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Combustion mechanism of high energy composite propellants (V')

— Combustion of azide/nitramine propellants —

by Hakobu BAZAKI*, Akihide IIDA* and Yoshiaki MITARAI*

The combustion wave structure was examined by using fine thermocouples in order to elucidate the
control process of burning rate of azide/nitramine propellants. From the experiments, it was found
that the burning rate of AMMO (3-azidemethyl-3"-methyloxetane) /EDNA (ethylenedinitramine)
propellant was higher than that of AMMO/HMX (cyclotetramethylenetetranitramine) propellant and
the pressure exponent of AMMO/EDNA propellant was lower than that of AMMO/HMX propel-
lant. The temperature profile in the combustion waves of the propellants revealed that there was a
large heat release at the burning surface. This exothermic decomposition reaction at the burning
surface is found to be mainly responsible for the burning rate of AMMO/EDNA and AMMO/HMX
propellants. It is explained by the larger heat release of AMMO/EDNA propellant at the burning
surface that AMMO/EDNA propellant has the higher burning rate than AMMO/HMX propellant.

Introduction

Theoretical and experimental studies have been con-
ducted on the combustion of azide polymers used as a
binder in high-energy propellants’~*'. AMMO(3-
azidemethyl-3'-methyloxetane) is one of the energetic
azide polymers which contain N, groups in their molecu-
lar structures®’, Since the concentration of oxygen atom
contained within AMMO is low, the heat released by the
combustion is not due to the oxidation reaction, but due
to the scission of the -N; bond to form N, gas. Further-
more, the combustion potential of AMMO could be in-
creased by the addition of oxidizers such as ammonium
perchlorate (AP), ammonium nitrate(AN), and nitra-
mines. The energetic propellants composed of the oxidiz-
ers and AMMO as an energetic binder are considered to
be used as high-energy propellants.

A great deal of attention has been focused on the com-
bustion mechanisms of inert hydrocarbon binder/
nitramine propellants. This is because nitramine propel-
lant produce relatively high specific impulses, even though
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the adiabatic flame temperature is low ®', Furthermore,
the combustion products are not only smokeless but also
noncorrosive. Thus, there have been a number of experi-
mental and theoretical studies on the combustion of
nitramines and inert binder/nitramine propellants’ ',
The bumning rate of the inert hydrocarbon binder/HMX
is very low because of the endothermic decomposition of
the binder”’. EDNA (ethylenedinitramine) is a linear
nitramine which has modest properties in the flame tem-
perature and the molecular weight of burned gases as com-
pared with HMX (cyclotetramethylenetetranitramine) and
NQ (nitroguanidine). The burning rate of double base
propellants is increased and the pressure exponent is de-
creased by the addition of EDNA'?.

In the present study, AMMO/EDNA propellant was
formulated and the burning rate characteristics and com-
bustion wave structure were investigated in order to gain
a wide spectrum of burning rate. '

Experimental

AMMO used in the present study was produced by re-
placing C-OH bond of 3-methyl 3-oxetane methanol with
C-N, bond. AMMO without curing and crosslinking was
slightly yellowish viscous liquid. The terminal OH groups
of AMMO were cured with the NCO groups of IPDI
(isophorone diisocyanate). Finely crystallized nitramines
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Table 1 Physical and chemical properties of energetic materials

structure and properties of the energetic materials are
shown in Table 1. The formulation of the propellants is
shown in Table 2.

The theoretical rocket performance of the propellants

Name AMMO HMX EDNA
CH,N, H,C—N—CH, H,C—N—NO,
Structural H | H l |
Formula | HOTC-C-C-OFH| ONN NNO,
HI| H | I H.C—N— NO
CH, “n H,C—N—CH, =T H 2
NO,
Gross formula C;H,ON, C.H,N;O, C,H,N,0,
Mg (kg/kmol) 5100 296. 2 150. 1
AH, (kI/kg) +345.3 +252.7 —688.7
o (kg/m® 1.06X10° 1.96%10° 1.71x10°
T, (K) 1283 3300 2628
Mg: Molecular mass, AH,:Heat of formation, p:Density,
T,: Adiabatic flame temperature.
. 350 ~r—T—r~1—TT—T—T—}3500
Table 2 Chemical composition of propellants used in this
study - | @A AMMO/EDNA .S
4 7~
Weight fraction (%) 300} OA AMMO/HMX Hao00 =
Propellants - a 4 g:.l
AMMO | EDNA | HMX ] | P=5MPa k 5
- 8 -
AMMO/EDNA | 25 75 o 250 / <
AMMO/HMX | 25 75 3 2500 ui
z -
= =
&) w
EDNA and HMX were used in this study. The chemical & 200 2000 =
2 2
& ©
5
o
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Q
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which are composed of oxidizer and AMMO is calculated
by using NASA SP-273 based on JANNAF Thermo-
chemical Table.

