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Abstract: Nitrate ester plasticized polyether (NEPE) is a kind of high-energy solid propellant that has both good mechanical
properties and high specific impulse. However, its unique composition makes its combustion mechanism different from both
double-base propellants and composite propellants. In order to study the combustion mechanism of NEPE propellants, we im-
proved the free radical cracking model of previous research to make it capable of predicting the burning rate of NEPE propellants.
To study the combustion characteristics and provide data support for the model, an experimental system was built and four kinds of
NEPE propellants with different compositions and grain size distributions were tested. The results show that our modified model
can reflect the combustion characteristics of NEPE propellants with an acceptable accuracy. The difference between the model and
the experimental data is mainly caused by uncertain environmental factors and the ignorance of interactions between components.
Both the experimental data and the results predicted by the model show that increasing the backpressure helps to increase the
burning rate of NEPE propellants. Furthermore, the grain size of the oxidizer inside the NEPE propellant has a more severe impact
on the burning rate but a lighter impact on the burning rate pressure exponent in comparison with the grain size of aluminum. For
aluminum-free NEPE propellants, the reaction in the gas phase is dominant in the combustion process while adding aluminum into
the propellant makes the solid phase dominant in the final stage. The combustion of fine aluminum particles near the burning
surface generates heat feedback to the burning surface which evidently influences the surface temperature. However, the ag-
glomeration of coarse aluminum particles has little effect on the burning surface temperature.

Key words: Nitrate ester plasticized polyether (NEPE) propellant; Combustion; Free radical model; Burning rate
https://doi.org/10.1631/jzus.A1900668 CLC number: V41

1 Introduction propellants that have been in application in the world.

Its standard theoretical specific impulse could be as

Nitrate ester plasticized polyether (NEPE) rep-
resents a significant breakthrough in high-energy
solid propellants. It combines advantages of both
composite propellants and double-base propellants.
This means that it has both high energy and good
mechanical properties (Luo and Liu, 2007). NEPE
has the highest specific impulse among any solid
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high as 2685 N-s/kg while its density could be
1.86 g/em’® (Davenas, 1997). Because of the unique
combustion performance and combustion mechanism
of NEPE propellants, existing combustion models for
composite propellants and double-base propellants
cannot be applied to simulate the combustion process
directly. Therefore, it is necessary to develop and
improve a model to simulate the NEPE propellant
combustion process on the basis of existing models.
The reactions considered during establishing the
combustion model of energetic materials have gradually
changed from global reactions to specific elementary
reactions. Benreuven et al. (1977) and Benreuven
(1980) studied the combustion process of cyclotri-
methylenetrinitramine (RDX). They believed that
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there is a total reaction in the liquid phase, evapora-
tion is the vaporization mechanism on the surface,
and there are two total reactions in the gas phase.
Ermolin et al. (1987) studied the elementary reactions
of ammonium perchlorate (AP) and RDX using mass
spectrometry measurements of flames. Based on the
prediction model of gunpowder’s burning rate, Yang
et al. (1997) expressed the burning rate of nitramine
propellants as a function of the combustion chamber
pressure and the propellant composition. Peng and
Liu (1990) proposed a composite flame combustion
model of the nitramine/AP propellant. Pang et al.
(2003) established a physical model of NEPE pro-
pellant combustion based on the combustion model of
nitramine and AP-CMDB (compound modified
double-base) propellants, combined with the com-
bustion characteristics of NEPE propellants. Howev-
er, this model failed to consider the influence of the
particle size on the propellant combustion process.
Zhang and Dai (2007) established a combustion
model of NEPE propellants using a genetic algo-
rithm-back propagation (GA-BP) neural network, and
then simulated its combustion performance under
high pressure. Li et al. (2008a, 2008b, 2009) estab-
lished the calculation formula of the burning rate and
the pressure index of NEPE propellants based on the
thermal decomposition characteristics and free radical
cracking model of NEPE solid propellant. However,
the effect of the content and the particle size on the
combustion performance cannot be calculated when
both RDX and cyclotetramethylenetetranitramine
(HMX) exist. Yetter et al. (1995) and Prasad et al.
(1997, 1998) discussed the detailed gas-phase reac-
tion mechanism of nitramine propellant and proposed
an eigenvalue method to study the combustion of
RDX and HMX propellants. The condensed phase
reaction mechanism consists of three steps in which
both RDX and HMX thermally decompose through
two global channels and the third global step de-
scribes the reaction between CH,O and NO, at low
temperature. Patidar and Thynell (2017), Khichar et
al. (2018, 2019), Patidar et al. (2018, 2019; 2020)
studied the decomposition mechanism of RDX and
HMX using both experimental and computational
methods. Mole fraction profiles of the gaseous de-
composition products evolving from the liquid-phase
HMX and RDX were obtained using Fourier trans-
form infrared (FTIR) spectroscopy. A quantum me-

