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To evaluate the effects of inlet pressure on the ignition process of spray combustion, the images of the ignition process were
recorded and the outlet temperatures were measured under inlet pressure of 0.04–0.16MPa. The initial flame formation and
flame propagation and the effects of the inlet pressure on the initial flame formation were observed. A variation of outlet
temperature, flame propagation, initial time of outlet temperature rise, time of maximum temperature rise, and temperature rise
rate was investigated. With increasing inlet pressure, the time of initial flame formation and time of maximum area growth rate
of flame decrease and the centroid location move radially. The radial distances of the initial flame centroid gradually increased
by about 13%, 5%, 6%, 12%, 57%, and 24%. The trace of flame centroid is determined from the distribution of fuel and is related
to the initial SMD of the atomizer. The maximum temperature rise and temperature rise rate are determined by the rate of
flame chemical reaction, rate of large drop evaporation, and fuel/air ratio. With increasing inlet pressure, the maximum
temperature rise increased by 50%, 58%, 12%, 11%, and −9%, respectively. Meanwhile, the rate of the temperature rise increased
by about 47%, 54%, 11%, 11%, and −7%, respectively.

1. Introduction

Spray combustion devices are widely used in many fields.
The fuel is directly injected into the air flow, and the ignition
is a complex process including the evaporation and blending
of fuels. Therefore, many factors can affect the ignition
performance. These factors have been studied more and
thoroughly in the past few decades [1–9].

The successful ignition of a gas turbine engine includes
three phases [10]: (1) the formation of a flame kernel with
sufficient energy, (2) the generation of a flame from the flame
kernel and propagation of the flame to the entire primary
combustion zone, and (3) the propagation of the flame to
the adjacent no combustion region in the combustion cham-
ber. Continuous shooting of flame images by a high-speed
camera is an effective method to study the ignition process.
Marchione and Mastorakos [11, 12] experimentally studied
the ignition process and ignition characteristics of spray
combustion of n-heptane. The characteristics of the flame

propagating upstream determined the success of the ignition.
Ahmed and Mastorakos [2–4] studied the ignition process of
a methane jet and found that the flame propagated upstream
in the shape of a cylindrical surface after the initial flame ker-
nel was formed. Philip et al. [13] used high-speed imaging to
record the space-time flame structure and studied the
dynamics of the light-round process. Deng et al. [14] experi-
mentally studied the ignition and extinction of nonpremixed
cool flame at elevated pressures in the counterflow and dem-
onstrated the hysteretic nature of ignition and extinction of
cool flames by flame images.

The ambient pressure has been mostly affected on igni-
tion such as fuel atomization [15–20], minimum ignition
energy [21–24], flame kernel propagation speed [25], and
burning velocity [26]. The aero engine generally operates
under a negative pressure at a high altitude, and the ignition
performance is related to engine safety and reliability. When
the altitude is 7000 meters, the ambient pressure will be
reduced to about 0.04MPa. Therefore, the effect of ambient
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pressure on the ignition performance of an aero engine
requires more attention, particularly when the ambient
pressure is negative. Unfortunately, this issue has been
poorly investigated and rarely reported. Keiichi et al.’s
[27] experimental investigation of the ignition performance
at high altitude conditions found that even for the highly
flammable fuel it engenders difficulties related to ignition.
Majcherczyk and Turrini [28] experimentally studied the
influence turbulence length scale and intensity on spark
ignition at high altitude relight conditions. The results
showed that the energy required for flame kernel propagation
is higher than for flame kernel generation. But the ignition
process at the high altitude conditions did not demonstrate
in their research.

In this study, RP-3 kerosene and air were selected as
the fuel and oxidant, respectively. Under an inlet pressure
of 0.04–0.16MPa, the effects of inlet pressure on the
ignition process and the ignition performance of spray
combustion were studied with a high-speed camera and
thermocouple measurement system. The effects of the var-
iation in inlet pressure on the flame development process,
temperature rise time of the combustion chamber exit,
temperature rise, and temperature rise rate as well as the
interactions among them were also analyzed. Moreover,
the primary reasons responsible for the difference in the
ignition process and ignition performance of the combus-
tion chamber induced by the variation in inlet pressure
were investigated.

2. Experiment Description

The test system for the ignition of spray combustion, as
shown in Figure 1, mainly includes a gas supply system, a fuel
supply system, an ignition system, a control system, a rectan-
gular combustion chamber, thermocouples, a high-speed
camera, and a temperature acquisition system.

The main research method of the ignition process
was similar to those used in the previous experiments
[2–4, 11–14]. Nevertheless, the method of the experiment
includes some improvement. The temperature profiles at the
combustion chamber exit were measured by three type K ther-
mocouples (temperature range 0~800°C, permissible error±
2.5°C). The temperature signals were transmitted to the
computer by the acquisition system to record the dynamic
temperature (maximum error±0.5%). Meanwhile, the acqui-
sition system was synchronized with the high-speed camera.

