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Combustion of Energetic Azide Polymers

Naminosuke Kubota*
Japan Defense Agency, Tachikawa, Tokyo 190, Japan

The combustion-wave structures of azide polymers were examined based on the data obtained by burning-
rate and temperature-profile measurements. The energetic azide polymer evaluated in this study was bis-azide
methyl oxetan (BAMO), which contains two —N; bonds in the molecular structure. BAMO polymer was
copolymerized with tetrahydrofuran and cured with an isocyanate and cross-linked to formulate BAMO co-
polymer. The results indicate that the burning rate of BAMO copolymer increases with increasing the energy
density contained within the unit mass of BAMO copolymer samples. The temperature sensitivity of burning
rate is three or four times greater than that of conventional solid propellants. The rate of heat release in the
gas phase increases as initial temperature increases at constant pressure. The heat transfer process in the
combustion wave is correlated with the observed burning-rate characteristics.

Nomenclature

¢ = specific heat, kJ/kgK

E, = activation energy defined in Eq. (17), kJ/mol

p = pressure, MPa

Q. = heat of decomposition, kJ/kg

Q. = heat release at the burning surface, kJ/kg

qg. = rate of heat production, kJ/sm?

g, = conductive heat flux, kJ/sm?

q. = convective heat flux, kJ/sm*

R = universal gas constant, 8.314 x 102 kJ/molK

r = burning rate, m/s

T = temperature, K

T, = adiabatic flame temperature, K

t = time,s

x = distance, m

Z, = pre-exponential factor defined in Eq. (17), m/s

« = thermal diffusivity, m?/s

6 = reaction distance, mm

A = thermal conductivity, kW/mK

¢ = N, bond density, mol/kg

p = density, kg/m?

o, = temperature sensitivity of burning rate defined in
Eq. (1). K

® = temperature sensitivity of gas phase defined in Eq.
(15), K

¢ = temperature gradient at the burning surface defined
in Eq. (10), K/m

¥ = temperature sensitivity of condensed phase defined
in Eq. (16), K

¢ = temperature defined in Eq. (11), K

Subscripts

d = decomposition

f = final condition

g = gas phase

p = pressure or condensed phase

s = burning surface

0 = initial condition

I. Introduction

ZIDE polymers are unique energetic materials that burn
with a very different combustion mode when compared
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with nitro compounds such as nitrocellulose and nitroglycerin.
Typical azide polymers are glycidyl azide polymer (GAP),
bis-azide methyl oxetane (BAMO), and 3-azidemethyl 3'-
methyl oxetane (AMMO).'-? The N; chemical bonds com-
posing azide polymers release significant heat when they are
decomposed thermally. A number of thermochemical studies
on azide polymers have been conducted that describe the
thermal decomposition chemistry.*~ '*

Since the reaction zone in the condensed phase is a thin
and complex structure during burning, very few experimental
observations have been done. Brill and his co-workers have
conducted a systematic experimental and analytical study in
order to determine the effect of mass transfer on fast heating
experiments using simultaneous mass and temperature change/
Fourier transform infrared (FTIR) spectroscopy.”” ' They de-
termined the kinetic parameters and found that small mole-
cules are formed by BAMO and GAP, but some large frag-
ments are evolved by AMMO.# Since the heat-release process
is determined by the kinetics in the reaction zones, the heat
transfer process from the high-temperature gas-phase zone to
the condensed phase determines the burning rate character-
istics. Accordingly, not only thermochemical kinetics, but also
heat transfer processes, play important roles in determining
the burning-rate characteristics such as pressure and initial-
temperature effects.

Extensive experimental and theoretical studies have been
done on the combustion wave structures of homogeneous
solid propellants, and burning rate models have been pro-
posed in the past to describe the burning-rate characteristics
as a function of chemical compositions, pressure, and initial
temperature.'? - 2* The burning-rate characteristics of this class
of propellants are determined by the heat-flux transfer process
in the combustion wave. The heat release occurs at the burn-
ing surface and in the gas phase just above the burning sur-
face, and temperature increases rapidly in the thin reaction
zones."”~ ' Therefore, measurements of the detailed physical
and chemical processes of solid propellants are very difficult.

