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ABSTRACT

This paper presents the results of a numerical investigation focused on the influence of pre-chamber geometry,
specifically, the number and diameter of orifices, on hydrogen combustion characteristics in a turbulent jet ignition
(TJT) system. Computational fluid dynamics (CFD) simulations were conducted using AVL FIRE software in two
configurations. In the first case, the number of orifices was varied while maintaining a constant diameter, whereas
in the second case, the orifice diameter was adjusted to preserve an equivalent total flow cross-sectional area. The
obtained results indicate that both geometrical parameters significantly affect the combustion behaviour, particu-
larly in terms of mixture stratification, pressure distribution within the main combustion chamber, and nitrogen ox-
ide (NO) formation. It was determined that the number of orifices exerts a more pronounced effect on combustion
performance than their individual diameter. An increased number of orifices with a diameter of 1.5 mm enhanced
system efficiency due to improved flow penetration and jet momentum (the most favourable solution is 5 holes
with a diameter of 1.5 mm). Under the condition of a constant total discharge area, the configuration comprising 5
orifices with d = 1.34 mm yielded the most favourable results (combustion efficiency was approximately 1% lower
than in the best-performing configuration). This configuration ensured stable combustion operation with respect to
the analysed performance and emission parameters.

Keywords: hydrogen combustion, turbulent jet ignition, pre-chamber, thermodynamic parameters, computational
fluid dynamics research.

INTRODUCTION overall combustion kinetics as well as reducing
NO, and unburned hydrocarbon emissions [2].
On the basis of the available literature, it can be
concluded that the key lies in the research into
the design parameters of the pre-chamber and

fuel injection conditions, which, together with the

Turbulent jet ignition system

Current research into combustion technolo-
gies primarily focuses on improving engine effi-

ciency, but also aims to reduce harmful emissions
into the atmosphere. All of these efforts are driv-
en by environmental regulations and the need for
energy transformation. One proposed method is
the use of turbulent jet ignition (TJI) technology,
which features a pre-chamber [1]. Pre-chambers
with independent fuel supply enable the creation
of a richer mixture in the combustion chamber,
resulting in effective ignition in the main cham-
ber. These processes contribute to improving the

geometry of each element, determine the nature
of the resulting streams as well as their ability to
penetrate through the holes and ignite in the main
chamber [3, 4].

A review of the scientific literature on the use
of Turbulent Jet Ignition technology indicates that
the use of a pre-chamber enables more stable com-
bustion of both lean and ultra-lean fuel mixtures
[5, 6]. Experimental and numerical studies using
CFD (computational fluid dynamics) techniques
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demonstrate that the geometry and design param-
eters of the pre-chamber, in particular its volume,
diameter, and number of holes, shape the nature of
the resulting flame jets [7, 8]. This determines the
direction and dynamics of combustion front propa-
gation as well sa influences the emission of harmful
compounds. All additional technologies, such as
hydrogen injection into the pre-chamber, also im-
prove process stability and shift the ignition bound-
ary towards very lean mixtures [3, 5]. Selecting ap-
propriate design parameters and ignition conditions
for the pre-chamber are key factors determining the
further development of TJI technology, fuelled by
hydrogen, methane, or ammonia [9, 10].

TJI technology in the development
of modern combustion engines

TJI technology is one of the most advanta-
geous lean-burn combustion methods, improv-
ing the efficiency of piston engines and reducing
harmful emissions. Unlike the classic spark-ig-
nition engine model, TJI technology utilises a
pre-chamber where a rich fuel-air mixture ignites.
This results in the creation of flame jets that initi-
ate the combustion process, which takes place in
the main chamber [8, 11].

TJI technology significantly increases the
combustion limit of lean-burn mixtures and sig-
nificantly reduces NO_ emissions by over 90%
compared to stoichiometric combustion [8]. This
aspect is particularly important in the context of
implementing alternative fuels, such as hydrogen,
methane, and ammonia, which are difficult to ig-
nite under normal conditions and also have low
flame propagation velocity.

The influence of the pre-chamber geometry
on the combustion process

The geometry of the pre-chamber — its volume,
number and diameter of holes, orientation relative
to the main chamber have a decisive influence on
the nature and energy of the resulting flame jets.
Too many holes weaken the jets, thus weakening
their mutual interference, which can result in pro-
longed combustion time [12, 13]. The studies on
the cross-section of holes show that excessively
large diameters reduce the pressure difference
between the pre-chamber and the main chamber,
which directly reduces the possibility of secondary
ignition. Changing the nozzle diameter in a natu-
ral gas engine directly affects the dynamics of the
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resulting flame jets and the combustion stability of
ultra-lean mixtures (mixtures with A > 2). In com-
parison, larger holes improve gas exchange, while
smaller ones increase the penetration of these jets
at the expense of possible flame extinction [11,
13]. The best approach to this problem seems to
be the use of small chambers with several holes of
1-2 mm diameter, which allows for rapid and sta-
ble ignition while maintaining low emissions [6,
14]. However, in the case of hydrogen, it is also
important that the energy from the effluent streams
be sufficient to initiate the combustion process at
high excess air coefficient values, which in turn
requires very precise selection of the number and
diameter of holes.