The parameters of the combustion chamber are as fol-
lows: the total length is 455mm, sizes of both the inlet and
outlet are 120mm× 85mm, and the centrifugal nozzle and
spark plug centerline were installed on the same section with
an angle of 14°. Three thermocouples were mounted on the
same section at the outlet of the combustion chamber, and
the axial distance between the thermocouple monitoring
points and spark plug was 250mm. These three thermocou-
ples denoted as TC-1, TC-2, and TC-3 were at 20mm,
42.5mm, and 65mm, respectively, away from the top surface
of the combustion chamber. The air used in the test was

Ignition
plug Nozzle

Pump

Va
lv

e

Pr
es

su
re

ga
ug

e

Tank

PLC

Computer

Computer

Igniter

High-speed
camera

Temperature
data logger

Signal
amplifier

Analogue-to-digital
converter

So
le

no
id

va
lv

e

Trigger
signal

Va
lv

e 1

Vortex
flowmeter

Compressor

Pr
es

su
re

se
ns

or

250
350

85

455

75 50 20
42

.5
65

Combustor

Pressure
(vacuum)
gauge

Water
inlet

Water
outlet

Valve 2

Valve 4

Valve 3

Atmosphere

Vacuum
pump

14°

Figure 1: Test system for the ignition of spray combustion.
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obtained from a single screwed compressor. The air flow rate
and air pressure were measured using a vortex shedding
flowmeter (maximum error± 1%) and a pressure gauge or
vacuum meter (maximum error± 0.5%) in front of the inlet
of the combustion chamber, respectively. The fuel pressure
was simultaneously measured using both the pressure gauges
(maximum error± 0.5%) in front of the solenoid valve and
pressure sensor (response time≤ 1μs) in front of the nozzle.
To ensure the operation synchronicity between the high-
speed camera and temperature acquisition system, the com-
bustion chamber outlet temperature acquisition system was
controlled using an internal trigger, that is, the temperature
acquisition system was triggered by the voltage signal when
the high-speed camera started working. The duration and
frequency of the temperature acquisition were set as 8 s and
1KHz, respectively.

The registration equipment is as follows: a high-speed
CCD camera “IDT Y5” (image format 2336× 1728 pixels,
maximum frame rate 6900 fps), signal acquisition system
“NI PXI-6135” (maximum acquisition frequency 1MHz),
and pressure sensor “PCB-113B26” (response time≤ 1μs).
In addition, the SMD of the fuel spray near the spark plug
was measured under ambient pressure and temperature by
a Malvern laser particle size analyzer. Malvern laser particle
size analyzer “Winner318A” (particle size 4.6~323μm, max-
imum error± 3%). The Malvern laser particle size analyzer is
based on the scattering principle of light to measure particle
size. It is characterized by wide dynamic range, rapid mea-
surement, and convenient operation, especially suitable for
measuring the liquid droplets with a wide range of particle
size distribution. Similar to this, particle tracking velocimetry
(PTV), laser Doppler velocimeter (LDV), and phase Doppler
particle analyzer (PDPA) can also measure the particle size of
the fuel spray. However, the distribution of particle size near
the spark plug is the most concerned in the ignition [1, 5, 10].
The advantage of a Malvern laser particle size analyzer is that
the distribution of particle size in the space of the laser beam
near the spark plug can be more rapid and easier obtained. So
we choose the Malvern laser particle size analyzer as the
device for measuring the diameter of the fuel spray.

The shooting definition of the high-speed camera is
1680× 1128 (1000 fps), and the size of the shooting window
size was 75mm× 50mm. To coordinate the fuel supply sys-
tem with the ignition system, a programmable logic control-
ler (PLC) was used for active control so that the fuel supply
system and ignition system started at the same time and
stopped after 3 s. The start/stop time of the fuel supply sys-
tem and ignition system was acquired as a voltage signal
using a computer. The fuel injection time of the nozzle was
obtained using the pressure sensor in front of the nozzle,
and the spark plug discharging time was obtained from the
images recorded by the high-speed camera. Figure 2 shows
the time sequence of ignition, in which topen is the start time
of the fuel supply system and ignition system, tclose is the stop
time of the fuel supply system and ignition system, Δtw is the
operation duration of the fuel supply system and ignition sys-
tem, t f is the fuel injection time of the nozzle, tig is the spark
plug discharging time, tend is the stop time of the data acqui-
sition, tstart is the initial time when the temperature rise of

thermocouple can be observed, tmax is the time when the
thermocouple temperature reached the maximum, Δtig is
the time difference between the data acquisition and spark
plug discharging, Δtstart is the interval between the initial
time of thermocouple temperature rise and the spark plug
discharging time, Δtmax is the interval between the time when
the thermocouple temperature reaches the maximum and
the spark plug discharging time, Δt f is the interval between
the start time of the fuel supply system and ignition system
and the fuel injection time of the nozzle, and Δtp is the inter-
val between the start time of the fuel supply system and igni-
tion system and the spark plug discharging time. Among
these, Δt f is related to the injection pressure difference across
the nozzle ΔPL, and Δtp is irrelevant to the external factors.
Based on the statistics of the test results, when ΔPL = 0 8M
Pa, Δtf = 0.346± 0.001 s, and Δtp = 0.82± 0.001 s, that is, after
the fuel supply system and ignition system were opened,
the fuel injection of the nozzle was 0.474 s ahead of spark
plug discharging.

