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Nitrate ester plasticized polyether (NEPE) propellant is widely used in solid rocket motors, having both good mechanical
properties and high specific impulse. However, its ignition and combustion process are complex and need to be better
understood. In this study, a high-pressure sealed combustion chamber was constructed, a thermogravimetry-differential
scanning calorimetry was used to investigate the thermal decomposition process, and a high-speed camera was used to capture
the ignition process and combustion behavior of the propellant. The results showed that the thermal decomposition process of
this propellant could be divided into two stages. The first stage (50–350°C) was the major mass loss stage and exhibited typical
features of BTTN, RDX, and AP decomposition. The second stage (350–500°C) was mainly accompanied by decomposition of
the remaining components as well as slight oxidation of aluminum particles. The ignition process of NEPE propellant was
divided into four stages, including the inert heating period stage, thermal decomposition stage, initial flame stage, and stable
combustion stage. After the propellant absorbed heat, the propellant started to pyrolyze and gasify to generate flammable gas.
When the temperature of the propellant surface reached the flammable gas ignition point, an initial flame was generated on
the surface, which spread rapidly, covering the surface. The ignition delay time of the propellant was measured by a signal
acquisition system, and a mathematical model was then established for the ignition delay time. The results showed that the
ignition delay time decreased with increased laser heat flux and ambient pressure. Finally, the Vielle burning rate empirical
formula was used to fit the burning rate data for the propellant. The resulting good fit was consistent with experimental
measurements and showed that the formula was valid for predicting the NEPE propellant burning rate under 0.1–3.0MPa
nitrogen.

1. Introduction

Solid propellant, as the energy source for solid rocket
motors, determines the energy characteristics of the rocket
engine. Therefore, it is essential to improve the specific
impulse of solid rocket motors [1]. Nitrate ester plasticized
polyether (NEPE) is a significant breakthrough in the devel-
opment of high-energy solid propellants, combining the
advantages of composite propellants and double-base pro-
pellants with high-energy and good mechanical properties
[2], while its standard theoretical specific impulse can reach

2685N·s/kg [3]. In our previous investigation, uniaxial ten-
sile tests have been conducted using a self-made confining-
pressure system and material testing machine to study the
influences of confining pressure and strain rate on the
mechanical properties of NEPE propellant. Li et al. [4] have
found that confining pressure and strain rate has a remark-
able influence on the mechanical responses of NEPE propel-
lant. As confining pressure increases (from 0 to 5.4MPa),
the maximum tensile stress and ultimate strain increase
gradually. Then, Li et al. [5] have obtained stress-strain
curves and mechanical properties of NEPE propellant under
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varying confining-pressure conditions and strain rates. The
results show that the compressive mechanical properties of
NEPE propellant are remarkably influenced by the confining
pressure and strain rate. The compressive strength under
confining pressure is clearly larger than those without
applied confining pressure. However, the thermal decompo-
sition, ignition process, and combustion characteristics of
NEPE propellant have not been studied.

The combustion of solid propellant is a comprehensive
physical and chemical process including heat transfer,
momentum transfer, mass transfer, and high-speed chemical
reaction. Many scholars have studied the correlation
between thermal decomposition and combustion from the
perspective of heat transfer, mass transfer, transmission,
and chemical reactions and deduced the relationship equa-
tion between the combustion rate and kinetic parameters
of a chemical reaction. Zhou et al. [6] have investigated the
influence of CL-20 on the thermal decomposition behavior
of NEPE propellant by coupling differential scanning calo-
rimetry, thermogravimetry, and infrared spectroscopy
(DSC-TG-IR). Yuan et al. [7] have investigated the thermal
decomposition of Al/AP/HTPB propellant, in which the
propellant thermal decomposition process consisted of three
stages.