The experimental investigation of burning rates and
combustion waves was conducted using a chimney type
strand burner which was pressurized with nitrogen gas. The
burning process was recorded with a high-speed video cam-
era through a transparent window attached to the side of
the burner. The temperature profiles in the combustion
wave structure were measured with microthermocouples

(5 m in diameter Pt-Pt-10%Rh wire) being embedded
in the samples.

Results and discussion

Theoretical rocket performance of AMMO/EDNA and
AMMO/HMX propeliants

The theoretical rocket performance of AMMO/EDNA
and AMMO/HMX propellants are shown in Fig. 1. The
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Fig. 1 Theoretical combustion performance of AMMO/
EDNA and AMMO/HMX propellants

specific impulse (Isp) and adiabatic flame temperature(T,)
of both propellants are increased by the addition of
nitramine. Isp and T, are increased drastically over 70%
of nitramine content. Both Isp and T, of AMMO/HMX
propellant are larger than those of AMMO/EDNA pro-
pellant. )
Burning rate characteristics of AMMO/EDNA and
AMMO/HMX propellants

The burning rates of AMMO/EDNA and AMMO/
HMX propellants showed approximately straight lines in
alnrvs. In P plot as shown in Fig. 2. The pressure expo-
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Fig.2 Burning rate characteristics of AMMO/EDNA
and AMMO/HMX propellants

nent of the burning rate at a constant initial temperature
is denoted by the following equation:

n=(3Inr/d1nP), (D

It was 0. 61 for AMMO/EDNA and 0. 80 for AMMO/
HMX propellants. The burning rate of AMMO/EDNA
propellant is higher than that of AMMO/HMX propel-
lant and the pressure exponent of AMMO/EDNA pro-
pellant is lower than that of AMMO/HMX propellant.
Combustion wave structure

The combustion process of both AMMO/EDNA and
AMMO/HMX propellants was studied using temperature
profiles measured in the combustion waves. As shown in

Fig. 3, the measured temperature profiles showa steep tem-

perature gradient near the burning surface, i.e., the first-
stage reaction zone. The steep temperature gradient flat-
tens out some distance from the surface, i.e., preparation
zone. The second steep temperature gradient occurs at
the boundary between the preparation zone and luminous
flame zone, i.¢., the second-stage reaction zone. The com-
bustion wave structure of AMMO/EDNA and AMMO/
HMX propellants was found to be very similar to that of
inert polymer/HMX propellants’®.

In order to understand the combustion process of azide/
nitramine propellants, the burning surface temperature
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Fig.3 Temperature profiles in the combustion waves of
AMMO/EDNA and AMMO/HMX propellants

(T,) and temperature at the end of the first-stage reaction
zone (T,) for AMMO/EDNA and AMMO/HMX pro-
pellants were measured. As shown in Fig. 4, T, and T,
increase with increasing pressure for both AMMO/EDNA
and AMMO/HMX propellants. T, and T, for AMMO/
EDNA and AMMO/HMX propellants are approximately
the same in the pressure range between 1. 0 and 5. 0 MPa.

The temperature gradient, (dT/dx),, at the burning sur-
face was measured to determine the heat transfer from the
gas phase to the bumning surface. Though the tempera-
ture gradient in the first stage reaction zone are scattered
in Fig. 5, it is evident that (dT/dx),, increases with in-
creasing pressure for both AMMO/EDNA and AMMO/
HMX propellants. While the buning rates differ in the
two propellants, the reaction rate in the gas phase just
above the burning surface, which is characterized by (dT/
dx),,, was the same for both propellants.

