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ABSTRACT

Ammonia is regarded as a highly promising alternative fuel in the transportation sector due to its
carbon-free nature. However, ammonia combustion has the disadvantage of poor flammability and
combustion sluggishness. It is necessary to employ advanced combustion technologies to improve its
combustion performance Pre-chamber ignition (PCI) technology can generate multiple distributed
ignition sites and significantly improve combustion stability and flame propagation speed. Hydrogen
addition can enhance the activity of the fuel mixture. Both methods can improve the combustion
performance of ammonia. A narrow-throat passive pre-chamber (PC) was designed in this study.
Hydrogen production by ammonia cracking was applied to investigate the effect of partial ammonia
cracking on combustion performance under the pre-chamber ignition mode and spark ignition (SI)
modes. The findings reveal that increasing the ammonia cracking ratio effectively improves the
combustion performance in both ignition modes. The combustion performance in the PCI mode is
inferior to that of the SI mode due to the heat transfer loss in the pre-chamber under pure ammonia
combustion conditions. When the ammonia cracking ratio increases from 0 to 10%, the combustion
performance is significantly improved in the PCI mode, while the improvement is relatively small in the
Sl mode. The hydrogen addition through ammonia cracking is a feasible pathway to achieve stable
combustion and high-efficiency operation of the ammonia pre-chamber engine.

Keywords: Ammonia combustion; Pre-chamber ignition; Spark ignition; Partial ammonia cracking;
Optical diagnostics.



1 INTRODUCTION

The energy crisis and greenhouse effect urgently
require the application of clean and sustainable
alternative fuels in the transportation sector.
Ammonia is regarded as a highly promising
alternative fuel because of its carbon-free nature
and high hydrogen content by mass (17.8%) [1].
However, the widespread application of ammonia
as an alternative fuel is limited by various factors,
such as narrow flammability limit, slow laminar
flame speed, and high minimum ignition
temperature [1, 2]. The widely used method to
overcome the combustion sluggishness of
ammonia is the introduction of high-reactivity fuels.
Commonly blending fuels in ammonia spark
ignition (SI) engines consist of methane [3, 4],
gasoline [5, 6], and hydrogen (Hz) [7, 8]. Notably,
hydrogen addition to ammonia gained the most
attention due to its carbon-free nature and high
flame speed. In compression ignition (Cl) engines,
the widely used pilot ignition fuels are diesel [9, 10],
dimethyl ether (DME) [11, 12], and n-heptane [13].
However, the high-reactivity fuel introduction
requires an additional fuel supply and injection
system, which increases the cost and complexity.

To maximize the carbon-free advantages of
ammonia without changing the original engine
structure as much as possible, the pre-chamber
ignition (PCI) mode is applied to enhance the flame
propagation speed of ammonia and improve
engine combustion performance in this study. Pre-
chamber ignition can produce multiple distributed
ignition sites [14], which may overcome the poor
flammability of ammonia and accelerate flame
propagations. Liu et al. [15] investigated the
impacts of injecting high-reactivity fuels into the
pre-chamber on the performance of an all-metal
ammonia PCIl engine. The results show that the
higher indicated mean effective pressure (IMEP)
and indicated thermal efficiency (ITE) in PCI mode
can be obtained than in SI mode because of the
shorter ignition delay and combustion duration.

