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Comparative study on ignition delay time and
burning rate of modified double-base propellant
and fuel-rich propellant
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Abstract: With the higher requirements of various tactical and technical indicators of the
weapon systems, the current research on the ignition and combustion characteristics
of different types of solid propellants is not comprehensive. In more complex and
harsh environmental conditions, the pressure affects the ignition and combustion
characteristics. Therefore, the paper studies the ignition and combustion characteristics
of the modified double-base propellants (MDB propellants) and fuel-rich propellants
(FR propellants) under low-pressure environment. Combining experiment and theory, the
ignition delay time and burning rate of two kinds of solid propellants are compared and
analyzed at low pressure by the laser ignition experimental device. The results displayed
that the burning flames of the FR and MDB propellant presented evident V-shape and
cylindrical, respectively. The flame brightness decreased with the decrease in pressure.
With the increase of pressure and heat flux, the ignition delay time of the MDB propellant
and the FR propellant decreased. By comparison, Model 2 of the ignition delay time was
more effective for the estimation of the ignition delay time of the FR propellant. The
experimental results are compared with the three burning rate models, which are the
Vielle formula (Model 1), Summerfield formula (Model 2), and B-number burning rate
formula (Model 3). The results showed the burning rate was more in accord with Model 3.

Key words: Burning rate, ignition delay time, fuel-rich propellant, modified double-base
propellant, laser ignition.

INTRODUCTION

With technological advancements of missile weapons and space delivery equipment, the power
propulsion performance has become an essential indicator for measuring the performance of
modern weapons and space delivery systems. As the power source of propulsion systems, the
solid propellant’s ignition process and combustion performance have an important influence on the
working characteristics and interior ballistic characteristics. The study of the solid propellant’s ignition
process and combustion performance is helpful in revealing its combustion mechanism, provides
reference data for the establishment and verification of propellant ignition models, and has important
guiding significance for the performance prediction of the propulsion system.

As early as the 1960s, many scholars began to research the ignition and combustion process of
solid propellants, including ignition theory, experimental methods, combustion theory, combustion
process, the factors which affect ignition and combustion performance, and put forward the theoretical
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models of ignition and combustion of a variety of propellants. Although they were not perfect, they
still had specific application values (Chaturvedi & Dave 2019, Arkhipov et al. 2015). The laser ignition
method had the advantages of high output energy, controllable ignition time, concentrated energy,
and difficult attenuation during the transmission process, which was suitable for the ignition and
combustion research of solid propellants under low-pressure environment. Kakami et al. (2008),
Kakami & Tachibana (2015) conducted laser radiation ignition on the double-base propellant, analyzed
the law of temperature change on the burning surface, and found that the laser energy density in the
ignition process accords with the Gaussian distribution. Herreros & Fang (2017) used a diode laser
to study the laser ignition of the elastomer modified cast double-base propellants. The experimental
results showed that the smaller the laser beam width and the larger the laser pulse width, the shorter
the ignition delay time. The higher the laser power, the shorter the burning time of the propellants,
and there is an ignition threshold during the ignition process. Xiao et al. (2020) studied the effect of
aluminum on the combustion performance of the modified double-base propellant, and observed the
flame structure, combustion surface phenomenon and the morphology of the extinguishing surface.
Zarzecki et al. (2013) studied the ignition delay time and the combustion process of PMMA under
different ambient pressures and oxygen concentrations, and measured the burning rate of PMMA by
the target line method. The experimental results showed that the burning rate decreased continuously
with the decrease of pressures, and increased with the increase of oxygen concentrations. Hedman
et al. (2013), Hedman (2016) used CO2 lasers to carry out laser ignition experiments on solid propellants
with different compositions, and compared the pyrolysis rate, flame structure and burning time. The
experimental results showed that the flame height and flame brightness decreased with the increase
of ambient pressures.

