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Pyrolysis Behavior of Hybrid-Rocket Solid Fuels
Under Rapid Heating Conditions
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An experimental investigation of the thermal pyrolysis behavior of several hybrid-rocket solid fuels under rapid
heating conditions was conducted to determine pyrolysis laws and to identify and quantify the products of fuel
pyrolysis. The study focused on four fuel formulations: pure hydroxyl-terminated polybutadienes (HTPB), 80%
HTPB/20% Alex, 80% HTPB/20% Al, and the Joint Industrial Research and Development fuel formulation. A
rapid conductive-heating technique was developed and employed to determine Arrhenius-type pyrolysis laws. All
four fuels displayed two sets of Arrhenius parameters, depending on the range of surface temperature. For pure
HTPB, Ea = 4:91 kcal/mol and A = 11.04 mm/s above722K, while Ea = 13:35 kcal/mol and A = 3965mm/s below 722
K. These results agree well with those obtained previously using a lab-scale hybrid motor operating under realistic
conditions. The gas chromatograph/mass spectrometer tests of the nonmetalized fuels, using a � ash-heating oven,
indicated that the relative concentrations of the pyrolyzed species depended strongly on temperature. For pure
HTPB seven major products were identi� ed, with 1,3-butadiene representing the dominantproduct at all temper-
atures tested, up to 1073 K. The measured mole fractions of the pyrolysis products and deduced pyrolysis laws of
the fuels studied can be utilized in a comprehensive model simulation for combustion performance predictions.

Introduction

T HE thermal pyrolysis of solid polymeric fuels is considered
to be the rate-controlling step in the overall combustion pro-

cess that takes place in hybrid-rocket motors and solid-fuel ramjet
engines. Detailed knowledge of the response of the fuel surface
to intense heating is imperative to the formulation and successful
development of analytical modeling and prediction of combustion
processes. Chemical kinetic parameters of the pyrolysis process,
physicaland chemical factorsaffectingfueldecomposition,the rate-
controlling steps in the various stages of decomposition, and the
identi� cation and quanti� cation of pyrolysis products are of spe-
cial interest for the validationof combustion models and predictive
codes.

Because of its importance to the combustion modeling of solid
fuels and propellants, the pyrolysis of polymeric fuels/binders has
been the subject of numerous studies over the past 40 years. The
thermal decomposition of polybutadiene-basedpolymers (PBDs),
and more speci� cally carboxyl- and hydroxyl-terminatedpolybuta-
dienes (CTPB and HTPB, respectively), has received considerable
attention since their emergenceas prominent and widely used base-
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linebinders/fuels in solid-propellantandhybrid-rocketmotorsabout
25 years ago. Brief reviews of some research methods, experimen-
tal techniques, and pyrolysis mechanisms have been presented by
McAlevy III and Blazowski,1 Beck,2 and Lengellé et al.3

An important aspect of solid-fuel pyrolysis research is the fuel
sample heating rate. Bulk pyrolysis studies usually employ ther-
moanalytical methods such as thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and differential scanning
calorimetry (DSC), conducted on very small fuel samples at low
heating rates (in the range of 1–100±C/min). Data obtainedby these
thermal analysis techniques, sometimes in combination with mass
spectrometry (MS) and gas chromatography (GC), allow the study
of fuel degradationkinetics and the identi� cation and quanti� cation
of pyrolysis products. Using these techniques, it is possible to de-
termine the onset of thermal decomposition,Arrhenius parameters
(activation energy Ea and pre-exponential factor A), and pyrolysis
exothermicity/endothermicityas functionsof the heating rate in the
range mentioned.4¡14 The major disadvantagesof these techniques
are the use of very small material samples and low heating rates,
which raise questions about the validity of extrapolating the data
obtained to real combustionsituationswith heating rates several or-
ders of magnitude higher.12;15¡18 In addition, at low heating rates
slow low-temperature cooking reactions may proceed extensively,
thus modifying the virgin material before the temperaturesof inter-
est are reached.17;18 There are also serious doubts about the material
homogeneity and temperature uniformity of the samples during the
tests.15;16

