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In this work, a pre-chamber ignition system is used to initiate the ignition in a premixed
oblique-injected annular combustor. Although the introduction of the oblique-injecting
burner in the gas turbine improved the gyratory flow motion and flow interactions during
ignition within the annular combustor chamber, the flame propagation on both sides of the
combustor remains asymmetrical. Hence, a pre-chamber ignitor is integrated into the
oblique-injecting annular combustor to enhance the light-round process and ignition
characteristics. The experimental results obtained by the visualization process through
the high-speed camera are compared to the straight-injecting annular combustor under
the same operating conditions. The test is carried out using different equivalence ratios and
thermal power. Compared to the spark electrode ignitor, the jets issued from the pre-
chamber enhanced the burning rate on both sides of the combustor, making the flame
propagation process more symmetrical. The pre-chamber exhibits significant
effectiveness in rapidly forming flames in lean mixtures in two different combustor
types, making it the optimal solution for various operating conditions.
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INTRODUCTION

The ignition process is a critical aspect of aircraft engine design, requiring careful consideration to ensure
reliable performances under different scenarios and challenging conditions, including cold weather and
re-ignition at high altitudes. Typically, the ignition process is initiated by two spark electrodes mounted
circumferentially within the annular combustor. The initial flame kernel is generated as energy is
discharged through these electrodes. Then, it ignites the nearest burner in the combustor, leading to the
propagation of the flame throughout the entire combustor [1]. Further insights into the ignition dynamics
in annular combustors can be found in [2, 3]. Aero engines typically feature an annular-shaped
combustor fitted with multiple swirl burners. Depending on the flow direction, combustors are
classified into straight-flow combustors and reverse-flow combustors [4].

Aero-engine manufacturers and researchers strongly focus on developing and producing new
burners for annular combustors. However, any improvements in combustor design or the
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introduction of new burner types must be carefully accompanied
by studies of the ignition process and assessments of ignition
success. Some researchers have investigated the effects of varying
the number of burners and their spacing on the ignition process
within annular combustors [5]. In contrast, others have examined
how the burner angle influences combustor performance [6]. The
swirl burner is widely used in various combustion systems [7, 8].
It generates a controlled recirculation flow in the combustion
zone. This swirl-induced recirculation enhances the mixing
process and increases the residence time of the reactants,
improving combustion efficiency and stability [9].

The light-round process in annular combustors describes the
flame propagation patterns from the moment of ignition to the
merging of flames in the two branches of the annular combustor.
Bourgouin et al. [10] introduced a scaled annular combustor,
named MICCA, at the EMC2 laboratory. This combustor,
equipped with sixteen swirl burners, was specifically designed
to study the light-round process. Although this combustor’s
thermal power is limited, it effectively simulates actual aero
engines, such as those found in helicopter arrangements,
providing turbulent combustion characteristics similar to those
in real engines [11, 12]. Machover and Mastorakos [13] studied
the flame spread through burners in an annular combustor of
12 or 18 premixed burners arrangement. The experimental results
indicated that increasing the number of swirl burners or bulk
velocity increases light round speed. In addition, reducing the gap
between adjacent swirl burners has a lower impact on the light
round speed. Using non-premixed reactants [14], the results
indicated that the burner-to-burner propagation limits
increased as the number of burners increased. The partially
premixed burner is also used in many combustion applications
[15]. Barakat et al. [16] proposed a double swirl burner with a
partially premixed combustion strategy, which was later studied
and integrated into the annular combustor [17–19].

The oblique-injecting burner proposed by Wang et al. [4]
enhances the ignition process by creating a gyratory flow motion
in the annular combustor. One of the advantages of the oblique
burner is that it increases the exchange of combustion products in
the propagated flame between the adjacent burners during the
light-round process. Many scholars have also examined the
approach of inclined burners in various combustion
arrangements, such as the Bunsen burner, which is
investigated at different inclination angles to assess the effects
of these angles on the flickering of the premixed flames [20].

For further investigation of oblique-injecting annular
combustors, the authors have innovatively integrated a pre-
chamber ignition system into the design. This ignition system
offers several advantages over traditional methods, including
reducing the light-round time and enhancing ignition
capability under lean conditions. Previously, Hassan et al. [21]
successfully applied the pre-chamber ignition system to a
straight-injecting combustor by utilizing a dual-orifice pre-
chamber, which directs jets of flame toward the two adjacent
swirl burners on the two sides of the annular combustor chamber
near the tip of the pre-chamber. The ignition process is initiated
by multiple jet flames emerging from the pre-chamber, creating
numerous ignition points throughout the combustor. This

mechanism significantly increases the probability of ignition
and enhances the burning rate, thereby reducing the light-
around time, particularly at lower equivalence ratios in the
annular combustor.