However, in previous research, the author found
that pre-chamber ignition has limited effects on
improving ammonia combustion performance. As
mentioned earlier, hydrogen addition can
effectively improve the combustion performance of
ammonia, but hydrogen faces challenges in
storage and transportation [16]. This paper
proposes improving ammonia combustion
performance through hydrogen production via
ammonia decomposition. The principle of hydrogen
production through ammonia decomposition is
based on high-temperature catalytic cracking of
ammonia, and the reaction equation is 2NHz —
3H2+N2 [17]. Hydrogen production by ammonia
decomposition for engine operation can be divided
into two categories [18]. One is in-cylinder
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ammonia reforming via fuel-rich combustion. Zhou
et al. [19] proposed the in-cylinder reforming gas
recirculation, in which one cylinder was operated at
rich ammonia, and the excess ammonia was
partially decomposed into hydrogen. They found it
can enhance the thermal efficiency and reduce the
nitrogen-based emissions. Liu et al. [20] studied
hydrogen production by in-cylinder ammonia
reforming from ammonia-rich combustion. The
finding presents that hydrogen production
increased as the initial temperature increased from
1200 K to 1300 K, and first increased then
decreased with the increase of initial pressure from
22 bar to 36 bar. The other is ammonia dissociation
by an on-board ammonia cracker. Klawitter et al.
[17] investigated the turbulent flame propagation
and combustion behaviors of pure ammonia and
partially cracked ammonia under engine-like
conditions. They found that the flame speed under
turbulent conditions is higher than that of laminar
conditions, and partial cracking of ammonia can
accelerate the turbulent flame speed. Mercier et al.
[21] researched the effect of cracking ratios on
engine performance and emissions. The results
showed that a small rate of ammonia dissociation
(10%) could enhance the operating range. Wang et
al. [22] applied nitric oxide laser-induced
fluorescence (NO-LIF) to study the NO mole
fraction in NHs-H2-N2 (produced by ammonia
cracking) flames. The results presented increasing
the ammonia cracking ratio can reduce the NO
concentration. Liu et al. [18] pointed out that a
separate electrically heated hydrogen generation
system independent of the engine system is more
effective in producing hydrogen than
thermochemical fuel reforming. Therefore, this
study investigates the partial ammonia cracking
based on the on-board ammonia cracker. To date,
there is a lack of understanding of the pre-chamber
ignition mechanism under partial ammonia
cracking conditions. The pros and cons of ammonia
pre-chamber ignition compared to spark ignition
remain to be clarified.

In this study, we apply the natural flame
luminescence (NFL) imaging technology to study
the effect of ammonia cracking on combustion
performance and flame development under the
pre-chamber ignition (PCI) mode. Meanwhile, the
combustion behaviors of ammonia-hydrogen-
nitrogen mixtures between pre-chamber ignition
and spark ignition (Sl) are compared. This study
can guide the application of ammonia as an
alternative fuel in IC engines and provides an in-
depth understanding of ammonia cracking effects
on pre-chamber ignition engines.
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2 EXPERIMENTAL SETUP
2.1 Optical engine

The experimental research was conducted on a
single-cylinder optical engine. The specific
parameters of the optical engine are illustrated in
Table 1. The experimental setup is shown in Figure
2. The experimental setup mainly consists of four
parts, i.e., optical engine, fuel supply system, data
acquisition system, and monitoring and control
systems.

Natural flame Iluminosity (NFL) imaging was
applied in this study to record the combustion
information of the main chamber (MC) using a high-
speed camera. The lens aperture, frame rate, and
spatial resolution of the high-speed camera were
fixed at F1.4, 20,000 frames per second (fps), and
512 x 512 pixels, respectively. A pulse delay
generator (DG645, Stanford) was employed to
synchronize the trigger of ignition and high-speed
camera shooting. A spark plug with an integrated
pressure sensor (T123, AVL) was utilized to ignite
the fuel in the pre-chamber (PC) and collect the
pressure of the PC, the main chamber pressure
was collected by a pressure sensor (6125C, Kistler)
mounted on the cylinder head. The pressure data
were amplified by the charge amplifier (5018A,
Kistler) and then transmitted to the combustion
analyzer developed by our group.

Ammonia (purity is 99.9%) is stored in a 100L fuel
tank at a pressure of 15 MPa, where it exists as a
two-phase mixture of gas and liquid, with the
gaseous ammonia generated by the vaporization of
the liquid ammonia. The output pressure of the
gaseous ammonia is 3 bar after pressure
regulation. The ammonia line is divided into two
branches. The majority of the ammonia flows
directly into the surge tank, while a smaller portion
goes into the NHs cracker and decomposes into
hydrogen (Hz) and nitrogen (N2).