The need to simulate more realisticconditionsin laboratorytests,
especially with respect to heating rates and real-time identi� cation
of the pyrolysis products, has prompted the development of the
so-called thin-� lm or � ash pyrolysis and linear or surface pyroly-
sis techniques. In the former method a very thin � lm of the solid-
fuel material is deposited on electricallyor radiativelyheated metal
ribbons or wires with heating rates on the order of 102–103±C/s
(Refs. 13 and 17–22). Recently, Arisawa and Brill21;22 have suc-
cessfully developed and employed the T-jump/FTIR spectroscopy
technique, which combines thin-� lm � ash pyrolysis with near real-
time infrared (IR) spectral detection. This procedure identi� es
the major gaseous pyrolysis products and their temperature- and
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pressure-dependentquanti� cation and kinetics. In the linear or sur-
face pyrolysis techniques, the fuel-sample surface is subjected to
high heat � ux with heating rates on the order of 103–104±C/s. An
Arrhenius-type functional relationship between the measured sur-
face temperature and regression rate yields the kinetic parameters
A and Ea . The various experimental methods differ by the type of
energysourceand mode of heat transfer to the surface,as follows:1)
hot-plateconductiveheating23¡26; 2) hot-wire conductiveheating23;
3) rocket-motor exhaust convective heating15;16; 4) diffusion � ame
self-heating27;28; and 5) arc-image radiant heating.29 The shortcom-
ings of the hot-plate pyrolysis method have been pointed out by
several researchers.1;23;24;27¡30

Based upon many pyrolysis studies, it is widely accepted that the
pyrolysis of polybutadiene polymers generally proceeds by a two-
stage mechanism. In the � rst stage starting at about 350±C, polymer
depolymerization,cyclization,and crosslinking take place, accom-
panied by partial decomposition of the cyclized product. Heating-
rate-dependentcompetitionbetween depolymerizationand cycliza-
tion has been revealed by several researchers.5;6;11 In the second
pyrolysis stage decomposition of the cyclized product occurs with
increasing temperature,while depolymerizationand cyclization re-
actionsgraduallydisappear.5;6;11 Extensive thermoanalyticalstudies
of HTPB pyrolysis conducted by Zhang,10 Du,11 Chen and Brill,13

and Lu and Kuo14 show that the � rst pyrolysis stage is net exother-
mic, whereas the second pyrolysis stage is net endothermic for both
HTPB resin and cured HTPB.

Using pyrolysis gas chromatographywith mass spectral analysis
in the thermal-decomposition study of cis-1,4 PBD, Radhakrishan
and Rama Rao8 have identi� ed as many as 66 chromatographpeaks
of volatile pyrolysis products with fragments as large as C16H26.
Arisawa and Brill21 recently reported the identi� cation and quan-
ti� cation of 13 pyrolysis products (6 major and 7 minor) during
� ash pyrolysis of HTPB in a cool, static argon atmosphere, using
thin-� lm samples of about 0.2 mg. The effect of pyrolysis temper-
ature and pressure on the concentrationof some major species was
found to be signi� cant.

Sensitivity studies of the effect of heating rate, sample size, pres-
sure, and compositionof the ambient gas mixture upon the thermal
pyrolysis characteristics of solid fuels and binders have been con-
ducted by many researchers. The signi� cant effect of the heating
rate on the energetics, degradation rate, and the Arrhenius-type
kinetic parameters has been observed for all types of pyrolysis
techniques.2;5;9;16;18;25;27;31;32 Limited testing at pressures lower and
higher than atmosphericdid not reveal an appreciableeffect of pres-
sure in an inert atmosphere.17;25;29 However, Arisawa and Brill21

reported a signi� cant change with pressure in the mole fraction
of some major HTPB � ash-pyrolysis products for tests in argon
at pressure levels of 2 and 11 atm. Reported solid-fuel pyrolysis
testing supports an observation that polymer pyrolysis in a reac-
tive environment could be very different from decomposition in an
inert environment, depending upon the type of fuel and oxidizing
species. This observation may be especially relevant when pyroly-
sis is conductedat higher than atmospheric pressure.2;15¡18;29 These
conditions are of special interest to hybrid propulsion.

The major objectives of the present study are as follows: 1) to
characterize the pyrolysis behavior of four solid-fuel formulations,
suitable for hybrid rocket applications,with respect to surface tem-
perature at high heating rates characteristic of real hybrid motors;
2) to provide experimental pyrolysis data in terms of regression
rates, Arrhenius parameters, and subsurface temperature pro� les as
a function of surface temperature for model simulation and val-
idation; 3) to identify and quantify the major pyrolysis products
of the nonmetalized fuels at various temperatures, and 4) to ac-
quire a better understanding of the pyrolysis mechanisms of the
solid fuels.