There are several ways to ignite solid propellants, among
which laser ignition has been widely used in recent years in
ignition studies of solid propellants and metal particles. As
an attractive heating source, a laser has high output energy
and controllable loading time, which allows noninvasive,
remote, and direct ignition of solid propellants. In the 20th
century, Baer and Ryan [8], Hermance et al. [9, 10], Kashi-
wagi [11], Niioka et al. [12], and Kulkarni et al. [13] began
research into the ignition performance of solid propellants,
including ignition theory, test methods, and performance.
Based on the earliest solid-phase ignition model, gas-phase
ignition and heterogeneous ignition models have been estab-
lished. In many ignition experiments, monopropellants [14],
double-base propellants [15], and composite propellants
[16] have been the main research objects. Sivan and Haas
[17] have studied diode-laser ignition of pyrotechnic mix-
tures and investigated ignition delay time dependence on
laser intensity, combustion temperature, and composition.
Medvedev et al. [18, 19] have studied the dependence of
the laser ignition energy threshold on sample density and
dispersion using pulse laser and explained their results in
terms of thermal ignition theory. Ehrhardt et al. [20] have
studied the pyrolysis, ignition, and combustion of low-
vulnerability propellants using lasers. The combustion char-
acteristics they measured included ignition delay, maximal
pressure, burning rate, and ignition energy. Compared with
traditional composite propellants and double-base propel-
lants, NEPE propellants contain numerous energetic compo-
nents and have a narrow adjustable range of burning rate,
and the adjustment technology of burning rate and pressure
index are mutually restricted. However, the existing combus-
tion models of composite propellants and double-based pro-
pellants cannot directly simulate the NEPE propellant
combustion process, such that it is necessary to study the
combustion characteristics of these propellants.

Research on laser ignition of NEPE propellant is rela-
tively limited. Pang et al. [21] have investigated thermal
decomposition behavior and nonisothermal decomposition
reaction kinetics of a propellant containing ammonium dini-
tramide (ADN). Kong et al. [22] have used GGA/PBE and
B3LYP methods in density functional theory to clarify the
initial decomposition reaction of ammonium perchlorate
(AP) and the oxidative cross-linking reaction mechanism
in propellants. Zhu et al. [23] have examined the effects of
laser heat flux density on the ignition delay time of propel-
lants. Wang et al. [24] have analyzed the influence of laser
heat flux on the ignition delay time of propellants and found
that the ignition delay time has an exponential relationship
with the laser heat flux. Xiang et al. [25] have studied the
influence of oxygen content in the environment gas on the
first flame position and ignition delay time of propellants.
Yan et al. [3] have measured the burning rate and burning
surface temperature of four new NEPE propellants, observed
their combustion flames, analyzed the effects of different
propellant components on the burning rate, and improved
the radical cracking model such that it can be used to predict
the burning rate of these propellants. Li et al. [26] have used
a high speed camera and IR thermometer to investigate the
ignition, combustion, and surface temperature distribution
of propellants under laser irradiation and then established
the ignition mechanism and combustion dynamics model
of the propellant. Tu et al. [27] have studied the combustion
characteristics of NEPE propellant in nitrogen (N2) and air
and found that the burning rate of NEPE propellant is
greatly affected by the environment gas. Meanwhile, they
have observed the agglomeration of aluminum (Al) particles
on the combustion surface of NEPE propellant and studied
the agglomeration process [28], agglomeration mechanism
[29], and movement behavior of aluminum particles [30].

The previous study here mainly focused on quantitative
research on the laser ignition of NEPE propellants, while lit-
tle attention was paid to variations of the propellant surface
during the ignition process. In this study, a TG analytical
model was used to study the thermal reaction process of
NEPE propellant and examine the influence of different laser
heat fluxes and ambient pressure on the ignition process as
well as combustion characteristics of the propellant studied
using a laser ignition test platform. The experimental data
were then associated with a theoretical analytical model to
analyze the behaviors of ignition and combustion. The
results were helpful for further understanding the thermal
decomposition, ignition process, and combustion behavior
of NEPE propellant.

2. Experimental Setup

2.1. Materials. The main components of NEPE propellant
used in these experiments included a cross-linking agent
(polyethylene glycol, CAB, 6–8%, 20–30μm), plasticizer
(nitroglycerine/1,2,4-butanetriol trinitrate, BTTN, 17–21%),
AP particles (20%-30%, 100–150μm), Al particles (20–
30%, 3–7μm), RDX particles (18–20%, 20–30μm), curing
agent (polyvinyl chloride, PVC, 1–2%), and catalyst (chro-
mic oxide, Cr2O3 and carbon black, CB, 1–2%). In an
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experiment, the specimen dimensions were 5 × 5 × 5mm. To
ensure accuracy of the experimental data and clarity of
experimental phenomena, high temperature resistant insu-
lating rubber was coated around the experimental sample
to prevent sample side-burning before the experiment.

