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Abstract: This paper presents a summary of and introduction to research on high-altitude and
subatmospheric combustion concerning turbine and scramjet engines. The investigation includes
theoretical analysis, experimental studies, and numerical simulations. The analysis encompasses the
flow field structure, fuel atomization, and combustion performance. Subsequently, recent research on
the combustion performance of liquid fuels, solid fuels, and gaseous fuels under high-altitude and
low-pressure plateau environments is reviewed. This includes an evaluation of flame height, flame
temperature, combustion rate, fire spread rate, and heat radiation flux. Additionally, combustion
performance prediction models for high-altitude environments based on experimental and theoretical
analysis have been introduced. Lastly, issues in subatmospheric combustion in the aerospace and
plateau fire fields are presented based on the current research.

Keywords: subatmospheric combustion; combustion characteristics; aeroengine; low pressure;
plateau fire

1. Introduction

The escalating intensity of aerospace military competition has brought the immense
military and societal potential of near space (20-100 km) into the spotlight [1]. With its high
boundaries, borderless features, and stable meteorological conditions, near space offers a
strategic location for aerospace powers to execute maneuverable defense and enable rapid
responses [2]. In response to this demand, significant efforts have been devoted to develop-
ing aircraft capable of achieving higher altitudes and greater speeds, with a particular focus
on air-breathing hypersonic vehicles [3]. However, the thin atmosphere, low atmospheric
pressure, and extremely low temperatures prevalent in near space pose challenges for
subatmospheric combustion. The harsh working environment and subpar performance of
subatmospheric combustion have hindered the realization of long-endurance and highly
efficient aircraft in this domain [4]. This paper explores the potential and limitations of
near space for aerospace defense, shedding light on the need for innovative solutions to
overcome the hurdles presented by this unique environment.

Subatmospheric combustion not only hinders aerospace development but also plays
a crucial role in fire prevention and control in plateau environments [5]. With increasing
altitude, environmental pressure and oxygen content are continuously reduced, resulting
in plateau regions being situated in a low-pressure and low-oxygen environment [6]. The
combustion process, whether controlled for energy utilization or uncontrolled during fires,
is subject to external environmental influences [7]. The low-pressure and low-oxygen
environment in plateau regions, in particular, exerts a significant impact on combustion
performance [8], thereby differing greatly from combustion under normal atmospheric
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conditions. Hence, the study of ignition and combustion characteristics of different types of
fuel under high-altitude and low-pressure environmental conditions forms the foundation
for fire prevention [9] and control as well as improving energy utilization efficiency [10] in
plateau areas.

Based on the current research on subatmospheric combustion in the aerospace and
plateau combustion fields, a concise review paper has been formulated in this study. Firstly,
the flow field structure and fuel atomization research inside the combustion chamber
under subatmospheric pressure conditions in the aerospace field are elucidated, along with
the research progress on subatmospheric combustion performance in different types of
engines such as turbo engines, ramjet engines, and rocket engines. Secondly, the early
theoretical analysis models of combustion in the field of subatmospheric combustion are
introduced, and the research achievements in combustion theories of various types of fuels
in plateau environments in recent years are summarized. Finally, the current research status
of subatmospheric combustion in both domains is discussed.

2. Subatmospheric Combustion in Aerospace
2.1. Subatmospheric Flow Field and Fuel Atomization

The flow field structure and fuel atomization performance inside the combustion
chamber have a significant impact on the overall combustion performance of the aero-
engine in an aircraft propulsion system [11,12]. Therefore, it is crucial to summarize
the research findings concerning the flow field and fuel atomization performance of the
combustion chamber under low-pressure conditions [13]. Subsequently, a comprehensive
overview of the research progress on subatmospheric combustion in aero-engines can be
presented.

Li and Wang [14] used a hot wire anemometer to investigate the downstream flow
field characteristics of a flameholder under low-pressure conditions. The research findings
indicate that as the ambient pressure decreases, both the reflux rate and the size of the
recirculation zone are reduced. Moreover, the turbulence intensity and Reynolds stress
also decrease, resulting in weakened flame stability of the flameholder. Huang et al. [15]
investigated the impact of inlet pressure on the flow field structure of a cavity-based
flameholder. The results show that, as the pressure decreases, the stable double-vortex
structure inside the cavity remains unaffected. However, the vortex structure downstream
of the bluff body gradually becomes incomplete with decreasing pressure and disappears
when the inlet pressure reaches 0.04 MPa, as shown in Figure 1. Later, Zhang et al. [16]
investigated the flow characteristics of a trapped vortex cavity with a radial bluff body
under subatmospheric pressure. The study revealed that the fore and rear inlet air jets are
entrained into the mainstream, resulting in the absence of a vortex structure inside the
cavity at an inlet pressure of 0.04 MPa. As the inlet pressure gradually increases, the vortex
structure inside the cavity reappears. These results demonstrate that the decrease in inlet
pressure affects the flow field structure downstream of different flameholders.