The fuels studied in this investigation included pure HTPB,
designated SF1, 80% HTPB/20% ultra-� ne activated aluminum
powder,33 designatedSF2, 80% HTPB/20% conventionalaluminum
powder, designated SF3, and the Joint Industrial Research and De-
velopment (JIRAD) fuel formulation,34 designated SF4. The ultra-
� ne aluminum powder (also called Alex) used in this study was

manufacturedvia a plasma explosionprocess and had a mean parti-
cle size range of 0.05–0.10 ¹m. The conventional aluminum pow-
der had a mean particle size of 5–15 ¹m.

Method of Approach
To test solid fuels under the high heating rate conditions encoun-

tered in practical hybrid rocket motors (on the order of 1000±C/s),
a hot-cylinder conductiveheating method was used to pyrolyze the
solid-fuel samples. The samples had a typical diameter of 6 mm and
length of 20 mm. For each test a fuel sample was placed in a sealed,
windowed pyrolysis chamber. Figure 1 shows a schematic diagram
of the conductive heating test facility, including the windowed test
chamber, tube furnace, and ball valves. Most tests were conducted
at atmospheric pressure in a nitrogen environment. A hot copper
cylinder was preheated in a tube furnace situated above the pyrol-
ysis chamber and then dropped onto the fuel sample to initiate and
sustain thermal pyrolysis. The cylinder was 12.7 mm in diameter
and 76 mm in length.Copperwas chosenas the cylindermaterial for
its combination of high thermal conductivity and large volumetric
heat capacity. The cylinder had a selected initial uniform tempera-
ture in the range of 800–1300 K. During the heating period in the
furnace, the copper cylinder was held at the end of a suction tube
connected to a vacuum pump. Two chromel/alumel K-type ther-
mocouples were used to measure precisely the controlled ambient
gas temperature near the copper cylinder inside the furnace. When
the desiredcylinder temperatureat equilibriumwas reached,a three-
way ballvalvewas activatedto switch the suction tube pressurefrom
partial vacuumto atmosphericpressure, thus causing the cylinder to
fall through the feeding tube system onto the fuel sample, as shown
in Fig. 2. A dual ball-valve system served as an airlock, allowing
the chamber to remain pressurizedduring the cylinderdroppingpro-
cess (see Fig. 1). During this interval, the cylinder� rst fell out of the
furnace, through the upper ball valve (normally open) and onto the
lower ball valve (normally closed). The upper ball valve was then
closed, and the lower ball valve opened to allow the cylinder to land
on the fuel sample.

The conductive-heatingchamberwas instrumentedwith a number
of diagnostic devices. A � ne-wire thermocouple (25-¹m junction
size) was embedded in the solid-fuel strand to measure the sub-
surface temperature pro� le and instantaneous surface temperature.
The thermocouple was soldered to extension posts mounted on the
diagnostic ring, as shown in Fig. 2. The thermocoupleprovided in-
stant measurementsof the cylinder/fuel interface temperaturewhen
the interface reached the thermocouple location and thereafter by
traveling downward with the surface.

Fig. 1 Layout of the conductive-heating fuel pyrolysis experimental
setup.
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Fig. 2 Solid-fuel sample heated by hot metal cylinder.

The pyrolysis process was observed using a high-resolution
Pulnix video camera at 60 frames/s. Video images were recordedon
videotape and analyzed with image processing software on a per-
sonal computer. The instantaneous regression rate was deduced by
tracking the movement of the cylinder/fuel interface over the test
duration. During each test, a nitrogen purge was activated to carry
the pyrolysis products into the exhaust system and thereby prevent
the deposition of products on the transparent viewing windows. A
perforatedplate distributedthe purge gas evenly around the sample.
Each window also had an individual nitrogen purge to maintain a
clear view of the pyrolysisprocess.A Setra pressure transducerwas
used to measure chamber pressure-time variations during the tests.
The chamber was purged and pressurizedwith nitrogenduring each
test to provide an inert environment for study of the pyrolysis pro-
cess. The purge rate was measured using an Omega electronicmass
� ow meter.