Table 1 The main optical engine specifications
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Fig. 1. The schematic diagram of the optical engine
setup

The ammonia cracker (HBAQFC-5) applied in this
study is produced by Hongbo Gas Equipment
Technology CO., Ltd. Detailed parameters are
listed in Table 2. Considering the small amount (<
5 ppm) of residual ammonia after decomposition by
this equipment, the products after decomposition
are assumed to be only hydrogen and nitrogen.
Two mass flow controllers (MFC) are installed
upstream and downstream of the cracker. The
upstream one regulates the ammonia flow entering
the cracker to prevent excessive hydrogen content
inside. The downstream one measured the flow
rate of the hydrogen/nitrogen mixture entering the
engine to ensure precise control of the cracking
ratio.

Table 2 Detailed parameters of ammonia cracker

Parameters Value

Max. gas production rate 5 Nm%h

Catalyst Nickel catalyst

Decomposition temperature 850°C

Decomposition products 75% Hydrogen + 25%
Nitrogen

Decomposition efficiency 99.9%

Residual ammonia content <5 ppm

Dew point <-60C

Parameters Values

Engine type 4-stoke, 2-valve, water-
gine typ cooled

Bore 92 mm

Stroke 100 mm

Displacement 0.664 L

Combustion chamber diameter 63 mm

Connecting rod length 155 mm
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2.2 Pre-chamber design

The pre-chamber is a small combustion chamber
independent of MC, with flame propagation to MC
through several small orifices [23]. Pre-chamber is
mainly divided into passive and active pre-chamber
[24]. For the passive pre-chamber, the PC fuel is
supplied by the fuel from MC during the
compression stroke, so the air-fuel equivalence
ratio of the two chambers is consistent. The active
pre-chamber needs to be equipped with an
independent fuel supply and injection system to
supply a fuel-rich mixture in the pre-chamber to
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ignite the lean charge of MC [24, 25]. The active
pre-chamber has the advantage of extending the
lean limit, but it significantly increases the cost and
complexity of the system. Since ammonia engines
already suffer from unstable combustion and low
thermal efficiency under stoichiometric
combustion, active ammonia pre-chambers for lean
combustion are unnecessary. Therefore, this study
focuses on the combustion characteristic of
passive ammonia pre-chambers.

The main structural parameters of PC are volume,
orifice diameter, and orifice number [26, 27]. The
volume fraction of PC was determined as 4% of the
clearance volume according to the
recommendations of Gussak et al. [28]. Hlaing et
al. [29, 30] designed a unigue narrow throat pre-
chamber for methane operation. Tang et al. [31, 32]
found that this chamber is more likely to form a
higher-pressure difference between the main
chamber and the pre-chamber, which increases the
flame jet velocity and improves the combustion
performance of the lean mixture in the main
chamber. Therefore, the pre-chamber shape is
designed as a tapering narrow throat with a throat
diameter of 5 mm. The six orifices with a diameter
of 2 mm are uniformly distributed along the axis
with a jet cone angle of 150°. The PC structure
diagram is illustrated in Fig. 2.
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Pressure
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Fig. 2. Pre-chamber assembly (a) and pre-chamber
geometry (b)

2.3 Operating conditions and test cases

The engine speed was maintained at 1200
revolutions per minute (rpm) by a dynamometer.
The intake pressure was 1 bar and a flow meter
was utilized to measure the intake air flow. The
excess air ratio (A) was fixed at 1.0 by regulating
the fuel flow rate according to the detected intake
airflow. The engine operating boundary conditions
are shown in Table 3.
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Table 3. Engine operating boundary conditions

Parameters Value

Engine speed 1200 rpm
Coolant temperature 90°C

Excess air ratios (A) 1.0

Intake gas Air

Intake pressure 1 bar

Spark timings 25 °CA BTDC
Intake temperatures 25°C
Compression ratios 12.8

The degree of dissociation of NHs is called the
cracking ratio y, which is an important parameter
for determining the hydrogen content in the fuel
mixtures. The cracking ratio y is calculated by Eq.
(1) [27, 33].

