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ABSTRACT: The burning and soot characteristics of RP-3 kerosene
droplets under sub-atmospheric pressure were experimentally investigated
in a pressure chamber. The droplet size during combustion was continuously
recorded using a high-speed camera, and the burning rate based on the d2−
law was determined. The flame temperature was calculated from ICCD
camera spectral data using two-color pyrometry, and the carbon soot volume
fraction was measured by the calibrated laser-induced incandescence (LII)
technique. Soot particles were also sampled using a thermophoretic
deposition probe and characterized using a transmission electron microscope
(TEM) for particle size and morphology. The results showed that the droplet
burning rate increased monotonically with increasing pressure under sub-
atmospheric pressure, and the flame temperature slightly decreased with
increasing pressure. Sub-atmospheric pressure environment significantly
inhibits the formation of soot particle clusters during the ignition of droplets. The average soot volume fraction in the flame
increases approximately with increasing pressure at 0.2−1.0 bar with a power of 2.044 ± 0.066. As the pressure decreases from 1.0 to
0.2 bar, the average soot volume fraction decreases significantly from 11.801 to 0.437 ppm. This is mainly due to the fact that the
sub-atmospheric environment not only inhibits the collision growth of soot particles but also promotes the oxidation process of soot
particles. The collected soot particles reveal a significant reduction in particle size under sub-atmospheric pressure with average
primary soot particles of 48.23, 40.06, 27.096, and 18.718 nm at 1.0, 0.6, 0.4, and 0.3 bar pressures, respectively. The change in the
number density of carbon soot particles is not significant, which reveals that the change in the diameter of soot particles under sub-
atmospheric pressure plays a key role in the change in the volume fraction of soot.

1. INTRODUCTION
Ramjet is a new advanced aerospace science and technology
for high-speed flight. With the development of the technology,
higher demands are focused on the ability of ramjet engines to
operate at high altitudes, high speed, and wide range. At high
altitudes, due to thin air, ramjet engines ingest low mass airflow
rates at reduced pressure values in the combustion chamber.1

When the inlet pressure of the combustion chamber is reduced
to less than one atmosphere, the stability and efficiency of
combustion will deteriorate.2 However, most of the current
studies on the evaporation and combustion characteristics of
liquid fuel under elevated temperature are conducted at
elevated pressure3−6 or atmospheric pressure7−9 environments.
Investigating the combustion of liquid fuel under sub-
atmospheric pressure is essential to improve the working
stability of ramjet at high altitudes. Previous research work10,11

has revealed the evaporation rate, ignition time, OH
distribution, and micro-explosion characteristics at sub-
atmospheric pressure, revealing that the effect of sub-
atmospheric pressure environment on droplet combustion
behavior is significant.

Soot, as a product of incomplete combustion, is widely
present in the combustion process of various hydrocarbon
fuels. Soot could cause a decrease in the operating efficiency of
combustion equipment, fine particles causing pollution and
other hazards,12,13 and also has a direct impact on the radiation
characteristics of the flame and the evaporation character-
istics14 of a droplet. Abdul Rasid and Zhang15 examined the
effect of soot pollution on the combustion characteristics and
liquid-phase visualization of a single diesel droplet. They found
that soot contamination reduced the combustion rate of pure
diesel droplets by 17%. And the higher the degree of soot
contamination on the droplet surface, the greater the
destructive behavior on surface deformation and flame
formation, implying that soot concentration has a non-
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negligible effect on the droplet characteristics in spray
combustion.
However, due to the short duration of droplet combustion

