Fundamental Studies on Combustion of Solid Propellants

Part 1.

Pyrolysis of a Polymeric Fuel Binder

Masao Nagao* and Tsutomu Hikita**

I. Introduction

Studies on combustion of solid rocket
propellants are classified into a number of
fields. In this research, a fundamental comb-
ustion mechanism was investigated experim.
entally. The initial step in a series of reactions
occurring during propellant combustion is
conversion of solid constituents to reactive
gases. On this problem F. Daniels presented
a hypothesis concerning rate-determining step
and burning rate of double-base propellants.
By using an Arrhenius type regression rate
equation he obtained 46.7 kcal/mole for an
activation energy of N-O bond from his
experimental results, and evaluated burning-

rates theoretically. Ilowever, this treatment
was lacking in pressure dependence of burning
rates. Schultz et al. developed this way of
reasoning to burning of composite solid pro-
pellants and proposed a two temperature the-
ory.®® And these macroscopic treatments of
polymer degradation processes have been
developed into a microscopic analysis by B.
Ravinovitch. ¥

In addition to pyrolysis reaction of polym-
eric binders, the burning processes of comp-
osite solid propellants involve heat and mass
transfer by laminar and turbulent diffusion
and a number of gas-phase chain reactions.
Rice® and Geckler® emphasized that the time

required for mixing by diffusion of the gase-
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should be
taken into consideration of the overall conve-

ous fuel and oxidizer streams,

rsion rate and might be of dominant import-
ance unless melting of surface and liquid
phase mixing would precede gasification.

This diffusion model led to the conclusion
that the burning rate was unaffected by press-
M. Summerfield®
9 presented a theory of burning that yield-
ed certain predictions regarding effects of pre-

ure, which was incorrect.

ssure, fuel-oxidant ratio, particle size and
burning rate catalyst contents. Summerfield’s
theory was epoch-making in that the pressure
exponent was derived theoretically which
fairly agreed with experimental results.
However, this theory fails to offer directions
for controlling pressure exponents in order
to obtain mesa- or platacu-burning. And
neither does it explain the difference between
a pressure exponent of ammonium perchlorate
and that of potasium perchlorate propellants.
These disadvantages might be resulted from
the fact that his treatment was not chemical
but mechanical.

An ideal theory should be such one that
makes possible (1) control of a burning rate,
(2) establishment of mesa- or plataeu-burning,
(3) selection of catalysts and oxidants, and
so on. Unfortunately, there does not exist
any dependable theory to guide propellant
This is due to lack

of investigations based upon chemical reaction

formulations at present,

mechanisms and kinetics,
After pyrolysis of solid phase of propellants,
reactions take place in the gaseous phase.
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Reactions of ammonium perchlorate were
investigated by Levy and Friedman,!® and
many others, those of composite propellants
by M. Summerfield,?®® L. A. Povinelli, ¥
S. Tsuchiya' and so on. However, invest-
igations of gaseous reactions were limited to
measurements of flame temperatures, analysis
of combustion products and intensity measur-
Only S. Tsuchiya
referred to a reaction mechanism by compar-

ements of spectral lines.

ison of theoretical and experimental values
of flame temperatures. And a conclusion was
derived that the chemical equilibrium was not
attained in the flame gas of ammonium perc-
hlorate propellants, and that this chemically
non-equilibrium state was due to existence of
excess nitric oxide produced by thermal
decomposition of ammonium perchlorate.

Although many

investigations have been

reported of combustion mechanisms and
kinetics, cxperiments have scarecely been
carried out with gaseous reactions during
combustion of composite propellants except
one which McD. Cummings'®

recently.

reporied

As reviewed, informations about chemical
reactions in propellant combustion are so
meager that a theory cannot be developed
which would combine propellant combustion
to chemical reactions incorporated therein.
Therefore this program was designed in order
to obtain more basic informations. Pyrolysis
of a polymeric fuel binder was experimentally
investigated for the first step.