7= [NH3]cracked /[NH3]init = Zle /(3lNH3 + ZZHZ) (1)

where  [NHs]crackes and  [NHslint are the
concentrations of cracked NHs and initial NHs,
respectively. y is the mole fraction of different
components in the fuel mixture. The investigated
ammonia cracking ratios and corresponding mole
fractions of the mixture components in this study
are shown in Table 4, where y=0% is the pure
ammonia combustion condition. To prevent
excessive hydrogen content in the mixture leading
to excessive thermal load in the cylinder, which
may result in damage to the engine’s quartz
window, the cracking ratio studied in this research
is kept below 10%.

Table 4 Tested ammonia cracking ratios y, and
corresponding mole fractions y of different

components in the fuel mixture.

(%) X/ (%) Xu,/ (%) xn,/ (%)
0 100 0 0

25 95.1 37 1.2

5 90.5 7.1 2.4

7.5 86.1 10.5 35

10 81.8 13.6 4.6

Paper No. 501

2.4 Dataprocessing

To quantify the flame development process,
MATLAB was used to process natural flame
luminosity images to extract flame propagation
parameters such as flame intensity, flame area,
and flame area change rate. The NFL imaging
technique captures the two-dimensional projection
of a three-dimensional flame. Since the combustion
chamber diameter exceeds the visualization
diameter of the quartz window, a mask filter was
applied based on the quartz window’s diameter to
isolate the visual flame propagation region (inner
area) from optical noise interference (outer area).
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In MATLAB, the flame images were first converted
into a pixel matrix. A ‘binarization-thresholding’
technique was performed to obtain a grayscale
image from the RGB image, and identify the flame
boundary relied on the binary result. The flame
area was calculated based on the pixel count of the
binarized region, which represents the projected
size of the region covered by the flame during its
propagation within the combustion chamber. The
flame area change rate, which characterizes
combustion speed, was obtained by differentiating
the flame area with respect to time.

3 RESULTS AND DISCUSSIONS

3.1 Analysis of the combustion process
under different ammonia cracking ratios

for pre-chamber ignition

The combustion process and jet flame
development of a specific cycle under different
ammonia cracking ratios are shown in Fig. 3. The
selected cycle has the cylinder pressure closest to
the average cylinder pressure. The results indicate
that the flame propagation speed in the pre-
chamber is slow under the pure ammonia
combustion condition shown in Figure 3 (a). The
flame does not appear at the nozzle of the PC until
25 °CA after ignition, which leads to a small
pressure difference of 0.8 bar under this condition.
This affects the flame jet speed in the main
chamber and results in a low combustion rate.
Moreover, when the flame appears at the pre-
chamber nozzle, the pressure difference is already
close to 0, indicating that the jet flame has no
driving force and the pressure difference has no
positive effect on the jet flame propagation. It
suggests that the flame propagation in the main
combustion chamber at this time is not caused by
the flame jet from the pre-chamber, but by the free
flame front propagation at the nozzle, and the main
chamber fails to form an effective jet combustion.
Meanwhile, the jet flame converges due to the
weak jet strength and the turbulence disturbance
inside the cylinder. The fuel in the main chamber is
not ignited before the compression top dead center
(TDC) due to the long flame propagation period in
the pre-chamber. Consequently, the combustion in
the main chamber starts only during the expansion
stroke. Therefore, there is an increase in cylinder
pressure at 20 °CA after the top dead center
(ATDC), resulting in expansion work loss.
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Fig. 3 The main chamber (MC) and pre-chamber
(PC) pressures, main chamber heat release rate
(HRR), pressure difference between MC and PC,
flame area change rate (dA/dt), and jet flame
development of a specific cycle under ammonia
cracking ratios 0% and spark timing of 25° CA
BTDC