(1−2 s), studies on the characteristics of soot generation from
droplet combustion have been mostly limited to qualitative
studies. Jackson et al.16 observed the formation of soot shells
and found that the vaporization rate of monochlorinated
alkane droplets was slower, which resulted in their soot shells
being closer to the droplet surface than those of n-heptane.
Zhu et al.17,18 investigated the effect of n-butanol addition to
diesel/biodiesel blends and oxygenates addition to diesel on
soot generation from single-droplet combustion. They
determined the intensity of soot expressed by the KL factor
by analyzing the optical spectrum of CCD camera images using
two-color thermometry. Other researchers4,5,9,19,20 have also
studied the characteristics exhibited by droplets in combustion,
but the optical diagnostic capabilities in these studies were
limited to blackbody radiation by soot. It is worth noting that
the spontaneous radiation signal is accumulated from different
radii of the droplet flame, and the morphological changes of
the flame (which are common in droplet combustion) can very
easily interfere with the signal. Although it is theoretically
possible to calculate the signal on the central cross section of
flame by the Abel transform of Dasch et al.,21 however, the

transient, unstable, and deviating from axisymmetric character-
istics of the droplet flame increase the error of the calculation
significantly. No similar applications have been reported so far.
Planar laser-induced incandescence (PLII) has been widely
used for the quantitative measurement of soot volume
concentration.22−24 PLII uses a high-energy laser to heat
soot particles to 4000 K and then emits near-blackbody
radiation. The magnitude of the incandescent signal is
proportional to the soot concentration, combined with the
laser extinction method grams to quantitatively obtain the
concentration of soot on the laser cross section.24 After laser
extinction method calibration, the soot concentration on the
laser cross section can be obtained quantitatively. Compared to
other means of detection, PLII stands out due to its high
dynamic range. The system provides reliable measurements of
extremely low and high soot concentrations without any
special modifications.25 This is important in studies examining
the effect of pressure on soot due to the very large variation of
soot concentration with pressure.26 However, since radiation
becomes the main heat transfer mechanism for soot particles in
a sub-atmospheric environment, the temperature decay rate
does not provide information on soot particle size.27

Therefore, PLII has difficulties in measuring the particle size
of soot under sub-atmospheric pressure. On the other hand,

Figure 1. Schematic of experimental setup: (a) single-droplet combustion apparatus; and (b) soot sampling technique.
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the thermophoretic deposition technique and electron
microscopy have been widely used to measure the particle
size and morphology of soot in laminar diffusion flames,28,29

turbulent diffusion flames,30 engines,31 and droplet flames,17

which also offer the possibility of measuring the particle size of
soot at sub-atmospheric pressure.
Although the fuel is more likely to be burned at variable

pressure conditions, most of the current studies on soot
generation from fuels are conducted at atmospheric
pressure.23,28 Quantitative measurements of the effect of
pressure on the soot concentration from single-droplet
combustion have not been reported. A few researchers have
investigated the effect of pressure on soot generation from
laminar diffusion flames.25 Joo and Gülder26 studied soot
generation from methane-air laminar diffusion flames at high
pressure and found that the maximum soot volume fraction
increased from 14 ppm at 10 atm to 180 ppm at 60 atm.
Flower and Bowman32 studied ethylene/air laminar diffusion
flames at 1−2.5 bar and observed that maximum and
integrated soot volume fractions increased approximately as
the pressure raised to a power of 1.7 ± 0.3.
The suspended single-droplet combustion approach with

electric heater wires was adopted because of its simplicity and
the ease of intervention of measuring instruments. The burning
rate, soot volume concentration, soot particle size, and
nanostructure of RP-3 droplets in sub-atmospheric pressure
are systematically examined.

2. EXPERIMENTAL APPARATUS
A schematic of the experimental apparatus is shown in Figure
1a. A pump is connected to the pressure chamber through a
pipe to pump air from the chamber to create a sub-
atmospheric pressure environment. The cylinder is controlled
by a time delay relay to push the heating wire close to the
liquid droplet for ignition. A DC-regulated power supply is
used to provide 3.6A DC power to the heater wire to ensure
the stability of the wire temperature. A micro-pipette (2.0 μL)
is used to generate a droplet and placed on the end of a 0.2
mm diameter zirconia ceramic rod. Compared with commonly
used thermocouple10,33 and SiC ceramic rod5,9 [5.2 W/(m
K)], the zirconia ceramic rod has much lower thermal
conductivity [1−2 W/(m K)], which can reduce heat transfer
to the droplet. Four optical windows are designed around the
pressure chamber walls for light to pass through, allowing for
laser diagnosis and optical observation.
Optical measurement methods used here include LII (laser-