In recent years, numerous researchers have investigated the fuel atomization character-
istics of nozzles under low-pressure conditions using optical measurement techniques such
as PIV [17], PDPA [18], high-speed cameras [19], and digital holographic microscopy [20].
These studies extensively examined parameters, including penetration depth, breakup pro-
cess, particle velocity, and size, as well as the spatial distribution of fuel. Xu and Wang [21]
used pulsed laser technology to measure the spray field downstream of a direct-spray
nozzle under low-pressure conditions while exploring the effects of inlet pressure, fuel
pressure, and airflow velocity on fuel atomization. The findings indicated that airflow
velocity was the primary determinant of fuel atomization quality. Additionally, a de-
crease in inlet pressure led to diminished atomization quality. The experimental results
of Tang [22] revealed a significant influence of ambient pressure on atomization effects, as
increasing ambient pressure visibly increased the average diameter of atomized particles,
with a greater impact than atomization pressure itself. Additionally, ambient pressure
exhibited a notable effect on the spray angle, whereby an increase in ambient pressure
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initially caused a decrease in the spray angle followed by an increase. Figure 2 presents
the atomization effects under different ambient pressures [23]. The study performed by
Zhao et al. [24] aimed to investigate the effects of fuel superheat degree, injection pressure,
and nozzle geometry in low-pressure environments on spray characteristics, such as spray
form and Sauter mean diameter (SMD). The study involved measurements of the bubble
point temperature of kerosene under various ambient pressures, establishing an empirical
relationship between ambient pressure and the bubble point temperature.
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Figure 1. The velocity vector maps in the cavity at the center section: (a) P; = 0.10 MPa,
(b) P; =0.08 MPa, (c) P; = 0.06 MPa, (d) P; = 0.04 MPa [15]. Copyright © 2022, Science Press, Li-

cense Number 5776540214627
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Figure 2. Fuel atomization under different environmental pressures [23]. Copyright © 2021 Zhengyan
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Additionally, Li et al. [25] established a vacuum environment spray experimental
system to investigate the impact of Reynolds number and nozzle diameter on atomization.
The research indicated that flashing under low pressure is the primary cause of jet breakup.
Liu et al. [26] conducted experimental research on the internal shape and temperature
variations of low-pressure flashing fuel droplets, summarizing the influence of ambient
pressure and the initial temperature of fuel droplets on the flashing process. Bai [27] em-
ployed experimental methods to measure the atomization and evaporation characteristics
of fuel within a pressure range of 0.015-1.5 MPa. The results indicated that increased
superheat contributes to a reduction in fuel spray droplet size, resulting in a more uniform
fuel spray. Moreover, as the ambient pressure decreases from atmospheric to 0.015 MPa,
the atomization effect of the fuel spray gradually intensifies. Focusing on the crucial role of
bubbles in droplet fragmentation during low-pressure flashing, Chen et al. [28] established
a mathematical model and defined the dimensionless number Ch to describe the growth
conditions of bubbles. In an environment where the outlet pressure of the plain orifice
atomizer is less than 10 Pa, Li et al. [29] undertook experimental research on the effects of
injection pressure and nozzle diameter on the vapor volume and turbulent kinetic energy
distribution inside the nozzle. The study found that a smaller nozzle diameter promotes
intense cavitation flow, thus facilitating atomization.

The research achievements of numerous scholars in subatmospheric flow and fuel
atomization provide a theoretical foundation for the analysis and study of the combustion
performance of aero-engine combustors under low-pressure inlet conditions.

2.2. Subatmospheric Combustion

With the expansion of the operating range of ramjet engines to include high-altitude
and high-speed conditions, the working pressure within the combustion chamber rapidly
decreases, leading to a decline in combustion performance. This limitation significantly
impacts the development of aerospace technology. To solve this issue, the National Aero-
nautics and Space Administration (NASA) of the United States initiated systematic research
on the combustion performance of aviation engines under high-altitude conditions in the
1950s. In the initial stages of research, Messing and Black [30] conducted experimental
studies on the flameholder system. The research results showed that with an increase in
altitude, the maximum temperature at the combustion chamber outlet decreases, resulting
in a decrease in combustion efficiency. Specifically, when the altitude exceeds 6 km, the lean
and rich blowout limits are very close to each other, resulting in combustion oscillations
and harsh noise. With an increase in altitude, the lean blowout fuel-air ratio increases while
the rich blowout fuel-air ratio decreases, resulting in a narrower flame stability range [31].
For instance, as the altitude increases from 0.45 km to 6.7 km, the lean blowout fuel-air
ratio increases from 0.028 to 0.078. Subsequently, experimental research was conducted by
Dugald and Messing [32] on the flameholder system of the rectangular ramjet engine model.
The experiments covered a fuel-air ratio range of 0.017 to 0.120, an inlet velocity range of 15
to 38 m/s, and an altitude range of 0.45 to 8.4 km, investigating four different flameholder
configurations. The combustion efficiency obtained at a flight altitude of 8.4 km ranged
from 28% to 39%. Additionally, research by Bents and Mockler [33] indicated that the thrust
of a turbine engine rapidly decreases with increasing altitude. When the altitude exceeds
13.5 km, the thrust of the turbine engine becomes smaller than its weight. Refer to Figure 3
for specific data.
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Figure 3. Relationship between thrust and altitude of a certain type of turbine engine.