A series of TGA and DTA tests were performed for the SF1
and SF4 fuels. The objective of these tests was to gain insights
into the thermal behavior of the fuels. During the TGA tests, a
small amount of fuel was heated fromambient temperatureto 800±C
(1073 K) at 5±C/min, while during the DTA tests the sample was
heated to 1300±C (1573 K), also at 5±C/min. Nitrogen was used as
the purge gas.

The identi� cation and quanti� cation of pyrolyzed species from
the solid fuel was accomplishedusinga ShimadzuQP-5000 GC/MS
system, coupled with a Shimadzu PYR-4A high-temperature py-
rolyzer.The GC/MS system can scan an atomic mass range of up to
800 amu at a maximum scanning rate of 6000 amu/s. The chemical
compounds in the pyrolyzed gas mixture were separated using a
100 m long, 0.25-mm diam Supelco-made Petrocol DH capillary
column.

To perform these tests, a small sample of solid fuel (0.12–1.0 mg)
was placed in the oven of the PYR-4A pyrolyzer, which was main-
tained at a preset pyrolysis temperature (800±C maximum). The
solid-fuel sample then underwent � ash pyrolysis. The heating rate
of the � ash pyrolysis process was equivalent to that experiencedby
the solid-fuel samples tested in the conductiveheating experiments

and was consideredto be similar to thoseof hybridmotor � ring con-
ditions. A helium carrier gas then delivered the pyrolysis products
directly into the capillary column for species separation and after-
ward into the mass spectrometer for ionization, fragmentation,and
detection.The nonmetalized solid-fuel formulations,SF1 and SF4,
were each tested at 500, 600, 700, and 800±C, to study the effect of
temperature on the relative product concentration. The aluminized
fuel formulationswere not tested with this system as they contained
metal particles that can clog the capillary tube and/or damage the
GC/MS electronics.

Chemical species identi� cation was accomplishedby comparing
the detectedmass spectrumof each chromatographpeak to a library
database. To quantify the identi� ed species, known quantities of
liquid and gaseous pure substances were injected into the GC/MS
system to determine the calibration factors of individual species.
The concentrationof each species in the pyrolysismixture was then
obtained by comparing the area of its chromatographpeak with the
correspondingcalibration factor obtained using the pure substance.

Discussion of Results
Regression-Rate Measurements

The solid-fuel regression rates r were deducedby analyzingreal-
time video imagesof thepyrolyzingfuel strands.The imageprocess-
ing software was typically used to capture six to seven images per
second.Because the regression-rateswere usually less than 1 mm/s,
this capturerateprovidedsuf� cient temporalresolutionto determine
the regression rate.

Figure 3 shows a plot of the trajectories of the cylinder/fuel in-
terface for three different cases of HTPB pyrolysis in a nitrogen
environmentat atmospheric pressure. The regression rates were de-
duced by curve � tting the interface position-time traces and then
taking the time derivatives of the resulting equations. Because the
regressionrates appeared to be quite constantwith respect to the test
time for a given initial cylinder temperature, linear functions were
used to � t the data. The constant nature of the deduced regression
rates indicates that the surface temperature remainedapproximately
constant throughoutthe test.Note that the indicatedtemperaturesfor
these data correspond to the initial cylinder temperature (Tcyl;i ) and
not to the measured fuel surface temperature. As expected, the test
conducted with the highest initial cylinder temperature of 1000 K
displayed the fastest regression rate, 0.57 mm/s. For initial cylinder
temperatures of 900 and 800 K, the deduced regression-rateswere
0.42 and 0.13 mm/s, respectively. The error of the regression-rate
measurementswas estimatedto bewithin§1%of thededucedvalue.

Surface-Temperature Measurements

Figure 4 displays a typical temperature-time trace for solid-fuel
SF1 obtained using the embedded thermocouple technique. Before
it sensed the approachinghot cylinder, the embedded thermocouple
indicated an ambient temperature of about 300 K. As the copper
cylinder caused the fuel strand to start pyrolyzing and regressing

Fig. 3 Cylinder/fuel interface trajectory for SF1 thermal pyrolysis.
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Fig. 4 Typical temperature-time trace for solid fuel SF1.

downward, the thermocouple registered a continuous temperature
increase.About 8 s after the start of the temperaturerise, a peak tem-
perature of 760 K was reached. This peak temperature corresponds
to the deduced surface temperature. At this point the cylinder/fuel
interface reached the location of the embedded thermocouple, and
the thermocouplebegan to move downward with the regressingfuel
surface. The thermocouple continued to register the surface tem-
perature for the remainder of the test. The error of the surface tem-
perature measurements was estimated to be within §1.2% of the
deduced value.