The pre-chamber used in its current state appeared around the
1950s by Gussak et al. [22] with a volume of 2%–3% of the
cylinder volume in internal combustion (IC) engines. Knocking,
low thermal efficiency, and the need to operate internal
combustion engines with lean air-fuel mixtures have suggested
replacing the conventional spark plug in the engine cylinder head
with a pre-chamber. The pre-chamber consists mainly of orifices,
the spark plug, and the fuel injector [23]. The structure
parameters of the pre-chamber, such as volume, ignition
position, orifices, number, diameters, and orientation, are
studied by the IC engine community [24–26]. According to
fuel delivery into the pre-chamber, two main types are used:
(1) passive pre-chamber, which receives the charge from the main
chamber [27, 28], and (2) active pre-chamber, in which a fuel
injector is used [29, 30]. According to the arrangements in active
type, fuel is injected into the pre-chamber, and a spark plug
initiates the combustion inside the pre-chamber. At the early
stage of the ignition process inside the pre-chamber, pressure and
temperature increase. Some unburnt gases are pushed through
the outlet orifices to the main chamber. Then, a hot jet is issued
and propagated through the main chamber, initiating
combustion in the main chamber. Further details of the
working principles of the pre-chamber can be found in the
literature [31, 32].

From the above, the ignition process in an aero-engine
combustor is a critical factor influencing engine stability.
Numerous studies have examined the ignition characteristics
using conventional spark ignitors in straight and oblique-
injecting combustors. The ignition characteristics of an
oblique-injecting annular combustor have not been studied
using a pre-chamber ignitor. Therefore, this work investigates
the ignition characteristics and light-round sequence in an
oblique-injecting combustor using a pre-chamber ignitor.
While the oblique-injecting burner arrangement enhances
gyratory flow motion before ignition, it also reduces the
symmetry of flame propagation across the two sides of the
annular combustor. The jet issued from the pre-chamber
ignitor has the potential to improve ignition characteristics
and mitigate the side effects associated with the oblique-
injecting burner. Experimental results from the oblique-
injecting combustor are compared to those of a straight-
injecting one. A high-speed camera visualizes the combustion
process under various equivalence ratios and bulk velocities in the
annular combustors.

EXPERIMENTAL SETUP AND
PROCEDURES

The combustor used in the experiment is an annular combustor
shape consisting of sixteen swirl premixed burners fixed in the
annular plate, as shown in Figure 1A. The fuel-air mixture is
delivered through 8 pipes around the plenum. The same
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FIGURE 1 |Schematic of the experimental arrangement, (A) The combustor; (1) Quartz tubes; (2) Plenum; (3) Supplying pipes; (4) Swirl burner; (5) Annular plate, (B)
Pre-chamber, (C) Straight burner configuration, (D) Oblique burner configuration.

FIGURE 2 | Setup of the diagnostics layout (A) and the swirl burners configuration (B).
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combustor is used for the oblique and straight injecting burners
by replacing the annular plate. The configurations of the straight
and oblique-injecting burners are shown in Figures 1C, D,
respectively. The outlet of the burner is 10 mm in diameter,
and the inlet is 3 mm in diameter. The straight-injecting burner is
mounted on the annular plate at a 90° angle, while the central axis
of the oblique-injecting has an angle of 45°. The combustor walls
consist of inner and outer transparent glass tubes with a 200 mm
and 300 mm diameter, respectively, each having a height of
300 mm. The combustor outlet is exposed to the atmospheric
pressure and ambient conditions.

The pre-chamber used for the current experiment has two
orifices, each 5 mm in diameter. The pre-chamber tip is mounted
through a hole in the outer glass tube, as shown in Figure 1B.
According to this arrangement, the jets issued from the pre-
chamber will be directed to the center of the two adjacent burners,
as depicted in Figure 2B. Propane fuel is delivered to the pre-
chamber through a gas injector, and the combustion is initiated
by a J-type spark plug with a gap of 1 mm. Additional details
regarding the experimental test rig are available in the previous
work [21, 33].