Subsequently, NASA and the NACA Lewis Laboratory conducted a series of combus-
tion tests on J-2/J-2s rocket engines [34,35] and 20-28-inch [36,37] ramjet engines under
high-altitude operational and simulated conditions [38]. The research results indicate that
under low-pressure conditions, the atomization and distribution of fuel become more
challenging. Furthermore, the blowout limit and combustion stability are worse under
low-pressure conditions. Due to the decrease in pressure, the mixing efficiency of the
fuel is reduced, resulting in issues such as local rich-fuel combustion and incomplete
combustion [39]. However, NASA has not publicly released relevant literature since 1972.
The publicly available literature mainly has a strong engineering focus, with research
emphasis on the impact of altitude on combustion performance parameters. In addition,
research and development work based on the small liquid ramjet engine (ALVRJ-STM)
has been advanced, including the development of power systems for various rocket and
ramjet engine combinations. These power systems are applied to high-altitude aircraft with
excellent performance, such as the CIM-10 “Bomarc” surface-to-air missile and the Brass
Knight RIM-8 ship-to-air missile. Chen [40] compared the ignition limits of five types of
aviation kerosene under high-altitude conditions in a preburner. The experimental results
showed that under a fuel pressure differential of 0.196 MPa, the ignition limit of the fuel
decreased with decreasing environmental pressure. Moreover, at the optimum fuel-air
ratio, the ignition limit widened with increasing environment pressure. Wang et al. [41]
experimentally and numerically investigated the blowout performance of a swirl combus-
tor under low-pressure conditions. The research results also confirmed that a decrease
in pressure leads to an increase in the lean blowout equivalence ratio. Zhang et al. [42]
further investigated the pressure fluctuation and heat release pulsation of an evaporative
flameholder under low pressure. The study found that an increase in pressure within the
range of 0.055 to 0.075 MPa resulted in an increase in heat release fluctuation. However,
within the range of 0.075 to 0.085 MPa, an increase in pressure led to a decrease in heat
release fluctuation, and the pressure fluctuation did not vary significantly.

In the 1980s, with the successful deployment of a large number of hypersonic cruise
missiles, countries raised higher requirements for the flight altitude, speed, and dura-
tion of hypersonic aircraft. Achieving efficient and stable combustion technology under
high-altitude and low-pressure conditions has become a primary challenge. However,
there is still a lack of theoretical support for subatmospheric combustion in the public
literature, which has led researchers to conduct studies on mechanisms such as ignition,
flame propagation, and chemical reaction rates under low-pressure conditions. Dung Ngoc
Nguyen et al. [43] performed experimental research on the ignition delay characteristics of
three gas-liquid biphasic fuels in a constant volume combustor under different pressure
and temperature conditions. The experimental results indicate that the ignition delay time
is increased when the ambient pressure and temperature decrease. The ignition delay
time remains relatively constant in the temperature range above 700 K, while it varies
significantly in the temperature range below 700 K. Keiichi Okai et al. [44] investigated the
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ignition limit under low-pressure conditions in a reversed-flow combustor using gaseous
hydrogen as the fuel. Their research similarly demonstrated that low pressure increases the
difficulty of ignition. The experimental results show that the minimum pressure for stable
combustion of hydrogen fuel is 0.03 MPa. The results also indicate that the inlet pressure
and velocity of the combustor have a significant impact on ignition performance, and the
flame propagation velocity is limited by the ignition pressure. The ignition pressure limit
follows the conclusions of Drell and Belle [45], while the ignition velocity limit conforms to
the empirical formula proposed by Fine [46] for laminar flames, Uy, o« P0414%125_ Figure 4
illustrates the low-pressure ignition regime for the present combustor and engines. The
graph shows that the reference velocity for ignition decreases rapidly with the combustor
inlet pressure.
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Figure 4. Low-pressure ignition regime for the present combustor and engines.

