases with increasing pressure. The 7, of the HTPE pro-
pellant is smaller than that of the HTPB propellant. These
results indicate that the gas phase reaction rate of the HTPE
propellant is greater than that of the HTPB propellant.

In general, the reaction rate of a gaseous mixture depends
largely on its fuel/oxidizer mixture ratio. The reaction rate in-
creases as the mixture ratio approaches the stoichiometric
ratio. Since the oxygen concentration of the HTPE binder is
high, as shown in Table 1, the decomposed gases generated
from the HTPE binder at the burning surface contain suffi-
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Fig. 9 Surface heat release of HTPB and HTPE propellants showing
higher surface heat release of HTPB propellant than that of HTPE
propellant at low-pressure region.
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Fig. 10 Reaction time in the gas phase just above the burning surface
for HTPB and HTPE propellants.

cient oxygen fragments to react with the remaining fuel
fragments. Thus, the decomposed gases can react exother-
mically at the burning surface due to the diffusional mixing of
the gases generated from the surrounding AP particles. Conse-
quently, the reaction rate of the HTPE propellant in the gas
phase just above the burning surface is probably increased by
the increased reaction rate of the HTPE binder when com-
pared with the case of the HTPB binder.

On the other hand, as shown in Fig. 9, the heat release at the
burning surface Q; of the HTPB propellant is greater than
that of the HTPE propellant. Since the concentration of the
AP contained in the propellant is the same for both HTPB and
HTPE propellants, the difference of Q, between HTPB and
HTPE propellants is caused by the difference of the chemical
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properties between HTPB and HTPE binders. It is evident
from the measurement results of thermal analysis shown in
Fig. 2 that the HTPB binder decomposes exothermically and
the HTPE binder decomposes endothermically. Thus, one can
conclude that the greater Q, of the HTPB propellant is caused
by the exothermic reaction of HTPB binder when compared
with the HTPE propellant, whose binder decomposes en-
dothermically. Since the burning rate of propellants is deter-
mined by the heat generated at the burning surface and the
heat feedback from the gas phase to the burning surface, the
observed burning rate characteristics of HTPB and HTPE
propellants shown in Fig. 4 can be understood from the results
obtained in this study.

Summary

The temperature gradient in the gas phase just above the
burning surface was measured at subatmospheric pressure in
order to obtain information on combustion waves as detailed
as possible. The results obtained show that the reaction rate in
the gas phase of the HTPE propellant is greater than that of
the HTPB propellant. Therefore, the heat feedback from the
gas phase to the burning surface of the HTPE propellant is
greater than that of the HTPB propellant. However, the burn-
ing rate of the HTPE propellant appears to be lower than that
of the HTPB propellant.

On the other hand, the results of the measurements of the
condensed phase reaction indicate that the heat release at the
burning surface is greater for the HTPB propellant when com-
pared with the HTPE propellant. This difference is caused by
the exothermic decomposition of the HTPB binder. Thus, the
higher burning rate of the HTPB propellant, as compared to
the HTPE propellant, is due to the greater heat release at the
burning surface.
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