The test parameters were determined by the ignition con-
ditions of the medium and small helicopter engines. RP-3
kerosene was used as the fuel in the test, in which the fuel
properties are described in Table 1. The inlet air flow velocity
of the combustion chamber was set as V=8m/s (reference
the flow rate and area of the inlet), the ignition energy was
set as E = 0 4 J, the ignition frequency was set as f = 2Hz,
and the injection pressure difference across the nozzle was
set as ΔPL = 0 8MPa. The inlet pressure of the combustion
chamber was set as Pt3 = 0 04MPa, 0.06MPa, 0.08MPa,
0.1MPa, 1.2MPa, 1.4MPa, and 1.6MPa. Under a quiet
atmosphere, when ΔPL = 0 8MPa, the spray cone angle was
52°, and the mass flow rate was mf = 1 48 g/s.

In the ignition tests under standard atmosphere and high
pressure, valve 3 was shut, and valve 4 was opened first.
When the compressor started supplying air, valves 1 and 2
were adjusted simultaneously. When the inlet flow rate and
pressure of the combustion chamber reached the desired
operating point, the ignition test was started. In the low-
pressure test, valve 4 was shut first, and valves 2 and 3 were
opened. When the compressor and vacuum pump started
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working, valves 1 and 3 were adjusted simultaneously. When
the inlet flow rate and pressure of the combustion chamber
reached the desired operating point, the ignition test was
started. Besides, to prevent the damage of the vacuum pump
by the high-temperature gas generated by the combustion in
the combustion chamber, the chamber connected to the out-
let of the combustion chamber should be cooled via water
injection. The high temperature in the combustion chamber
after the combustion would affect the following test. To avoid
such an effect, cooling blowing was carried out for 5–10min
to cool the combustion chamber after each test, and the next
test was carried out when the thermocouple temperature
became stable and reached the ambient temperature.

3. Results and Discussion

In the ignition test, the flame development process was
recorded by the high-speed camera. Then, threshold seg-
mentation of the images was conducted for extracting
and analyzing the flame outline. The program was com-
piled using MATLAB. A proper threshold value led to
an accurate segmentation of the flame pattern, and, simulta-
neously, the shape and size of the flame were maintained.
Particularly, when the heat yielding intensity of the flame
was relatively low, the illumination of the flame in the
original image was too low to recognize the details of the
flame. After the threshold segmentation, the details can be
observed as shown in Figure 3. The threshold value for the
image segmentation was determined using Otsu’s method.
Different images were selected based on the flame develop-
ment speed under different operating conditions. When
Pt3 = 0.04–0.16MPa, the images at t=1–20ms, t=1–20ms,
t=1–17ms, t=1–17ms, t=1–17ms, t=1–17ms, and t=
1–15ms were selected, respectively, where t = 1ms is the
spark plug discharging time.

Figure 3 shows that the images at Pt3 = 0 04 MPa repre-
sent the ignition failure conditions. When the discharging
of the spark plug is completed, the initial flame kernel was
formed by a rapid reaction of the spark with the combustible
gas around the spark plug. The initial flame released heat for
enhancing the fuel evaporation and improving the rate of
reaction heat release. At the same time, the heat was released
in the air. Thus, the flame kernel gradually shrank at first, and
the illumination decreased gradually. A low inlet pressure
decreases the chemical reaction rate, and therefore the reac-
tive heat release of flame kernel is low. When the reactive
heat release could not sustain fuel evaporation for maintain-
ing the development of a flame kernel, the flame kernel
moved downstream with air flow and eventually extin-
guished. The remaining successful ignition images have the
same feature, that is, when the initial flame kernel was
formed around the spark plug, the flame kernel shrank, and

the illumination decreased gradually at first. Then, at a cer-
tain position around the spark plug, the flame kernel grew,
and the illumination gradually increased. Finally, a stable
flame was formed at this location and propagated axially
and radially in the combustion chamber. With the increase
in inlet pressure, the initial flame kernel moved downwards
in the combustion chamber in the development process,
and the development speed of the flame was accelerated.
Thus, the illumination was enhanced simultaneously with
the development of the flame.

During combustion, the variation in the flame area is
closely interrelated to the flame propagation speed. Gener-
ally, in the flame propagation process, the flame area gradu-
ally increases, corresponding to a persistent increase in the
highlighted zone in the image. Because a digital image is
composed of many pixels with identical areas, the area can
be derived by first separating the target object by the binary
processing of the image and then counting the total number
of pixels of the target object in image processing, and the
equation can be expressed as follows:

S = SI ×〠Ii, 1

where S is the total area of the target object, SI is the area of a
single pixel, and Ii is the number of pixels in the flame zone.
The change rate of the flame area reflects the variation rate of
the flame area. The image at the first frame represents the
condition when the ignition plug struck the light (t = 1ms),
and the formula for the change rate can be expressed
as follows:

ΔS
Si

= Si+1 − Si
Si

, 2

where ΔS/Si is the growth rate of the flame area, Si is the
flame area in the image at the ith frame, and Si+1 is the flame
area in the image of the i + 1 th frame.