The diagnostic layout is shown in Figure 2A. The visualization
process consists of two synchronized cameras (FASTCAM Nova
S16) to record the flame propagation patterns from the vertical
and horizontal planes. The frame speed is set at 4000 fbs with an
exposure time of 250μs and 1024 × 1024 Pixel resolution. For
better flame recording, a UV-IR cut filter with a visible bandpass
of 400~680 nm is integrated into the camera lens. The cameras
are triggered simultaneously at the spark activation instance in
the pre-chamber ignitor.

The experimental work for both combustors is divided into
four group tests, as shown in Table 1. The fuel volume flow rate
(Qf) is 10, 12, 14, and 16 L/minute. Each fuel flow rate has five
different air volume flow rates (Qa), and the equivalence ratio

varies from ϕ = 0.67 to ϕ = 0.85. The bulk velocity for each swirl
injector varies from Ub = 3.9 m/s to Ub = 6.2 m/s, and thermal
power P = 15.5 kW to P = 24.8 kW. Through Camera 2, the flame
front position is estimated using Mie scattering, achieved with a
frame rate of 10,000 fps. DEHS aerosol particles are injected into
the inlet of the annular combustor along with the air-fuel mixture,
and these particles are illuminated by a continuous laser diode, as
shown in Figure 5. The particles are seeded into the combustor
using 2% of the inlet airflow. This minimal percentage ensures
that the equivalence ratio remains unaffected. Additionally, the
oil particles quickly evaporate as the flame reaches the region of
interest. This strategy is highly effective in estimating the flame
position during the ignition process in the annular combustor.
The injected oil particles initially appear as a gray color,
representing the unburnt region before the flame reaches that
point. Once the flame arrives, the oil particles are burnt, resulting
in a black region that represents the burnt area. A MATLAB code
is then used to postprocess the frames distinguishing between the
two regions and identifying the flame front [34].

The experimental procedures are arranged as follows:

1. Propane fuel is mixed with air before being delivered into the
annular combustor. This process starts by opening the airflow
controller with a specific range, followed by opening the fuel
flow controller.

2. The combustion sequence is initiated in the pre-chamber by
injecting fuel by the gas injector. Then, the spark is activated.
In this instance, the high-speed cameras are triggered, and the
ignition occurs in the annular combustor.

3. The test is repeated using different equivalence ratios and
thermal power.

4. The annular combustor’s oblique-injecting burner replaces the
straight-injecting burner, and the test is conducted using the
same operating procedures.

5. After each test, flush air is pumped into the pre-chamber
combustion chamber to remove the combustion products, and
each test is repeated at least three times.

RESULTS

This section describes the flame propagation patterns of the
oblique-injecting annular combustor using the pre-chamber
ignitor and compares its performance with that of the
straight-injecting one. Both combustors are tested under the
same conditions and operating parameters.

Ignition Process
In this study, pre-chamber was implemented in the oblique- and
straight-injecting annular combustors to initiate the ignition
process. The chemiluminescence images of the flame
propagation process of the two combustor types are shown in
Figures 3, 4 and it have been enhanced with a gradient color bar,
where black represents the lowest light intensity and yellow
indicates the highest light intensity. The ignition relies on
gases generated within the pre-chamber, expelled as hot jets
and rapidly directed to the mixture in the annular combustor.

TABLE 1 | Experimental data.

Qf

L/m
Qa

L/m
ϕ (−) P kW Ub m/s

10 357 0.67 15.5 4.9
10 342 0.7 15.5 4.67
10 319 0.75 15.5 4.37
10 299 0.8 15.5 4.1
10 282 0.85 15.5 3.87
12 428 0.67 18.6 5.85
12 410 0.7 18.6 5.6
12 383 0.75 18.6 5.24
12 359 0.8 18.6 4.92
12 338 0.85 18.6 4.64
14 500 0.67 21.7 6.82
14 479 0.7 21.7 6.54
14 447 0.75 21.7 6.11
14 419 0.8 21.7 5.74
14 394 0.85 21.7 5.42
16 572 0.67 24.8 7.8
16 547 0.7 24.8 7.47
16 511 0.75 24.8 6.99
16 479 0.8 24.8 6.56
16 451 0.85 24.8 6.19
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As shown in Figure 3 at time 16 ms, two flame jets are released
towards the oblique-injecting combustor, while Figure 4 depicts
the annular combustor with straight-injecting burners. From the
second frame at t = 17 ms to t = 23 ms, the flame extends along
both sides of the annular combustors. The flame patterns indicate
that the ignition process in both annular combustors is highly
dependent on the trajectory of the burning jets, which increases
the burning rate due to the numerous ignition points created
along the jet’s trajectories. The propagating jet from the pre-
chamber also helps push part of the flame towards the fresh
mixture in the annular combustors, further increasing the
burning rate and reducing the light-round time. Conversely,
conventional ignition methods using a spark electrode ignitor
depend on a small flame kernel formed at the spark electrode [35].