In this study, attention is given to the heat transfer process
in the combustion wave of azide polymers that may play a
dominant role on the burning-rate characteristics. Burning-
rate measurements and temperature-profile measurements in
the combustion wave were carried out to obtain information
on the effects of energy density of azide polymers, pressure,
and initial temperature. An energetic BAMO copolymer was
chosen as a typical example of azide polymers.

II. Formulation of BAMO Copolymer

BAMO polymer has two N, bonds in every BAMO mon-
omer unit. The heat of formation AHf of BAMO is a positive
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Fig. 1 Synthesis process of BAMO copolymer tested in this study.

value, and the adiabatic flame temperature is higher than that
of GAP:

BAMO polymer GAP
AH,at 293 K, kJ/kg + 2460 +957
T, at 10 MPa, K 2020 1573

In order to formulate BAMO copolymer that was used to
measure the burning-rate characteristics and combustion-wave
stuctures, BAMO polymer was copolymerized with tetrahy-
drofuran (THF).” Figure 1 shows the copolymerization pro-
cess of BAMO polymer with THF. The terminated OH groups
of BAMO/THF copolymer was cured with the NCO groups
of hexamethylene diisocyanate (HMDI) and cross-linked with
trimethylolpropane (TMP).'* The physiochemical properties
of BAMO copolymer used as a reference material in this study
are shown as follows:

HO—(C;H\N,0),—(C,H,0),—H
2.24 kg/mol (n = 10.4, m = 6.9)

Chemical formula:
Molecular weight:

Density: 1.27 x 10* kf/m?
AH, at 293 K: 1185 kJ/kg
T, at 10 MPa: 1524 K

The energy density & of BAMO copolymer is defined as the
energy contained within the unit mass of BAMO copolymer.
The effect of the energy density on the burning-rate charac-
teristics® of BAMO copolymer was determined as a function
of &

III. Experimental

The experimental investigation on the thermochemical
analysis of BAMO copolymer was conducted by differential
scanning calorimeter (DSC) to determine the relationship be-
tween the burning rate characteristics and energy density of
BAMO copolymer. DSC experiments were operated in Ar
atmosphere with 167 mm?/s flow rate at 0.1 MPa.

The strand-shaped samples (7 mm in diameter and 10 mm
in length) of BAMO copolymer were burnt in a chimney-type
strand burner™ that was pressurized with nitrogen. The burn-
ing rate and the gas-phase structure were measured with a
high-speed video camera through a transparent window at-
tached on the side of the burner. The temperature profiles
through the combustion waves were measured by embedding
fine thermocouples (Pt-PtRh10%, 5 um diameter) in the strand
samples.'>!% -2 The rate of heat-production and heat transfer
process in the combustion waves were determined by the
analysis of the T vs ¢ data. The methods of manufacture and
embedment of these fine thermocouples are described in Ref.
20.

IV. Results and Discussion

A. Energy Density and Burning-Rate Characteristics

Figure 2 shows the results of the heat of decomposition of
BAMO copolymer. The relationship between @, and ¢ can
be represented by

0, = 0.6¢ — 2.7

HEAT OF DECOMPOSITION, MJ/kg

Lo .

1.3 1 | 1 L
7 8 9 10

N3 BOND DENSITY, x 10°® mol/kg

Fig. 2 Heat of decomposition as a function of N; bond density within
BAMO copolymer.
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Fig. 3 Burning rate of BAMO copolymer as a function of heat of
decomposition and N, bond density.