The temperature-time trace shown in Fig. 4 exhibits a steep gra-
dient near the pyrolyzing fuel surface, corresponding to a heating
rate of about 1100±C/s. This heating rate value is representative
of that expected in large-scale hybrid motors.3 Notice that the sur-
face temperature of 760 K remained relatively constant, implying
that the copper cylinderhad suf� cient thermal inertia to supply con-
tinuously the required thermal energy necessary to pyrolyze the
solid fuel without noticeable surface temperature decay. This � nd-
ing suggests that the thermal response time of the fuel, which can
be expressed as the ratio of the thermal diffusivity to the square of
the regression rate (®=r 2) is relatively short comparedwith the time
required for the surface temperature to change by any signi� cant
amount (for example, on the order of 10 K).

Deduced Solid-Fuel Pyrolysis Laws

Using the deduced regression rates and surface temperatures,
Arrhenius-typepyrolysislawswere obtainedfor eachof the four fuel
formulations tested. Figure 5 shows the Arrhenius plot for HTPB
(SF1) in terms of regression rate (in mm/s) vs the reciprocal of the
surface temperature, 1=Ts (in K¡1). The top axis shows the corre-
sponding surface temperature.

Atmospheric pressure data from the present conductive-heating
tests (closed circles) and high-pressure (375–600 psi) data from
hybrid motor tests (open circles)35 were both used to deduce the
pyrolysis law for HTPB. Reference 35 provides a detailed descrip-
tion of the lab-scale hybrid motor used in a recent investigation to
obtain the regression rate and surface temperature data. At surface
temperatures higher than 722 K, both sets of data follow the same
trend and � t reasonably well to a single straight line on the semilog
plot represented by the Arrhenius-type expression

r D A exp.¡Ea=RuTs/ (1)

or

.r/ D .A/ ¡ Ea=Ru Ts (2)

where Ea D 4:91 kcal/mol, A D 11:04 mm/s, and Ru is the universal
gas constant (kcal/mol-K). At temperatures below 722 K, the data
followanothertrend,with Ea D 13:35kcal/mol and A D 3965mm/s.

Fig. 5 Arrhenius-type plot for the pyrolysis of solid fuel SF1.

Equation (1) is given strictly in the Arrhenius form instead of the
pyrolysis law based upon bulk kinetics:

r D A exp.¡Epy=2Ru Ts / (3)

where Epy has twice the value of Ea . The bulk pyrolysis rate usu-
ally correspondsto the activationenergybased on Epy instead of Ea .
ArisawaandBrill22 haverecentlyobtaineda relativelylowactivation
energy (Epy) of 12 kcal/mol for HTPB under high heating rates of
about600±C/s at a pressureof 11 atm and temperaturerangeof 460–
600±C.ArisawaandBrill21;22 havestatedthat low activationenergies
(such as those cited here) indicate that the overall pyrolysis pro-
cess is limited by physical desorption of pyrolyzed fuel molecules
from the solid-fuel surface, and not by chemical processes, such as
polymer chain scission and cyclization, in the solid-fuel decompo-
sition zone just below the surface. The latter are characterized by
higher activationenergies (Epy) on the order of 40–50 kcal/mol and
dominate the pyrolysis process at low heating rates or low surface
temperatures. This difference in mechanisms may explain why Lu
and Kuo14 found a higher Epy at very low heating rates using ther-
mal analysis tests (TGA, DTA, DSC). The low-temperaturetest data
(below 722 K) obtained in this study correspondto lower activation
energies than those of conventional thermal analysis tests.