To determine the heat of reaction at the burning sur-
face(Q,), an energy balance at the burning surface was
used. This energy balance equation is represented by the
following equation: ‘

0,C,r(T,~T)=A(dT/d0) +0,rQ, @

where o, = density of propellant (kg/m®), C, = specific
heat of propellant (kJ/kgK), r = burning rate (m/s), T,
= initial temperature (K), and A, = heat conductivity (kJ/
smK). The results of the computation are shown in Fig.
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Fig.4 Burningsurface temperature(T,) and temperature
at the end of the first-stage reaction zone(T,) vs.
pressure for AMMO/EDNA and AMMO/HMX
propellants
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Fig.5 Temperature gradient in the first stage reaction
zone vs. pressure for AMMO/EDNA. and
AMMO/HMX propellants
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Fig.6 The heat of reaction at the burning surface of
AMMO/EDNA and AMMO/HMX propellants

6. The scatter in the data is high because of the scatter in
the (dT/dx), , used in the computation. Nevertheless, the
difference between AMMO/EDNA and AMMO/HMX
propellants can be seen in Fig. 6. The heat of reaction at
the burning surface for AMMO/EDNA propellant is
larger than for AMMO/HMX propellant.

The heat flux transferred back from the gas phase to the
burning surface (X (dT/dx), ) and the heat released at
the burning surface (o, r Q,) were calculated. The results
are shown in Fig. 7. In computation, the heat conductiv-
ity, X, was assumed to be 5. 02 X 10" kJ/smK. It can be
seen that the heat flux for both AMMO/EDNA and
AMMO/HMZX propellants is approximately the same and
is relatively pressure insensitive.

As shown in Fig, 7, the heat released at the burning sur-
face increases with increasing pressure. The heat released
at the burning surface for AMMO/EDNA propeliant is
larger than that for AMMO/HMX propeliant in the range
of the pressure between 1. 0 and 5. 0 MPa. When the heat
flux transferred back from gas phase to the condensed
phase was compared with the heat flux released at the burn-
ing surface, the former was much less than the latter for
AMMO/EDNA and AMMO/HMX propellants. The ra-
tio of the former to the latter is estimated to be 0. 02 for
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Fig.7 Heat flux transferred back from gas phase to burn-
ing surface and heat flux released at burning sur-
face for AMMO/EDNA and AMMO/HMX pro-
pellants

AMMO/EDNA propellant and 0. 03 for AMMO/HMX
propellant at 4, 0 MPa. The results indicate that the exo-
thermic reaction at the burning surface is supposed to be
mainly responsible for the burning rate of azide/nitramine
propellants,

From previous works’~®, the buming rate of inert poly-
mer/nitramine propellants was also found to depend
mainly on the heat released at the burning surface. On the
basis of these results, it is found that the combustion pro-
cess of the azide/nitramine propellants is similar to that
of inert polymer/nitramine propellants. However, the ra-
tio of the heat flux transferred back from the gas phase to
the burning surface to the heat flux released at the burning
surface for azide/nitramine propellants is less than that
for inert polymer/nitramine propellants. The ratio are
0. 03 for azide/nitramine propellants and 0. 1 for inert
polymer/nitramine propellants. The difference of the ra-
tio between azide/nitramine and inert polymer/nitramine
propellants is supposed to be caused by the exothermic
reaction of AMMO at the burning surface.

Conclusions

The burning rate characteristics of azide/nitramine pro-
pellants were studied in order to gain a wide spectrum of
burning rate. The burning rate of AMMO/EDNA pro-
pellant is higher than that of AMMO/HMX propellant
and the pressure exponent of AMMO/EDNA propellant
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is lower than that of AMMO/HMX propellant. Both
AMMO/EDNA and AMMO/HMX propellants exhibit
the same combustion wave structure as inert polymer/
nitramine propellants,

The bumning surface temperature and the temperature
at the end of the first-stage reaction zone for AMMO/
EDNA and AMMO/HMX propellants are approximately
the same in the pressure range between 1. 0 and 5. 0 MPa.
The heat released at the burning surface for AMMO/
EDNA propellant is larger than for AMMO/HMX pro-
pellant. The experiments indicate that the burning rate of
AMMOY/EDNA propellant depends mainly on the heat
released at the burning surface.
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