Hydrogen combustion in the TJI system

Although hydrogen is considered one of the
most promising fuels, as its use in the engines em-
ploying TJI systems is associated with numerous
challenges. Combustion efficiency is supported by
many factors, including high combustion velocity,
a wide ignitability range, and low ignition energy.
However, these characteristics can lead to undesir-
able phenomena, such as pre-ignition or combus-
tion knock. With very lean mixtures, hydrogen re-
quires an intense ignition source, which allows for
the initiation of the process occurring throughout
the main chamber, and the geometry and volume
of the pre-chamber are important for maintaining
the stability of the hydrogen combustion process.
[13, 14]. In such a case, it is particularly important
to precisely determine the effect of the diameter
and number of holes in the pre-chamber, which
determine both the energy and the ability of flame
jets to penetrate the main chamber. The studies
on the volume of pre-chambers indicate that the
smallest volumes of these chambers, equipped
with several relatively large holes, provide the
highest indicated efficiency [5]. This is related to
reducing heat losses and effectively developing
the combustion process in the main chamber [6,
15]. It was also confirmed that the optimal num-
ber of holes in the passive chamber was four, and
research indicated that a larger number caused jet
interference, in addition to significantly slowing
down the combustion process. Double-row cham-
bers allowed for more uniform flame spread [5]
The results of these studies confirm that the geom-
etry of both chambers is an important parameter
that affects ignition stability and the overall effi-
ciency of the combustion process.
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Injection strategies and the use of
alternative fuels in TJI systems

Besides the geometry of the pre-chamber and
main chamber, another very important research
direction related to the TJI system is the analysis
of the use of alternative fuels and the implementa-
tion of additional pre-chamber fuelling strategies.
Appropriate configuration of the pre-chamber
volume and the diameter of the flame outlet holes
allows for a high indicated efficiency of approx-
imately 40% and stable hydrogen combustion at
a lambda coefficient of 2.6 [13]. To shorten the
methanol combustion time, a new swirl acceler-
ating cavity (SAC) chamber concept was devel-
oped. Its purpose is to intensify turbulence and
accelerate the mixing process and flame propaga-
tion within the combustion chamber. This technol-
ogy shortened methanol combustion time by 28%
and shifted the ignition limit to equivalence ratio
of 0.35, which in turn contributed to a significant
step towards research into the combustion of ex-
tremely lean alcohol mixtures [14]. In the case of
simulation studies using ammonia with hydrogen
addition, it was shown that the high reactivity of
the pre-chamber allows for a significant reduction
in NH, emissions but leads to an increase in NO
emissions. Taking into account the best results,
it was indicated here that this is possible using
pre-chambers with a larger number of holes with
a diameter of approximately 2 mm [10]. Appro-
priate selection of the timing and dose of fuel in-
jection into the pre-chamber allows for an effec-
tive reduction of NO_emissions to approximately
92-99%, thereby increasing the efficiency of the
entire system [8]. All conducted studies indicate
that further work on the optimisation of the com-
bustion process in the TJI system requires taking
into account the geometry of the pre-chamber, the
selection of the best parameters and fuel type, and
the adjustment of the fuel injection strategy, be-
cause the interaction of all these elements affects
correct operation of the TJI system.

Ignition dynamics in the pre-chamber

Studies comparing the ignition timing in the
pre-chamber for fuels with different reactivity,
including methane and hydrogen, describe differ-
ences in flame initiation mechanisms. Hydrogen
has a relatively low ignition energy, a high lam-
inar flame burning rate, and a wide flammability
limit [9]. These parameters enable the initiation of

combustion of the hydrogen-air mixture in the TJI
system with significantly lower energy and shorter
exposure time than in the case of methane. The
critical Damkohler number, approximately 3.5
times lower than for H, than for CH, (up to ap-
proximately 40 vs. approximately 140), is a condi-
tion for ignition, which confirms the ease of initia-
tion of hydrogen flame combustion by hot streams
formed in the pre-chamber [16]. It has also been
shown that there are two different paths in jet igni-
tion: kinetic ignition (jet ignition), which is caused
mainly by radicals and the heat generated in the
flame jet, and flame ignition, where the flame is
transferred to the main chamber [16].