The comparison of high-pressure and atmospheric pressure test
data shown in Fig. 5 suggests that there is no signi� cant effect
of pressure on the HTPB Arrhenius parameters for the surface-
temperature range tested. In addition, the conductive-heating
regression-ratedata matchedwell with the hybridmotor data,which
indicates that the conductive-heatingmethod can adequately simu-
late motor test � ring conditions. This agreement also implies that
the net energy feedback from the diffusion � ame in the hybrid mo-
tor situation is similar to the heat-transfer rate from the hot metal
cylinder. In both cases the solid fuel regression rate is governed by
the magnitude of the surface temperature.

Figure 6 shows the superimposed pyrolysis results of the cond-
uctive-heating pyrolysis tests for both HTPB (SF1) and the metal-
izedfuels (SF2 andSF3), as well as the resultsof the lab-scalehybrid
motor tests for SF1. As clearly indicated, the additionof neither the
Alex powder33 nor the conventional aluminum powder affected the
Arrhenius parameters of pure HTPB in the present study. However,
results from the previous hybrid combustion study on solid-fuel re-
gression rates in a lab-scale motor indicated that the addition of
20 wt% Alex powder to HTPB increased the fuel mass burning
rate ½ f r by 70% and the regression rate r by 43.8% over that of
pure HTPB at the same operating conditions.35 The Alex powder
in the SF2 fuel formulation did not in� uence the regression rate
in the conductive-heating induced pyrolysis tests. This difference
in behavior between the conductive-heating tests and the hybrid
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Fig. 6 Comparison of solid fuels SF1, SF2, and SF3.

motor � rings could be explained by the different test conditions
imposed on the fuel surface. When the SF2 fuel had a free surface
to react, as in the hybrid motor experiments, the exothermic heat
release induced by the Alex additive was very pronounced. In the
conductive-heatingtestsclosephysicalcontactwith theheatedmetal
cylinder may have suppressed the effect of the exothermic reaction
of the Alex powder. On the recorded video images of the fuel sam-
ple pyrolysis event, some luminous � amelets were observed near
the outer edge of the interface between the metal cylinder and fuel.
These luminous � amelets were observed only for SF2 (not SF3),
indicating the existence of a nonoxidative, exothermic heat-release
process associated with the presence of Alex particles. However,
these heat-release zones could not directly contribute to the heat
feedback to the unpyrolyzed solid fuel because of the presence of
the metal cylinder.The metal cylindermay have acted as a heat sink
to absorb any local exothermic heat release caused by the Alex.
This explains why the regression rates of SF2 fuel follow the same
trend in the conductive heating-induced pyrolysis experiments as
SF1.

A measured12%increasein the lab-scalehybridmotor regression
rate associated with the addition of 20% conventional aluminum35

is most likely caused by enhanced radiant heat � ux from metalized
combustion products and possibly also by increased � ame temper-
ature. These effects were not present during the conductive-heating
pyrolysis tests; therefore, the addition of conventional aluminum
powder did not affect the regression rates of the solid-fuel samples
during the present study.

Figure 7 shows the Arrhenius plot for the JIRAD fuel formula-
tion (SF4). SF4 also displayed two sets of parameters, with a tran-
sition temperature of 776 K. At surface temperaturesbelow 776 K,
Ea D 19:8 kcal/mol and A D 1:88 £ 105 mm/s, whereas above this
temperature Ea D 3:05 kcal/mol and A D 3:61 mm/s. Again, in the
low-temperatureregime the pyrolysisprocess is believedto be dom-
inated by chemicalprocesses that require higher Ea , whereasphysi-
cal desorptiondeterminesthe regressionrate in thehigh-temperature
regime. SF4 was not tested in the lab-scale hybrid motor, and the
authors are not aware of any other surface temperature data avail-
able for this fuel formulationbesides the measurementsmade in this
study. Therefore, no comparisonscould be made between motor � r-
ing data and the conductive-heatingdata for the JIRAD solid fuel.

Thermal Analysis of SF1 and SF4

The TGA tests indicated that SF1 began to show signi� cant
weight loss around 300±C. The TGA trace for SF1 can be found
in Ref. 14. On the other hand, SF4 showed noticeableweight loss at
a lower temperature (150±C). This behavior is probably caused by
the decomposition of polycyclopentadiene(Escorez 5320) in SF4
(Ref. 34).

Fig. 7 Arrhenius-type plot for the pyrolysis of solid fuel SF4.

Fig. 8a DTA trace of solid fuel SF1.

Fig. 8b DTA trace of solid fuel SF4.