Figure 4 shows that the trends of the flame areas in the
ignition process are consistent. After the discharge of the
spark plug, the area of the initial flame kernel first decreased,
but the decrease gradually slowed down in the development
process. After the initial flame was formed, the flame area
grew, and the growth rate of the flame area rapidly increased
to the maximum. Finally, although the flame area continued
growing, the growth rate of the flame area decreased and
became stable. When Pt3 = 0.04MPa, after the discharge of
the spark plug, the development of the initial flame kernel
lasted for 5ms, and the growth rate of the flame area
increased from −0.87 to −0.08. A positive growth started
from 6ms at a growth rate of 0.09. Subsequently, the flame
area grew slowly, and the growth rate of flame area reached
the maximum of 0.59 at 12ms.

Table 1: Fuel properties.

Fuel Specific gravity at 20°C
Viscosity (mm2/s) 10% boil-off 50% boil-off 100% boil-off

At −20°C At 20°C Temperature (°C) Temperature (°C) Temperature (°C)

RP-3 0.83 8.0 1.25 205 232 300
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Figure 3: Flame development process with different inlet pressure. (a) Images recorded by a high-speed camera and (b) graphs done with
threshold segmentation method.
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Finally, the growth rate of the flame area decreased rap-
idly and reached −0.19 at 16ms. The results show that the
flame released more heat to ambient air flow than the heat
generated from the reaction. Therefore, the flame was extin-
guished eventually, that is, the ignition failed. When Pt3 =
0 06MPa, after the discharge of the spark plug, the develop-
ment of the initial flame kernel lasted for 4ms, and the
growth rate of the flame area increased from −0.84 to
−0.06. A positive growth started from 5ms at a growth rate
of 0.08. Subsequently, the flame area grew slowly, and the
growth rate of the flame area reached the maximum of 1.12
at 10ms. Finally, the growth rate of the flame area decreased
rapidly and reached 0.008. When Pt3 = 0.08–0.16MPa, the
development of the initial flame kernel lasted for 3ms, and
the initial flame kernel evolved into the initial flame at
4ms. The initial flame area grew rapidly, and the times
required for the area growth rate reaching the maximum
were 9ms, 9ms, 9ms, 8ms, and 6ms, whereas the maxima
were 1.28, 1.32, 1.41, 1.69, and 1.82. Therefore, with the
increase in inlet pressure, the maximum growth rate of the
flame area increased. When Pt3 ≥ 0 14MPa, the time when
the growth rate of the flame area occurred shifted to the ear-
lier time. Moreover, when Pt3 = 0 16MPa, the initial flame
kernel shrank significantly in the development process, and
the area growth rate varied from −0.88 to −0.38.

Based on the variation of growth rate of the flame area as
shown in Figure 4, the ignition process can be divided into
the following three phases: (1) formation phase of the initial
flame. The period before the growth rate of the area became
positive. In this phase, the heat released by the initial flame
kernel was mainly used for fuel evaporation, thus accelerat-
ing the chemical reaction rate. (2) High-speed development
phase of flame, the period between the growth rates of the
area became positive and reached the maximum. In this
phase, after the initial flame was formed, the increased inten-
sity of heat release increased the fuel evaporation rate, and

the increase in the fuel evaporation rate further strengthened
the heat release of flame. Under the action of this positive
feedback, the chemical reaction rate of the flame increased
rapidly, exhibiting a rapid growth of the flame area. (3) Stable
development phase of the flame, it is the period when the
growth rate of the flame area started to decrease. In this
phase, small drops rapidly evaporated to participate in com-
bustion, and large drops continually evaporated to partici-
pate in combustion, leading to a gradual increase in the
flame area at a declining growth rate.

The centroid is the geometrical center of an object. In this
study, the concept of the centroid was introduced and
applied to flame image processing, and the propagation
direction of the flame was determined from the motion trace
of the flame centroid in the image. The centroid of a binary
image can be written as follows:

x = 1
n
〠xi,

y = 1
n
〠yi,

3

where x and y are the horizontal and vertical coordinates of
the centroid, xi and yi are the horizontal and vertical coordi-
nates of the pixel in the flame zone, and n is the number of
pixels in the flame zone.

Relative coordinates are used in the image processing of a
centroid, that is, the centroid location of the spark when the
spark plug discharged under each operating condition was
regarded as the origin of coordinates. The axial direction
along the combustion chamber downstream and the radial
direction along the bottom wall were denoted as the X and
Y directions, respectively. As shown in Figure 5, the motion
distance of the initial flame kernel near the ignition plug is
small, and the centroid coordinates of the initial flame are
12.9, 2.77; 4.37, 3.13; 3.85, 3.3; 3.47, 3.51; 3.32, 3.95; 2.75,

Pt3 = 0.04 MPa
Pt3 = 0.06 MPa

Pt3 = 0.08 MPa

0
−1.0
−0.8
−0.6
−0.4
−0.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

1 2 3 4 5 6 7 8 9 10

∆S
/S

11 12 13 14 15 16 17 18 19 20
∆tig (ms)

(a)

−1.0
−0.8
−0.6
−0.4
−0.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

∆S
/S

0 1 2 3 4 5 6 7 8 9 10
∆tig (ms)

11 12 13 14 15 16 17

Pt3 = 0.1 MPa
Pt3 = 0.12 MPa

Pt3 = 0.14 MPa
Pt3 = 0.16 MPa

(b)