Increasing the pre-chamber nozzle diameter
favours the transition from jet to flame ignition.
H, ignites at lower Da values and, as it was men-
tioned earlier, shorter flame jet exposure times in
the cylinder, due to, among other things, its signif-
icantly higher combustion velocity. A framework
for selecting the energy and duration of the jet has
been established for ultra-lean mixtures [17]. Nu-
merical studies conducted using DNS show that
for the pre-chamber-main chamber system, flame
stabilisation on the cylinder side is based primar-
ily on chemical effects (in this case, OH, CH,0,
HO, radicals) and thermal effects. The combus-
tion velocity in the main chamber can increase to
approximately 30x, which is related to the CH, jet
being too weak compared to H,, where it is initi-
ated by the same jet enthalpy value. This proves
that it is also important to limit the energy emis-
sion in the pre-chamber in the case of hydrogen
fuel to avoid the possible occurrence of combus-
tion acceleration [17].

Geometry of the pre-chamber
when using hydrogen fuel

When using hydrogen as fuel in a TJI system,
the pre-chamber should have a smaller volume,
which is directly related to shorter fuel residence
time in the chamber and a reduced risk of local
pockets containing portions of the rich mixture
(typical pre-chamber designs are manufactured
from the nickel-chromium alloy Inconel 601).
The pre-chamber nozzle should also have a rel-
atively small cross-section to allow for rapid jet
formation without choking. The pre-chamber
volume and the combined cross-section of the
exhaust ports significantly affect the efficiency
and timing of ignition in the cylinder. Increasing
the volume while maintaining a constant nozzle
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size accelerates the ignition initiation in the main
chamber. However, one of the most important
parameters that limits efficiency is the cross-sec-
tional area of the pre-chamber nozzle. This pre-
sents the need to create chambers with a moderate
“throat area” for ultra-lean operation [15].

On the other hand, a single-hole diameter
that is too small can lead to flame extinction
because the jet does not carry the flame front.
A diameter that is too large, however, reduces
flame velocity and prolongs combustion. In the
case of a multi-hole configuration, ignitions are
spread across the cylinder volume, shortening
the CA10 (thermodynamic start of combustion)
and CA90 (end of combustion). The studies con-
ducted with ammonia fuel show that a nozzle
that is too narrow can completely prevent igni-
tion in the main chamber [14].

The studies conducted by Wakasugi et al. [18]
indicate the use of pre-chambers with orifice di-
ameters ranging from 2.5 to 5 mm. Smaller orific-
es increase the flame jet velocity, whereas larger
ones — around 3.5 mm — lead to a larger flame
area. Orifices with a diameter of 5 mm result in
the lowest jet velocity, while the flame area lies
between those obtained with 2.5 mm and 3.5 mm
orifices. According to the research by Frasci et al.
[19], increasing the orifice diameter (within the
range of 0.5 to 0.9 mm) leads to an increase in
the heat release rate, a reduction in specific fuel
consumption, and a decrease in the crank angle
corresponding to 50% heat release.

The research conducted by Soltic et al. [20]
on the evaluation of the efficiency of a TJI engine
fuelled with lean methane mixtures indicates that
in a four-cylinder gas engine with a pre-chamber,
stable combustion conditions were obtained with
a global coefficient A = 1.7. Thermal efficiency
above 45% and mean indicated pressure exceed-
ing 20 bar were achieved while maintaining low
NO_ emissions. The method in which ultra-lean
combustion was used resulted in increased un-
burned methane emissions. The research fo-
cusing on the comparison of various pre-cham-
ber geometries showed that increasing the total
cross-section of the exhaust nozzles and directing
the flame jets deeper into the main chamber ena-
ble better flame distribution and more homoge-
neous combustion of the mixture, while reducing
heat losses to the walls. In a subsequent study,
a different method was developed for analysing
the combustion process between the pre-chamber
and the main chamber. This method was based
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on simultaneous pressure measurement in both
chambers, which allowed for the determination
of, i.a. the averaged mass and temperature in the
pre-chamber, the total heat released in it, and the
enthalpy flux transferred to the cylinder [21]. The
effectiveness of this method was confirmed using
CFD and data from tests of such an engine, pro-
viding information enabling the assessment and
further optimisation of the pre-chamber operation.

PURPOSE AND SCOPE OF
RESEARCH WORK

The aim of this research is to demonstrate the
greater importance of the number of pre-chamber
fuel outlet holes or their diameter. Current stud-
ies focus either on the number of orifices [20,
22], their diameter [3, 18, 19, 23], or their angu-
lar positioning [24].