In flameholder studies, Xiao et al. [47] investigated the lean and rich blowout perfor-
mance of a premixed flameholder under inlet conditions ranging from 41.8 to 76.9 kPa.
The research data showed that as the pressure decreased, the lean ignition fuel-air ratio
initially increased and then decreased, while the lean blowout fuel-air ratio gradually
increased. This reflects the significant influence of fuel atomization on the blowout limit in
low-pressure environments. Chen and Zhou [48] found that preheating the fuel by 90 °C
before ignition had a significant improvement in high-altitude and low-pressure ignition
performance. Zheng et al. [49] compared the combustion performance of five flameholders
and the evaporative flameholder applied in Spey-MK-202 under both atmospheric and
0.068 MPa low-pressure conditions. The study found that the evaporative flameholder
had a wider lean and rich blowout limit under low-pressure conditions, and its ignition
performance and combustion efficiency were improved. The V-gutter flameholder had
poorer blowout performance and relatively lower combustion efficiency. Similarly, Han
and Wang [50] further improved the ignition and flame stabilization performance under
low-pressure conditions by optimizing the dune vortex flameholder into an evaporative
dune vortex flameholder.

Subsequently, Liu et al. [51] conducted experimental research on the ignition and
blowout performance of an evaporative flameholder under pressure conditions of
0.05-0.1 MPa and an inlet velocity of 90 m/s. The research results indicate that as the
ambient pressure increases, the lean ignition and blowout equivalence ratio gradually
decreases. On the other hand, the rich ignition equivalence ratio first decreases and then
increases, while the rich blowout equivalence ratio gradually increases. Figure 5 illustrates
the streamlines of the flow field in the evaporative flameholder [52]. In the lean-fuel com-
bustion state, a stable ignition source is established within the recirculation zone inside the
flameholder. In contrast, in the rich-fuel combustion state, the ignition source is distributed
within the downstream recirculation zone of the flameholder.
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Figure 5. Streamlines of the recirculation zone downstream of the evaporating flameholder [52].
Copyright © 2016 Elsevier Ltd., License Number 5774280298476.

Wang et al. [53] undertook experimental research on the combustion efficiency and
total pressure recovery coefficient of an evaporative flameholder under inlet pressures
ranging from 67 to 68.6 kPa and temperatures ranging from 755 to 903 K. The experimental
results showed that the combustion efficiency of the evaporative flameholder decreases
with an increase in the fuel-air ratio and increases with an increment in the inlet tempera-
ture. Under the conditions of 68 kPa and 873 K, the total pressure recovery coefficient was
consistently in the range of 0.9 to 0.92, with a combustion efficiency exceeding 90%. Niu
et al. [54] conducted combustion experiments on a ramjet model in a low-pressure environ-
ment (0.094-0.065 MPa). The results showed that the combustion efficiency decreases as
the inlet pressure of the combustor decreases. When the ambient pressure is reduced to
0.065 MPa, the combustion performance of the combustor deteriorates sharply, resulting in
extremely unstable combustion. Additionally, Li et al. [29] found that when the pressure is
below 0.07 MPa, the local combustion efficiency experiences a drastic decline from 75%,
and when the pressure drops to 0.03 MPa, combustion cannot be sustained (as seen in
Figure 6) [55]. Subsequently, Zhang et al. [56] discovered that the addition of oxygen in a
low-pressure environment can effectively improve combustion performance in the rich-fuel
state. The research group of Wang [57,58] at the National University of Defense Technology
also carried out subatmospheric combustion experiments based on the cavity-scramjet
engine combustor. They proposed measures to improve combustion efficiency in response
to the issue of reduced combustion efficiency in low-pressure conditions, such as enhancing
fuel atomization, increasing the fuel-air ratio, and extending the length of the combustor.
Chen and Ling [59] found that the combustion efficiency of an evaporating flameholder
under subatmospheric pressure conditions could be improved by increasing the head air
quantity and the length of the evaporation tube.