The material used in this investigation was a NEPE pro-
pellant and the composition listed in Table 1. A scanning-
electron-microscopy (SEM) image of the NEPE propellant
showed large particles that were AP and the main portion
the plasticizer, with Al, RDX, and other constituents distrib-
uted randomly inside the matrix (Figure 1).

The propellant was prepared according to the following
steps: first, mixed solid materials were added to the prepared
liquid material, and then all materials were mixed in a verti-
cal kneader for 1 h. Second, the obtained propellant slurry
was degassed and cured in a vacuum oven at 50°C for 7 d.
At last, the resulting solid propellant was cut into samples
of the required size to meet experimental needs.

2.2. Experimental Apparatus. A TGA/SDTA851E thermal
gravimetric analyzer and DSC823E differential scanning cal-
orimeter (Mettler-Toledo International Inc., Greifensee,
Switzerland) were used to investigate the thermal decompo-
sition behavior of propellant samples. Tests were performed
under N2 at atmospheric pressure. Approximately 0.5mg of
sample was placed in an Al2O3 crucible and heated from 50
to 550°C at a rate of 10°C/min.

Experiments were carried out on a sealed high-
temperature and high-pressure laser ignition platform. The
experimental system was mainly composed of a control sys-
tem, CO2 laser optical system, combustion chamber, and
data acquisition system (Figure 2, schematic diagram). The
control system was composed of computer software and a
control card, which was used to adjust the laser loading time
and heat flux density of the CO2 laser. The CO2 laser had a
power of 300W and wavelength of 10.6μm. The optical sys-
tem changed the horizontal laser beam emitted by the laser
into a vertical laser beam and applied the beam to the surface
of the test piece through a l20mm diameter laser entrance
window on the combustion chamber top. The optical system
consisted of a plane mirror and a focusing mirror at the top
of the combustion chamber, which was 150 × 150 × 300mm.
The maximum working pressure of the chamber was 4MPa
and there was a 50 × 100mm observation window in the
horizontal direction. The data acquisition system used two
photodiodes to collect the laser light signal and propellant
initial flame signal to obtain the propellant ignition delay
time. When the laser light started to emit light, the photodi-
ode collected the signal and converted it into an electrical
signal. The amplified electrical signal was output to the
LED, which then emitted light that was captured by the
high-speed camera and regarded as the starting point of
the laser ignition process. In addition, the experimental sys-
tem was also connected with high speed cameras to monitor
the combustion process in the combustion chamber. The
ignition and combustion processes were recorded by a high
speed camera (Chronos 1.4, Kron Technologies Inc., Bur-
naby, Canada) at a frame rate of 1000 fps, with the camera
aperture in experiments at the smallest aperture to ensure

that the propellant did not create overexposure during
burning.

2.3. Experimental Methods. A summary of all experimental
conditions is shown in Table 2. Multiple test repetitions
under each experimental condition were performed to
ensure test data reliability. The pressure in the combustion
chamber was adjusted using high-pressure cylinders, and
the ambient pressure in the chamber was detected by a pres-
sure sensor to meet experimental requirements. The signal
acquisition system was triggered synchronously with the
laser loading system to measure the ignition delay time.
When the NEPE propellant was ignited by the laser and
the flame spread to the entire sample surface, it was recorded
as the beginning of propellant combustion. When the pro-
pellant flame height drops to half of the stable combustion
flame height, propellant combustion was considered to be
ending. The burning rate was calculated from the burning
process captured by high speed camera [31, 32].

3. Results and Discussion

3.1. Thermal Decomposition Characteristics Analysis. The
TG-DTG and DSC curves for the propellant showed that
the overall trend of the TG curve indicated a two-stage ther-
mal decomposition at 50–550°C (Figure 3). Propellant sam-
ples underwent different reaction processes in each stage,
resulting in multiple endothermic and exothermic peaks on
DSC curves.

Stage (I) was a fast-mass-loss stage from 50 to ~350°C,
accompanied by a 70% mass loss. Examining the TG curve
in this temperature range, three substages were further dis-
tinguished, with ranges of 100–200, 200–250, and 250–
350°C. First, at 100–200°C, mass loss was ~15%, with the
first DTG peak around 148.3°C. The first exothermic peak
appeared at 185.7°C, which might have been caused by
decomposition of plasticizer BTTN, as for pure BTTN, the
decomposition temperature is 230°C [33], while AP and
RDX in the propellant promoted BTTN decomposition.