In the case of straight-injection combustors, the two flame
branches remain symmetrical until they merge between burners
(R8, L8). However, in the oblique-injecting combustor, the
gyratory flow motion of the fresh mixture affects the flame
spread process. This is evident in frames obtained by the high-
speed camera; these fluid movements help carry the flame
patterns on the right side, shifting the merging point slightly
away from the combustor midpoint. Despite the asymmetry of
the jet released from the pre-chamber, where the first three frames
for the two combustors show a stronger jet on the left side due to

the combustion process inside the pre-chamber, this
phenomenon reduces the side effects of gyratory flow motion
in the initial stages of ignition, thereby increasing the burning rate
on the right side in the oblique-injecting combustor. Although the
oblique-injecting burner enhances the mixing process before
ignition, it causes asymmetry in flame patterns on both sides
of the annular combustor, especially with traditional ignition
methods. This phenomenon is consistent with previous results
that show that the pre-chamber reduces the asymmetry of the
light-round process [21].

The flame positions during jet propagation for both
combustors are illustrated in Figure 5 where the red color
denotes the flame front, effectively distinguishing the burnt
and unburnt regions. For both combustors, the ignition
process along the trajectories of the jet flames shows no
significant differences in the burnt regions on either side of
the annular combustor. Additionally, the propagating jets
generate multiple ignition points along their trajectories,
increasing the probability of ignition success and enhancing
the circumferential flame propagation speed within the
combustor. In contrast to a traditional spark electrode [35],
where the flame development relies on the initial kernel
formed near the electrode site, the pre-chamber ignitor
exhibits a more distributed and robust ignition mechanism.

FIGURE 3 | The light-round sequences of the oblique annular combustor using a pre-chamber ignitor (ϕ = 0.7, P = 18.6 kW). The chemiluminescence image has
been enhanced with a gradient color bar, where black represents the lowest light intensity and yellow indicates the highest light intensity.
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This observation highlights the effectiveness of the pre-chamber
ignitor under various ignition conditions.

The effectiveness of pre-chamber ignition in the oblique
combustor is evident from t = 26 ms to t = 29 ms, where jet
flame propagation plays a dominant role in the ignition process. The
influence of the gyratory flow motion induced by the obliquely
injected burner is relatively minimal. Notably, in both the oblique
and straight injection configurations, the propagating jets drive hot
gases from the pre-chamber outlet towards the inner tube. This
redistribution enhances the burning rate in these areas, contributing
significantly to the light-round process by reducing light-round time,
since the leading point of the flame propagation is closer to the inner
tube facilitating faster flame expansion [35]. This phenomenon
highlights the critical role of jet-driven ignition in promoting
efficient combustion, particularly in annular combustor designs
with varied injection strategies.

The corresponding integrated light intensity values of the
ignition processes are shown in Figures 6, 7. Figures 6A, B
compare the intensity values of the oblique-injecting and straight-
injecting combustors with varying equivalence ratios while
maintaining constant power. The integrated light intensity is
obtained by summing the intensity values of all pixels in each
image captured by the high-speed camera throughout the
recording period. For both annular combustors, when the jets
appear, the intensity values increase rapidly as the flame spreads
in the combustors. Similarly, the light intensity increases in the

previous work, and the spark electrode discharges ignition energy
near the swirl burner (L1), forming the initial flame kernel around
the ignition location [4]. Increasing the equivalence ratio led to a
higher fuel supply to the combustor and a higher laminar flame
speed, directly increasing the integrated light intensity. The values
of integrated light intensity with constant equivalence ratio and
different thermal powers are shown in Figure 7 for both
combustors. With an increase in fluid velocity, the burning
rate in the combustor increases as fluid movements help carry
flame patterns more quickly toward the merging point. In higher
thermal power cases, the illumination intensity is higher than the
ones of lower thermal power for both combustors. In general,
there are some differences in the intensity between the oblique-
injecting and the straight-injecting combustors, this may be
attributed to a slight deviation in the camera recording angle
from its previous position [4].