Studies on kinetics and mechanisms of
polymer degradation have been conducted by
specialists in high polymer chemistry, whose
main objects are in elucidation of chemical
structures of natural materials, understanding
of processes in breakdown, getting informat-
ions about the structure and composition of
copolymers and so on. Therefore those
experiments have been carried out under mild
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conditions, i. c.. energy is small which is

supplied to polymers for degradation. In
combustion of solid propellants, polymeric
binders are exposed to the heat flux of high
intensity. For establishment of such an
experimental condition, an apparatus was
developed which was equipped with an intense
heating element.  Analyses of degradation
products have been reported of double-base
propellants'®’ and ammonium perchlorate, %
but not of polymeric fuel components of
composite propellants.

A great number of papers have been pres-
ented regarding degradation reactions of
polymethyl methacrylate and polystyrene, A
few informations, however, can be found in
literatures with respect to pyrolysis of polyb-
utadiene which was used as a sample in this
program. Samsel'® and Cobler obtained gas
chromatograms of pyrolyzates of polybutadiene
but did not identified them. Volatile degrad-
ation products of polybutadiene were analyzed
by Wall.'® These products, shown in Table
1, formed three per cent of the original
sample heated to 400°C. The monomer yield
from polybutadiene amounted to one per cent.
Madorsky and coworkers!® carried out a
more detailed analysis. Pyrolysis in vacuum
produced two main fractions, volatile and

The latter
constituted at least 80~90 per cent of the
whole,
was 739,

fragments in this fraction consisted of about

involatile at room temperature,

and the average molecular weight
which meant that on the average

13~14 monomer units. Two main components
of volatile fractions were butadienc and bute-
nes, These were analyzed by means of a mass
spectrometer, Analyses of pyrolyzates of
polybutadiene are tabulated in Table 1. In
our reseatch, effects were studied of pyrolysis
temperatures and contact time on amount of
pyrolyzates. In addition, dissociation energies
of C-C bonds in the long chain of polybuta.
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fable 1 Pyrolyzates of Polybutadicne

The authors Madorskyl Wall

Method of Analysis| Gas chro.
"~ Pyrolysis
Temperature

Component/
Pressure

Investigator

Mass spec.I ?

450~ 1000 350~500| 400

1 atm Iin vacuuml { atm

Hydrogen
Methane

- D

Acetylene
Ethylene
Ethane

oo oo
|

w)

Propadiene

Propylene -
Propane —

T ov

1, 3-Butadiene D
Butenes —
Butanes —

Cyclopentadienes —_
Pentadienes —
Pentenes —
Pentanes —

JUCC UUY 9T T TC
|

g oo

Benzene —

Cyclohexadicnes —

=)

Cyclohexene —

|
oo |

Hexadienes —
Hexenes —

T U
I

Vinylcyclohexene D

o

Unknown
compound D * —
(B.p. >200°C)

D: Detected,
—: Not detected,
* : Detected, but not by a mass spectrometer.

diene were estimated and a pyrolysis mecha-
nism was speculated.
II. Experimental Apparatus and Procedure
A pyrolysis chamber consists essentially of
a 17 mm. transparent silica tube heated with
a cylindrical heating element. The furnace,
which is controlled by a variable transformer
to raise the temperature up to 1,300C. A
sample rod has a short pin at the head end,
with which a piece of sample is stabbed and
inserted rapidly into the center of the chamber
at a desired temperature,
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For analysis of pyrolysis products, the gas
chromatograph of Yanagimoto GCG 220
employing thermal conductivity detectors was
used. Light gasses except methane and
hydrogen were sampled in a trap cooled
with liquid nitrogen. Compounds with high
boiling points were injected directly into gas
chromatography in the manucr employed in
pyrolysis gas chromatography technique.
Methan and hydrogen were trapped in a gas
sampling vessel, and analyzed qualitatively.
Gas chromatographic conditions employed

arc shown in Table 2.