induced incandescent light) detection, high-speed camera
technology, and color digital single lens reflex (DSLR) camera.
The LII measurement system includes a Nd:YAG laser
(Spectra Physics, Pro-250-10H), a cylindrical concave lens, a
convex lens, and an ICCD camera (Princeton Instrument, PI-
MAX4). The laser light (1064 nm) output from the Nd:YAG
laser with a frequency of 10 Hz was used as the light source for
the LII experiment. The laser was formed into a laser sheet by
the use of a cylindrical concave lens and a convex lens. The
laser sheet passes through the quartz window and across the
central axis of the droplet burning flame. The carbon soot
particles in the flame were excited to an incandescent state
(roughly 4000 K). The intense radiant light emitted was
captured by an ICCD camera placed perpendicular to the laser
sheet after passing through the quartz window. The ICCD
camera was equipped with a bandpass filter (FWHM = 10 nm)
with a central wavelength of 430 nm in front of the camera.

The gate delay and gate width were set to 130 and 40 ns,
respectively. The co-flow burner for LII calibration measure-
ments consists of a central fuel tube of 6 mm diameter and an
outer tube of 30 mm diameter. The outer tube was filled with
porous ceramic and stainless steel microbeads of 3 mm
diameter. The ethylene flow rate was set at 0.28 std L/min, and
the airflow rate used to stabilize the diffusion flame was 1.8 std
L/min. The burner was placed inside the pressure chamber
during calibration to eliminate the influence of the quartz
window on the measurement. The average value of soot
concentration at different heights of the ethylene flame was
measured by the extinction method, and when combined with
the LII signal, the ratio of the soot volume concentration to the
LII signal value can be obtained.
Soot flame temperature was measured by the two-color

pyrometry. In order to acquire the signal of droplet transient
flame spontaneous emission at dual wavelengths simulta-
neously, a spectroscope (VZ-image doubler, LAVISION) was
mounted in front of the ICCD camera. At the same time, two
central wavelengths of 532 and 647 nm filters (FWHM = 1
nm) were added to the lens. The exposure time of the camera
was set to 500 μs. For calibration of two-color temperature
measurement system parameters by S-type thermocouples, it
was placed in a high-temperature environment. To avoid the
influence of the quartz window of the pressure chamber on the
temperature measurement system, the thermocouple for
calibration was placed in the chamber near the droplet flame.
A black and white high-speed camera (IDT Y4-S1) was used

at a frame rate of 3000 Hz to capture the carbon smoke shape
and the rapid change in droplet diameter during evaporation
and micro-explosion. The exposure time was set to 20 μs. The
lens used was Sigma 200 mm Macro Lens. A DSLR camera
(Canon 77D) was used to capture the color and shape of the
flames at 50 Hz. A Matlab code was used to evaluate the
droplet projection area Sp (t) in the shooting direction at each
moment, so as to obtain the droplet diameter results calculated
by =D t S t( ) 4 ( )/p . Chinese RP-3 kerosene was chosen as
the fuel for the experiment. It typically consists of 52.2% of
alkanes, 39.9% of naphthenes, and 7.9% of aromatic hydro-
carbons, by mass,10 and the fractions with more than 2%
content measured by chromatography-mass spectrometry can
be referred to our previous study.11