When the ammonia cracking ratio is increased to
5% as illustrated in Figure 4, the MC and PC
pressure and heat release rate (HRR) increase
significantly. Compared with the pure ammonia
combustion case, the peak pressure increases by
1 MPa, and the peak HRR by nearly 60%.
Meanwhile, the combustion phase is significantly
advanced, the flame propagation period in the pre-
chamber is shortened by 6 °CA, and the CA50 is
advanced by 16 °CA. The peak pressure difference
increases to 1.38 bar, which brings a greater
driving force for the flame propagation. Besides,
the jet flame appears in MC at the moment
corresponding to the peak pressure difference,
indicating that the pressure difference positively
affects the flame propagation in MC. It is conducive
to accelerating the jet flame propagation speed in
MC, and thus the peak flame area change rate is
increased to 3.4 m?/s. Although the combustion
behavior under this condition has greatly improved
compared to pure ammonia combustion, the jet
intensity is still relatively low, and the upper left jet
flame beam shows quenching in the middle of the
flame at -3.4 °CA. In addition, the propagation
direction of the jet flame still deviates due to the
turbulence inside the cylinder.
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Fig. 4 The main chamber (MC) and pre-chamber
(PC) pressures, main chamber heat release rate
(HRR), pressure difference between MC and PC,
flame area change rate (dA/dt), and jet flame
development of a specific cycle under ammonia
cracking ratio of 5%

When the ammonia decomposition ratio is
increased to 10% as shown in Figure 5, the peak
pressure rises to 6.33 MPa, the peak HRR to 69.3
J/(°CA), and the corresponding phase of the peak
HRR is even advanced by 13 °CA. The pressure
difference further increases to 2.2 bar, and the
larger driving force brought by the increase in
pressure difference makes the jet velocity faster,
the jet intensity higher, and the jet flame shape
more uniform and symmetrical. The peak flame
area change rate increases to 5.3 m?/s, significantly
shortening the ignition delay and combustion
duration. The combustion phase is further
advanced, with CA50 occurring at -2.5 °CA.
However, as CA50 occurs before the top dead
center, most of the heat release takes place during
the compression stroke, leading to negative work
done by the combustion heat release. Therefore, it
is necessary to investigate the impact of the spark
timing (ST) on combustion performance under high
ammonia cracking ratios and delay ST to ensure
that the heat release peak occurs after the top dead
center to further improve ammonia combustion
performance.
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Fig. 5 The main chamber (MC) and pre-chamber
(PC) pressures, main chamber heat release rate
(HRR), pressure difference between MC and PC,
flame area change rate (dA/dt), and jet flame
development of a specific cycle under ammonia
cracking ratio of 10%

3.2 Difference in combustion characteristics
between PCIl and SI mode

Figure 6 shows the changes in-cylinder pressure
and heat release rate of pre-chamber ignition (PCI)
and spark ignition (Sl) under different ammonia
cracking ratios. The experimental results show that
with the increase of y, the combustion performance
in both combustion modes gradually improves.
Under the pure ammonia combustion condition (i.e.
y=0%), the peak cylinder pressure and HRR of S
mode are higher than those of PCI mode. This is
because the flame propagation distance is long and
the heat transfer loss is severe in the PCI mode,
which leads to combustion deterioration. Although
multiple distributed ignition sites are generated, the
weak jet intensity does not form effective jet
combustion, and it is affected by turbulence to
converge into flame clusters, resulting in its
combustion performance being inferior to SI mode.
Increasing y to 2.5%, the ammonia combustion
performance is improved in both ignition modes.
However, the combustion performance of PCI is
more significantly improved, with the peak heat
release rate nearly doubling. Although the peak
cylinder pressure in PCI mode is still lower than S
under this operating condition, the HRR of PCI
mode is higher than that of SI. When y increases to
5%, the combustion performance of PCIl is
significantly better than that of SI mode, with higher
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cylinder pressure, more concentrated heat release,
and more advanced phase corresponding to the
peak HRR. When y further increases to 10%, the
peak cylinder pressure of PCI mode is as high as
6.23 MPa, which is 15% higher than that of SI (5.43
MPa), and the peak HRR is nearly 80% higher. The
combustion performance is significantly better than
Sl. The distributed ignition of PClI mode greatly
enhances the combustion speed of the fuel in MC
and shortens the combustion duration. In general,
ammonia cracking for hydrogen production has a
greater improvement effect on the ammonia PCI
mode than the SI mode, with a greater increase in
HRR and a significant advance in the combustion
phase.
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Fig. 6 Mean cylinder pressure and HRR of pre-
chamber ignition (PCI) and spark ignition (SI) at
different ammonia cracking ratios and spark timing
of 25° CABTDC