Table 2 Gas chromatographic conditions

Colum T {lemper|  Gases
No. | Column [gggrc Analyzed.
Di-2-ethyl hexyl Vinylcycloh-
1 sebacate 20% on 140°C (€Xene
firebrick Unknown
(30~60mesh), 2m. compd.
Polydicthylene glycol T
succinate 259 on 25~30 Bm"d'c"']' 3
2 | Diasolid M, 4m. ’
l}cct lene,
3 | Silica gel, 2m. » E:Rzne:e'
Mecthane
4 |Active Carbon, 3 » |Hydrogen,
clive rbon, Jm. Methane

A thermosetting polymer was used as a
the main component of which was
polybutadiene (molecular weight=3,770) with
carboxy! groups at both ends and which was
cured with MAPO. The curing reaction and

sample,

structure of the polymer are as follows:

I
C—C—C—+]-~~~~~cooll

+MAPO—
'm G0
(MAPO)
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lii. Experimental Results
Componts of pyrolyzates obtained consisted
of:

Hydrogen  Ethane

Methane Butadiene-1, 3

Acetylene Vinylcyclohexene (a dimer
of butadiene-1, 3)

Ethylene Unknown (B. p. >200°C)

These components were completely the
same as those obtained in pyrolyzing buta-
diene-1,3 with an exception of unknown
compounds detected on the colum No. 1.
The effect of pyrolysis temperature on the
amount of each component of pyrolyzates
was clearly obtained as illustrated in Figures
1~3. The amount of butadiene monomer
reached a maimum value, 5.2 weight per
cent of the original polymer, at about 650°C
and ethylene 20.8 weight per cent at 800°C
when the contact time was 38.6 sec. At
lower temperature, the amounts of butadiene

201- °
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and ethylene incrcase as the degradation
temperature is raised. This implies that the
primary decomposition (dimer and monomer
formation) and secondary decomposition
(from butadiene to ethylene and other smaller
fragments) take “place at the same time and
consecutively. The primary decomposition
predominates over the secondary decomp-
osition at lower temperatures. At higher
temperatures than 650°C, the secondary
predominates and above 800°C, further deco-
mposition takes place. The same behavior of
the secondary decomposition can be seen in
pyrolysis of butadiene monomer as shown in
Figure 4. The maximum yield varied with
but the

temperature at which it was attained was kept

the flow rate of the carrier gas,

constant at 650°C for butadiene monomer and
800°C for ethylene.

!
¢ g',/ Viny|cyc\o-
! hexene, tar
and soots

%)

Conversion rate (wt.

400 €00 800 1000

Pyrolysis temp. (°C)
Fig. 4 Temperature effect on pyrolyzates of
butadiene monomer.

O ELthylene, @ Butadiene,
@ Ethane, X Acctylene
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Variation 6f flow rates of the carrier gas
altered the composition and amount of ‘degr-
adation products. Conversion rate versus
contact time is plotted in Figure 5. (The
contact time was calculated from the flow
rate of the carrier gas.) When the contact
time is long, the primary products are not
rapidly carried away from the hot zone and
When the

the conversion

secondary reactions take place.
contact time was 26.8 sec.,
rate to butadiene monomer reached a maxi-
mum value of 7.8 weight per cent of the

original polymer.
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Fig. 5 Effect of contact time on conversion
rate to cthylene and butadiene-1,3
(Pyr. Temp. =650°C)
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IV. Discussion

Estimation of Dissociation Energies of

C-C bonds:

According to Vedeneev,!'® 3 a bond diss-
ociation enrgy, Qgn-x, is empirically repres-
ented as

Qr-x=Er_x—(Bu+Bx) (1)
LR R 2 56



inherent dissociation
energy of the R-X bond, and Br and Bx
energies stabilized by radicals R and X resp-

where Fp.x is an

ectively. Numerical values of E' and those
necessary for calculation of B, are given in
literatures.