Light Round Time
The ignition process in aircraft engines must be carried out
quickly and safely. Therefore, the light-round time (τ) is
considered one of the most critical factors determining the
effectiveness of the ignition method and its suitability for
different operating conditions. The light-round time is known
as the time elapsed from the appearance of the first flame kernel
until the merging of the two flame sides in the annular
combustor [4].

FIGURE 4 | The light-round sequences of the straight annular combustor using a pre-chamber ignitor (ϕ =0.7, P = 18.6 kW), The chemiluminescence image has
been enhanced with a gradient color bar, where black represents the lowest light intensity and yellow indicates the highest light intensity.
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Figures 8A, B compares the values of light-round time using a
pre-chamber and spark electrode for both combustors. The pre-
chamber improved the combustion characteristics, which
increased the burning rate for both combustors. Consequently,
this has led to a reduction in the light-round time compared to
traditional ignition methods. Generally, with constant thermal
power and increasing air mass flow rate, where the equivalence
ratio decreases, the ignition time increases. As mentioned in [36]
the time needed to ignite the first burner in the combustor is
increased if the flow velocity increases. It should be noted that the
reference time for estimating the light-round time differs between
the pre-chamber and the traditional spark ignitor methods. In the
traditional method, the initial time is defined as the moment
when the first successful flame kernel forms, with the spark
discharge duration increasing if the mixture in the annular
combustor is leaner. In contrast, for the pre-chamber, the
initial time is set at the moment the spark is activated. This
leads to the difference in the light-round time using the pre-
chamber, which is much greater than the traditional method if the
spark discharge duration is considered. This explains the

difference in the light-round time at low bulk velocities, as
shown in Figure 8B. At high bulk velocities, where the values
of the equivalence ratios are small, the traditional ignitionmethod
requires a longer time to form an initial flame kernel, which
affects the flame propagation process in the combustors. In
addition, some studies have observed that the spark electrode
continues to discharge energy throughout the light-round process
[10]. This is in contrast to the pre-chamber, which significantly
reduces the ignition time in these conditions. This results in the
flame issued from the pre-chamber being less dependent on the
local air-fuel mixture inside the annular combustor. The pre-
chamber is effectively isolated from surrounding influences,
making it a more reliable ignition source across various
operating conditions. In contrast, the traditional spark
electrode relies directly on the local mixture to initiate the
flame during the engine lighting process, making it more
sensitive to variations in the combustor environment [21].

Figure 9 illustrates the light-round contour for both
combustors at varying equivalence ratios and thermal
powers, utilizing a pre-chamber ignitor. The straight

FIGURE 5 | Flame front position during jet propagation near the pre-chamber for both combustors. The dark regions represent the burning zones, while the grey
areas indicate unburned regions. The red lines mark the flame front.
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combustor displays smoother transient results, while the
oblique combustor shows an increase in light-round time at
higher thermal power levels associated with a higher
equivalence ratio. This behavior may be attributed to the
higher bulk velocity, which adversely affects flame
propagation by quenching part of the flame kernels.

Generally, longer light-round times are observed at lower
equivalence ratios, which are also linked to lower thermal
powers. With constant thermal power, raising the equivalence
ratio considerably decreases the light-round time, owing to the
faster laminar flame speed. Similarly, at a constant equivalence
ratio, increasing the thermal power decreases the light-round

FIGURE 6 | Integrated light intensity for both combustors at constant thermal power (P = 18.6 kW) and different equivalence ratios using pre-chamber ignitor. (A)
Oblique-injecting combustor. (B) Straight-injecting combustor.

FIGURE 7 | Integrated light intensity for both combustors at constant equivalence ratio (ϕ = 0.7) and different thermal power using pre-chamber ignitor. (A)Oblique-
injecting combustor. (B) Straight-injecting combustor.
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time, as enhanced flow motion aids in carrying flame front
over longer distances.