The DTA tests show initial exotherms followed by endotherms
for both the SF1 and SF4 formulations. Although the exotherms
and endotherms of these two fuels occur at the same temperatures,
the magnitudes of the peaks and valleys are different, as shown
in Figs. 8a and 8b. It is believed that cyclization and crosslink-
ing reactions cause the exothermic process, whereas the endother-
mic process is caused by depolymerization and decomposition
reactions.
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Table 1 Major pyrolysis products of pure HTPB (SF1) and their
relative molar concentrations at various temperatures

Relative molar concentration of
pyrolysis products at various

temperatures, %

500±C 600±C 700±C 800±C

Major pyrolysis
product species (Mi ),
chemical formula

Ethene, C2H4 —— 5.59 3.05 6.58
Propene, C3H6 —— —— 4.90 10.99
1,3-Butadiene, C4H6 77.4 89.06 66.1 41.07
3-Pentene-1-yne, C5H6 —— —— 9.20 10.28
Benzene, C6H6 —— —— 10.3 22.02
Toluene, C7H8 —— —— 6.41 9.06
4-Vinyl-cyclohexene, C8H12 22.6 5.35 —— ——

Table 2 Major pyrolysis products of JIRAD fuel (SF4) and their
relative molar concentrations at various temperatures

Relative molar concentration of
pyrolysis products at various

temperatures, %

500±C 600±C 700±C 800±C

Major pyrolysis
product species (Mi ),
chemical formula

Ethene, C2H4 —— 12.65 14.49 29.93
Propene, C3H6 —— 4.56 7.38 11.94
1,3-Butadiene, C4H6 78.70 53.36 44.70 11.05
3-Pentene-1-yne, C5H6 —— 11.29 18.36 14.27
Cyclopentene, C5H8 —— 3.92 —— ——
Benzene, C6H6 —— 4.89 10.41 13.63
Toluene, C7H8 —— —— 4.66 5.22
4-Vinyl-cyclohexene, C8H12 21.30 9.33 —— ——
Styrene, C8H8 —— —— —— 2.49
Indene, C9H8 —— —— —— 6.04
Naphthalene, C10H8 —— —— —— 5.43

Pyrolysis Product Identi� cation and Quanti� cation

To identify and quantify the solid-fuel pyrolysis products under
realistic heating rates, pure HTPB (SF1) and the JIRAD fuel formu-
lation (SF4) were pyrolyzed using the GC/MS oven. The GC/MS
pyrolysis tests indicated that the relative concentrationsof the major
decompositionproducts depended very strongly upon the pyrolysis
temperature.The generalizedequationfor a solid fuel to decompose
into n chemical species can be written as

Solid ¢ Fuel ¢ !
nX

i

X i Mi (4)

where X i represents the relative molar concentrationof species Mi .
The identity of each of the major pyrolysis products Mi and its
corresponding value of X i are given in Tables 1 and 2 for SF1 and
SF4, respectively.

Figures 9a and 9b show the total ion chromatogram (TIC) of
the pyrolysis products generated from pure HTPB as these prod-
ucts were separatedand detectedby the GC/MS system at pyrolysis
temperatures of 500 and 800±C, respectively. Two major chemical
species, 1,3-Butadiene (BD) and 4-Vinyl-Cyclohexene(VCH), ap-
pearedduringthe 500±C test.Numerous fragmentedspeciesevolved
at 800±C.

Table 1 lists the identity and correspondingmolar concentrations
of each of the major pyrolysis products at four different tempera-
tures. Several of these species have been observed by Arisawa and
Brill.21 According to Table 2, 1,3-BD had a concentrationof about
3.4 times that of 4-VCH at 500±C. As the pyrolysis temperature
increased to 600±C, where BD had its largest concentration, the
amount of 4-VCH relative to that of BD decreased. Ethene (ET)
became a noticeable product, with a concentration similar to that
of 4-VCH at this temperature.At 700±C, 4-VCH was no longer de-
tectable,and the relativeconcentrationofBD, still themost abundant
species,droppedbelow its valuesat the lower temperatures.Propene
(PR), 3-Pentene-1-Yne(PT), Benzene (B), and Toluene (T) became
important species at 700±C, having much larger concentrationsthan

Fig. 9a Total ion chromatogramof pyrolysis products generated from
solid fuel SF1 at 500 C.