Inter-chamber flows in such a combustion
system [25, 26] also have a significant influence,
affecting both the wall slip phenomenon in var-
ious ways [27] and the fuel ignition characteris-
tics inside the pre-chamber [28-30]. In addition
to qualitative indicators, it will be important to
determine the quantitative relationships between
these indicators. The result should be the selec-
tion of the best configuration of the number and
diameter of the TJI system holes from those pro-
posed in this article. Appropriate pre-chamber ge-
ometry (selection of the number and diameter of
holes) can improve the efficiency and stability of
the combustion process occurring in the TJI sys-
tem and thus reduce NO_ emissions. The results
of this research may be particularly important for
the engines using fuels such as hydrogen, meth-
ane, or ammonia, as in these systems, effective
and stable combustion of these lean mixtures pos-
es a challenge for the industry.

RESEARCH METHODOLOGY

TJI chamber model

Simulation tests were conducted using AVL
Fire 2022.1 software. A movable combustion
chamber mesh was used with the parameters
presented in Table 1. The mesh represents the
combustion chamber of the cylinder with a dis-
placement of 510.7 cm?. The mesh consists of a
pre-chamber, a main chamber, and outflow holes.



Advances in Science and Technology Research Journal 2026, 20(3), 435-453

The mesh is divided into sections representing
the elements of the moving mesh. Simulation
tests were conducted using a combustion cham-
ber model (without intake and exhaust channels)
including four valves and a centrally located
pre-chamber. An active pre-chamber system (with
fuel feeding) was used. The combustion chamber
characteristics are presented in Table 2, and its
exemplary view is shown in Figure 1.

A poly-type mesh was used in the study, with
a target cell size of | mm and a minimum surface
cell size of 0.1 mm. Other publications indicate the
use of a 3 mm mesh [2, 31], but in the case of a
pre-chamber this value appears to be too large. The
number of cells in the model is provided in Table 1.
The FAME ENGINE PLUS module was used to
automate the moving-mesh generation process.

The study accounts for specific initial con-
ditions and several combustion-related models,
which are summarised in Table 2.

Figure 1 shows an example view of the TJI
combustion chamber model used in numerical
studies. The geometry of this model included,
among other things, four valves and a centrally
located pre-chamber, into which an additional
dose of fuel was fed in the active pre-chamber
system. The main chamber was devoid of intake
and exhaust channels; it was simplified to focus

Table 1. Characteristics of the combustion chamber

Combustion chamber type IE L%ﬂfgﬂ;ﬁ%iﬁﬁﬁ@?er
Bore x stroke 85 x 90
Compression ratio 11.8:1

Number of cells (min/max) 69,561/234,187
Global lambda-value 25

on the ignition timing and combustion process.
The central section shows the system of channels
connecting the pre-chamber with the cylinder
cavity, through which flame jets pass, initiating
combustion of the mixture in the main chamber.

Input parameters of the model

The research methodology considers a varia-
ble number of pre-chamber holes and a variable
diameter (assuming a constant flow cross-sec-
tion). The first test variant involves changing the
number of holes while maintaining a constant di-
ameter (d = 1.5 mm). The second variant assumes
simultaneous changes in the number and diam-
eter of holes while maintaining a constant flow
cross-sectional area. This approach allows for as-
sessing the degree to which the hole distribution
itself is more important for flame shape and dy-
namics, as opposed to their combined cross-sec-
tion. The proposed combustion chamber variants
are presented in Table 3.

The tests were conducted under the follow-
ing assumptions: a) an active pre-chamber with
fuel injection qo_PC = 0.4 mg was used, and a
dose of qo MC = 8.3 mg was injected into the
main chamber. Both fuel doses were injected at
the same time (injection start o = 550 deg; the fuel
injection time is shown in Figure 2).

The tests were conducted in the range of 540
deg (intake valve closing) to 800 deg (exhaust
valve opening). Considering charge exchange
from the previous engine cycle causes the actual
engine cycle to begin at alpha = 360 deg. There-
fore, the so-called hot-TDC occurs at 720 deg.
Since the engine has 1.2 bar of boost during in-
take valve closing, the charge exchange system
and its intake were not considered.

Table 2. Initial conditions and models used in the TJI engine simulation

Initial conditions

Pressure 0.12 MPa
Temperature 578 K

Turbulent kinetic energy 10 m?/s?

Turbulent lenght scale 0.003 m

Turbulent dissipation rate

1732.05 m?/s®

Models

Combustion

Turbulent Flame Speed Closure Model

Spark ignition

Spark timing =5 deg bTDC
Flame kernel size = 0.003 m
Ignition duration 0.0003 s

Emission

NO model — Extended Zeldovich
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channel inter-chambers

pre-chamber

Figure 1. Example view of the TJI system combustion chamber

Table 3. Research proposals for the number of holes and diameters of the pre-chamber

Research variant

Value

Visualisation of changes

Variable number of orifices: n —

d =1.5 mm = const.