With the advancement of propulsion technology, many scholars proposed adding metals to
solid propellants to increase their energy. Fuel-rich propellants were then gradually developed.
Ao et al. (2020) conducted ignition and combustion experiments to study the agglomeration,
ignition and combustion characteristics of aluminum-based alloy solid composite propellant, which
provided a theoretical basis for selecting alloy elements to improve the combustion performance
of aluminum-based alloy solid composite propellant. Pang et al. (2020) researched the reaction
mechanism of ferric hydroborate compounds in AP / HTPB / Al composite solid propellant and
its effect on the combustion performance. The experimental results showed that the flame of the
HTPB solid propellant containing ferric hydroborate compound presented a multi-flame structure
under different pressures, and the flame temperature changed with the pressure. Liu et al. (2020)
conducted in-depth experimental research on the influence of RDX content on combustion and
agglomeration performances using laser ignition, thermogravimetry differential scanning calorimetry
and combustion diagnosis methods. The experimental results showed that the addition of RDX
inhibited the decomposition of AP, improved the ignition delay time and the self-sustaining burning
time of the aluminized propellants, and reduced the burning rate. Vo et al. (2018) established a motion
boundary model that contained a solid zone and a gas zone of the solid propellant system. Lee
et al. (2019) and Meredith et al. (2015) established a detailed numerical model for the laser-induced
ignition reaction of HMX to simulate the ignition, combustion and flameout process of HMX / gap
solid propellants in a rocket motor. Zhang et al. (2017) conducted experimental observations on the
HTPB propellant containing AP particles using laser ignition, and recorded the combustion process,
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and measured the burning rate with a high-speed camera. A new burning rate model based on the
heat balance equation was established. The solid and gas conservation equations were solved. The
experimental results of Sivan & Haas (2015) indicated that the difference in ignition delay time not
only depended on the fuel and oxidant, but to a greater extent depended on the chemical reaction
occurring in the gas phase and solid phase, but had nothing to do with the decomposition temperature
of the oxidizer.

Few studies conducted to compare the performance of modified double-base propellants and
fuel-rich propellants. Therefore, the motivation of this paper is to investigate the effect of pressure
on the ignition and combustion performance of these two propellants. Firstly, the laser ignition
experimental system, the experimental conditions and the composition of the two propellants are
introduced. Secondly, the influences of pressure on flame structure, ignition delay time and burning
rate are mainly studied. Finally, the effect law of pressure on the ignition delay time and burning rate
of the two propellants is summarized, and the comparative analysis of the ignition delay time models
and burning rate models is carried out respectively.

EXPERIMENTAL SYSTEM

The laser ignition experimental system is mainly composed of CO2 laser, chamber, vacuum pump, data
acquisition module and controller. Its schematic diagram is shown in Fig. 1. The laser wavelength is
10.6 𝜇𝑚. The diameter of the laser beam spot is∅3.5 𝑚𝑚. The combustion chamber size is 150×150×
300 𝑚𝑚, with glass windows in the front and back. The limit pressure of the vacuum pump (RVP-6) is
4 × 10−2 Pa. The shooting speed of the high-speed camera which is Sanyo HD2000 is 240 frames per
second.

Figure 1. The schematic diagram of the laser ignition experimental system.
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In the laser ignition experiment system, the vacuum pump is connected to the combustion
chamber which is kept airtight after the test sample is placed. Using the vacuum pump to extract the
air gas, the pressure in the combustion chamber is lower than the standard atmospheric pressure.
The controller adjusts the laser loading time and laser power. After passing through the light path
adjustment module, the laser irradiates the test sample in the combustion chamber vertically. Using
two photodiodes to monitor the flame signal and laser signal, the ignition delay time can be obtained.
One photodiode is positioned in the chamber wall to monitor the flame signal. The second photodiode
is positioned at the laser generator to monitor the laser signal. The two optical signals are converted
into a voltage signal and recorded by the acquisition card. The response time of the photodiodes is
extremely short, and the ignition delay time error caused by the photodiodes is negligible. The gas
produced by the combustion of the propellants can change the pressure in the combustion chamber.
In order to keep the pressure in the combustion chamber constant, the acquisition card monitors
the pressure in real-time using the pressure sensor, and transmits it to the computer to compare
with the working pressure which is set before the experiment. The computer calculates the feedback
data to the controller, which controls the closing of the solenoid valve and the pumping rate of the
vacuum pump to keep the pressure in the combustion chamber constant. A high-speed camera is used
to photograph the ignition and combustion process of the propellants. The total burning time was
obtained to calculate the linear burning rate of the propellants. In order to reduce the experimental
error and ensure the accuracy of experimental data, the tests were carried out five repeated under
each working condition.