chanics calculation was used to study the pathways of
decomposition of HMX and RDX. The detailed re-
action mechanism in liquid-phase HMX and RDX
was extended.

Fang and Li (2001) studied the effect of AP
content and its grain size on the combustion process
of NEPE propellants. They found that increasing AP
content and using the graded AP can improve the
combustion behavior. Li et al. (2001) managed to
decrease the burning rate of NEPE propellants by
means of adjusting the composition and adding some
burning rate inhibitors. Li et al. (2002) worked on the
effect of AP on the laser ignition process of NEPE
propellants and came to the conclusion that AP plays
a more important role in decreasing the ignition delay
time than HMX. Wang et al. (2004) researched the
combustion characteristics of NEPE propellants and
the effect of the composition under high pressure
conditions. Wang et al. (2015) studied the ignition
and the combustion processes by recording the tem-
perature distribution on the burning surface of NEPE
propellants under laser irradiation. Xiang et al. (2016)
investigated the effect of the oxygen content in the air
on the laser ignition process, the first flame position,
and the ignition delay time of NEPE propellants. Pang
et al. (2010) researched the thermal decomposition
behavior and non-isothermal decomposition reaction
kinetics of the propellant containing ammonium
dinitramide (ADN). They found that the different
components decompose separately in four stages. Sun
et al. (2018) conducted the thermal property using
TG-DSC-MS-FTIR  (thermogravimetry-differential
scanning calorimetry-mass  spectrometry-Fourier
transform infrared). It was found that the NEPE pro-
pellant experiences five reaction steps and they are
attributed by the evaporation and O-NO, bond
breaking of nitrate, crystal transition of HMX, and
thermal decomposition of plasticizer, HMX, and AP.

In this paper, we propose a combustion model of
NEPE propellants based on the free radical cracking
model, and study the effects of grain size, grain size
distribution, and the contents of AP, HMX, and Al on
the burning rate of NEPE propellants under different
pressure conditions. The results calculated by this
model are compared with the experimental data, in
which four kinds of NEPE propellants with different
formulations are tested. The combustion model and
the experimental setup are introduced, respectively.
The effects of the composition formula, grain size,
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and backpressure on burning rate, pressure exponent,
and flame structure are analyzed based on the ex-
perimental data. Furthermore, the main reason for the
difference between the experimental result and the
simulation result is discussed. The experimental re-
sults validate the accuracy of the combustion model.
This means that the proposed model can be a useful
tool in studying the combustion mechanism of NEPE
propellants.

2 Free radical cracking model
2.1 Burning rate formula

Based on the theory of free radical cracking
proposed in (Fry et al., 2002), the burning rate of
NEPE propellants was predicted combining the
thermal decomposition reaction hypothesis in the
initial stage of combustion. The free radical cracking
model is a chemical-mathematical model based on
quasi-1D gas phase reaction flow combining with
mass transfer. This model mainly focuses on analyz-
ing the relationship between the chemical structure
and the characteristic reaction (Song, 1986; Wang,
2007). This model uses functions of pressure and
parameters related to the decomposition of propel-
lants to calculate the burning rate. This can relatively
reduce the difficulty since the calculation of some
parameters, such as thermal conductivity, latent heat
of evaporation, and reaction activation energy, can be
avoided.