6x1.5mm

5x1.5mm
-

without constant total flow area n=4,56,7
Area = const
Variable orifice diameter and n=4;d=1.50mm
number: n, d — constant total n=5;d=1.34 mm
flow area maintained n=6;d=1.22mm
n=7;d=1.14 mm

reSSS p== ==

7x1.14mm 6x1.22mm
-1

The research presented below is divided into
two groups of works: the first one concerns the
change in the number of holes (the results of this
work are presented in chapter 4 and the change in
the number and diameter of holes while maintain-
ing the same value of the flow diameter through
the pre-chamber system — chapter 5).

VARIATION OF ORIFICE NUMBER

Influence of orifice number variation
on charge formation processes

The base value for the hole diameter was as-
sumed to be 1.5 mm. This value is often used in
other studies, although they do not always con-
cern hydrogen combustion [32].

The influence of the number of holes has a de-
cisive impact on the quality of charge formation
before combustion, i.e., on the preparation of the
charge for combustion. In a two-stage combus-
tion system, this is even more important due to
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the pre-chamber. Another factor is the addition-
al influence of the passive combustion chamber
(without additional injection into the pre-cham-
ber) and active combustion chamber (with addi-
tional injection into the pre-chamber). The effect
of changing the number of holes on charge for-
mation is shown in Figure 3. This figure shows
changes in the spatial charge distribution within a
precisely defined angular range — only around the
ignition region in PC.

Although the entire combustion chamber is
shown in Figure 4, the charge formation in PC is
important. In the case of a small number of holes
(4), a significant reduction in the A in PC is vis-
ible, which is caused by a large fuel dose in PC
(this dose is constant at 0.4 mg — Table 3). This
results in a low A-value and difficulties in ignition
of the charge. In the case of 5 holes, the A-value in
the PC is very close to stoichiometric. Atn =6, a
large amount of air is supplied, and the charge is
leaner. At n = 7, a tendency towards stoichiomet-
ric charge in the pre-chamber is noted.
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Figure 2. Timing diagram of the injection and ignition of the charge in the TJI system
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6 holes
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d=
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a="716 deg a=718 deg

Figure 3. Air-fuel equivalence ratio distribution in a TJI system with a variable number of pre-chamber orifices
of constant diameter

This indicates that the number of holes is sig-
nificant and its relationship to the number of holes
is not linear. The analyses above already indicate
the presence of stoichiometric charge atn =5 and
7 holes. This necessitates further thermodynamic
analyses to determine the most favourable variant
of the pre-chamber geometry in terms of the num-
ber of holes.

The next step was to determine the global
(rather than local) values of the excess air coeffi-
cient. Additionally, the average kinetic energy of
turbulence was used to demonstrate its effect on
charge formation conditions — Figure 4. Figure 4
shows that the A-value in PC is not proportional
to the number of holes. The large amount of air
in PC in Figure 3 is also confirmed in Figure 4,
which may result from the highest TKE (turbulent

kinetic energy) value. It is significantly greater
(by over 50%) than for the other pre-chamber ge-
ometries. As it can be seen from this figure, the
global lambda values are similar forn=4, 5, and
7 (similar values were also obtained for TKE).
The size of the six holes causes the flow through
the PC chamber to be slightly different.

Slightly different charge preparation leads to
variations in the maximum pressure in the range of
5-6 bar (Figure 5). A large amount of air (at n =
6) results in the lowest maximum combustion pres-
sure. Although at n = 5 the A coefficient in the PC
had near-stoichiometric values, Pmx (maximum
cylinder pressure) is not the highest here either. The
highest Pmx values were obtained at n = 7 (Pmx
= 67.9 bar); however, the Pmx changes for the re-
maining curves are small and within 4 bars, which
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Figure 4. Variation of the mean air-fuel equivalence ratio (a) and turbulent kinetic energy (b) in the pre-chamber
and main combustion chamber of a TJI system with a variable number of pre-chamber orifices
of constant diameter

is a maximum of 7% of the maximum value). How-
ever, such small changes can be significant in the
analysis of thermodynamic indicators (temperature,
heat release rate, heat release and jet velocity from
prechamber), as presented in the next chapter.