Recently, the development of optical measurement techniques and the maturity of high-
speed imaging technology have facilitated the study of flame propagation characteristics.
R. W. Read et al. [60] conducted research on high-altitude reignition experiments in a small
direct-injection gas turbine combustor. The motion and breakup of the flame were analyzed
using an image processing algorithm. The research results showed that when the ambient
pressure was 0.04 MPa, the flame kernel disintegrated rapidly under aerodynamic forces,
leading to failed reignition. However, when the ambient pressure exceeded 0.04 MPa,
the flame kernel expanded downstream and along the fuel injection axis, resulting in a
successful reignition. Linassier G et al. [61] studied the ignition process and blowout
limit of a three-sector swirl combustor at pressures ranging from 0.06 to 0.09 MPa (as
seen in Figure 7). The research found that in the swirl combustor, the ignition limit
was mainly influenced by aerodynamics, and the maximal loading factor was similar
to that of a stirred reactor. Giusti A et al. [62] used numerical simulations to study the
ignition of a single liquid droplet of kerosene in a static low-pressure environment. They
studied the relationship between ignition time, droplet diameter, and far-field temperature,
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emphasizing the necessity of spark-induced mixture formation around the droplet in
low-pressure environments.
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The research of Chen et al. [63] showed that under low-pressure conditions, the flame
front contracts toward the nozzle, and the luminous intensity of CH* is decreased. When
the simulated flight altitude increases from 2 km to 10 km, the flame color changes from
yellow to blue, indicating an enhancement in combustion instability. Chen et al. [64]
studied the ignition process and outlet temperature of swirl combustion under pressures
ranging from 0.04 to 0.16 MPa. The experimental results showed that as the inlet pressure
of the combustor increased, the time of initial flame formation and time of maximum area
growth rate of flame decreased. The ignition processes at different pressures are shown
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in Figure 8. Zhang et al. [65,66] and He et al. [67,68] at Zhejiang University performed
studies on RP-3 aviation kerosene, investigating the secondary breakup, ignition delay
time, and flame characteristics of single droplets in a static environment (0.02-0.1 MPa),
as seen in Figure 9. The research results revealed that the flame propagation time from
the burning droplet to the unburned droplet is proportional to the normalized spacing
distance between droplets and the ambient pressure. The combustion rate decreases as the
pressure decreases. Additionally, as the ambient pressure decreases, the distance between
the kerosene and oxygen molecules is increased, resulting in prolonged ignition delay time.
Zhu and Huang investigated the ignition and blowout equivalence ratio, the ignition flame
propagation process, and the combustion efficiency of the cavity flameholder [55,69] and
evaporative flameholder [70] with an inlet pressure ranging from 0.03 to 0.06 MPa. The
research results indicate that a decrease in inlet pressure weakens the spreading of flame.
Additionally, the results confirmed the significant influence of fuel droplet breakup and
penetration depth on combustion performance.
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Figure 8. Ignition process under different inlet pressure [64]. Copyright © 2018 Jian Chen et al.
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Figure 9. Burning sequences at 0.6 bar: (a) images captured by the high-speed camera; (b) images of
OH* chemiluminescence emission captured by ICCD equipped with 310 nm filter [67]. Copyright ©
2019 The Combustion Institute, License Number 5773651409848.
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3. Subatmospheric Combustion in Plateau Fire

The research on plateau fire mainly focuses on analyzing the influence of environmen-
tal pressure on the combustion characteristics of different types of fuels [71]. However,
early studies were mostly conducted at environmental pressures higher than atmospheric
pressure. The purpose was to simulate the characteristics of large-scale fires under nor-
mal pressure conditions in laboratory-scale experiments using high-pressure conditions.
In 1973, De Ris et al. [72] proposed the pressure model of fires, which is currently the
most widely used model for combustion characteristics under variable pressure conditions.
Research findings indicate that the use of pressure models as research tools in the study
of free-burning and spreading fires demonstrates a high level of accuracy. Subsequently,
Alpert [73] validated the applicability of the pressure model in radiation-dominated fires
through experiments, showing almost perfect agreement between the simulation results
and experimental observations, indicating that the pressure model is also suitable for
radiation-dominated fires. Furthermore, to better simulate the thermal radiation feedback
of flames to fuel, De Ris et al. [74] introduced a radiation model in large-scale pool fire
experiments. Kleinhenz et al. [75] utilized the pressure model to study the vertical flame
propagation and combustion rate of solid samples in a low-pressure environment. This
indicates that although these combustion models were proposed based on high-pressure
experiments, they can also be applied to the study of combustion characteristics in low-
pressure environments, laying the theoretical foundation for fire prevention and control
in plateau environments. In recent years, research on plateau fire prevention and control
has mainly focused on the combustion processes and behaviors of liquid fuels [76], solid
fuels [77], and gaseous fuels [78] in low-pressure environments.

In 1996, Jean-Michel Most et al. [79] investigated the pressure influence on the char-
acteristics of pool-type diffusion flames within the range of 0.03 to 0.3 MPa. The research
results showed that when the pressure was below atmospheric pressure, the rich combus-
tion zone in the flame expanded and the flame height increased. In addition, there was a
significant decrease in carbon soot generation and radiation heat transfer to the vessel walls.
The flame exhibited a blue color. A similar result was obtained in the research of Chen
et al. [80], as shown in Figure 10. They also found that as the pressure decreased, the flame
structure transitioned from turbulent to laminar. Subsequently, Weiser et al. [81] measured
the pool fire burning rate, CO and CO; concentration changes, and flame temperature in
a downsized mobile experimental chamber within the altitude range of 400 m (0.97 bar)
to 3000 m (0.71 bar). The study found that as the environmental pressure decreased, fire
development slowed down. The experimental data indicated a relationship between the
burning rate and pressure. Li [82,83] undertook a study on fire combustion characteristics
using two n-heptane cans in two laboratories at different altitudes. Similar to the findings
of Weiser, the experimental data indicated that the burning rate, radiative heat flux, and
flame temperature were lower in high-altitude regions compared to low-altitude areas.