This model divides the gas phase decomposition
products in the vicinity of the combustion surface
during the combustion of solid propellant into five
groups, including oxidant [NO,], reducing agent
[CH,0], cleavable free radical [CHO], neutral group
[CH], and neutral group [CO]. The burning rate of
propellant is related to the content of these five
groups. This model can be used to estimate the
burning rate of the propellant since the gas phase
decomposition products on the combustion surface
are among these five groups of products.

Considering the influence of the particle size and
content of each component on the combustion pro-
cess, the impact factors of each component, fj;, fivx,
fap are introduced into the formula to calculate the
burning rate. The obtained formula is given as follows:

1709 p6;
u(p)= 1102 (r)
Pr

'fAl.fHMX'fAP’ (1)

where pp is the density of NEPE propellant, g/cm’. p
is the pressure in the combustion chamber, MPa. 6y(p)
is the mole fraction of the oxidizing gas on the burn-
ing surface and it is obtained as follows:

_ 1+a,-&(p)
a+p+q-n(p)+y+1l

6,(p) (2)

where a, f, g, y, and ay are respectively the mole
ratios of the amount of [CO], [CH], [CHO], [CH,0],
and [N,O] gas to that of [NO,] gas of the decompo-
sition products of 1 kg propellant on the burning
surface with the surface area d, and ay=apmx/0. n(p) is
a function describing the degree of cracking of [CHO]
free radicals as follows:

n(p)=2-exp[0.6931(1=p/ p*)-grp-gul- (3)

&(p) is the conversion function of C-N bond cleavage
to N-N bond cleavage during the thermal decompo-
sition of nitramine and it is calculated by

§<p>={1—e -gH]-aHMX, (4)

where gy, gap, and ga; are coefficients respectively
related to the content and grain size of HMX, AP, and
aluminum. p' is the characteristic pressure, namely,
9.81 MPa. p is the second characteristic pressure
whose value is 40.0 MPa. There are several parame-
ters to be determined during the calculation of fj,
fHMX:fAP, gH, AP, and Al Li et al. (2009) suggested
that fAla fHMX, pr, gH, ZAP, and gal can be obtained
using the equations below after analyzing the ex-
perimental data. The detailed explanation of this
model is listed in Appendix A.

0.32
2 =(1+46.26xzﬁj , (5)
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where a is the mass fraction, d is the grain size, and n
means the grain size distribution.

2.2 Thermal decomposition law of AP

Wang (2007) showed that the AP undergoes
physical and chemical changes at the same time dur-
ing its combustion process. The total reaction can be
approximated as follows:

NH4C104,—~NH;+HCIO5+0. (11

The decomposition products are all in gas phase,
where O can be classified as [NO;], NH; can be
classified as [CH,0], and HCIO; can be classified as
[CHO]. According to this, the chemical structural

parameters can be obtained as a=0, =0, ¢=8.51,
y=8.51, and 0=8.51.

2.3 Thermal decomposition law of HMX

According to Palopoli and Brill (1991), the
thermal decomposition reaction of HMX can finally
be expressed as follows:

C4H;3OsNg (HMX)—~NO,+HCN+H+3N,0+3CH,0.
(12)

Among them, NO, and N,O can be attributed to
the [NO;] group, CH,O can be attributed to the
[CH,0] group, HCN can be attributed to the [CHO]
group, and H can be attributed to the [CO] group.
According to this, the chemical structure parameters
of HMX can be obtained as a=3.38, =0, ¢=3.38,
y=10.14, and 6=13.52.

2.4 Chemical structure parameter

Based on the basic method of propellant burning
rate prediction, combining the analysis of the thermal

decomposition characteristics of the main compo-
nents in NEPE propellants with the burning rate pre-
diction model of NEPE propellants, the chemical
structure parameters of the main components can be
obtained, as shown in Table 1.

3 Experimental method
3.1 Experimental scheme

An overall diagram of the experimental appa-
ratus is shown in Fig. 1. The system consists of a
vacuum chamber, a resistance wire ignition system, a
gas supply system, a control and measuring system,
and a high-speed photography system. All combus-
tion tests were conducted in a vacuum chamber under
nitrogen atmosphere. The test sample was fixed on
the tungsten-rhenium thermocouple with its top near
the resistance wire. The pressure in the vacuum
chamber and the temperature of the test sample were
measured and recorded during the whole experiment.
The combustion process was observed and recorded
by a high-speed camera. The frame rate of the high-
speed camera was set to be 1000 frame/s. The time of
exposure was 50 ps for aluminum-free NEPE pro-
pellants and 10 ps for aluminum-containing NEPE
propellants, since the flame of the aluminum-
containing NEPE propellants might be brighter be-
cause of the combustion of aluminum.