Figure 4: Effect of inlet pressure on the growth rate of the flame area. (a) Pt3 = 0.04–0.08MPa and (b) Pt3 = 0.1–0.16MPa.
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6.2; and 2.55, 7.7. After the initial flame was formed, as the
inlet pressure increased, the flame centroid propagated radi-
ally farther in the combustion chamber. When Pt3 < 0 14M
Pa, after the initial flame was formed, the flame centroid
propagated rapidly along the axial direction of the combus-
tion chamber downstream. When the growth rate of the
area reached the maximum, the radial propagation of the
flame centroid started to increase. When Pt3 ≥ 0 14MPa,
the propagation trend of the flame centroid is opposite
to the condition when Pt3 < 0 14MPa, and the flame centroid
coordinates when the growth rate of area reached the maxi-
mum are 31.05, 8.96; 18.95, 6.65; 21.9, 8.13; 21.95, 8.47;
17.1, 9.35; 9.06, 11.39; and 7.33, 13.76. Moreover, as shown
in the image when the ignition succeeded in the combustion
chamber, after the initial flame was formed, the flame propa-
gation accelerated, leading to the axial and radial motions of
the flame centroid towards the combustion chamber down-
stream. When the centroid propagated to a certain location,
the propagation speed of the flame was higher than air flow
velocity, and thus the recirculation of flame to combustion
chamber upstream appeared, causing the flame centroid to
move towards the combustion chamber upstream. When
Pt3 = 0.06–0.16MPa, the recirculation time of the flame
centroid occurred at 17ms, 15ms, 14ms, 14ms, 13ms, and
12ms after the discharge of the spark plug, and the coordi-
nates of the centroid recirculation points are 38.71, 14.96;
37.7, 16.33; 36.97, 15.87; 36.6, 17.09; 36.05, 17.97; and
35.85, 19.15, respectively. Hence, as the inlet pressure
increased, the time when the recirculation of the flame
centroid appeared and the axial motion distance towards
the combustion chamber downstream was reduced. When
Pt3 = 0 04MPa, no circulation of the flame centroid was
observed. The flame centroid moved towards the combustion
chamber downstream with air flow and eventually disap-
peared at the edge of the shooting window. This shows that

no sufficiently developed flame was established in the com-
bustion chamber, and the ignition failed.

For the thermocouples located at the combustion cham-
ber exit, the starting time of temperature rise and time of
maximum temperature rise are defined as the lag between
the spark plug discharging time and starting time of the tem-
perature rise of thermocouple and the lag between the spark
plug discharging time and time when the thermocouple tem-
perature reached the maximum. Figure 6 shows that as the
inlet pressure increased, the starting time of the temperature
rise of the thermocouples at the combustion chamber exit
gradually decreased. The starting time of the temperature rise
of TC-1 is always the smallest and that of TC-3 is the largest.
The starting time of the temperature rise of TC-1 decreased
from 0.499 to 0.286, that of TC-2 decreased from 0.539
to 0.29, and that of TC-3 decreased from 0.624 to 0.303.
Moreover, as the inlet pressure increased, the difference
in the starting time of the temperature rise of TC-1 to TC-3
gradually decreased; particularly when Pt3 ≥ 0 12MPa, the
difference decreased significantly. When Pt3 = 0 04MPa,
because the ignition failed in the combustion chamber, the
flame rapidly moved downstream with air flow, and the time
of maximum temperature rise at the combustion chamber
exit was relatively small. Effect of inlet pressure on the time
of temperature rise at the combustion chamber exit is shown
in Figure 7. When Pt3 ≥ 0 06MPa, the times of the maximum
temperature rise of all the thermocouples at the combustion
chamber exit were approximately 3 s. Nevertheless, the times
of the maximum temperature rise of these three thermocou-
ples varied slightly. Among them, the time of the maximum
temperature rise of TC-1 varied most significantly, whereas
those of TC-2 and TC-3 increased slightly (specifically, that
of TC-2 increased from 3.026 s to 3.051 s and that of TC-3
increased from 2.929 s to 2.982 s). When Pt3= 0.06–0.12MPa,
the time of the maximum temperature rise of TC-1 slightly
decreased from 3.085 s to 3.045 s; when Pt3 = 0.12–0.16MPa,
the time of the maximum temperature rise of TC-1 decreased
more significantly, from 3.045 s to 2.871 s.