Yan et al. [84] found that the size of the pool has an impact on the characteristics of pool
fire combustion under low-pressure conditions. The heat release rate increases with the
increase in the size of the pool. Additionally, the mass loss rate is lower than the theoretical
value. Zhang et al. [85] investigated the effect of environmental pressure on the flame
radiation fraction of pool fires using n-heptane and acetone under cross-flow conditions.
They proposed a dimensionless model to describe the variation in the flame radiation
fraction. Model analysis revealed that the ratio of flame radiation fraction under cross-flow
and no cross-flow conditions is a modified function of the Froude number. Liu et al. [86]
studied the entrainment coefficient of small-scale pool fires within the range of 40 to 101 kPa.
They found that the entrainment coefficient had a linear relationship with environmental
pressure. Subsequently, they determined the influence of pressure and pool diameter on
the flame radiation fraction [87]. They further proposed a dimensional scaling theory
with the expression X, ~ P%3-01752D015  The research findings of Zhao et al. [88] also
indicated an exponential decrease in flame radiation fraction with increasing pool diameter.
Additionally, they found that with the decrease in environmental pressure, the flame height
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of n-heptane pool fires increased, and the burning rate decreased. Zhu et al. [89] reached the
same conclusion when studying the pool fire combustion characteristics of ethanol-gasoline
blended fuel. Moreover, they found that the variation in the ethanol volume fraction led to
non-monotonic changes in the burning rate. The flame height and temperature reached
a peak when the environmental pressure was 40 kPa and the ethanol volume fraction
was 20%. Meng et al. [90] investigated the influence of pressure on spill fires. The study
found that the spreading radius of spill fires under atmospheric pressure was smaller
than that under low-pressure conditions. Furthermore, the burning rate of spill fires at
atmospheric pressure was lower, and the relationship between pressure and the burning
rate was expressed as m o P%32,

[cm]

o = N Wd U oV

1atm 2atm 3atm 4 atm 5atm

(a) 1.5-cm-diameter pool fires

w Hd U oy
[em]

o = N

1atm 2atm 3atm 4 atm 5atm

(b) 2.0-cm-diameter pool fires

Figure 10. Flame images of ethanol pool fires under different pressures [80]. Copyright © 2018
Elsevier Ltd., License Number 5774241275620.

Fang et al. [91] conducted pool fire combustion experiments at different altitudes with
the same scale, and the study revealed that pool fire flames exhibited stronger periodic
oscillations and higher flame puffing frequency under low air pressure. Chen et al. [92]
also investigated the influence of pressure on the oscillating behavior of pool fires. The
study used the Grashof number to explain the changes in flame structure and oscillation
frequency. Furthermore, it was found that the Grashof number could explain the transition
of pool fire flame structure from laminar to turbulent. Similarly, Zhao et al. [93] investigated
the flame pulsation frequency of ethanol pool fires under low pressure and found that the
flame pulsation frequency decreased with an increase in the pool diameter.

The flash point is an essential physical property of flammable liquids and a primary
indicator for evaluating fire hazards. Tang et al. [94] researched the impact of altitude on the
flash points of different types of aviation kerosene under pressure conditions ranging from
55 kPa to 101.3 kPa. The results showed that the flash point of the fuel did not decrease lin-
early with an increase in altitude, as shown in Figure 11. This research finding is beneficial
for the safe design of aircraft fuel tanks and fire prevention during the transportation and
storage of flammable liquids.
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Figure 11. Variations in flash point of the liquid fuel with (a) altitude and (b) pressure [94]. Copyright
© 2012 by John Wiley & Sons, Inc., License Number 5774251017049.

Subsequently, Ding et al. [95-98] conducted flash point measurements of liquid fuels at
different altitudes using a portable flash point meter. Theoretical analysis and experimental
results showed that the flash point of liquid fuels exhibited a nonlinear decrease with
an increase in altitude, while the reciprocal of the flash point had a linear relationship
with altitude. Then, they investigated the variations of the flash point, boiling point, and
lean flammability of Jet A and diesel within the pressure range of 35 to 101 kPa. It was
observed that the boiling point and flash point decreased with decreasing pressure, while
the lean flammability increased with decreasing pressure. Chen [99] established a flash
point prediction model considering environmental pressure and obtained results similar
to those obtained by Ding. Additionally, they performed oil pan boilover experiments of
diesel and aviation kerosene under low-pressure conditions. They proposed predictive
models for the occurrence of boilover precursors and boilover times. Wu [100] conducted
research on the ignition characteristics and combustion enhancement of —35# diesel fuel
under pressure conditions ranging from 0.059 to 0.101 MPa, summarizing the influence
mechanisms of low pressure on ignition. The results indicated that the convective heat
transfer coefficient reduced with decreasing pressure, promoting the occurrence of ignition.