The difference in combustion phase between the
pre-chamber ignition and spark ignition at different
ammonia cracking ratios is illustrated in Figure 7.
The results present that under pure ammonia
conditions, the combustion phase is more
advanced in SI mode, with a CA50 of 23.5 °CA,
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while CA50 is delayed by 9 °CA in PCI mode.
Besides, the ignition delay period is shorter in Sl
mode, reduced by 6 °CA compared with PCI mode.
This is due to the longer PC flame propagation time
under pure ammonia combustion conditions in PCI
mode. The combustion duration of the SI mode is
longer than that of the PCI mode, which indicates
that although the PCI mode is unable to form an
effective jet combustion under pure ammonia
conditions, the distributed ignition sites formed by
the PCl mode can still accelerate the flame
propagation speed in MC. With the increase of the
ammonia cracking ratio, the ignition delay period
and combustion duration of both ignition modes
shorten. The change of ignition delay period and
combustion duration is smaller in SI mode.
However, the improvement of combustion
performance is more significant in PClI mode, with
a sharp reduction in ignition delay and combustion
duration.

When y increases from 0% to 5%, the ignition delay
and combustion duration in SI mode are shortened
by a total of 7.5 °CA, while in PCI mode by 12 °CA.
When y increases from 5% to 10%, the ignition
delay and combustion duration in SI mode are
shortened by 2.5 °CA, and in PCI mode by 12 °CA.
The ignition delay of PCI mode is 10 °CA, and the
combustion duration is 53.5 °CA at y=10% case,
which is shortened by 85 °CA and 6 °CA
respectively compared to SI mode. In summary,
under pure ammonia conditions, the longer PC
flame propagation time, results in a significant heat
transfer loss, and the combustion performance of
PCI mode is worse than SI mode. As the ammonia
cracking ratio increases, hydrogen addition more
significantly improves the combustion performance
of PCI mode. In PCI mode, the ignition delay and
combustion duration are shortened significantly
compared to SI mode, and the combustion phase
is significantly advanced. Besides, as y increases
to a certain extent, the improvement effect of
combustion performance in SI mode gradually
weakens. When the decomposition ratio increases
from 0% to 5%, the ignition delay and combustion
duration are cumulatively shortened by 7.5 °CA.
However, when the decomposition ratio further
increases from 5% to 10%, the cumulative
shortening of ignition delay and combustion
duration is only 2.5 °CA.

Page 8



100 40
[] caso-ca%
[ cA10-cAs0
80 [ st-cA10 30 %
< a
|_
¥ 60 20 <
% ;
B 40 10 <
o
= D
o <
20 0o ©
0 -10
0 25 5 7.5 10
Cracking Ratios (%)
(a) PCI mode
100 [ caso-cago 25
— = CA10-CA50
ST-CA10
= 80 20 g
|_
6\-)/ 60 15
: 5
B 40 10 <
a 2
20 5 O
0 0

0.0 25 5.0
Cracking Ratios (%)

7.5 10.0

(b) Sl mode

Fig. 7 The difference in combustion phase between
the pre-chamber ignition and spark ignition at
different ammonia cracking ratios

Figure 8 reveals the differences in indicated mean
effective pressure (IMEP) and cycle-to-cycle
variations of IMEP (COVIMEP) between pre-
chamber ignition and spark ignition under different
ammonia cracking ratios. It illustrates that the jet
flame propagation speed in the main combustion
chamber is low under pure ammonia conditions,
due to the long PC flame propagation period and
small pressure difference. This results in unstable
combustion in PCI mode and extremely low IMEP.
Though the combustion state is unstable with COV
of 12% in SI mode, its stability is significantly better
than that of PCI mode. As the ammonia cracking
ratio increases, the IMEP of PCI mode substantially
improves and the COV remarkably decreases.
When the ammonia cracking ratio increases to 5%,
the cycle variation decreased by 70%, indicating
that the addition of hydrogen has a significantly
positive effect on improving the combustion
behavior of the PCI mode. When vy increases to
more than 5%, the IMEP and COV of PCI mode
gradually stabilize. As y increases, the IMEP of SI
mode continues to increase, and the COV keeps
decreasing. However, the changes in the two
parameters in SI mode are smaller compared to
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PCI mode. In addition, under the same vy, the
combustion stability and IMEP of PCI mode are
lower than those of SI mode, which is due to the
significant heat transfer loss during the flame
propagation process in the pre-chamber.
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Fig. 8 IMEP and COVIMEP between the pre-
chamber ignition and spark ignition at different
ammonia cracking ratios