Assessment of thermodynamic conditions

The analysis of thermodynamic processes
began with the presentation of local tempera-
ture distributions after ignition (which occurred
at 716 °CA). Analysis of Figure 6 indicates that
the fastest flame development in PC occurs with
the smallest and largest number of holes. For n
= 5 and 6, flame development in PC is slower,
which results from the temperature distribution in
PC and its flow to MC. Analysis of this figure in-
dicates the highest possible average temperature
value with the smallest number of holes (n = 4
and 7). The temperature distribution also indi-
cates (regardless of the number of holes) that the
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increase in temperature development is consistent
with the direction of fuel flow from the pre-cham-
ber. This causes the temperature to reach the pis-
ton crown with a considerable delay. However,
the engine head is heated very significantly.
Figure 7 shows the effect of the number of
holes on the amount and rate of heat release in the
pre-chamber and the entire combustion chamber.
Such differentiation is only possible during simu-
lations. It is then possible to distinguish between
the fuel doses from PC that cause heat release in
both chambers independently. Analysing only the
conditions in PC does not lead to global conclu-
sions. Although the highest heat amount in the PC
was obtained at n = 5 (Qmx_PC = 36.6 J), the
overall analysis does not indicate the best results
of this configuration. Here, the best effect was ob-
tained at n = 6 (Qmx = 983 J). Changes in the
final Q  value in the main chamber reach only
9% of the maximum value. However, the variable
number of holes has the greatest impact on the
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Figure 5. Variation of the in-cylinder pressure (a) and its approximation (b) in a Turbulent Jet Ignition (TJI)
system with a variable number of constant-diameter pre-chamber orifices

a=716 deg o =720 deg

z

1.5 mm

4 holes

d=

R s

5 holes
d=1.5mm

6 holes
d=1.5mm

7 holes
d=1.5mm

le

o =730 deg

TIK]

3500
3250
3000
2750
2500
2250
2000
1750
1500
1250
1000

Figure 6. Temperature field distribution in a Turbulent Jet Ignition (TJI) system with a variable number
of constant-diameter pre-chamber orifices

heat release rate. The maximum rate in PC was
obtained atn =7 (dQmx_PC = 3.3 J/deg). Chang-
es amount to a maximum of 20%. Similar con-
clusions can be drawn by analysing the heat re-
lease rate in both spaces. The configuration with
n = 7 holes is the best. However, the changes in
dQmx are much greater. The maximum dQ value
is 56.2 J/deg, but the changes in this value exceed
30% (the lowest values were obtained for n = 6,
with a value of 36.7 J/deg). Similar conclusions
can be observed when analysing the average

temperature. The best solution is the n = 7 var-
iant, as the maximum temperature (Tmx = 1503
K) occurs early and decreases rapidly. This case
also produces the highest combustion pressure
(Figure 5), which should result in a high IMEP.

Assessment of the discharge velocity
of the mixture from the pre-chamber

The previously reported indicators largely ac-
count for the rate of outflow of burning flames
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Figure 7. Profiles of thermodynamic indicators in a one-dimensional model (for the pre-chamber
and the main combustion chamber): a) heat release, b) heat release rate, ¢) temperature in a TJI system
with a variable number of pre-chamber orifices of constant diameter

from the PC holes to MC. Analysis of the data in
Figure 8 indicates the highest rate for the system
with four holes. The flames reach an outflow rate
of over 300 m/s. With five holes, it is approxi-
mately 200 m/s, while the lowest velocity was
recorded with n = 6 holes. This may be due to the
large excess air ratio during fuel ignition in the
pre-chamber. Additionally, the maximum veloc-
ities with n = 4 and 5 holes were achieved 1 deg
earlier than with the remaining number of holes.

Assessment of nitric oxide (NO) concentration

Nitrogen oxide production is one of the key
factors influencing the quality of the combustion
process. The higher the NO fraction, the better the
combustion quality due to the higher temperatures
generated, which favours NO formation. There-
fore, analysis of Figure 9 indicates that the NO
concentration is highest in the PC with 4 holes.
The difference between the remaining PC geom-
etry cases is six-fold. Analysis of the entire com-
bustion chamber indicates that these differences
are not as significant, amounting to only about
25%. It should be noted that due to the initiation
of the combustion process in PC and the signif-
icantly higher (almost twice as high — Figure 7)
average temperature values, the NO share in PC
is also almost 30 times higher.
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Although the highest combustion pressures
were obtained for the configuration with 7 ori-
fices, other thermodynamic indicators (such as
the amount of heat released in both chambers and
the temperature levels) point to the configuration
with 5 orifices — at a constant diameter — as the
overall best solution.

VARIATION OF ORIFICE DIAMETER

Evaluation of charge formation processes

The previous analysis focused on changing the
number of holes. The differences observed during
these changes due to the change in flow cross-sec-
tion were quite significant. Currently, the change
concerns the number of holes while maintaining
a constant flow diameter. This means that as the
number of holes increases, their diameter de-
creases, achieving a constant flow cross-sectional
area. Therefore, significantly smaller differences
are expected between the individual test variants.