Soot was sampled using the thermophoretic deposition
technique.17,28,34 The thermophoretic sampling equipment and
combustion system are shown in Figure 1b. It consists of a
sampling module, motor drive module, and control module.
To ensure a good sealing of the pressure chamber, the motor
drive module and the sampling module are placed inside the
pressure chamber. They are connected to the control module
outside the chamber via a wire connection at the bottom of the
pressure chamber. The sampling module is made of two 0.25
mm thick stainless steel plates to reduce the disturbance of
flame during the sampling process,35 which is more critical for
the small scale generated by droplet combustion. One of the
pieces has a 3.1 mm diameter and 0.05 mm deep groove for
placing the TEM grid (a C/Cu TEM grid with 200 mesh, 3
mm in diameter), and a sampling hole of 2 mm diameter is
drilled on another piece to collect the soot particles in the
TEM grid due to thermal diffusion phenomenon. The motor
drive module is composed of a stepper motor and a slider,
which can quickly transport the sampling module in a straight
line into the droplet flame and leave after 0.05 s. Due to the
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short droplet burning duration of 1−2 s, time synchronization
between the ignition system and the sampling system is
necessary. A PLC controller (DKC-Y240) is used to
simultaneously control stepper motors and output 24 V DC
signals. The 24 V DC signal is converted to 220 V AC through
an intermediate relay to control the ignition process of the
cylinder drive. During the experiment, the sampling system
starts to operate after the ignition wire is withdrawn for 0.2 s.
The soot morphological features were examined using a FEI
Tecnai G2 F20 transmission electron microscopy (TEM) with
the accelerating voltage of 200 kV to obtain TEM images,
which were analyzed using the Image-Pro Plus software.

3. RESULTS AND DISCUSSION
3.1. Burning Rate and Soot Flame Temperature. The

temporal changes in the square of the normalized droplet
diameter of RP-3 under 0.2−1.0 bar as well as calculated

burning rates are shown in Figure 2. It is obvious from Figure
2a that, except for the 0.2 bar pressure, the droplet diameters at
the rest of the pressure are entering a smooth evaporation
period after the initial heating and fluctuation evaporation
period. Overall, the RP-3 droplet size at 0.4−1.0 bar pressure
basically varies linearly with time, indicating that droplet
combustion conforms to the d2−law. There were significant
fluctuations in droplet size after the initial heating period, and
both the magnitude and frequency of the fluctuations increased
significantly with decreasing pressure. This is due to the fact
that the boiling points of low boiling components such as
hexane,2,5-dimethyl-(382.1 ± 0.9 K), cyclohexane,1,3-dime-
thyl-,cis-(393 ± 1 K), and heptane,3-methyl-(392 ± 1 K)
within RP-3 are much lower than the boiling points of high
boiling components such as nonadecane (602.9 K),
pentadecane (540 ± 20 K), and tetradecane (523 ± 10
K).11 In a high-temperature environment, the lower boiling
components evaporate preferentially. The concentration of
high boiling components on the surface increases, creating a
localized superheated environment inside the droplet that
causes bubbles to nucleate, grow, merge, and rupture.36 Sub-

Figure 2. Experimental results: (a) temporal variation of the
normalized D2 and (b) burning rates.

Figure 3. Experimental results: (a) temporal variation of the soot
flame temperature and (b) its time average.
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atmospheric pressure environments significantly increase the
bubble growth rate, resulting in more intense diameter
changes.10 The data shown in Figure 2a were linearly fit to
obtain the burning rates, and the standard deviation of the

repeated measured burning rate is the error, as shown in Figure
2b (each measurement was repeated at least three times). It is
obvious that the burning rate decreases gradually with
decreasing pressure. The combustion rate decreases from

Figure 4. Droplet soot release process captured by a high-speed camera under (a) 1.0 bar; (b) 0.8 bar; (c) 0.6 bar.
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1.236 to 1.015 mm2/s when the ambient pressure decreases
from 1.0 to 0.4 bar. The soot flame temperature measured by
the two-color method is shown in Figure 3a. As droplet
combustion proceeds, especially after entering the flame
reduction stage, the soot flame temperature gradually increases,
and the pressure change has relatively little effect on the soot
flame temperature. This is why the trend of combustion rate
with pressure is the same as the trend of evaporation rate
found in previous studies.11 They are both due to the fact that
although the boiling point of each component decreases with