SPECIMEN

FR propellants have the characteristics of low oxidant content and high metal agent content. Due to
the high oxygen poor degree, the performance and combustion process of FR propellants have their
own characteristics. The basic components of FR propellants include oxidant (ammonium perchlorate,
abbreviation of AP), polymer binder (hydroxyl-terminated polybutadiene, abbreviation of HTPB), metal
additives (aluminum and magnesium powder, Al and Mg) and a small amount of other additives,
such as curing agent, antioxidant, combustion stabilizer and plasticizer. The modified double-base
propellant is widely used in tactical weapons because of its high energy, excellent manufacturing
process, good storage performance and good performance. The main formula of the modified
double-base propellant includes HMX-50%, NC-20%, NG-20%, 3,4-dinitrofurazanyl furoxan(DNTF)-6%,
N-methyl-4-nitroaniline (MNA)-1%, elastic stabilizer-1.5% and catalyst-1.5%. The compositions of the
fuel-rich propellant and the modified double-base propellant used in this paper are shown in Table I.
In the experiment, two kinds of solid propellants are sheared into a cylinder with a diameter of𝜑5𝑚𝑚
and 5𝑚𝑚 in length. In order to obtain accurate experimental data and clear experimental phenomena,
the cylindrical surface of the specimen is coated with high temperature resistant insulating rubber to
prevent the specimen from burning sideways.

Five repeated tests under the same experimental conditions led to a change in ignition time of
±30 𝑚𝑠. Under the test conditions, the external heat flux is 0.3 𝑊/𝑚𝑚2, 1.2 𝑊/𝑚𝑚2, 2.8 𝑊/𝑚𝑚2, and
the pressure from 0.02 MPa to 0.08 MPa. Table II lists the experimental conditions of this paper.
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Table I. Composition of FR propellant and MDB propellant.

Type Component Mass fraction Type Component Mass fraction

FR propellant

AP 36.0%

MDB propellant

HMX 50.0%

HTPB 20.0% NC 20.0%

Al 20.0% NG 20.0%

Mg 20.0% DNTF 6.0%

Others 4.0% MNA 1.0%

Others 3.0%

Table II. List of test conditions.

Test conditions Values

Pressure (MPa) 0.02, 0.04, 0.06, 0.08

Oxygen concentration (%) 21

External heat flux (𝑊/𝑚𝑚2) 0.3, 1.2, 2.8

Inlet air temperature (∘C) 20

FLAME STRUCTURE

The ignition and combustion processes of the FR propellants and MDB propellants are very similar. The
entire combustion process was recorded by the high-speed camera which is Sanyo HD2000 at a frame
rate of 240 frames per second. Compared with the volume of the combustion chamber, the sample is
too small. When the sample is totally gasified, the pressure and oxygen content of the combustion
chamber change little. Therefore, the change of oxygen concentration in the combustion chamber is
not considered in the experiment. The typical flame images of the FR propellant and MDB propellant
under different pressures are shown in Figs. 2-3. The results show that the flame shape and brightness
differ in low-pressure environments.