3.2 Propellant formulations

Fig. 2 shows four kinds of NEPE propellants that
were used in the experiment. The test samples in this
experiment are typically 5 mmx5 mmx7 mm rec-
tangular bars. To capture the end burning, we used
polyvinyl butyral (PVB) in absolute ethyl alcohol as
fire retardant. Consequently, the experimental phe-
nomenon would be clearer. Table 2 shows ingredients
and weight mixture ratios of the four kinds of test
samples. The grain sizes of AP-1, AP-2, HMX-1,
HMX-2, Al-1, and Al-2 are 130 pm, 13 pm, 86 pm,
12 um, 28 pum, and 3 pm, respectively. All samples
contain two kinds of oxidizer, AP and HMX. Only
KD-3 and KD-4 contain aluminum. KD-1 and KD-2
have the same weight percentage of AP, HMX, and
binder. KD-1 has bimodal AP distribution while
KD-2 has bimodal HMX distribution. Similarly,
KD-3 and KD-4 have the same weight percentages of
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AP, HMX, aluminum, and binder, while KD-3 has
bimodal AP distribution as well as bimodal HMX
distribution and KD-4 has bimodal aluminum distri-
bution. The binder is made of polyethylene glycol
(PEG) (25%) and plasticizer (75%), while the plasti-
cizer is composed of nitroglycerin (NG) (50%) and
butanetriol trinitrate (BTTN) (50%).

o

Computer
Pressure
transducer
=5 I G |
- Ignition wire as su
Power -9 PRl
supply Vacuum chamber %<—  Gas outlet
*Test sample —&—QVaouum pump
Thermocouple
- /T
// S
//’//// ,/'/
v :
¢ 7 Signal _‘
d
- transformer —

High-spee
camera
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Fig. 1 Overall diagram of the experimental set-up

Fig. 2 Four NEPE propellant samples adopted in the
experiment

4 Results
4.1 Effect of pressure on the combustion process

Tests were conducted under five different pres-
sure conditions for all four kinds of propellants. Fig. 3
shows the burning rate as a function of the chamber
pressure for each sample. It can be seen that when the
pressure increases, the burning rates of the
aluminum-free NEPE propellants increase rapidly but
the increase rates slow down gradually when the
pressure is higher than 1.5 MPa. For the aluminum-
containing NEPE propellants, the burning rates in-
crease with the chamber pressure and the tendencies
are almost linear. This may be caused by the pressure
not being high enough. The slope of the Inp-In# curve,
which is defined to be the burning rate-pressure ex-
ponent according to the Vielle Equation, shows the
same trend as that in Fig. 3. KD-2 and KD-3 are rel-
atively more sensitive to pressure.

Fig. 4 shows the flame of the samples at the same
reaction stage under different backpressure condi-
tions. We can find that for aluminum-free propellants,
as the backpressure increases, the gas-phase flames
become brighter and more homogeneous, the diffu-
sion flames are more obvious, and the combustion
characteristics of AP composite propellants are more
obvious. For aluminum-containing propellants, when
the pressure increases, the reaction speeds increase,
the release of heat in the reaction zone is more severe,
and the flames are also more homogeneous and
brighter.