The combustion process of solid fuels under low-pressure conditions can be divided
into several stages, including thermal decomposition, ignition, flame propagation, and
flame extinguishment. During the ignition process of solid fuels, they are first heated
by the external environment, melting into combustible liquids. Then, they are further
heated to evaporate into combustible gases, or they may transform into combustible gases
through sublimation and cracking. Then, the combustible gases combine with air to form a
flammable mixture and are ignited as the temperature rises [101].

In the field of subatmospheric combustion of solid fuels, a large number of scholars
have undertaken relevant research. David Hirsch et al. [102] investigated the oxygen
concentration flammability thresholds of different solid materials within the pressure range
of 48.2 to 101.3 kPa. They found that pressure had a greater impact on materials with
higher thresholds. In 2009, NASA [103] also investigated the combined effects of pressure
and oxygen concentration on the ignition delay of different materials under low-pressure
conditions. The study revealed that while the oxygen concentration was maintained at 21%
and the pressure was reduced, the average ignition time decreased by 17%. Increasing the
oxygen concentration at low pressure further reduced the ignition time by an additional
10%. The investigation of Jia et al. [104] also indicated that increasing the oxygen concen-
tration significantly reduced the inhibitory effect of low pressure on solid fuel combustion.
The research of Thomsen et al. [105] on PMMA combustion showed that the surface re-
gression rate and the mass burning rate decreased with decreasing pressure, while they
increased with decreasing oxygen concentration. Additionally, Thomsen et al. conducted
similar studies on two types of fire-resistant fabric [106]. The results indicated that as the
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pressure decreased, the oxygen concentration required to sustain flame propagation had
to increase. Mariusz Zarzecki et al. [107] also performed experimental research on the
combustion performance of PMMA under low pressure and varying oxygen concentrations.
They developed an analytical model that accounted for the effects of pressure and oxygen
on combustion rate. The model exhibited good agreement with measurement results and
predicted the impact of pressure and oxygen on the combustion rate.

He et al. [108] investigated the subatmospheric combustion characteristics of PE ma-
terial. The results showed that the flame height decreased with decreasing pressure, and
the flame shape became spherical, as shown in Figure 12. Ding et al. [109] investigated
the combustion characteristics of paper stacks within the range of 40 kPa to 101 kPa and
measured parameters such as mass loss, heat release rate, and flame temperature. The
research revealed a close correlation between the intensity factor of the flame and pres-
sure. In addition, the flame growth rate significantly decreased as the pressure decreased.
Feng et al. [110] also measured parameters such as flame temperature and the burning
rate of cardboard boxes at different pressures. The study revealed a strong power-law
correlation between these parameters and pressure. Ma et al. [111] obtained similar results.
Additionally, Zhao et al. [112] found that the flame length had a power-law relationship
with the heat release rate through research on PMMA combustion characteristics under
low pressure. The power-law exponent was 1.41 when the pressure was below 80 kPa
and 1.04 when above 80 kPa. Huang et al. [113] conducted combustion experiments on
expanded polystyrene in both sea-level and high-altitude areas. The study found that
the flame spread rate decreased with increasing altitude. Wang et al. [114] found that the
reduction in reaction rate and heat transfer caused by low pressure was a key factor leading
to the decrease in the flame spread rate.

Figure 12. Flame morphology under low pressure [108]. Copyright WIT Press.