In Fig. 2, when the pressure is 0.08 MPa, the flame of the FR propellant is stronger and brighter.
However, the flame is darker and the upper part of the flame oscillates violently and disorderly under
the pressure of 0.04 MPa and 0.02 MPa. When the pressure is higher, the combustion is more sufficient
and the flame becomes brighter and stronger. When the pressure is lower, the flame darkens, which is
easy to cause the flame swing disorder. In the early stage of the combustion process, a cylindrical initial
flame is formed above the propellant burning surface at 0.08 MPa, a spot-like initial flame is formed at
0.04 MPa, a spherical initial flame is formed at 0.02 MPa. In the later stage of the combustion process,
it can be clearly seen that the flame separates and forms a multi-stranded shape, in a V-shape. This
is because the flame model of Al-Mg FR propellant belongs to the divergent model (Yan et al. 2009).
This phenomenon is more obvious when the pressure is 0.02 MPa, because the aluminum particles in
the propellant are instantaneously heated and agglomerated to form aluminum droplets, which flow
with the gas and form a flame jet (Liu et al. 2020).
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Figure 2. Flame structure of FR propellant under
different pressures.

Figure 3. Flame structure of MDB propellant under
different pressures.

In Fig. 3, the flame shape of the MDB propellant is cylindrical under the pressure of 0.08 MPa, and
there are incomplete burnt sparks in the flame. When the pressure is 0.04 MPa, the flame brightness
decreases obviously, and the flame shape is unstable. When the pressure is 0.02 MPa, the flame is
very unstable, and the propellant can self-sustaining combustion, but the flame is easy to extinguish
by repeated jumping. It can also be seen that when the pressure is 0.08 MPa, the density of the
pyrolysis products produced by the thermal decomposition of the MDB propellant is lower than that
of air, forming a columnar diffusion zone, and the propellant is ignited rapidly. When the pressure
is reduced to 0.04 MPa, the axial diffusion decreases due to the lower pressure and thinner air. The
pyrolysis gas diffuses irregularly in the area above the propellant surface. The ignition delay time
increases. As the pressure decreases further, the irregular diffusion effect becomes more obvious.
Therefore, the difference of flame shape and brightness is due to the influence of ambient pressure
on the diffusion of pyrolysis gas. When the pressure is high, the pyrolysis gas mainly diffuses along the
axial direction due to the effect of buoyancy. With the decrease of pressure, the pyrolysis gas begins
to diffuse irregularly around. As the pressure continues to decrease, the irregular diffusion becomes
more obvious, which is consistent with the results of the literature (Naya & Kohga 2014).
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IGNITION DELAY TIME

Ignition delay time is an important parameter to measure the quality of the ignition process (Burke
et al. 2015). In the laser ignition experiment system, the data acquisition system uses two photodiodes
to collect the laser signal and initial flame signal, respectively. The collected signals are transmitted
to the computer through the data acquisition card. One photodiode collects the laser signal and
converts it into electrical signals. After, the initial flame signal is detected by the other photodiode,
and converted into electrical signals. The ignition delay time is defined as the time interval from which
the laser signal to the photodiode surveys the initial flame signal. The typical electrical signal curve
of the laser ignition process is shown in Fig. 4. The laser loading time is 1270ms, which is less than the
burning time of the propellant specimen.

Figure 4. Electrical signal curve during the ignition process.

In this study, the authors analyze in detail the factors that affect the ignition delay time. According
to the authors’ previous research results, ignition delay time 𝑡ig is composed of a pyrolysis time (𝑡py),
a mixing time (𝑡mix) and a gas phase chemical reaction time (𝑡chem).

𝑡ig = 𝑡py + 𝑡mix + 𝑡chem (1)

The pyrolysis reaction occurs when the propellant is heated to a sufficiently high temperature.
When the pyrolysis gas is sufficient to allow piloted ignition, the conduction heating time is 𝑡py. Based
on the thermal theory, 𝑡py is inversely proportional to the quadratic power of the laser heat flux

density (Li et al. 2018), 𝑡py ∝
1
𝑞20
. 𝑞0 is laser heat flux density. It shows that the greater the heat flux

density of the laser irradiated on the propellant surface, the shorter the pyrolysis time. When enough
energy is obtained, the chemical reaction of the combustible mixture will enter a “thermal runaway”
or a flaming condition. The piloted ignition time is called 𝑡chem. According to the heat transfer and
chemical kinetics laws 𝑡chem is inversely proportional to the quadratic power of the pressure (Li et al.
2018), scilicet, 𝑡chem ∝

1
𝑝2
. During the mixing process of pyrolysis gas and ambient gas, the diffusion or

An Acad Bras Cienc (2023) 95(Suppl. 2) e20220762 7 | 15



LIAN-BO LI et al. COMPARATIVE STUDY ON IGNITION DELAY TIME AND BURNING RATE

transport time required for the fuel and oxygen concentration to ignite is called 𝑡mix. It can be inferred
that the mixing time 𝑡mix is a function of the 1/2 power of the pressure.