Figure 10 shows the changes in the excess
air coefficient for different variants of the num-
ber and diameter of holes. Despite the same flow
cross-sectional area, spatial changes in A are clear-
ly visible. For all variants (except n =5 holes), the
value of A in PC is close to stoichiometric. A more
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Figure 9. NO concentration profiles in the pre-chamber (a) and in the main combustion chamber (b)
of a TJI system with a variable number of pre-chamber orifices of constant diameter

detailed analysis of each variant indicates that the
location of the holes is significant, as the value of
A varies considerably in individual cross-sections.
This is particularly evident in the 4-hole chamber.

Analysis of the global lambda-value in PC in-
dicates that it is too low for each of the studied
cases (Figure 11). The fuel dose to PC cannot be
too high, as minimising it increases combustion
efficiency. Experimental studies confirming this
thesis were conducted by, among others, Pielecha
et al. [20]. Due to the uniform flow diameter, a
small number of holes increases TKE (turbulent
kinetic energy). This results from the fact that the
single flow window is the largest here, which sup-
ports the flow and increases the degree of charge
swirl. In the case of global TKE values, there are
practically no differences.

Due to the significant similarity of the A dis-
tribution (local in PC and global) and the global
TKE, the cylinder pressure curve is very similar

(Figure 12). Differences in Pmx are minimal,
amounting to a maximum of 2.5%. The high-
est-pressure value was obtained with n = 6 holes
and equal to 66.9 bar. It should be noted that
the change in the pressure curve after ignition
is completely similar and convergent for all cas-
es with the same flow diameter. This curve was
completely different for a variable flow diameter
(compare Figure 5).

Assessment of thermodynamic conditions

The thermodynamic analysis of the combus-
tion process in the pre-chamber is very similar
(Figure 13). Except for the 5-hole case, the other
variants have a similar temperature distribution in
PC, but only in the 4-hole case is the temperature
development the fastest. This may indicate a high
heat release rate in this chamber. As before, such a
temperature distribution in the pre-chamber may
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Figure 10. Distribution of the air-fuel equivalence ratio in a TJI system with a variable number and diameter
of pre-chamber orifices (at a constant total flow area through the pre-chamber)
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Figure 11. Variation of the mean lambda (a) and TKE (b) values in the pre-chamber and the main
combustion chamber of a TJI system with a variable number and diameter of pre-chamber orifices
(at a constant total flow area through the pre-chamber)

result from the ease of flow through the largest  value first (Qmx PC = 33.6 J). The 5-hole case
diameter of the holes from PC to MC. achieves a higher value, but slightly later (Qmx__

Figure 14 shows that heat is released fastest in PC = 35.7 J). The scatter of Qmx_ PC values is
PC in the 4-hole chamber and reaches the highest ~ not large and amounts to 15%. The maximum
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Figure 13. Temperature field distribution in a turbulent jet ignition (TJI) system with variable number
and diameter of pre-chamber orifices at constant total flow area

value in the entire chamber is the largest at n =
4 holes and amounts to 931 J. For the other com-
bustion chamber geometries, the change in value
oscillates within the range of only 6%.

The heat release rate in the PC is maximum at
n=4holes (dQmx PC=2.66 J/deg). These values
are very similar within 15%. The total heat release
rate is maximum at n = 6 holes (dQmx = 54.9 J/
deg). The maximum value changes by approxi-
mately 18% (the largest changes at n = 5 holes).

Analysis of the temperature values in PC
shows — as in the case of dQ/da PC — a very

similar pattern: the highest values are achieved
most quickly by the 4-hole system (Tmx PC =
2502 K). However, the highest temperature val-
ues are also consistent with dQ/da for the 5-hole
system (Tmx_PC = 2645 K).

The maximum temperature values in the main
chamber are also highest for the 5-hole system
(Tmx = 1493 K). The changes in the maximum
value are very small, amounting to only 4%.
Compared to the case of a variable number of
holes, Tmx values above 1500 K have not been
achieved at present.
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Figure 14. One-dimensional thermodynamic profiles — heat release (a), heat release rate (b), and temperature (c)
in a TJI system with variable number and diameter of pre-chamber orifices at constant total flow area
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Figure 15. Flame jet discharge velocity from the pre-chamber in a TJI system with variable number
and diameter of constant-flow-area orifices