Table 1 Chemical structure parameters of main components in NEPE propellants

Chemical structure parameter Characteristic
Component B q y P} pressure (MPa)
AP 0 8.51 8.51 8.51 9.81
HMX 3.38 0 3.38 10.14 13.52 9.81
NG 0 4.405 8.81 13.216 9.81
BTTN 0 4.15 8.30 12.45 9.81
Table 2 Ingredients and weight mixture ratios of tested NEPE propellants
Propellant Weight mixture ratio (%)
sample AP-1 AP-2 HMX-1 HMX-2 Al-1 Al-2 Binder
KD-1 10 10 48 - - - 32
KD-2 20 - 24 24 - - 32
KD-3 8 8 20 20 18 - 26
KD-4 16 - 40 - 9 9 26
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Fig. 3 Burning rate as a function of the environmental pressure
(a) Aluminum-free NEPE propellants; (b) Aluminum-containing NEPE propellants
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(c)
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(d)
Fig. 4 Flames of NEPE propellants at the same reaction stage but different backpressure conditions
(a) KD-1; (b) KD-2; (c) KD-3; (d) KD-4
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4.2 Effect of composition formulation and grain
size distribution on combustion

Fig. 3a shows that for aluminum-free NEPE, the
burning rate of KD-1 is always higher than that of
KD-2 under the same backpressure. According to
Table 2, KD-1 and KD-2 have the same ingredients
but different grain size distributions. KD-1 contains
AP of smaller grain size while KD-2 contains HMX
of smaller grain size. It is known that the decrease of
grain sizes of both AP and HMX would cause the
increase of the burning rate (Liu et al., 2003). As a
result, the grain size of AP has more impact on both
the burning rate and the burning rate pressure expo-
nent of NEPE propellants than that of HMX for
aluminum-free NEPE propellant.

As for aluminum-containing NEPE propellant,
the burning rate of KD-3 is always higher than that of
KD-4 under the same backpressure (Fig. 3b). Simi-
larly, it can be found from Table 2 that KD-3 and
KD-4 have the same ingredients, but different grain
sizes. KD-3 contains AP and HMX with smaller grain
sizes while the grain size of aluminum in KD-4 is
smaller than that in KD-3. The decrease of grain size
of aluminum causes the increase of burning rate. It
indicates that the grain size of the oxidizer has more
impact on the burning rate but less impact on the
burning rate pressure exponent than that of aluminum
for aluminum-containing NEPE propellant.

Fig. 5 shows the flames of KD-1 and KD-2 in the
initial and final stages of the combustion process
when the backpressure is 2 MPa. The flame structures
are basically the same for all diffusion flames in the
initial stage and premixed flames in the final stage,
suggesting that neither the grain size of AP nor the
grain size of HMX has much impact on the flame
characteristic. In the initial stage, the flame of KD-1 is
smaller than that of KD-2, while the characteristic of
the premixed flame is more obvious for KD-2 because
the flame is thinner and longer. The reason is that AP
particles with smaller grain size in KD-1 would
gasify, decompose, and then combust near the
burning surface more quickly. Then the flame
becomes closer to the burning surface. KD-2 contains
HMX with smaller grain size, which causes the faster
formation of molten blends in the molten layer and
the faster transformation from diffusion flame to
premixed flame. Combining it with burning rates of
KD-1 and KD-2, we can conclude that the decompo-

sition of AP has more impact on the combustion
process than the molten blends in the final stage of
combustion, which means that it is the gas-phase
reaction zone that dominates the combustion process.

Fig. 6 shows the flames of KD-3 and KD-4 in the
initial and final stages of the combustion process
under the backpressure of 0.469 MPa. In the initial
stage of combustion, there are more aluminum
particles escaping from the surface of KD-4. More-
over, a broader distribution of aluminum particles is
found in the gas phase for KD-4. In the final stage, the

.L I
-
(a) (b)
(c) (d)

Fig. 5 Flame characteristics of KD-1 and KD-2 under
2 MPa backpressure condition

Initial stage (a) and final stage (b) of combustion for KD-1;
Initial stage (c) and final stage (d) of combustion for KD-2

(c) (d)
Fig. 6 Flame characteristics of KD-3 and KD-4 under
0.469 MPa backpressure condition
Initial stage (a) and final stage (b) of combustion for KD-3;
Initial stage (c) and final stage (d) of combustion for KD-4
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flame of KD-3 is thinner and longer with more char-
acteristics of the premixed flame. It means that in the
first stage, aluminum particles with smaller grain size
in KD-4 more easily escape from the surface under
the effect of gas flow and have a broader range for
movement. Furthermore, aluminum particles with
smaller grain size are more easily ignited, which
makes the flame of KD-4 brighter than that of KD-3.
In the final stage of the combustion process, the
molten blends of nitramine and energetic binder
gradually become dominant. KD-3 has a more
obvious premixed flame than KD-4 because KD-3
contains HMX with smaller grain size, which more
easily decomposes. Combining this phenomenon with
the burning rates of KD-3 and KD-4, we can conclude
that the molten blends in the final stage have more
impact on the combustion process. That is why the
grain size of aluminum has more impact on the igni-
tion delay time but less impact on the burning rate
than does the grain size of oxidizers.