Second, at 200–250°C, the process was mainly the
decomposition of RDX, CAB, and the remaining BTTN,
with a mass loss of ~45%. The second DTG peak appeared
at 243.3°C and second exothermic peak at 218.3°C. In a pre-
vious study, the DSC peak of the exothermic decomposition
of pure RDX was at 240.1°C [34], with the DSC peak of RDX
exothermic decomposition dropping to 218.3°C caused by
AP [35]. The accelerating effect of AP on the RDX decompo-
sition peak and lowering of the RDX melting point, resulting
in accelerated decomposition and initial AP dissociation
which produced strong oxidizing gas-phase products might
be the main factors in this process.

Finally, at 250–350°C, the process was mainly AP
decomposition, with a mass loss of ~10%. AP, as an oxidant,
is commonly used in NEPE propellant, with its thermal
decomposition having a great influence on the combustion
process. AP thermal decomposition was divided into two
stages: low and high temperature, with different decomposi-
tion mechanisms. The endothermic peak at 249.2°C repre-
sented the crystalline phase transition process of AP from
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an orthorhombic to cubic form, during which no mass loss
occurred [36]. This endothermic peak was in good agree-
ment with previous reports [36, 37]. The second stage of
AP decomposition corresponded to the third exothermic

peak (301.2°C) in the DSC curve, during which AP weight
loss reached 50% [38]. AP decomposition produced a variety
of oxidizing gases, which released further heat and acceler-
ated thermal decomposition of AP and RDX.

Stage (II) was a high-temperature slow heat release stage
(350–550°C). During this process, the sample mass changed
slightly and there were no exothermic and endothermic
peaks in the DSC curve. When the temperature was
>350°C, only Al particles and decomposition products of
residual components were left. As the temperature contin-
ued to increase, the sample mass slowly decreased, releasing
a small amount of heat, and when the temperature reached

Table 1: Composition of NEPE propellant.

Component Content (wt%) Particle diameter (μm)

AP (ammonium perchlorate) 20–30 100–150

Al (aluminum) 20–30 3–7

BTTN (nitroglycerine/1,2,4-butanetriol trinitrate) 17–21

CAB (polyethylene glycol) 6–8

RDX 18–20 20–30

PVC (polyvinyl chloride) 1–2

Catalyst 1–2

(a) (b)

Figure 1: SEM image of the propellant surface.

P

High speed camera

CO2laser

Pressure gauge Chamber

Computer

Synchronous trigger

Optical system

Propellant

N2

Figure 2: Schematic of the experimental system.

Table 2: List of test conditions.

Test conditions Values

Pressure (MPa) 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0

External heat flux (W/mm2) 1.00, 1.75, 2.50

Inlet air temperature (°C) 25

Gas atmosphere N2
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550°C, the mass of remaining material was 29.3% of the ini-
tial mass.

3.2. Ignition Process. The ignition process of the solid propel-
lant involved a series of intricate physical and chemical pro-
cesses. The ignition combustion process of NEPE propellant
under 1.5MPaN2 and a heat flux of 1.75W/mm2 is shown
in Figure 4. Based on previous research, the ignition process
of this propellant can be divided into four stages: the inert
heating period, thermal decomposition, initial flame, and
stable combustion [26]. When t = 0 s, laser radiation was
emitted to the propellant specimen surface and the solid
phase temperature rose with increased absorbed radiant
energy. At t = 0:300 s, there was no significant change in
the propellant surface and thus called the inert heating
period. In the next stage, when the temperature of the solid
phase reached the melting point, the solid phase component
began to melt to form a paste-like area composed of solid
and liquid phases on the specimen surface. As the propellant
surface continued to absorb heat, a portion of the liquid
phase underwent pyrolytic reactions and yielded gas prod-
ucts. At the same time, the gas phase products quickly evap-
orated from the propellant surface and entered the
surrounding ambient gas to form a pyrolytic gas. When t
= 0:312 s, white smoke began to appear on the propellant
surface, which meant that the propellant had begun to gas-
ify. The resulting flammable gas evaporated off the surface
and the pyrolytic gas reacted or decomposed to form other
gaseous substances. These substances could oxidize and
release a large amount of heat in the gas phase. This stage
was called the thermal decomposition period.