The burning rate (T, = 293 K) of BAMO copolymer com-
posed of different levels of ¢ is shown in Fig. 3 as a function
of Q,. The linear dependence of the burning rate in this sem-
ilog plot can be given as

r = 3.50 x 10"+ exp(1.10Q,)

The burning rate is also shown in Fig. 4 as a function of
pressure and initial temperature. The burning rate increases
as pressure increases at constant 7|, and also increases as
initial temperature increases at constant p, which can be rep-
resented by

243 K

0.55 x 10 *p"= at T,

y
r=220x 103p" at T, = 343K

The temperature sensitivity of burning rate defined by

d /¥
= | —— 1
- ) 1

is obtained to be 0.0112/K at p = 3.0 MPa.
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Fig. 4 Burning rate of BAMO copolymer (BAMO/THF = 6/4) as a
function of pressure and initial temperature.
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Fig. 5 Temperature profile of BAMO copolymer (BAMO/THF =
6/4) at p = 3 MPa and T,, = 243 K.

B. Combustion-Wave Structure

Typical examples of the temperature profiles in the com-
bustion wave of BAMO copolymer at T, = 243 K and T, =
343 K are shown in Figs. 5 and 6, respectively. The deter-
mination of the burning surface temperature from the tem-
perature profile data was done by the use of ““‘temperature
inflection method’” described in Ref. 20. The method indicates
that temperature increases linearly in a log T vs x plot from
T, to a inflection point where it is determined to be T,. As
shown in Fig. 7. the T, results determined from the data shown
in Figs. 5 and 6 are 716 K for T, = 243 K and 750 K for
T, = 343 K, respectively. Figure 8 shows that T, increases
with increasing T,, and (47,/3T,), is determined to be 0.50
at p = 3.0 MPa.

It is shown from the temperature-profile data that the com-
bustion wave structure consists of several successive zones:
nonheated, preheated, surface reaction, gas-phase reaction,
and final gas-phase zones. In the nonheated zone, there exists
no appreciable thermal effect from the surface, and gas-phase
reaction zones and the initial temperature T, remains essen-
tially unchanged. In the preheated zone, the temperature in-
creases from 7, to the burning surface temperature 7, by heat
conduction. At the burning-surface zone, probably including
very thin subsurface-reaction zone, decomposition and/or gas-
ification reactions occur.!> The gaseous and carbonaceous
fragments are produced at the burning surface and react ex-
othermically, and temperature increases from 7, to the com-
bustion temperature T, in the gas-phase reaction zone. In the
final gas-phase zone, the exothermic reaction terminates and
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Fig. 6 Temperature profile of BAMO copolymer (BAMO/THF =
6/d4)atp = 3 MPaand 7, = 343 K.
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Fig. 7 Determination of 7, by temperature inflection method from
the temperature profile data shown in Figs. 5 and 6.
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Fig. 8 Temperature gradient in the gas phase at the burning surface
of BAMO copolymer (BAMO/THF = 6/4) as a function of initial
temperature.

the final combustion products are formed, and temperature
reaches the maximum.

In order to investigate the physicochemical process in the
subsurface- and surface-reaction zones, an infrared (IR) anal-
ysis of a strand-sample that was obtained by combustion in-
terruption was conducted. The interruption was done by a
rapid pressure decay of the strand burner from 2 to 6.1 MPa.
Figure 9 shows the IR spectra of the nonheated zone and of
the surface-reaction zone (0 — 0.5 mm below burning surface).
In the nonheated zone, the absorption of N; bond and the
absorption of C—O bond, C—H bond, and N—H bond are
seen. In the subsurface- and surface-reaction zones, the ab-
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Fig. 9 IR spectra of nonheated and subsurface zones.
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Fig. 10 Temperature gradient in the gas phase (p = 3 MPa) at
T, = 243 K and 343 K.

sorption of N; bond is eliminated. However, the absorption
of C—O bond, C—H bond, and N—H bond remains as ob-
served in the nonheated zone. This suggests that an exo-
thermic reaction occurs due to the decomposition of N; bonds
at the subsurface- and surface-reaction zones. The decom-
position process is described in Refs. 8 and 10.