Since the error of backpressure is less than 5%, it
can be considered that Table 3 shows the temperature
on the burning surface of four kinds of NEPE
propellant samples under approximately the same
backpressure. After the addition of aluminum parti-
cles with small grain size, the burning surface tem-
perature clearly increases. It is already clear that the
aluminum particles will undergo endothermic physi-
cal changes such as preheating, oxide film rupture,
and melting on the combustion surface and the
sub-combustion surface. However, the temperature
increase and the flame structure reflect that additional
heat may be transferred to the combustion surface,
causing the temperature of the combustion surface to
rise. This additional heat is generated by the primary
combustion of some aluminum particles on the
combustion surface and the ignition and combustion
process of other aluminum particles in the gas phase
zone close to the combustion surface. Decreasing the
grain size of aluminum has more impact on the

Table 3 Temperatures on the burning surface under ap-
proximate backpressure condition

Burning surface

NEPE propellant  Pressure (MPa) temperature (°C)
KD-1 0.496 380
KD-2 0.481 478
KD-3 0.469 456
KD-4 0.469 692

burning surface temperature than the oxidizer. This
suggests that there is significance in the heat feedback
of aluminum particle combustion to the heat balance
of the burning surface.

4.3 Comparison between simulation and experi-
mental results

Based on the free radical cracking model, we
developed and improved a code to predict the burning
rate of NEPE propellants. The simulation results are
compared with the experimental results to verify the
rationality and accuracy of the model. Figs. 7a-7d
show the results of four kinds of NEPE propellants
under different pressures.

Figs. 7a—7d show that as the pressure increases,
the burning rates of all the four kinds of propellants
increase. The burning rate of KD-2 is always lower
than that of KD-1 and the burning rate of KD-4 is
always lower than that of KD-3. This is consistent
with the burning rate trends in the combustion ex-
periment. It means that simulation results obey the
variation law of the burning rate as a function of
pressure. In addition, the effect of the composition
and grain size of each component on the burning rate
is also reflected. Therefore, this model can be used to
predict the variation law of the burning rate and can
provide, to some extent, qualitative guidance for the
composition design of NEPE propellants.

Although the simulation results show the same
trend and variation law as experiment, it is clear that
the difference between them is relatively large, which
is mainly caused by the incompleteness and idealiza-
tion of this model. The weakness of this model is that
the interaction between AP and HMX is not consid-
ered, while regarding AP and HMX as being ther-
mally decomposed separately. In the actual reaction
process, AP and HMX have a “chain interaction”
mechanism (Li and Fang, 2002), which not only
causes effects on each other at the initial stage of
ignition, but also causes the transfer of exothermic
process and reactions between decomposition prod-
ucts in the subsequent combustion process. Ignoring
this process can have a great impact on the burning
rate simulation results.

According to Figs. 7a—7d, the error between the
simulation value and the test value of KD-2 and KD-3
is significantly larger than that of KD-1 and KD-4.
Both KD-2 and KD-3 contain two kinds of HMX of
different sizes, which indicates that the effect of
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HMX on the combustion process is not fully consid-
ered in the model. During the combustion process of
NEPE propellants, the thermal decomposition of
HMX not only affects the combustion process in the
gas phase reaction zone, but also plays an important
role in the molten layer. The effect of HMX, espe-
cially those with the smaller grain sizes, on the
combustion process should attract attention since
HMX with smaller grain sizes decomposes more
quickly and causes greater impact. The interaction of
HMX of different grain sizes should also be consid-
ered in the model.