In order to better analyze the influence of ambient pressure on the ignition delay time of different
kinds of solid propellants, the experimental data can be fitted according to the above theoretical
analysis model. In the above theoretical analysis of ignition delay time, according to the laws of heat
transfer and chemical kinetics, 𝑡chem is inversely proportional to the square of pressure. Combined
with the mathematical model of pressure and ignition delay time established by Zarzecki et al. (2013),
the above mathematical model is modified to make it more consistent with the ignition characteristics
of the solid propellants. In this experiment, the laser heat flux, oxygen concentration (21%) and initial
temperature (20°C) are fixed values, and the relationship between ignition delay time and pressure
can be expressed as:

𝑡ig = 𝑎1/𝑝
2 + 𝑏1 (2)

which is called Model 1 in this paper. In Formula (2), 𝑝 is the pressure of combustion chamber, MPa; 𝑎1
is the ignition delay time coefficient of Model 1, 𝑚𝑠 ⋅ MPa2; 𝑏1 is called as the adjustment coefficient
of Model 1, 𝑚𝑠.

According to the theoretical analysis, the mixing time 𝑡mix is a function of the 1/2 power of the
pressure. In this experiment, the laser heat flux, oxygen concentration (21%) and initial temperature
(20°C) are fixed values, so the relationship between ignition delay time and pressure can also be
expressed as:

𝑡ig = 𝑏2 − 𝑎2𝑝
0.5 (3)

which is called Model 2 in this paper. In Formula (3), 𝑎2 is the ignition delay time coefficient of Model
2, 𝑚𝑠 ⋅MPa0.5; 𝑏2 is called as the adjustment coefficient of Model 2, 𝑚𝑠.

According to Formula (2) and Formula (3), the mean test results (five tests for each working
condition) are fitted using Ordinary Least Squares, respectively. The fitting curves under different laser
heat fluxes are shown in Fig. 5, and the fitting results are listed in Table III. The experimental data of
the ignition delay time of the FR propellant and the MDB propellant under different low pressure
are shown in Fig. 5. The results show that the ignition delay time decreases with the increase of
pressure and heat flux. However, compared with the MDB propellant, the heat flux has more significant
influence on the ignition delay time of the FR propellant than the pressure. If the pressure is reduced,
the diffusion rate of the pyrolysis products into the surrounding environment will be increased, and
the collision frequency and chemical reaction rate between molecules will be reduced, so that the
chemical reaction area is far away from the propellant surface. At the same time, when the exothermic
reaction zonemoves away from the propellant surface, the thermal feedback on the propellant surface
will be reduced, resulting in a longer ignition delay time (Hou et al. 2021, Zhang et al. 2020).

Table III shows the fitting results of theoretical models Model 1 and Model 2 with experimental
data. It can be seen that for the fuel-rich propellant, the relationship between ignition delay time and
ambient pressure is more consistent with the Model 2, indicating that the Model 2 is more effective
for the calculation of the ignition delay time of the FR propellant in low-pressure environment. As far
as the MDB propellant, the fitting results of theoretical models Model 1 and Model 2 are similar. When
the heat flux is high, the fitting effect of Model 1 is better. When the heat flux is low, the fitting effect
of Model 2 is better. When the laser heat flux is low, the inert heating time is longer. Therefore, the FR
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Figure 5. The variation of ignition delay time with pressure under different heat fluxes.

Table III. Fitting results of ignition delay time under different pressure.