decreasing pressure thus promoting evaporation, the deterio-
ration of heat transfer due to sub-atmospheric pressure has a
greater effect on the combustion/evaporation rate. The
temperature of Figure 3b is obtained by averaging the data
of Figure 3a with the standard deviation of the error bars. It
can be found that the flame temperature increases slightly with
decreasing pressure. As the pressure dropped from 1.0 to 0.4
bar, the flame temperature increased from 1798 to 1878 K. A
similar phenomenon was found in the study of high-pressure
laminar methane-air diffusion flames.29 In general, the flame
temperature of droplets is determined by the oxidant
concentration, the burning rate, and the radiant heat loss of
the gas and soot in the flame. On the one hand, the low-
pressure environment not only reduces the oxygen molecular
density but also decreases the burning rate of RP-3 droplets as
shown in Figure 2, which will lower the flame temperature.
However, on the other hand, because the low-pressure
environment significantly reduces the soot intensity, the
overall soot radiation loss is reduced, which will increase the
flame temperature. In addition, the enhanced OH* chem-
iluminescence intensity in sub-atmospheric environment found
in previous studies10 also favors the increase of flame
temperature. The balance of these opposite effects led to the
slight increase in flame temperature with decreasing pressure
observed in this experiment.

3.2. Soot Characteristics. 3.2.1. Soot Emission Stage
during Droplet Combustion. The images captured by the
high-speed camera are processed with increased contrast to
allow for clearer observation of the attenuation of the backlight
after it has passed through the soot flame. The processed image

Figure 5. Variation of projected area of soot flame under 0.2−1.0 bar.

Figure 6. Soot characteristics of (a) puffing and (b) sub-droplets (1.0 bar).
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Figure 7. continued
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is shown in Figure 4. The soot flame throughout the droplet
combustion can be divided into three stages: (1) ignition, (2)

stable expansion, and (3) reduction stage. First of all, it is clear
that the ignition process has an impact on the soot emission

Figure 7. Soot concentration distribution of the droplet flame at (a) 1.0 bar, (b) 0.8 bar, (c) 0.6 bar, and (d) 0.4 bar.
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characteristics of the droplets. After the electric wire below the
droplet is removed, the flow field around the droplet changes
to promote the collision between carbon soot particles and the
formation of soot aggregates locally, and the decrease in
pressure significantly inhibits the formation of carbon soot
aggregates as shown in Figure 4. Then the flame began to
continue to expand until 800−1200 ms to reach the maximum
flame area. It is clear that the reduced pressure slows down the
flame expansion rate and the maximum flame area as shown in
Figure 5. This is due to the lower natural convection and lower
soot concentration at low pressure. In addition, the reduced
pressure also seems to result in a more stable flame area as
shown in Figure 5, again probably due to lower convection.
Finally, as the droplet diameter decreases, less fuel vapor is
generated by evaporation and the soot flame area tends to
gradually decrease.
3.2.2. Effect of Puffing on Soot Characteristics. Due to the

multi-component nature of RP-3, the phenomenon of puffing

and generation of sub-droplets is present in the droplet
combustion process. The high-speed camera captured the
droplet puffing and sub-droplet generation as shown in Figure
6. A typical droplet puffing process consists of two main stages:
bubble growth and puffing. First, the bubble grows in diameter
after nucleation in the local superheated environment of the
droplet. As the proportion of bubbles inside the droplet
increases, the overall diameter of the droplet also grows, which
is manifested by a jittering of the droplet D2 curve, as
mentioned in Figure 2a above. According to the d2−law, the
droplet evaporation mass rate is proportional to the diameter.
The growth of droplet diameter brought by bubble growth
increases the vapor mass flow rate. This leads to an increase in
soot production, and higher carbon soot heights are observed
at 1008.3−1054.3 ms in Figure 6a. The height grows until the
droplet diameter reaches its maximum and blowout occurs. At
1054 ms, the droplet is ejected in the direction shown by the
red arrow. The ignition of the ejected vapor disturbs the soot
flame on the side of the jet. The soot formed by the sprayed
vapor rises by natural convection and eventually detaches from
the main body of the soot flame at the top. While the droplet
diameter recovers after the vapor injection, the soot flame
height also recovers to a height close to that before puffing.
Under the action of surface tension, puffing is often