When the temperature of the propellant surface reached
the ignition point of the pyrolytic gas, the propellant surface
produced an initial flame (Figure 4(c)) called the initial
flame period. Then, the initial flame spread rapidly on the
propellant surface, gradually covering the entire surface as
the flame intensity increased. At this time, thermal feedback
from the gas-phase exothermic reaction maintained the
solid-phase exothermic reaction such that the propellant
achieved a stable combustion stage (Figures 4(d) and 4(e)).

When t = 1:108 s, laser irradiation was interrupted and the
propellant maintained a stable combustion. This was
because the decomposition heat of propulsion and flame
feedback heat maintained stable propellant combustion.

During the ignition process of the NEPE propellant, the
condensed phase was transformed into a gaseous phase. On
one hand, it was through physical evaporation and sublima-
tion, but on the other hand, the main form was that propel-
lant components became gaseous products through
pyrolysis on the combustion surface. Therefore, it was gener-
ally believed that pyrolysis was the initial stage of the propel-
lant ignition process. The gaseous products of pyrolysis then
underwent further combustion reactions. The combustion
process of solid propellant is usually divided into two major
areas: condensed and gas phase reactions. The condensed
phase reaction is mainly composed of pyrolytic reactions of
the oxidant and binder in the propellant and reactions
between decomposition products. The product of the con-
densed phase reaction or substances produced by condensed
phase gasification enters the gas phase and further
undergoes combustion reactions. Although the actual com-
bustion reaction of the propellant occurred in the gas phase,
as gas phase reactions were much faster than condensed
phase reactions, the importance of condensed phase reac-
tions in the combustion process of the propellant was
realized.

3.3. Ignition Delay Time

3.3.1. Analytical Model of Ignition Delay Time. Ignition char-
acteristics are important performance parameters of the
solid propellant. On one hand, the ignition performance of
the solid propellant is an important basis for the analysis
of the ignition process of the solid rocket motor and the
igniter design. On the other hand, research on the ignition
performance of solid propellant has also played an essential
role in guiding the development of propellant formulations.
The ignition delay of the solid propellant refers to the time
from when the laser starts to load energy to the propellant
until the propellant is ignited. According to literature [26],
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Figure 3: TG-DTG and DSC curves for NEPE propellant.
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the ignition delay time tig consists of two parts: the pyrolysis
time (tpy) and gas phase chemical reaction time (tchem).

tig = tpy + tchem: ð1Þ

The ignition process of NEPE propellant is quite compli-
cated and only after detailed analysis can the exact value of
tig be obtained. Two characteristic times that affect ignition
delay represent the two main processes leading to this delay.
First, the laser is irradiated on the propellant surface, and the
propellant is rapidly heated to a high enough temperature to
thermally decompose to produce pyrolytic products contain-
ing gaseous fuel. The period until the output of pyrolytic
products reaches the minimum value required for propellant
combustion is called tpy. Once the flammable mixture gains
enough energy, there is another moment in time for the
chemical reaction to proceed to “thermal runaway” or a
flaming condition. This step involves the time needed for
the flammable mixture to proceed to combustion, which is
called tchem.

According to the previous research [39],

tpy =
πρsCpk Tpy − T∞

� �2

4q20
, ð2Þ

where ρs is the solid density, Cp the special heat, k the ther-
mal conductivity, Tpy the pyrolytic temperature, T∞ the
ambient temperature, and q0 is the laser heat flux densi-
ty.Therefore, πρsCpkðTpy − T∞Þ2/4 can be regarded as a
constant, called the thermal response parameter, which is
one of the material properties that combine ignition temper-
ature with density, specific heat, and material conductivity.
Therefore, tpy is inversely proportional to the quadratic

power of the laser heat flux density, expressed as

tpy ∝
1
q20

: ð3Þ

The mathematical formula of the chemical reaction time
was expressed as [26]

tchem = CkT∞

α E/ RT∞ð Þ½ �ΔhcAe−E/ RT∞ð Þ , ð4Þ

where C is the constant coefficient, k the thermal conductiv-
ity, T∞ the ambient temperature, α the thermal diffusivity
coefficient of the gas mixture, E the activation energy, R
the gas constant, Δhc the heat of combustion, and A is a pre-
exponential factor.