The main structure of polybutadiene may
be illustrated as follows.

"

1
«~r~r~ CH;—CH =CH—CH;—CIH.—CH
CH=CH,; CH=CH.
31 4 I

=CH—~~~—C—CHy—C—~~~-
H H

Disscciation energies cf terd 1, 2, 3, and
4 can be estimated as;

Disscciation

Bond Energy (kecal/mole)
1 41.9
2 81.8
3 85.1
4 62.1

Therefore, it is expected that polyburadiene
will decompose at 8 positions to double bonds,
in other words, into monomers, dimers
and so on. This has been confirmed by our
experiments,

In pyrolysis of polybutadiene, the amount
of butadiene monomer increases at first with
increasing contact time, and decreases after
reaching its maximum value. The former
may be attributed to the fact that the polymer
decomposes into butadiene dimers, oligomers
and so on as well as into monomers. This
implies that polybutadiene will decompose in
the manner of so-called random chain scission.
The latter results from the secondary decom-
position of monomers into ethylene and other
smaller fragments.

Surface temperature of a propellant

during combustion:

G. M. Brauer 2V obtained that styrene mo-
nomer reached a maximum value at 725°C in

pyrolysis of polystyrene. M. Summerfield
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and co-workers®® measured surface temperat-
ures of propellants during combustion by
using fine thermocouples embedded in solid-
propellants. As a surface temperature, about
600°C was obtained for PBAA.-AP composite
propellants regardless of pressures. According
to thesefacts together with our experimental
results, temperatures ranging from 600 to
700 degree might be specified as characteristic
temperatures in pyrolysis of polymers. Dani-
els and other investigators presented and uti-
lized Arrhenius type equations for regression
rate of polymers in pyrolysis studies by using
a hot plate technique. According to an equ-
ation of this type, the surface temperature
will exceed 1,000°C under pressures as high
as T0kg/cm?, such a high temperature being
beyond considerations.

Therefore, it will be more reasonable to
consider as follows:

(1) an Arrhenius-type regression rate
equation is valid at temperatures lower than
the characteristic pyrolysis temperature of a
polymeric fuel-binder, and

(2) the regression rate of a fuel binder
i estimated as a function of heat flux offer-
red to the burning surface 1-1 a regression rate
will increase with increasing heat flux from
the gaseous combustion zone, so as to keep
constant the surface temperature.

This kind of treatment is also employed in
studies on ablation accompanied with combu-
stion. 2 The surface temperature of a double
base propellant was also obtained as about
300°C by M. Summerfield.®® This will be
due to nitro groups included. Different kinds
of materials will have different surface temp-
eratures. Evidently inflammable materials
have lower suface temperatures during their
combustion. Hence, it is ineffective to put
an inflammable material on the surface of a
propellant in order to improve ignitability, *¥
(Of course, it will be effective if an inflamm-
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able material were put on in thickness enough
to raise the temperature in the chamber so
high as to ignite a propellant. )
V. Summary

In pyrolysis of polybutadiene,
vinyleyclohexene (a

ethylene,
butadiene monomer,
butadiene dimer), and many other species
were obtained. Monomer and dimer formation
was predicted by estimation of bond dissoci-
ation energies of the polymer by means of
Vedeneev’s method. The amount of butadiene
monomer in pyrolyzates reached a maximum
value at pyrolysis temperature 650°C, and
that of ethylene at 800°C. According to our
experimental results and several investigations
reported in literatures, we conclude that
temperatures ranging from about 600 to 700
degree are characteristic of pyrolysis of poly-
mers. A regression rate equation of an Arr-
henius type is only valid when the surface
temperature of degrading polymer is lower
than the characteristic pyrolysis temperature,
And a polymer burns at the characteristic
pyrolysis temperature at a rate determined by
the intensity of heat flux supplied from the
gaseous combustion zone,
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