The energy conservation-equation in the gas phase for the
steady-state is represented by

q.(x) + q.(x) + g.(x) =0 (2
where
d (A, dT
q.(x) = ax (ﬂdx_) (3)
mc, dT
q\-(x) = - dx (4)
g.(x) = Q,w,(x) (5)

If one assumes that physical properties of A, and ¢, are con-
stant in the gas phase, Eq. (2) can be represented by
A, d°T _ Ppe, dTr
dx? dx

+ Qo (x) = 0 (6)
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Fig. 11 Heat transfer in the gas phase (p = 3 MPa) at T, = 243 K.
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Fig. 12 Heat transfer in the gas phase (p = 3 MPa) at T, = 343 K.

where the mass conservation-equation is represented by

m = pu, = p,r @)

The overall reaction rate in the gas phase @, can be repre-
sented by

w68 = fw‘u(x) dx = m (8)

In order to understand the heat transfer process in the
combustion wave of BAMO copolymer, Eq. (6) is adapted
to analyze the temperature-profile data shown in Figs. 5 and
6. As shown in Fig. 10, the temperature gradient in the gas-
phase reaction zone decreases rapidly as distance increases
for both 7, = 243 K and 343 K. Based on the data shown in
Figs. 5 and 6 and using Eq. (6), the conductive heat-flux,
convective heat-flux, and the rate of heat release in the gas
phase are obtained as shown in Figs. 11 and 12. In the com-
putations of the thermal analysis, the following numerical
values are used: p, = 1.27 X 107 kg/m*, A, = 1.01 x 10~
kl/smK, ¢, = 1.61 kl/kgK, and r = 1.37 x 107* m/s at
T,=243K,r = 420 x 10> m/s at T, = 343 K at 3 MPa.
The averaged heat conductivity in the gas phase was deter-
mined by the method described in Ref. 11.

The computed results indicate that ¢ (x) is the highest at
the burning surface and decreases as the distance increases
for both high and low initial temperatures. The ¢.(x), at
T, = 343 K is 3.3 times higher than the ¢ .(x), at T, = 243
K. and the reaction distance in the gas phase is 1.1 mm for
T, = 243 K and 0.7 mm for T, = 343 K. Using the data of
Figs. 10 and 11 and Egs. (7) and (8), the &, is determined to
be 1.58 x 10° kg/m? at T,, = 243 K and 7.62 x 107 kg/m?s
at T, = 343 K at 3.0 MPa. The results show that the gas-
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phase reaction rate is increased 4.8 times by the increase of
initial temperature from 243 to 343 K.

C. Temperature Sensitivity of Burning Rate

Since the combustion process of an energetic material is a
chemical reaction phenomenon, the burning rate depends on
the thermochemical potential of the material and heat feed-
back mechanism in the combustion wave. The thermochem-
ical potential is increased by the external heat input given to
the material, which is consumed in heating up the temperature
of the material. Thus, the burning rate appears as a function
of the initial temperature, which is the temperature sensitivity
of burning rate defined in Eq. (1). There have been numerous
experimental and theoretical studies on the temperature sen-
sitivity of burning rate of solid propellants.??~** The mathe-
matical models presented in the past successfully predict the
burning rate characteristics.™ - * However, relatively few studies
have been done on o, of azide polymers.'' One reason for
this is the lack of a basic understanding of the physicochemical
processes of azide-polymer combustion. It has been reported
that g, of GAP is three or four times higher than that of
conventional solid propellants.'! This is considered to be caused
by the difference of the physicochemical properties of the
materials. In this study, the heat transfer process in the com-
bustion wave of BAMO copolymer was determined through
an analysis of a temperature sensitivity mechanism based on
the temperature-profile data in the combustion wave of BAMO
copolymer.