accompanied by the generation of sub-droplets. It is worth
noting that some of the micron-sized sub-droplets produce
carbon soot trails with high carbon soot concentration locally
as shown in Figure 6b. However, this phenomenon rarely
occurs; for example, the sub-droplets ejected upward into the
main flame in Figure 6b do not produce similar soot trails. This
is most likely due to the low oxygen content in the main flame
that inhibits the high-intensity combustion of sub-droplets.
3.2.3. Soot Volume Fraction Distribution. Soot concen-

tration distribution of the droplet flame under different
pressures is shown in Figure 7. The height and area of the
carbon soot flame can be found to increase and then decrease
with the burning of the droplet, which is similar to that
described in the previous section, and it was found that the
decrease in pressure leads to a decrease in the height and an
increase in the width of the soot flame. In the near atmospheric
pressure environment, the soot flame distribution character-
istics are close to the laminar diffusion flame, while the soot
distribution changes significantly as the pressure decreases.
The volume fraction of soot on the flame axis is shown below
the picture in Figure 7. Zero point is defined as the position of
the upper edge of the droplet. The concentration of soot in the
droplet flame tends to increase and then decrease with
increasing height. The height at which soot starts to be
generated on the axis at each pressure is about 4 mm, while
soot appears earlier at the beginning or end of the combustion
period. At the same time, the pressure drop also significantly
reduces the volume fraction of soot in the flame. In order to
quantify this trend, the average value of the soot concentration
on the flame was calculated and the results are displayed in
Figure 8a. After the droplet ignition, the soot concentration
shows a trend of increasing and then decreasing, corresponding
to the (2) stable expansion and (3) reduction stages,
respectively. However, unlike the flame area variation in
Figure 5, the soot concentration reaches a higher level at
ignition at 0.6−1.0 bar, about 70% of the maximum value,
which is significantly higher than the concentration at the end
of droplet combustion. This is mainly due to the fact that at
the beginning of droplet combustion, collisions due to natural

Figure 8. Experimental results: (a) average soot concentration of the
droplet flame and (b) its time average, f v.
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convection raise the soot concentration as shown in Figure 4.
However, the natural convection is significantly suppressed
below 0.4 bar. The overall change in soot concentration at
0.2−0.4 bar pressure is more stable, with soot concentration
close to 0 after ignition. The soot concentration reaches a
maximum in the middle of the droplet combustion history and
then gradually decreases as the droplet diameter decreases,
which is the same trend as the flame area.
The mean of soot concentration ( f v) in Figure 8b is

obtained by averaging the data of Figure 8a with the standard
deviation of the error bars. It can be found that the volume
fraction of soot increases monotonically with increasing
pressure. When the ambient pressure increases from 0.2 to
1.0 bar, the soot volume fraction increases by 2600% from
0.437 to 11.801 ppm. The relationship between f v and P was
fitted in the small window in Figure 8b, and a proportional
relationship between f v and P2.044±0.066 was obtained.
3.2.4. Soot Morphology. Figure 9 shows TEM images of

soot samples produced by RP-3 at 0.3−1.0 bar pressure. It can
be seen that the soot aggregates are irregular in shape and
consist of a number of spherical primary particles that form a
“grape-like” structure. The size of soot particles is relatively
large at 1.0 bar pressure, and the particles are very closely
linked to each other. In addition to simple aggregation between
particles, lamellar connections were also found, as shown by
the red arrow in Figure 9a. At 0.6 and 0.3 bar pressure, the
particle size of soot particles decreased significantly, the
connection between particles was loose, and no lamellar
connection structure between particles was found. This
stronger lamellar linkage structure is likely to play a crucial
role in the formation of the soot particle clusters shown in
Figure 4. It helps form larger and tighter clusters of soot
particles at 1.0 bar. The decrease in pressure results in the
inhibition of this lamellar linkage and prevents the formation of