Experimental study showed that the burning rate
of KD-3 is always lower than that of KD-2 under the
given pressure range. According to the burning rate
data provided by the propellant producer (Hubei In-
stitute of Aerospace Chemical Technology, China),
the burning rate of KD-3 turns out to be higher than
that of KD-2 only after the pressure is higher than
3 MPa. However, the simulation results show that the
burning rate of KD-3 is always higher than that of

KD-2, which is inconsistent with common sense,
indicating that the effect of aluminum particles, es-
pecially aluminum particles with larger grain size on
the combustion process under low pressure was not
fully considered. In the actual combustion process,
aluminum particles undergo endothermal physical
changes including preheating, oxide film rupture and
melting, and exothermal chemical change including
combustion. Furthermore, the grain size of aluminum
particles and the external pressure do affect the escape
of aluminum particles from the surface of the pro-
pellant during the combustion process. As a result, the
influence of aluminum particles on the combustion
process, especially on the energy transfer on the sur-
face, is more complicated than the assumptions in the
model.

Finally, the model is established under ideal
conditions, assuming that all the components react
completely according to the given thermal decompo-
sition process. In fact, both environmental factors,
such as external temperature and pressure, and the
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interaction between components have impact on
the thermal decomposition. The thermal decomposi-
tion degree and the product cannot fully meet the
assumptions.

To sum up, the improved free radical cracking
model can provide qualitative guidance, to some ex-
tent, for the composition design of NEPE propellants.
Error exists in comparison with the experimental data
because of certain assumptions. Further improvement
will be implemented in future studies based on the
experimental result to make this model more accurate.

5 Conclusions

1. As the backpressure increases, the burning
rate of NEPE propellants increases and the combus-
tion flame becomes increasingly homogeneous and
bright. An obvious diffusion flame structure appears
for the aluminum-free NEPE propellant, while adding
aluminum into the propellant causes more severe
reactions in the reaction zone.

2. As oxidizers, the grain size of AP has more
impact on the burning rate and the burning rate
pressure exponent than the grain size of HMX. In
comparison with the grain size of aluminum, both
oxidizers’ grain sizes have more impact on the burn-
ing rate but lighter impact on the burning rate pressure
exponent.

3. For aluminum-free NEPE propellant, the re-
action in the gas phase is dominant in the combustion.
For aluminum-containing NEPE propellant, the reac-
tion in the solid phase is dominant in the final stage
since aluminum particles react both on the burning
surface and in the gas phase reaction zone.

4. The addition of aluminum particles with
smaller grain size makes the aluminum particle
combustion zone closer to the burning surface and
clearly increases the burning surface temperature. As
a result, the heat feedback of the combustion of alu-
minum particles to the burning surface plays an es-
sential role in the combustion process.

5. The improved free radical cracking model can
be used to predict the burning rate of NEPE propel-
lants and provide qualitative guidance, to some ex-
tent, for the composition design of NEPE propellants.
However, its accuracy needs improvement.
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Appendix A

Assuming that there are AP particles of various
grain sizes in the propellant, the contents are aap,
., dapy, Tespectively, the grain sizes are dapi,
dapa, ..., dapy, Tespectively, the total content of AP is
aap, and the density of AP is pap.

The particle number of AP with single grain size
in unit mass of propellant can be calculated as
follows:

Aaap2, .-

no o= dap _ 6a,,
AP 3 d3 :
4 . d,p TP AP ap
Pap 3 B

The total surface area of AP with single grain
size in unit mass of propellant can be calculated as

2
Sy =Nup '47{&) =

(A1)

6a,,

. (A2)
Pard zp

2

Both the protruding and dent of AP particles will
cause an increase of the burning area surface. S is the
unit cross-sectional area and Sy’ is the corresponding
burning surface area. The ratio between them is as
follows:

S, a
_0:1+F .i’
S !

0 AP

(A3)

where F; is summarized from the experimental data.

The effect of AP content and the particle size on
the combustion process can be attributed to the effect
on the degree of cracking of the cleavable group, #(p)
function, and it directly depends on S/ S,,.

G
" g '
gAp:|:(1+EI'ZdAP]'E2:| 5
i=1 Y AP

where F, and C| are to be determined.