Light Round Sequence
During the aero engine lighting process, the flame moves from
one burner to the adjacent one in the annular combustor until
the last burner is ignited. Figure 10A, B depict the flame
position during the ignition process for the oblique-injecting
and straight-injecting combustors at a fixed equivalence ratio
of ϕ = 0.7 and different thermal power. The pre-chamber
ignitor significantly increases the burning rate, especially at the

early stages for the burners near the pre-chamber orifices, as
shown in Figure 10 for both combustors. Figures 11A, B
shows the flame position during the light-round time at
constant thermal power and different equivalence ratios for
the two combustors. In Figure 11B, the straight-injecting
combustor features more symmetry in flame propagation,
unlike the oblique-injecting combustor. The phenomenon of
oblique injection affects the symmetry of flame propagation,
although it reduces light-round time in most cases. It also
greatly affected the merging flame position, where the merging
point in the case of a straight-injecting combustor is often at an

FIGURE 8 | Light-round time τ at P = 18.6 kW for both annular combustors using spark electrode and pre-chamber ignitors. Electrode ignitor from work in [4]. (A)
Oblique-injecting combustor. (B) Straight-injecting combustor.

FIGURE 9 | Contour for the light-round time (τ) for both annular combustors using a pre-chamber ignitor. (A) Oblique-injecting combustor. (B) Straight-
injecting combustor.
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angle of 180°. At the same time, it is slightly shifted for the
oblique-injecting combustor.

The circumferential velocity can be calculated from Equation
1, where Δθ is the covered angle by the flame, R is the combustor
radius, and Δt is the time difference [18].

Sc � 2πRΔθ
360Δt

(1)

Figures 12, 13 show the average circumferential velocity of
both sides of the flame and the difference (ΔSC) between them
for both combustors. The bulk velocity generally influences the
circumferential speed in the annular combustor. As the bulk

velocity increases, the circumferential speed also rises since the
higher flow velocity aids in transporting the flame to adjacent
burners. Additionally, an increase in the equivalence ratio
directly boosts the circumferential speed due to the higher
laminar flame speed. The circumferential speed value is
calculated from 45° to 315°, where the speeds are more
stable at this stage. The circumferential velocity using the
oblique-injecting burner is greater than that of the straight
one. This is attributed to the swirling fluid motions in the
circumferential direction in the cold flow field before ignition.
The figures show that the gyratory flow motion from the
oblique-injecting burners affects the flame’s circumferential

FIGURE 10 | Variation of flame position with time at fixed equivalence ratio (Φ = 0.7) and different thermal power using a pre-chamber ignitor for both combustors:
(a) oblique-injecting combustor and (b) straight-injecting combustor.

FIGURE 11 | Variation of flame position with time at fixed power (P = 18.6 kW) and different equivalence ratios using a pre-chamber ignitor for both combustors: (a)
oblique-injecting combustor and (b) straight-injecting combustor.
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velocity on both sides. The difference (ΔSC) is significant in the
oblique-injecting combustor. While the difference is much
smaller in the straight-injecting one, as shown in
Figures 12, 13.

CONCLUSION

This study innovatively investigated the ignition dynamics and
light-round process of the oblique-injecting combustor using a
pre-chamber ignitor. Compared to the conventional spark
electrode, the pre-chamber generated a strong turbulent jet,
creating multiple successful ignition sites that enhanced
ignition properties, prevented misfiring, and improved the
light-round process in both oblique and straight-injecting
combustors. Different experimental tests were conducted and

monitored via high-speed cameras across various equivalence
ratios and thermal power levels for the oblique-injecting
combustor and compared to the straight-injecting combustor
at the same operating conditions. The flame position during the
ignition sequence is recorded using the Mie scattering method.

The following conclusions can be drawn:

• The integration of the pre-chamber ignition system into the
oblique-injecting combustor reduced flame asymmetry on
both sides, which is caused by the gyratory flow motion
before ignition. Mie scattering analysis indicates that during
the early stages of ignition in the oblique-injecting
combustor, the burning rate is approximately equal on
both sides of the combustor.

• The pre-chamber ignitor exhibits great effectiveness for
both combustors at low equivalence ratios, which makes

FIGURE 12 | Circumferential speed using pre-chamber for the left and right flames at constant equivalence ratio (ϕ = 0.7) and their differences in (A) oblique-
injecting combustor, (B) straight-injecting combustor.

FIGURE 13 | Circumferential speed using pre-chamber for the left and right flames at constant thermal power (P = 18.6 kW) and their differences in (A) oblique-
injecting combustor, (B) straight-injecting combustor.
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the pre-chamber the optimum solution for different ignition
conditions. In contrast, the conventional spark electrode
ignitor requires a longer discharge time to initiate the
ignition process in the combustor.

• The propagating jets from the pre-chamber enhance the
burning rate in both combustors by generating initial flame
kernels along the jet’s trajectory. This accelerates flame
propagation in the circumferential direction, thereby
reducing the light-round time.
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