Model Formula Propellant type Heat flux
(𝑊/𝑚𝑚2)

Fitting
parameters

Correlation
coefficients

𝑅2

Model 1 𝑡ig = 𝑎1/𝑝
2 + 𝑏1

Fuel-rich propellants

2.8
𝑎1 = 0.04758; 0.54926
𝑏1 = 339.77779

1.2
𝑎1 = 0.10931; 0.79125
𝑏1 = 461.80584

Modified double base propellants

1.2
𝑎1 = 0.03668; 0.92176
𝑏1 = 169.55383

0.3
𝑎1 = 0.05181; 0.89917
𝑏1 = 200.08166

Model 2 𝑡ig = 𝑏2 − 𝑎2𝑝
0.5

Fuel-rich propellants

2.8
𝑎2 = 849.06734; 0.97334
𝑏2 = 575.90381

1.2
𝑎2 = 1732.995; 0.981
𝑏2 = 952.6726

Modified double base propellants

1.2
𝑎2 = 536.21185; 0.91353
𝑏2 = 323.52948

0.3
𝑎2 = 771.50578; 0.93725
𝑏2 = 420.91489
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propellant and the MDB propellant show a tendency that with the decrease of heat flux, the influence
of the pressure on the ignition delay time becomes larger and larger.

In summary, by comparing the ignition delay time of the FR propellant and the MDB propellant
under low pressure, it can be seen that the FR propellant has poorer ignition performance, and
requires higher ignition energy. When the laser heat flux is 1.2 𝑊/𝑚𝑚2, the ignition delay time of
the FR propellant is as high as about 500 𝑚𝑠. However, the MDB propellant requires lower ignition
energy, which can also be ignited when the laser heat flux is as low as 0.3 𝑊/𝑚𝑚2, and the maximum
ignition delay time is about 300 𝑚𝑠. Therefore, the MDB propellant has better ignition performance.
At the same time, it can be seen that the pressure has different effects on the ignition delay time of
the FR propellant and the MDB propellant. When the ambient pressure increases from 0.02 MPa to
0.1 MPa, the variation range of ignition delay time of the FR propellant is about 750 𝑚𝑠-500 𝑚𝑠, while
the variation range of ignition delay time of the MDB propellant is about 250 𝑚𝑠-150 𝑚𝑠. Therefore,
when the combustion chamber pressure changes, the ignition delay oscillation of the FR propellant is
larger, while the ignition delay time of the MDB propellant changes less and is more stable. Therefore,
the MDB propellant has better ignition characteristics, such as low ignition energy, less influence by
pressure and stable ignition.

BURNING RATE

As we all know, the commonly used formulas to characterize the burning rate of the solid propellants
include the Vielle burning rate formula and the Summerfield burning rate formula, as follows:

Vielle burning rate formula:
𝑟̇ = 𝑎𝑣 ⋅ 𝑝

𝑛 (4)

Summerfield burning rate formula:
1
𝑟̇
=
𝑎𝑠
𝑝
+
𝑏𝑠
𝑝

1
3

(5)

where, 𝑟̇ is the burning rate, 𝑚𝑚 ⋅ 𝑠−1; 𝑝 is the pressure in the combustion chamber, MPa; 𝑎𝑣 is the
burning rate coefficient of the Vielle formula, 𝑚𝑚 ⋅ 𝑠−1 ⋅ MPa−𝑛; 𝑛 is the burning rate pressure index;
𝑎𝑠 and 𝑏𝑠 are the burning rate coefficients of Summerfield formula, 𝑎𝑠 represents the influence of
various factors other than pressure on the chemical reaction rate, 𝑠 ⋅MPa/𝑚𝑚, and 𝑏𝑠 represents the
influence of various factors other than the pressure on the diffusion mixing effect, 𝑠 ⋅MPa1/3/𝑚𝑚.