According to the heat transfer and chemical kinetics
laws, tchem is inversely proportional to the quadratic power
of the pressure [40], expressed as

tchem ∝
1
p2

: ð5Þ

The chemical reaction delay was quite small and ignored
here. Therefore, it was difficult to obtain an accurate tchem
value through experiments and theoretical calculations and
only the factors that affect it could be analyzed. This analysis
indicated that tig could be calculated using Eq. (2) and Eq.
(4). In practice, it was difficult to obtain the exact value of
the gas-phase chemical reaction time tchem. Therefore, most
solid propellant ignition analytical models assume that the
delayed ignition time tig is equal to pyrolysis time tpy [41,
42]. In this study, two characteristic time theoretical models
were established to estimate the expected value based on rel-
evant parameters, and the factors that affected the actual

(a) 0.300 s (b) 0.312 s (c) 0.323 s

(d) 0.382 s (e) 0.693 s (f) 1.108 s

Figure 4: Ignition process of NEPE propellant.
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ignition process of most solid propellants were qualitatively
analyzed. The relevant parameters, such as k, Cp, and ρ,
could not be expected to be equal to the values found in
the literature for common generic materials as temperature
variations in the least will make them change. Although
these effects were not considered in the modeling, the effec-
tive properties were still used to explain the ignition
behavior.

3.3.2. Influence of Pressure on Ignition Delay. To understand
the individual effect of pressure on the ignition delay time,
laser ignition experiments were carried out under 1.00,
1.75, and 2.50W/mm2 and the ignition delay time of NEPE
propellant was measured under 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0MPa. To ensure experimental data accuracy, quintuplet
experiments were carried out under each set of working con-
ditions and the results averaged (Figure 5). The ignition
delay time was seen to decrease as pressure increased. When
the laser heat flux was 1.00W/mm2, as the pressure
increased from 0.1 to 3.0MPa, the ignition delay time was
reduced from 1.5 to 0.6 s. When the laser heat flux was
1.75W/mm2, as the pressure increased from 0.1 to
3.0MPa, the ignition delay time was reduced from 1.1 to
0.42 s. As the heat flux increased to 2.50W/mm2, the igni-

tion delay time was reduced from 0.5 to 0.3 s. This effect
was because a decrease in pressure increased the diffusion
rate of pyrolytic products into the surrounding environment
and reduced the collision frequency of molecules and the
rate of chemical reactions, such that the chemical reaction
area was far away from the propellant surface. At the same
time, when the exothermic reaction zone moved away from
the propellant surface, thermal feedback available to the pro-
pellant surface decreased, resulting in a longer ignition delay
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Figure 5: Curves of ignition delay time vs. pressure.

Table 3: Fitting results of ignition delay time under different
pressures.

Heat flux, W/
mm2 Fitting parameters

Correlation coefficient,
R2

1.00
a1 = 0:00920, b1 =

0:58872 0.99208

1.75
a2 = 0:00668, b2 =

0:45880 0.98441

2.50
a3 = 0:00221, b3 =

0:28329 0.97811
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time. When the pressure increased, the situation was
reversed. For most solid propellants, there is a critical pres-
sure value. When the pressure increases to this critical value,
the influence of pressure on the ignition delay time can be
ignored. In this experiment, when the pressure exceeded
1.0MPa, the ignition delay time of the solid propellant was
independent of the pressure.

At the same time, increasing the laser heat flux also
reduced the ignition delay time of the propellant. In partic-
ular, in a normal pressure environment, the ignition delay
time was significantly reduced. When p was 0.1MPa, the
heat flux increased from 1.00 to 2.50W/mm2 and the igni-
tion delay time reduced from 1.5 to 0.5 s. However, when p
was 3.0MPa, the influence of heat flux was diminished and
the ignition delay time decreased from 0.6 to 0.3 s, with the
reduction significantly smaller than in the normal pressure
environment. This was because increasing the heat flux sped
the decomposition rate of the propellant, and in a high-
pressure environment, decomposed gas accumulated on
the propellant surface did not diffuse before reaching the
minimum value required for ignition. Therefore, in a high

pressure environment, the influence of heat flux was
reduced.