Dai et al. [115,116] undertook experimental and theoretical studies to explore the
ignition characteristics of pine wood under different pressures. They developed an ex-
tended model considering atmospheric pressure and unsteady gas-phase processes to
predict wood pyrolysis. The predicted results of the model are relatively consistent with the
experiment. The research results indicated that lower atmospheric pressure led to higher
mass loss rates and earlier ignition times. Additionally, Wang et al. [117,118] and his team
compared the spontaneous ignition characteristics of wood at two different altitudes. The
results are similar to those of Dai. In addition, the influence of surface pressure on ignition
temperature is minimal. Sara et al. [119] observed in their research that with decreasing
pressure, the ignition delay decreased to a minimum, and then increased until no ignition
occurred. They identified different controlling mechanisms for ignition delay in different
regimes: the transform regime, where the ignition delay was influenced by convection
heat loss and critical mass flux; the chemical kinetic regime, where gas-phase chemical
kinetics governed the ignition delay; and the overlap regime, where both transport and
chemical effects contributed to the ignition delay. Qie et al. [120] investigated the pyrolysis
and ignition characteristics of wood in both horizontal and vertical directions under low-
pressure conditions. Compared to the horizontal direction, the ignition time was shorter,
the mass loss rate was faster, and the surface temperature was lower in the vertical direc-
tion. Research results from NASA [121] indicated that low-pressure environments reduced
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convective heat loss from the heated material to the surrounding environment, enabling the
material to heat up and pyrolyze more rapidly. Consequently, the ignition time decreased.
Sonia Fereres et al. [122] validated previous research results through numerical simulations.
They found that flames became bluer, had a rounder shape, and were more detached from
the solid surface at low pressures compared to standard pressures, as shown in Figure 13.
This indicates that pressure affects the heating, pyrolysis, or gasification processes of solids
and the characteristics of gases above the solid surface. The research results of Huang
et al. [123] showed that in low-pressure environments, pressure had different effects on the
ignition time of solid materials at different external radiation temperature ranges. In the
temperature range of 500 to 700 °C, the ignition time decreased with decreasing pressure.
However, in the range of 800 to 1000 °C, the ignition time under atmospheric pressure
approached that under low pressure.

(a) 21 kPa (b) 83 kPa

Figure 13. Visual observations at different pressures (a) 21 kPa and (b) 83 kPa [121]. Copyright ©
2010 The Combustion Institute, License Number 5774260876444.

Ren et al. [124] measured the ignition time and surface temperature of wood under
pressure conditions ranging from 40 to 100 kPa. The research results indicate that pressure
mainly affects the heat loss and pyrolysis reaction of wood. Based on the experiments, the
introduction of the pressure parameter allows the wood ignition model to consider the
effects of pressure on heat loss and pyrolysis reaction during wood heating. Consequently,
the accuracy of the model predictions was improved. Peng [125] established a solid-phase
pyrolysis model and then developed a one-dimensional gas—solid pyrolysis model by
combining it with the gas-phase ignition model.

Wang et al. [126] discovered that reducing ambient pressure can suppress solid fuel
fires by decreasing the mass burning rate and radiative heat flux, thus weakening the
combustion of solid fuels and eliminating visible flames. But it cannot eliminate smoldering.
Additionally, smoking can lead to the accumulation of smoke containing high levels of
carbon particles and flammable gases, increasing the possibility of flashover. Therefore,
depressurization fire suppression should consider the combustion characteristics of solid
fuels and work with other synergetic fire control measures.

In the research on the combustion of gaseous fuels under low-pressure conditions,
Li [127] utilized a cone calorimeter to measure the heat release rate and radiation flux of
methane, acetylene, and propane. The study demonstrated that the radiation flux, smoke
production, and radiation fraction of jet flames were lower at low pressure. Zeng [128] con-
ducted experimental research on methane jet diffusion flames under buoyancy-dominated
and momentum-dominated conditions within the pressure range of 45 kPa to 100 kPa. The
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study explored the effects of pressure, mass flow rate, and co-flow air on the character-
istics of flames under low-pressure conditions. The study found that flame temperature
decreased with an increase in pressure. When the pressure was below 70 kPa, the decrease
in air density led to a transition from oxygen-rich combustion to fuel-rich combustion,
resulting in reduced combustion efficiency. Consequently, the flame temperature was
decreased.

4. Conclusions

Currently, significant progress has been made in both the application and fundamental
research of subatmospheric combustion. The combustion organization principles of air-
breathing near-space propulsion systems have been gradually validated. Many beneficial
conclusions have been drawn from research on key technologies and important mechanism
issues. Moreover, the development of subatmospheric combustion theory in high-altitude
regions has also propelled subatmospheric combustion towards robust development in
engineering applications.

In the aerospace field, the development of high-altitude, high-speed aircraft has been
driven by the military significance of near space. Numerous scholars have researched the
combustion characteristics inside the combustors of aircraft propulsion systems in near-
space low-pressure environments. These studies involve theoretical analysis, experimental
research, and numerical simulations of the flow field structure, fuel atomization, and
combustion performance of turbojet and ramjet engines under subatmospheric conditions.
The types of fuels used include aviation kerosene and hydrogen fuel. The main research
contents involve combustion efficiency, ignition performance, and flame propagation
of combustors.

In the field of plateau fire, current research primarily focuses on the combustion
characteristics of liquid fuels, solid fuels, and gaseous fuels under low-pressure condi-
tions. The research content includes flame height, flame temperature, combustion rate,
flame propagation speed, and thermal radiation flux. Additionally, many scholars have
developed pressure models for combustion, flashpoint prediction models, and uniform
models for wood combustion based on experimental and theoretical analyses. These mod-
els are significant for predicting combustion performance and preventing fires in plateau
environments.
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