particle clusters as observed in Section 3.2.1. Soot emissions
depend on the competition between soot formation and soot
oxidation.25 The decrease in pressure also leads to a decrease
in particle diameter, which helps to increase the specific surface
area and oxidation activity of soot particles. Moreover, the
drop in pressure leads to a slight increase in droplet flame
temperature and more OH* generation observed in the
previous study,10 which are considered to be the main
oxidizing agent of soot particles.37,38 The above analysis
shows that the sub-atmospheric environment inhibits the
collision growth of soot particles, while the oxidation process
of soot particles may be facilitated by a higher concentration of
OH*, and under the combined influence of these factors, soot
emissions show an exponential decrease. The size of the
primary particles was determined by applying circular contours
to the primary particles isolated on the TEM images, and the
histogram distribution of the primary particle sizes under the
various pressures is presented in Figure 10. For each pressure,
approximately 200 particles were selected from different soot
aggregates and different parts of the TEM grid to obtain the
average diameter of the primary particles. As shown in Figure
11, the particle size distribution shifts toward a smaller size
range as the pressure decreases, with average primary soot
particles of 48.23, 35.426, 27.096, and 18.718 nm at 1.0, 0.6,
0.4, and 0.3 bar pressures, respectively. The very small size of
soot particles produced by RP-3 single-droplet combustion at
sub-atmospheric pressure is attributed to the fact that soot
particle growth and collisions were suppressed at sub-
atmospheric pressure. Combining the average carbon soot
concentration and average particle size data, the number

density of soot particles can be obtained by = ( )N f D/v
1
6 p

3 .

The results are shown in Figure 11, where the pressure
variation has a small effect on the number density of soot

Figure 9. TEM images of soot agglomerates produced from RP-3 droplets at (a) 1.0 bar; (b) 0.6 bar; (c) 0.3 bar.
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particles. It is revealed that the effect of sub-atmospheric
environment on soot concentration is mainly achieved by
reducing the particle diameter, while the effect on particle
number density can be neglected.

4. CONCLUSIONS
The burning and soot characteristics of RP-3 kerosene were
investigated under different sub-atmospheric pressures. The
following conclusions can be drawn from this study:
The combustion rate decreases from 1.236 to 1.015 mm2/s

when the ambient pressure decreases from 1.0 to 0.4 bar, and
the flame temperature is slightly decreasing with increasing
pressure. Sub-atmospheric pressure environment significantly
inhibits the formation of soot particle clusters during the
ignition of the droplet, which is likely to benefit from the
inhibition of particle lamellar junctions in a sub-atmospheric

environment. The average soot volume fraction in the flame
increases approximately with increasing pressure at 0.2−1.0 bar
with a power of 2.044 ± 0.066. As the pressure decreases from
1.0 to 0.2 bar, the average soot volume fraction decreases
significantly from 11.801 to 0.437 ppm. The analysis shows
that this is mainly due to the fact that the sub-atmospheric
environment not only inhibits the collisional growth of soot
particles but also promotes the oxidation process of soot
particles. The collected soot particles reveal a significant
reduction in particle size under sub-atmospheric pressure with
average primary soot particles of 48.23, 35.43, 27.096, and
18.718 nm at 1.0, 0.6, 0.4, and 0.3 bar pressures, respectively. It
is revealed that the effect of sub-atmospheric environment on
soot concentration is mainly achieved by reducing the particle
diameter, while the effect on particle number density can be
neglected.

Figure 10. Histogram distributions of primary particle size of soot samples under (a) 1.0 bar; (b) 0.6 bar; (c) 0.4 bar; (d) 0.3 bar.
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