Fig. 9b Total ion chromatogramof pyrolysisproducts generated from
solid fuel SF1 at 800 C.

at lower temperatures.At the maximum pyrolysistemperatureused,
800±C, six major species were detected: BD, ET, B, PR, T, and PT.
While the relative concentration of BD again decreased, the other
major species became more abundant.

HTPB was also pyrolyzed at 300 and 400±C using the GC/MS
systemandpyrolyzingoven.At these temperaturelevelsevaporation
of the curing agent Isonate 143 L was the major process. At 400±C
a very small amount of 4-VCH was also detected.Most of the solid-
fuel samples were left in the sample holder as residue during these
tests, suggesting that the threshold pyrolysis temperature of HTPB
is between 400–500±C.

Table 2 shows the pyrolysis products of the JIRAD fuel formula-
tion at four different temperatures.In contrast to the results for pure
HTPB, ET had the highest concentration at 800±C, nearly 30%,
whereas PR, PT, and B all had concentrationssimilar to that of 1,3-
BD at this temperature. Species with eight or more carbon atoms
(such as Styrene, Indene, and Naphthalene)contributed together al-
most 14% of the major species at 800±C. The concentration of T
in SF4 did not vary signi� cantly with a temperature increase from
700 to 800±C. One of the species detected from this fuel at 600±C
matched very well with the mass spectrum pattern of Isophorone
diisocyanate (IPDI).

The data shown in Tables 1 and 2, combined with the Arrhenius
parameters and regression-rate law in the form of Eq. (1), can
be used to specify the rate of production of pyrolyzed species
from the fuel surface by equating the surface temperature to the
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pyrolysistemperature.This informationis necessaryfor comprehen-
sive model simulation of solid-fuel combustion processes in hybrid
rocket motors. Knowing mole fractions of the pyrolysis products
generated from the fuel surface, one can model the gas-phase re-
action kinetics and calculate the transport properties required for
detailed numerical simulation and performance calculations.

Conclusions
A hot-cylinderconductive-heatingtechniquewas successfullyde-

veloped and employed to determine Arrhenius parameters for the
thermal pyrolysis of four solid fuels under high heating-rate condi-
tions. Thermal analysis methods (TGA and DTA) were applied to
study the decompositioncharacteristicsand energetics of the pyrol-
ysis of HTPB (SF1) and JIRAD (SF4) fuels. The major pyrolysis
productsof SF1 and SF4 were identi� ed and quanti� ed as functions
of pyrolysis temperature using a GC/MS system with a pyrolyzing
oven.

Several conclusions can be drawn from the results of this study:
1) The conductive-heating induced pyrolysis rates of HTPB

(SF1), obtained in an inert environment,were consistentwith those
measured previouslyduring lab-scale hybrid motor � rings. This re-
sult implies that the solid-fuel regression rate of HTPB in hybrid
motors operating under realistic conditions is governed primarily
by thermal decompositionprocesses in the fuel surface region.

2) The solid-fuel activation energies (Ea ) were found to depend
strongly on surface temperature, but not on pressure. At low sur-
face temperatures the Ea values were higher because the pyrolysis
processeswere dominatedby the chemical processesof depolymer-
ization, cyclization,and crosslinking.At high surface temperatures
the Ea values were lower becausephysicaldesorptionof large poly-
mer fragments from the fuel surface represented the rate-limiting
mechanism.

3) Mole fractions of the solid-fuel pyrolysis products depended
strongly on temperature. At relatively low temperatures (around
500±C) the major pyrolysis products were 1,3-BD and 4-VCH for
both HTPB and the JIRAD fuel. At relatively high temperatures
(around 800±C) 1,3-BD became less dominant, but still represented
the largest mole fraction of decomposed species from HTPB. For
the JIRAD fuel ET had the largest mole fraction at 800±C.

4) In conductive-heating-induced tests the addition of aluminum
powder to HTPB did not alter the Arrhenius parameters. This result
is believedto be causedby theheat-sinkeffect of thecoppercylinder
in the absorptionof any localized exothermic heat release from the
presence of Alex or conventional aluminum additive.

The thermal pyrolysis data obtained in this study should be very
useful for detailed modeling of combustion processes and perfor-
mance calculations for hybrid rocket propulsion systems.
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