According to the theoretical analysis of ignition delay
time, tchem was inversely proportional to the square of the
pressure, which was combined with the mathematical model
of pressure and ignition delay time established by Zarzecki
et al. [43]. The above mathematical model was developed
to make it more consistent with the NEPE propellant igni-
tion characteristics. In these experiments, when the laser
heat flux was constant, the relationship between ignition
delay time tig and pressure was expressed as

tig =
a
p2

+ b, ð6Þ

where tig is the ignition delay time (s), p is the pressure of the
combustion chamber (MPa), and a and b are the fitting
parameters. The least square method was employed to fit
the average of the five measurement results under each
working condition. The fitting curves under different laser

(a) 0.1MPa

(b) 1.0MPa

(c) 2.0MPa

(d) 3.0MPa

Figure 6: Combustion process of NEPE propellant.
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heat flux densities are shown in Figure 4, and the fitting
results are listed in Table 3. For different laser heat flux den-
sities, the fitting parameters of ignition delay time to ambi-
ent pressure were different, the reason for which might
have been that with decreased heat flux, the influence of
pressure on the ignition delay time became increasingly
greater.

3.4. Combustion Process. In experiments, the ambient pres-
sure had a significant effect on the combustion process of
NEPE propellant. Under 1.75W/mm2 of heat flux, laser
ignition experiments were performed under different ambi-
ent pressures to study the effects of pressure on the combus-
tion behavior of NEPE propellant. The combustion process
of NEPE propellant under different pressures was captured
by a high speed camera (Figure 6).

Observations of the combustion process of NEPE pro-
pellant under 0.1, 1.0, 2.0, and 3.0MPa showed that in the
early stage of ignition formation, the propellant absorbed
laser energy and decomposed into heated pyrolytic gas
(Figure 5). The pyrolytic gas diffused above and around
the surface of the propellant while metal particles on the sur-
face absorbed the laser energy and produced sparks. The ini-
tial flame shapes formed under four different environmental
pressures were not the same. When p was 0.1MPa, only
bright spots were observed on the propellant surface; when
p was 1.0MPa, only weak flames were generated on the sur-
face; when p was 2.0 and 3.0MPa, an initial spherical flame
formed on the surface.

When p was 0.1MPa, no apparent flame was observed to
be formed during the entire process of loading the laser, but
there was continuous burning. When the pressure was
higher than 1.0MPa, the flame shape was clearly observed.
When the pressure was lower, the flame shape showed a
clearer spreading shape. The propellant flame under
3.0MPa environmental pressure was the most strong and
bright. During the combustion process, a large amount of
white smoke filled the entire combustion chamber and Al
particles splashed out from the propellant surface. Under
1.0 and 2.0MPa, the flame was darker and the upper flame

parts swung violently, which indicated more turbulence.
The reason for this phenomenon might have been because
when the pressure was high, the pyrolytic gas generated by
propellant surface thermal decomposition lingered on the
surface and the corresponding oxygen content was higher,
which made combustion more complete, the flame brighter
and stronger, and thus the pressure higher. When the pres-
sure was low, the pyrolytic gas diffused rapidly and the gas
fuel and oxygen content on the surface was relatively low,
making the flame darker, which easily caused flame
turbulence.

3.5. Burning Rate. The burning rate refers to the mass loss
rate of the condensed phase fuel, which can be approxi-
mately expressed by the retreat distance of the combustion
surface per unit time. To verify the effect of ambient pressure
on the burning rate of NEPE propellant, the burning rate
was measured under 0.1–3.0MPa. High-speed imaging is a
dynamic measurement method for measuring propellant
combustion by recording the combustion process of solid
propellant. According to the playback of sequence images
of the propellant combustion process captured by high-
speed camera, the burning rate of NEPE was calculated
(Figure 7).

The formula commonly used to characterize the com-
bustion of propellant is Vielle’s law [6, 44].

The Vielle burning rate formula is

_r = av ⋅ p
n, ð7Þ

where _r is the burning rate (mm/s), p the ambient pressure
(MPa), av the burning rate coefficient of Vielle’s law, and n
the burning rate pressure index.

To verify the comprehensive influence of ambient pres-
sure on the burning rate of NEPE propellant, in the present
laser ignition combustion experiment system, the burning
time of the propellant was obtained using the diode signal
of the test system, in which the burning rate at various pres-
sures was obtained by calculation. To ensure test data accu-
racy, a number of repetitive tests were performed under each
test condition, using the Vielle formula to perform regres-
sion analysis on the average burning rates under different
ambient pressures.