The temperature sensitivity of the burning rate defined by
Eq. (1) is analyzed by the heat balance equation at the burning
surface that is represented by

r=adly &)
where
dT
o= (&), o
=T, -T, - Qe (11)
a, = AJc,p, (12)

When the logarithmic form of the heat balance equation is
differentiated with respect to T, at a constant pressure, the
following is derived:

3 /n Qg din P d i
={—) + -
” < T, > ( o, ) ( T, ) 4
» P P

Since the physical properties of A,, ¢,, and p, are assumed to
be independent of T,, Eq. (13) is written as

g,=® + V¥ (14)
where
& ¢>
o =|— 15
(4] | 13
&/ ¢)
o= | LT 16
< i, ) (16)

It is shown from Eq. (14) that the temperature sensitivity
consists of two parameters, ® and ¥: @ is the “temperature
sensitivity of gas-phase reaction™ that is determined by the
gas-phase reaction process, and ¥ is the ““temperature sen-
sitivity of condensed phase” that is determined by the con-
densed-phase reaction process.

One assumes that the burning rate is given by an Arrhenius-
type pyrolysis law at the burning surface as

r = Z exp(— E,/RT,) 17

Differentiating the logarithmic form of Eq. (17) with respect
to T, at a constant pressure, one gets the relationship of T,
and T, as

aT\' _ 2
<a_TU>,, = o,RT?E, (18)

Based on the temperature profile data of BAMO copolymer
tested in this study, the following numerical values are ob-
tained at pressure 3.0 MPa:

T, K 243 343
T, K 700 750
é. K/m 5.6 x 10° 7.4 x 105
r. m/s 1.37 x 10-3 420 x 10
,. /K 0.0112

dT\'

aT, 0.50

Substituting T, T,, ¢. and r into Eqgs. (9—12), the heat release
at the burning surface is determined as

243 K

il

Q\
Q,

457 kJ/kg at T,

537ki/kg at T, = 343K

Based on (), data at high and low temperatures (3Q,/07T,,),, is
determined to be 0.80 kJ/kgK. Using Eqs. (14-16), ® and ¥
at T, = 293 K are determined to be ® = 0.00278/K and ¥
= (.00863/K, which shows that ¥ is approximately 3.1 times
greater than ®. This indicates that the temperature sensitivity
of the burning rate is dominated by the temperature sensitivity
of condensed phase. Furthermore, the o, obtained by the
analysis of the combustion waves is 0.0114/K, which is ap-
proximately equal to the o, obtained by the measurements
of burning rate. Substituting (47,/0T,),,, o,,, and T, data into
Eq. (18). the activation energy at the burning surface is de-
termined to be E, = 98 kJ/mol for BAMO copolymer tested
in this study. The activation energy and (37,/7,), of GAP
burning are reported to be 87 kJ/mol and 0.481 at 5 MPa,
respectively.'' It should be noted that the burning rate of GAP
is 3.4 times higher than that of BAMO copolymer at the same
burning conditions (p = 3.0 MPa and T, = 293 K), the
thermochemical properties such as o,, E,, and (47,/37T,),
appear to be approximately equal for both azide polymers.

V. Conclusions

The burning rate of BAMO copolymer increases as the
energy density increases at constant pressure and initial tem-
perature. The rate of heat release that is distributed in the
gas-phase reaction zone increases with increasing initial tem-
perature. The temperature sensitivity of the burning rate of
BAMO copolymer is three or four times greater than that of
conventional solid propellants, which is characterized by the
temperature sensitivities of condensed phase and gas phase.
The temperature sensitivity of condensed phase is approxi-
mately 3.1 times greater than that of gas phase for BAMO
copolymer. Although the burning rate of BAMO copolymer
is much lower than that of GAP, o,, E,, and (3T,/T,), are
determined to be about the same values for both BAMO
copolymer and GAP.
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