Based on the B number theory (Quintiere 2006), the burning rate formula is further deduced in
this paper. When the solid propellants burn stably without an external heat source, the energy balance
equation on the propellant surface is expressed as

𝑞 = 𝑞𝑓,𝑐 + 𝑞𝑓,𝑟 − 𝜎 (𝑇
4
𝑣 − 𝑇

4
∞) (6)

where, 𝑞𝑓,𝑐 is flame convective heat flux, 𝑞𝑓,𝑟 is flame radiative heat flux, 𝜎 (𝑇
4
𝑣 − 𝑇

4
∞) is surface radiative

heat loss, 𝜎 is Stefan–Boltzmann constant, 𝑇𝑣 is gasification temperature of the propellant surface, 𝑇∞
is ambient temperature. q is the net heat flux of propellant surface, and is equal to the energy flux of
the fuel vaporization, which can be estimated by the heat of gasification 𝐿.

𝑞 = 𝑟̇𝜌𝑠𝐿 (7)
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Reference (Li et al. 2018) found that the flame convective heat flux and flame radiative heat flux are
both affected by the ambient pressure. Specifically, the flame convective heat flux can be expressed
as a function of the 1/2 power of the ambient pressure, and the flame radiative heat flux can be
expressed as the quadratic function of the ambient pressure, which is

𝑞𝑓,𝑐 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑝
1/2) (8)

𝑞𝑓,𝑟 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑝
2) (9)

Through simplified analysis, the radiative heat loss of the thin-layer flame can be expressed as

𝜎 (𝑇4𝑣 − 𝑇
4
∞) = 𝑟̇𝜌𝑠Δℎ𝑐𝑋𝑟 (10)

where, 𝜌𝑠 is solid density, 𝑋𝑟 is radiative fraction of the flame, Δℎ𝑐 is heat of combustion. As can be seen
from the above derivation, 𝑞𝑓,𝑐 is proportional to 𝑝

1/2, and 𝑞𝑓,𝑟 is proportional to 𝑝
2. Thus, 𝑞𝑓,𝑐 + 𝑞𝑓,𝑟

is a function of 𝑝1/2. Eq. (8), (9), (10) are substituted into Eq. (7), which is converted to Eq. (11). The
experimental data are fitted by Eq. (11), which shows that the burning rate and square root of pressure
is a power function. Therefore, B-number burning rate formula is expressed as

𝑟̇ = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑝1/2) = 𝑎𝐵 + 𝑏𝐵 (𝑝
1/2)𝑐 (11)

where, 𝑎𝐵 is the burning rate adjustment coefficient of the B-number burning rate formula, 𝑚𝑚 ⋅ 𝑠−1;
𝑏𝐵 is the burning rate coefficients of the B-number burning rate formula, 𝑚𝑚 ⋅ 𝑠−1 ⋅ MPa−𝑐/2; 𝑐 is the
burning rate pressure index of the B-number burning rate formula.

In the laser ignition experiment system, the burning rate of the FR propellant and the MDB
propellant was measured under different low-pressure environments. Under the pressure of 0.02 MPa,
0.04 MPa, 0.06 MPa, 0.08 MPa and 0.1 MPa respectively, the burning rate of the FR propellant and the
MDB propellant varies with the pressure, as shown in Fig. 6. Each node in the figure represents the
average value of 5 times measurement results under the same experimental conditions. It can be
clearly seen from the experimental measurement that the burning rate of the FR propellant and the
MDB propellant increases with the increase of the pressure. The increase of pressure can cause the
burning rate to increase significantly with the heat flux, because the surface convective heat flux
and radiant heat flux increase as the pressure increases. As the pressure decreases, the burning rate
decreases. When the ambient pressure decreases from 0.1 MPa to 0.02 MPa, the burning rate decreases
by 47%. This may be caused by the different energy and efficiency of thermal feedback: (1) in the lower
pressure environment, the oxygen concentration is lower, the burning intensity is weakened, resulting
in the lower flame temperature, so that the thermal feedback energy from flame zone to solid zone is
reduced; (2) in the lower pressure environment, the gas thermal conductivity decreases, which reduces
the thermal feedback efficiency from the flame zone to the solid zone. Since the solid-phase thermal
decomposition of the propellant is an endothermic reaction, the reduction of the thermal feedback
energy and efficiency reduces the solid-phase thermal decomposition rate, which leads to a decrease
in the burning rate.