(A4)

The thickness of the equivalent reaction zone of
[NO;] is L and can be obtained as

L= Xd a)/(x)] _

1+4xa,,,
Xo a)j(xo)

(AS5)

where the zone from xj to x4 is the inner flame reac-

tion zone (Peng and Liu, 1990), w,(x) is the reaction

rate of [NO»], and w;(xo) is the mean reaction rate.
As aresult,

n a .
fop = (1 +F, % Zdi"}/l +4a,. (A6)

i=1 * APi

Through analyzing the experimental data, the
values of gap and fap can be obtained:

(A7)

0.32
g = [1 +46.26% Z%] ,

i=1 “YApi

. :[1+46.26xi%]\/1+4x[ia”[j . (A8)

i=1 % Ap; i=1

The effect mode and extent of HMX on the
burning surface structure are different from that of AP.
In this model, only the effect of a single layer of HMX
particles on the burning surface is considered.

Assuming that there are various grain sizes of
HMX in the propellant, the contents are respectively
aumxi, AuMx2, ---» duMxn, the grain sizes are respec-
tively dHMXlo dHsz, . dHMXm the total content of
HMX is aymx, and the density is pumx.

The number of HMX particles with single grain
size in unit volume is as follows:

Pr  Auvx

4 dynx f .
. —n .
Pumx 3 ( B

(A9)

Mymx =

The number of HMX particles in a volume ele-
ment with the cross-sectional area of 1 cm’” is Pppvix -

2/3

(A10)

n],—IMX = (nHMX)

The number of layers of HMX particles distrib-

uting in unit volume is ny, -
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" _ 3[
nHMX - nHMX .

The effective surface area of HMX in the surface
layer is Symx.

(Al1)

: duux ) (1
Stimx :nHMX.4T[.(%j .(nHMX) I' (A12)

The relative increase of burning surface area is
calculated as follows:

1

S’ ; !

(S_j :1"'F21'[ Pe J (aHMX)3'dHan (A13)
2

0 p HMX

where F5; is to be determined.

The effects of HMX and AP on the decomposi-
tion products in the initial stage of propellant com-
bustion are similar, and represented by gy.

o3)]-

where C, is to be determined.
Ignoring the impact of HMX on the flame
structure, finx can be obtained:

(A14)

n

1
fHMX = H|:l + Fzz (aHMXi)3 dHMXi X 104} (A15)

i=1

where F», is an undetermined coefficient.
After analyzing the experimental results, finx
and gy can be obtained as follows:

n

1
Sinx = H[l +1 1'73(aHMXi )5 dipx; 10{" (Al6)

i=1

gy = fiis. (A17)

Assuming that there are various grain sizes of
aluminum in the propellant, the contents are respec-
tively aai, @an, --., @anm, the grain sizes (assumed to
be spherical) are respectively dai, dap, ..., dai, the
total content of aluminum is a,}, and the density is pa;.

The number of aluminum particles with single
grain size in unit mass is 714].

6a,,

=—Aa (A18)
npAld?\l

IONI

The total surface area of aluminum particles with
single grain size in unit mass is Sa,.

2
SAI =ny '4ﬂ(@j =—6aA' .

(A19)
2 P

The ratio between Sy and Sy’ is calculated by

(ij :1+E” .ﬂ’
SO dAl

where Fj; is to be determined.

The addition of aluminum particles affects not
only the burning surface structure of NEPE propel-
lants, but also the decomposition process on the
burning surface at the initial stage of the reaction.
This model approximates it to the effect on the #(p)
function, which could be described using ga;:

(A20)

gy = 1+ Fyay , (A21)
dAl + C'41
where Fi4, and Cy; are to be determined.
The thickness of the equivalent reaction zone of
[NO,] is calculated by

xqg WX Z(0.1=a 5, )+
L= 2 g 1+ Fpy-ay e "% (A22)
o a)j('x())

where Fi43 and Cy, are to be determined.
As a result, the value of fj; can be obtained as
follows:

fAl=(1+al%}/1+ﬂsaMe(‘“"“)ZC“. (A23)

Al

After analyzing the experimental results, the
values of f5 and ga; can be obtained:

fo= (1 +0.015x% %j T+ 13a,,e )" (A24)

Al
1+10a,,

= . A25
En d, +0.7 (A25)
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