The temperature rise and rate of temperature rise at the
combustion chamber exit reflect the degree of flame temper-
ature increase and rate of heat release of flame combustion;
both are the key parameters responsible for successful igni-
tion in the combustion chamber. Figure 8 shows that the
curves of temperature rise and rate of temperature rise at
the combustion chamber exit have identical trends. Regardless
of the change in inlet pressure, the temperature rise and rate of
temperature rise of TC-1 are the largest, and those of TC-3 are
the smallest. However, as the inlet pressure increased, the
difference in the trend significantly varied among the thermo-
couples. When Pt3 = 0 04MPa, the maximum temperature
increase and rate of temperature rise at the combustion
chamber exit were only 12.8°C and 11.98K/s, respectively,
indicating ignition failure in the combustion chamber.
When Pt3 = 0.6–0.08MPa, the temperature rise and rate of
temperature rise of TC-1 increased slowly from 148.4°C to
231.6°C and from 55.64K/s to 85.74K/s, respectively. When
Pt3 = 0.08–0.1MPa, the temperature rise and rate of temper-
ature rise of TC-1 increased rapidly from 231.6°C to
448.8°C and from 85.74K/s to 164.69K/s, respectively.
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Figure 5: Effect of inlet pressure on the flame propagation trace of
the flame centroid.
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When Pt3 = 0.1–0.14MPa, the increase in the temperature
rise and rate of temperature rise of TC-1 increased slowly,
from 448.8°C to 505.4°C and from 164.69K/s to 186.77K/s,
respectively. When Pt3 =0.1–0.14MPa, the temperature rise
and rate of temperature rise of TC-1 started to decrease,
from 505.4°C to 448.8°C and from 186.77K/s to 173.6K/s,
respectively. When Pt3 = 0.06–0.14MPa, the temperature
rise and rate of temperature rise of TC-2 increased rapidly
from 134.4°C to 484.2°C and from 51.97K/s to 176.39K/s,
respectively. When Pt3 = 0.14–0.16MPa, the temperature
rise and rate of temperature rise of TC-2 decreased from
484.2°C to 427.1°C and from 176.39K/s to 154.69K/s,
respectively. When Pt3 = 0.06–0.1MPa, the temperature

rise and rate of temperature rise of TC-3 increased slowly
from 121.4°C to 203.9°C and from 49.77K/s to 78.93K/s,
respectively. When Pt3 = 0.1–0.16MPa, the temperature
rise and rate of temperature rise of TC-3 increased
slightly from 212.6°C to 216.9°C and from 78.93K/s to
80.96K/s, respectively.

Through the abovementioned description of the effects of
inlet pressure on the ignition process in the combustion
chamber, either the trends of the growth rate of flame area
and centroid location or the temperature value, rate of tem-
perature rise, and starting time of temperature rise on radial
direction at the combustion chamber are not isolated; all
these parameters are interconnected. For example, the fuel/
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Figure 6: Temperature profiles at the combustion chamber exit. (a) TC-1 thermocouple, (b) TC-2 thermocouple, and (c) TC-3 thermocouple.
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air ratio of the combustible mixed gas in the combustion
chamber and the heat release rate of the flame determine
the maximum temperature rise and rate of temperature rise
at the combustion chamber exit. The distribution of fuel
and air in the combustion chamber determines the tempera-
ture distribution at the combustion chamber exit. All these
are related to the fuel evaporation rate and chemical reaction
rate of combustion. Besides, in the formation phase of the
initial flame, the initial atomization quality of the nozzle
and chemical reaction rate of the initial flame kernel directly
affected the formation time of the initial flame and centroid
location, thus further affecting the starting time of tempera-
ture rise at the combustion chamber exit. In the high-speed

development phase of the flame, the fuel evaporation rate,
combustion chemical reaction rate, and distribution of fuel
and air affected the motion trace of centroid and growth rate
of the flame area in the flame development process. In the
stable development phase of the flame, the number and the
size of large drops affected the growth rate of the flame area
and time of the maximum temperature rise at the combus-
tion chamber exit. Therefore, the influence of inlet pressure
on the atomization quality of the nozzle and combustion
chemical reaction rate is the main reason for the difference
in the ignition process in the combustion chamber.

The effect of ambient pressure on the atomization of
pressure-swirl atomizer was discovered long ago by relevant
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scholars, and many researches have extensively investigated
this issue. The results show that [15–20] when the ambient
pressure is higher than the standard atmospheric pressure
(Pa = 0.1–0.4MPa), the SMD at the exit of the pressure-
swirl atomizer increased with ambient pressure, and the
spray cone angle gradually decreased. The relationship
between SMD and ambient pressure and that between SMD
and air density can be expressed as SMD≈Pa

0.27 and
SMD≈ρa

0.126, respectively. When the ambient pressure was
lower than the standard atmosphere (Pa = 0.04–0.1MPa),
the SMD at the exit of the pressure-swirl atomizer decreased
with ambient pressure, and the relationship between SMD
and air density can be expressed as SMD≈ρa

0.121.
Before the ignition test in the combustion chamber, the

atomization performances of the pressure-swirl atomizer
under ambient temperature and standard pressure were
investigated using a Malvern laser particle size analyzer.
The values of SMD were measured at various distance from
the pressure-swirl atomizer: 5mm, 15mm, and 30mm.
When ΔPL = 0.8MPa, the values of SMD were 48.83μm,
36.57μm, and 37.06μm, respectively. Considering the calcu-
lated results using the formulas for the nozzle SMD proposed
by Hiroyasu et al. and Wang et al. as the reference [16, 17],
the difference between the present result and that obtained
using Xishi Wang’s formula is only 2.62μm, as shown in
Figure 9. Irrespective of the calculation method used, the ini-
tial SMD of the nozzle increased with the increase in ambient
pressure. Considering the SMD under standard atmosphere
as the base, the maximum decrease rate and maximum
increase rate are 10% and 6%, respectively.