Vielle equation (Model 1), Summerfield equation (Model 2) and B-number burning rate equation
(Model 3) are respectively used to fit and analyze the burning rate data under different low-pressure
environments. The fitting curve is shown in Fig. 6, and the relevant fitting parameters are shown in
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Figure 6. Burning rate fitting curve under different pressure environment.

Table IV. Fitting results of burning rate under different pressure.

Model Formula Propellant type Fitting
parameters

Correlation
coefficients 𝑅2

Model 1 𝑟̇ = 𝑎𝑣 ⋅ 𝑝
𝑛

Fuel-rich propellants
𝑎𝑣 = 1.89199; 0.87149
𝑛 = 0.30628

Modified double base propellants
𝑎𝑣 = 1.73397; 0.88397
𝑛 = 0.31436

Model 2 1
𝑟̇
=
𝑎𝑠
𝑝
+
𝑏𝑠
𝑝
1
3

Fuel-rich propellants
𝑎𝑠 = −0.00402; 0.88547
𝑏𝑠 = 0.51813

Modified double base propellants
𝑎𝑠 = −0.0035; 0.89296
𝑏𝑠 = 0.57142

Model 3 𝑎𝐵 + 𝑏𝐵 (𝑝
1/2)𝑐

Fuel-rich propellants

𝑎𝐵 = 0.59902;

0.99479𝑏𝐵 = 25.57062;

𝑐 = 3.64037

Modified double base propellants

𝑎𝐵 = 0.52717;

0.98278𝑏𝐵 = 18.86254;

𝑐 = 3.44577
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Table IV. According to the fitting curve and fitting coefficient, it can be seen that compared with Vielle
equation (Model 1) and Summerfield equation (Model 2), the B-number burning rate equation (Model
3) fits better with the experimental data. It shows that although the burning rate model established
in this paper simplifies the comprehensive influence of ambient pressure on the burning rate, the
theoretical model is effective for the burning rate of the FR propellant and the MDB propellant.
Therefore, in low-pressure environment, the B-number burning rate equation is more suitable for
characterizing the burning rate characteristics of the FR propellant and the MDB propellant. At the
same time, it can also be seen that compared with the MDB propellant, the B-number burning rate
equation has a better fitting effect on the burning rate of the FR propellant.

CONCLUSION

In order to improve the reliability and applicability of propulsion system at high altitude, the ignition
and combustion characteristics of two commonly used solid propellants (FR propellants and MDB
propellants) at low pressure were studied. The flame structure, ignition delay time and burning rate
under different low pressure and laser heat flux were studied by the laser ignition experiment system.
The experimental results of the influence of pressure on ignition delay time and burning rate showed
that the pressure affects the diffusion of the propellant pyrolysis gas, resulting in the difference in the
shape and brightness of the burning flame. The lower the pressure, the lower the flame height and
the worse the brightness. The flame of the FR propellant is stronger and brighter than that of the MDB
propellant. The flame shape of the MDB propellant is cylindrical. In the later stage of the combustion
process, it can be clearly seen that the flame of the FR propellant separates and forms amulti-stranded
shape, in a V-shape. The ignition delay time increases with the decrease of pressure, but the influence
of pressure on ignition delay time decreases significantly with the increase of heat flux. Comparing the
experimental measurements with Model 1 and Model 2 of the ignition delay time, the results showed
Model 2 is more accurate in estimating the ignition delay time. Compared with the FR propellant, the
MDB propellant has better ignition characteristics, requires lower ignition energy, is less affected by
pressure, and has stable ignition. The pressure has a great influence on the burning rate. As pressure
increase, the burning rate increased. Through the comparison of Vielle formula (Model 1), Summerfield
formula (Model 2) and B-number burning rate formula (Model 3), it can be seen that B-number burning
rate formula (Model 3) is more suitable for characterizing the FR propellant and the MDB propellant.
Model 3 shows that the functional relationship between pressure and burning rate, and the fitting
result is consistent with the experimental measurements. This is because the increase in pressure
facilitates the heat transfer, radiation and convection of the flame, which makes the propellant sample
ignite and burn faster.
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