3.3 Comparison of jet flame development
between PCl and SI mode

The natural flame luminosity (NFL) images of a
specific single cycle are selected to analyze the
flame development process in detail. The peak
cylinder pressure of the selected single cycle is
closest to the average pressure. Figure 9 displays
the NFL images for both PCI and SI modes in a
single cycle under different ammonia cracking
ratios. The results illustrate that as the ammonia
cracking ratio increases, the flame propagation
speed significantly accelerates, the flame intensity
enhances, and the combustion phase advances.
Under low ammonia cracking ratio cases, the flame
propagation speed is slow due to the low fuel
activity, and the PC flame propagation time is
longer, reaching up to 25 °CA under pure ammonia
conditions. The flame propagation in MC is greatly
affected by turbulence inside the cylinder. Six jet
flames gradually converge at the nozzle to form a
flame cluster, which continues to propagate in a
flame shape similar to that of SI mode in the later
stages of combustion. Increasing the ammonia
cracking ratio, the combustion phase is gradually
advanced, the intensity and speed of the jet flame
increase significantly, and the 6 jet flames are more
symmetrical and distinct. When the ammonia
cracking ratio is increased to 5%, the higher jet
intensity has significantly improved the jet flame
speed. When the ammonia cracking ratio increases
to 7.5%, the jet flame intensity further increases,
with higher jet flame activity and faster propagation
speed. The six jet flames propagate independently
and rapidly, with the jet kinetic energy exceeding
the effect of turbulent kinetic energy.
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First jet

Fig. 9 The flame development of the pre-chamber
ignition mode at different ammonia cracking ratios

Figure 10 presents that a flame kernel immediately
forms around the spark plug after ignition and
gradually propagates outward in the SI mode.
Meanwhile, the charge temperature distribution
significantly impacts on the ammonia flame
propagation. Unlike methane, which spreads
uniformly and symmetrically from the spark center
to the surrounding areas, ammonia flame primarily
propagates toward the direction of the exhaust
valve (as shown in the upper right corner of the
figure). As the ammonia cracking ratio increases,
the flame propagation speed gradually accelerates,
and the combustion phase advances. However,
compared to the flame development images of the
PCI mode shown in Figure 7 (a), the advancement
of the combustion phase is smaller with the
increase of y. Taking y increasing from 5% to 10%
as an example, CA50 advances by 7 °CA in the SI
mode, while in the PClI mode CA50 advances by
16.5 °CA in the PCI mode. In summary, the ignition
delay in the PCI mode is longer under pure
ammonia conditions due to the long PC flame
propagation period. However, the flame
combustion speed in the MC is faster in the PCI
mode compared to the SI mode. As y increases,
the PCI mode gradually shows a more significant
advantage in combustion speed.

CA10

Fig. 10 The flame development of the spark ignition
mode at different ammonia cracking ratios
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Figure 11 illustrates the evolution of flame area for
both ignition modes depicted in Figure 9 and Figure
10. The dashed line indicates the phase at which
the jet flame front reaches the visualization
boundary. The flame area changes have no
practical significance after the dashed line and are
only used as a reference for flame area
comparison. The results show that the phase at
which the flame area in the SI mode begins to
increase significantly occurs earlier, which is due to
the long PC flame propagation period in PCI mode.
The flame area in the S| mode fills the visualization
area of the combustion chamber earlier than in the
PClI mode under pure ammonia combustion
conditions. As the ammonia cracking ratio
increases, the phase at which the flame covers the
main chamber's visualization window gradually
advances. Increasing y from 0% to 10% results in
a sharp increase in the flame area of the SI mode,
while the increase in flame area is greater in the
PCl mode. For the y = 2.5% case, the effective
flame propagation has not yet formed in the main
chamber at 2 °CA ATDC in the PCI mode.
Increasing y to 5%, the flame covers 50% of the
visualization area at 2 °CA ATDC. Fory = 2.5%
case in the PCI mode, the flame fills the
visualization window at 20°CA, while when vy
increases to 10%, the phase advances by nearly
22 °CA. However, in the SI mode, when y increases
from 2.5% to 10%, the phase only advances by
12 °CA. It demonstrates that the reactivity
improvement from ammonia cracking has a more
significant impact on the combustion performance
of the PCI mode.