When the ambient pressure increased from 0.1 to
3.0MPa, the burning rate increased from 1.5 to 5.0mm/s,
which showed that higher pressure significantly promoted
propellant combustion. The propellant surface absorbed
laser heat and began to decompose, with the decomposed
gases diffusing, mixing, and burning in the gas phase, which
provided complicated environmental gas, temperature, and
pressure conditions for propellant ignition and combustion.
When the pressure increased, the thermal decomposition of
RDX, CAB, BTTN, and AP in the NEPE propellant was
more intense, resulting in a higher oxygen concentration
near the combustion surface, thereby improving overall
combustion intensity [45, 46]. Meanwhile, a carbon frame
(deposit char layer) was formed on the burning surface,
and catalyst particles accumulated on this skeleton without
clumping. In a high pressure environment, the exothermic
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Figure 7: Burning rate fitting curve of NEPE propellant in N2.
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reaction of the catalyst was more intense, which further
increased propellant burning rate [47].

The burning rate measurements were fitted by a power
function (Figure 7), expressed as

_r = 3:34 ⋅ p0:31, ð8Þ

where the correlation coefficient R2 = 0:9881.
According to the regression curve and regression coeffi-

cient, the Vielle burning rate formula was seen to be in good
agreement with the experimental results ranging from 0.1 to
3.0MPa. Therefore, the Vielle burning rate formula was used
to predict the burning rate of NEPE propellant in 0.1–
3.0MPa of N2.

4. Conclusions

This study investigated the thermal decomposition, ignition,
and combustion characteristics of NEPE propellant, and the
results were analyzed and discussed in the following:

(1) According to TG-DTG and DSC curves, the thermal
decomposition process of the propellant was divided
into stages: the first stage (50–350°C) was a major
mass loss stage, with 70% mass loss, because of the
decomposition of BTTN, AP, and RDX. The second
stage (350–550°C) was a high-temperature slow heat
release stage, with slight mass changes, and there was
no exothermic and endothermic peaks in the DSC
curve

(2) The ignition process of NEPE propellant was divided
into four stages. The first stage was the inert heating
period of the propellant surface. In the second stage,
the propellant surface temperature increased, the
propellant began to pyrolyze, and the resulting com-
bustible gas evaporated and diffused into the sur-
rounding gas phase. The third stage was from the
first vaporization to the first flame moment. At this
stage, gas produced by pyrolysis was mixed with
ambient gas. When the temperature reached a suffi-
ciently high temperature, pyrolytic gas and oxidizing
gas in the air started to burn and react and an initial
flame appeared. The fourth stage was the process in
which the propellant was completely ignited. The
initial gas phase flame quickly moved to the surface
of the propellant and finally ignited the propellant
to achieve stable combustion

(3) Theoretical analysis on ignition delay time was per-
formed, and NEPE propellant experiments were
conducted under different laser heat fluxes and
ambient pressures. The influence of laser heat flux
and ambient pressure on propellant ignition delay
time was analyzed and the ignition delay time math-
ematical model was verified. With increased envi-
ronmental pressure and laser heat flux, the ignition
delay time decreased, but the degree of influence
was different, with the influence of laser heat flux
greater

(4) NEPE propellant ignition experiments were carried
out under N2 at different pressures. The results
showed that the combustion process of the NEPE
propellant varied. As N2 pressure increased, combus-
tion became more intense. When the propellant was
ignited under normal pressure, no clear flame was
formed on the propellant surface. When p was
1.0MPa, the propellant produced a weak flame, but
when p was 2.0 or 3.0MPa, the burn was violent
and emitted bright light, accompanied by dense
white smoke

(5) The burning rate of NEPE propellant increased with
increased ambient pressure, because higher pressure
promoted thermal decomposition of RDX, CAB,
BTTN, and AP as well as the catalyst exothermic
reaction. At the same time, increased propellant
decomposition products added to combustion led
to higher flame brightness. The Vielle burning rate
formula was used to fit the burning rate of the NEPE
propellant in 0.1–3.0MPaN2, and the fitting results
were very consistent, such that the Vielle burning
rate formula was used to predict the burning rate
of NEPE propellant in 0.1–3.0MPa of N2
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