As the inlet pressure increased, the SMD at the nozzle
outlet gradually increased, that is, the size and quantity of
large drops at the nozzle outlet gradually increased, whereas
the quantity of small drops decreased. The penetration depth
of small drops at the nozzle outlet was small; therefore, the
small drops moved downstream towards the combustion

chamber. These small drops were located around the top of
the combustion chamber. These small drops evaporated fas-
ter; therefore, they mixed with the air flow around the spark
plug and formed a mixed gas that was suitable for ignition.
Moreover, as the quantity of small drops increased, the local
fuel/air ratio near the spark plug gradually increased and
approached the stoichiometric ratio. This contributed to the
increase in the chemical reaction rate of the initial flame ker-
nel. However, the large drops at the nozzle outlet penetrated
strongly and did not move downstream towards the combus-
tion chamber with air flow but continued to move radially in
the combustion chamber. They were broken into many
smaller drops in the relative motion with air flow and mixed
with the air flow. As the size of drops increased, the breakup
length increased. Therefore, as the size of drops and quantity
of large drops increased, the distribution of fuel and air in the
combustion chamber gradually developed along the radial
direction in the combustion chamber. Besides, with the
increase in the quantity of the initial large drops and size of
the drops of the nozzle, owing to the low evaporation rate
of large drops, the fuel/air ratio near the spark plug
decreased, hindering the increase in the chemical reaction
rate of the initial flame kernel. Moreover, the chemical reac-
tion rate ν∝ Pa

n (n is the order of reaction), that is, the
chemical reaction rate increased with inlet pressure.

In the formation phase of the initial flame, when
Pt3 = 0.04–0.06MPa, the initial SMD of the nozzle was low,
but a decrease in inlet pressure decreased the chemical
reaction rate of the initial flame kernel and further resulted
in the long formation time of the initial flame. When
Pt3 = 0.08–0.16MPa, the initial SMD of the nozzle gradually
increased, and the increase in both the drop size and quantity
of large drops led to an increase in the penetration depth and
crumbling distance of drop, inducing a radial deviation of the
centroid coordinates of the initial flame in the combustion
chamber. Particularly when Pt3 ≥ 0 14MPa, this deviation
was significant. Because the formation time of the initial
flame was the time when the combustion heat release started
to increase, the formation time of the initial flame deter-
mined the starting time of the temperature rise of the ther-
mocouples at the combustion chamber exit. The formation
location of the initial flame determined the difference in the
starting times of the thermocouples located at different radial
positions of the combustion chamber exit. When Pt3 = 0.04–
0.06MPa, the formation time of the initial flame was rela-
tively long; therefore, the starting times of the temperature
rise of the thermocouples located at the combustion chamber
exit were relatively large. When Pt3 = 0.08–0.16MPa, the
initial flame was formed at 3-4ms after the spark plug was
discharged; however, based on the curve of the starting time
of the temperature rise at the combustion chamber exit, it can
be derived that the formation time of the initial flame gradu-
ally shortened. Moreover, when Pt3 = 0.14–0.16MPa, the
centroid of the initial flame distinctly moved along the radial
direction in the combustion chamber, and therefore the start-
ing time of the temperature rise of TC-2 and TC-3 gradually
approached to that of TC-1. Hence, in the formation phase of
the initial flame, the effect of inlet pressure on the chemical
reaction rate is the main factor affecting the formation time
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of the initial flame, and the variation in SMD at the nozzle
outlet is the main factor accounting for the difference in the
formation location of the initial flame.

In the high-speed development phase of the flame, the
increase in inlet pressure accelerated the chemical reaction
rate of the flame, so the heat release rate of the flame would
increase. On the one hand, the viscosity of fuel decreases
when the temperature raises (as shown in Table 1), and the
low viscosity has better atomization performance [5]. On
the other hand, the evaporation rate of the fuel increased
rapidly when the temperature raises (as shown in Table 1).
The burning rate and heat release rate of the flame would
be accelerated by their promotion. Thus, as the inlet pressure
increases, the maximum growth rate of the flame area
gradually increases, and the time for reaching the maximum
gradually decreases. The development of the flame is closed
related to the distribution of the fuel and air in the combus-
tion chamber. As the inlet pressure increased, both the
quantity and size of large drops at the nozzle exit gradually
increased, and the penetration depth and crumbling distance
of large drops also increased. The distribution of the fuel and
air that was more suitable for combustion radially moved
towards the combustion chamber. This led to a decrease in
the axial distance between the centroid of the flame and
combustion chamber downstream, while increasing the
related radial distance. Thus, in the high-speed development
phase of the flame, the effect of inlet pressure on the
chemical reaction rate is the main factor affecting the devel-
opment speed of the flame, and the variation of SMD at the
nozzle exit is the main factor affecting the development
direction of the flame.