35 ———
Optical Limit

@
).

Optical Boundary

()]

Cracking Ratios
H == 0%
0= 25%
5%
M=~ 7.5%
10%

o

RN
o o

Flame Area (cm?)

o o

-20 -15 -10 -5 0 5 10 15 20 25
Crank angle (<TA)

(@) PClI mode

Page 10



w
a1

Optical Limit

p------- Pt

Optical Boundary &V

w
o

N
ol

&

e

< 20 # o |Cracking Ratios|
o == 0%

< 15 0= 2.5%

(5] 5%

% 10 = 7.5%

T = 10%

[$3]

Optical Boundary

o

25 -20 -15 -10 5 0 5 10 15 20
Crank angle (<TA)

(b) Sl mode

Fig. 11 The flame area in the pre-chamber ignition
mode (a) and spark ignition mode (b) under
different ammonia cracking ratios

The flame area change rate is used to characterize
the combustion speed in MC. Figure 12 presents
the flame area change rate for both ignition modes.
Although the flame propagation phase in the PCI
mode is later under the pure ammonia combustion
condition, the MC peak flame propagation speed is
higher than that of the SI mode due to the
simultaneous diffusion and propagation of multiple
flame kernels. This also explains why the ignition
delay is longer while the combustion duration is
shorter in the PClI mode under pure ammonia
combustion conditions. As y increases, the peak
flame area change rate in the SI mode changes
slightly. When y increases from 0% to 10%, the
peak flame area change rate in the SI mode
increases by 0.63 m?/s, whereas it increases by
3.52 m?/s in the PCI mode. It demonstrates that due
to the distributed ignition of the PCI mode,
increasing fuel reactivity has a more significant
impact on improving the ammonia flame
propagation speed than the SI mode.
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Fig. 12 The flame area change rate in the pre-
chamber ignition mode (a) and spark ignition mode
(b) under different ammonia cracking ratios

4 CONCLUSIONS

Ammonia combustion faces challenges of poor
flammability and slow combustion. In this study, a
passive pre-chamber with a narrow throat was
designed, and natural flame Iuminosity (NFL)
imaging was used to investigate the effects of
hydrogen production by ammonia cracking on the
combustion performance of pre-chamber ignition.
The combustion behavior between the two ignition
modes (PCI and Sl) at different ammonia cracking
ratios was compared. The main conclusions are as
follows:

1) Increasing the ammonia cracking ratio (v ) from
0% to 10% effectively improves the combustion
performance of the ammonia pre-chamber ignition.
The fuel reactivity improvement increases the
pressure buildup from 0.8 bar to 2.2 bar. The
increase of pressure buildup accelerates the jet
flame propagation speed, and shortens the ignition
delay and combustion duration. When the
ammonia cracking ratio increases to 7.5%, the jet
flame propagation becomes more uniform and
distinct.

2) Under pure ammonia combustion conditions, the
combustion performance in the PCI mode is inferior
to that of the SI mode. This is due to excessive heat
transfer loss of the pre-chamber caused by the long
PC flame propagation time, resulting in unstable
combustion with a COV exceeding 80%.

3) As the ammonia cracking ratio increases, the
combustion performance of ammonia in PCl mode
significantly improves. In the SI mode, combustion
performance gradually improves with increasing
ammonia cracking ratio, but the improvement is
relatively small. The peak flame area change rate
in the SI mode increases by 0.63 m?/s, whereas it
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increases by 3.52 m%s in the PClI mode when
increasing y from 0% to 10%. It demonstrates that
the reactivity improvement from ammonia cracking
has more significant impact on PCI mode.
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