In the stable development phase, the small drops follow-
ing the motion of air flow rapidly evaporated to participate in
combustion, whereas the large drops continually underwent
evaporation and combustion. All these phenomena deter-
mined the maximum temperature, rate of temperature rise,
and time of the maximum temperature rise. When Pt3 ≤
0 14MPa, the increase in inlet pressure accelerated the chem-
ical reaction rate of the flame, promoted the evaporation rate
of relatively large fuel particles following the motion of air
flow, and enhanced the temperature and rate of temperature
rise at the combustion chamber exit. When Pt3 = 0 16MPa,
the increase in inlet pressure caused an increase in the air
density. Although the chemical reaction of flame was acceler-
ated by inlet pressure, the total fuel/air ratio in the combus-
tion chamber significantly decreased, leading to a decrease
in the temperature and rate of temperature rise. When
Pt3 = 0.06–0.16MPa, a gradual increase in the quantity and
size of large drops at the nozzle exit caused a gradual radial
movement of relatively large drops following the motion of
air flow towards the combustion chamber. Thus, the time
of the maximum temperature rise of TC-1 at the combustion
chamber exit decreased, whereas those of TC-2 and TC-3
increased. Moreover, when Pt3 < 0 14MPa, an increase in
the temperature in the combustion chamber accelerated the
evaporation of fuel particles at the nozzle outlet. Some
large fuel particles shrank during the radial movement
towards the combustion chamber, moved towards the com-
bustion chamber downstream with air flow, and then

continued evaporation and participated in combustion,
accelerating the radial movement of the centroid of the flame
towards the combustion chamber. When Pt3 ≥ 0 14MPa,
some large fuel particles at the nozzle exit quickly evaporated
and moved with air flow towards the combustion chamber
downstream, and thus a mixed gas suitable for flame devel-
opment was formed along the axial direction of the combus-
tion chamber, accelerating the axial movement of the
centroid of the flame towards the combustion chamber
downstream. Moreover, Figure 8 shows that the maximum
temperature rise and rate of temperature rise of TC-3
increased slowly with inlet pressure. This is because as the
temperature in the combustion chamber increased, the evap-
oration of fuel particles at the nozzle exit accelerated, and the
large fuel particles gradually shrank in the radial movement
towards the combustion chamber. Thus, the penetration
depth decreased, and relatively less fuel reached the relatively
lower part of the combustion chamber. Accordingly, the
fuel/air ratio in the relatively lower part of the combustion
chamber was low, and the combustion temperature was low
without a significant increase. Hence, in the stable develop-
ment phase of the flame, the effect of inlet pressure on the
chemical reaction rate is the main factor affecting the temper-
ature rise and rate of temperature rise at the combustion
chamber exit, whereas the variation in SMD at the nozzle exit
is the main factor affecting the time of maximum tempera-
ture rise at the combustion chamber exit and development
direction of the centroid of the flame.

4. Conclusions

Under the inlet pressure condition Pt3 = 0.04–0.16MPa, the
effects of inlet pressure on the ignition process of the com-
bustion chamber were experimentally investigated in this
study. Based on the growth rate of the flame area, the ignition
process in the combustion chamber can be divided into three
phases: (i) the formation phase of the initial flame, (ii) the
high-speed development phase of the flame, and (iii) the sta-
ble development phase of the flame. As the inlet pressure
increases, the time of the formation of the initial flame and
growth rate of the flame area gradually decreases, and the
centroid gradually moves radially towards the combustion
chamber. The radial distances of the initial flame centroid
gradually increased about 13%, 5%, 6%, 12%, 57%, and
24%. Besides, the formation time and location of the initial
flame determine the starting time of the temperature rise of
the thermocouples located at the combustion chamber exit
and the difference in the starting times of the temperature
rise of the thermocouples located at different radial positions.
When Pt3 = 0.04–0.14MPa, before the growth rate of the
flame area reaches the maximum, the centroid of the flame
significantly moves towards the combustion chamber
downstream. When the growth rate of the flame area
reaches the maximum, the radial development of the cen-
troid of the flame towards the combustion chamber is
strengthened. When Pt3 = 0.14–0.16MPa, the centroid of
the flame moves exactly in the direction opposite to that
previously mentioned. After a successful ignition in the com-
bustion chamber, the centroid of the flame first develops
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towards the combustion chamber downstream for some time
and then moves towards the combustion chamber upstream.
Moreover, the time of the centroid circulation of the flame
gradually decreases as the inlet pressure increases. The start-
ing time of temperature rise at the combustion chamber exit
decreases as the inlet pressure increases. Moreover, that of
TC-1 is the smallest and that of TC-3 is the largest in all
the cases. When Pt3 = 0.06–0.16MPa, the time of the maxi-
mum temperature rise of TC-1 at the combustion chamber
exit gradually decreases, whereas those of TC-2 and TC-3
gradually increases. Under the condition of successful igni-
tion (Pt3 = 0.06–0.16MPa), as the inlet pressure increases,
the maximum temperature rise increased by about 50%,
58%, 12%, 11%, and −9%, respectively. Meanwhile, the rate
of temperature rise increased by about 47%, 54%, 11%,
11%, and −7%, respectively. Thus, the maximum tempera-
ture rise and temperature rise rate are determined by rate of
the flame chemical reaction, rate of large drop evaporation,
and fuel/air ratio. The research results would provide exper-
imental data for using torch indirect ignition mode such as
aero engines and burners, especially under negative pressure
conditions. The influence of ambient pressure on flame prop-
agation and temperature distribution at the exit could help
them to optimize the structure for improving the success rate
of ignition. In addition, the research results could also pro-
vide reference for direct ignition of nonswirling burners.
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