Assessment of the mixture discharge velocity Assessment of nitric oxide (NO) concentration

from the pre-chamber _ ) o )
The nitrogen oxide concentration is at a sim-

Since the first 4-hole case is the same as be- ilar level as in the case of constant hole diameter
fore, it is known that the outflow velocity of  (Figure 9). However, in the pre-chamber and main
the torch was approximately 300 m/s. Analysis chamber, no significant changes were noted com-
of Figure 15 indicates that this is not the max-  pared to previous studies. In this research, (Figure
imum value. Significantly higher values were 16), similar NO values were observed, differing
obtained for n = 6. The highest values (360—400 from the previous ones by less than 10%. Again, the

m/s) were obtained for n = 7. This may be be- highest NO values result from the large flame flow
cause the hole diameters are the smallest, and area and combustion initiation in the main chamber.
for the same flow area at similar combustion The studies above do not clearly define the
pressure values, the outflow velocity must be  best TJI system variant for hydrogen combus-
the highest. tion. Therefore, further work was undertaken to
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determine the single most advantageous variant
from the cases studied.

Most of the results from the analyses above
indicate that the configuration with 5 orifices —
at varying diameters — provides the best overall
performance (maximum heat release and maxi-
mum temperature).

INFLUENCE OF ORIFICE NUMBER AND
DIAMETER VARIATION

The combustion efficiency was also determined
as the amount of energy produced Q to the energy
supplied with the fuel, defined by the equation:

Q
(qomc + qopc) - LHV

(1

Ncomb =

where: go denotes the dose fed to the pre-cham-
ber and main chamber, respectively, and

a) b)
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LHYV denotes the calorific value of hydro-
gen (120 MJ/kg).

Analysis of the data in Figure 17 indicates that
the highest combustion efficiency was achieved
for the 6-hole variant at d = 1.5 mm. However, the
smallest changes between the two variants were
obtained with n =5 holes.

Therefore, a larger number of indicators
should be considered to determine the most fa-
vourable combustion system variant (from those
analysed). On the basis of the results above, the
best variant of the pre-chamber was assessed.
Multi-criteria evaluation was used, which as-
signed weights to the appropriate thermodynamic
quantities according to Table 4.

All parameters were assigned equal weights
(1/13), as no more important parameters were
distinguished, which determine the charge
preparation and combustion process. The ex-
cess air coefficient (lambda) and charge swirl
(TKE) influence charge preparation and the

T T T T T 1
700 720 740 760 780 800
Angle [deg]

Figure 16. NO concentration in the pre-chamber (a) and main combustion chamber (b) of a TJI system
with variable number and diameter of pre-chamber orifices at constant total flow area
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Figure 17. Analysis of combustion efficiency for the investigated combustion chamber configurations
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homogenization of the fuel-air mixture. There-

fore, three variants were determined to achieve

the best combustion system:

e For a variable number of holes with a constant
diameter (for PC and the entire combustion
chamber)

e For a variable number of holes and diameters
with a constant flow diameter (for PC and the
entire combustion chamber)

e The third variant involves jointly determining
the best solution, taking into account the num-
ber and fixed and variable diameter of the holes.

The maximum values of the indicators pre-
sented above were compared based on Table 5.

The amount of heat released was not analysed due
to the combustion efficiency presented, which
already considers the amount of heat released.
Furthermore, due to the inability to measure only
the combustion pressure in PC, this value was in-
cluded only for the full combustion system. The
target function based on these assumptions was
created as:

n
FW) =) miX; > max @
i=1
where: n — number of variables, m — variable’s

impact indicator (where 2 = 1); i — the
analysed variable.

Table 4. Determination of the weight contributions of individual variables in the combustion process study

No. Parameter Weight Objective (minimisation/maximisation)
1. P 113 Max
2. (dQ/da),,,_PC; (dQ/da), 2x 113 Max
3. T...PCT . 2x1/13 Max
4. N, PCin_.. 2x1/13 Max
5. Lambda_PC; Lambda (o) 2x1M13 Near 1
6. TKE_PC; TKE (a.,,) 2x 113 Max
7. NO_PC; NO 2x1M13 Max
Table 5. Analysis of normalised values for constant and variable orifice diameter cases
Variable o] constd=1.5mm variable d
4x1.5 | 5x1.5 | 6x1.5 | 7x1.5 4x1.5 | 5x1.34 | 6x1.22 | 7x1.14
Tmx_PC 0.0769 0.030 0.059 0.039
damx_PC 0.0769 0.056 | 0.015 0.022
NO_PC 0.0769 0.016
Neomb_PC 0.0769 0.039 0.045 0.011
TKE_PC 0.0769 0.039
A_PC 0.0769 0.038 | 0.0e0 | 0.047 | 0.045 0.038 0.029 0.026
Tmx 0.0769 0.030 0.024 0.013
dQmx 0.0769 0.058 0.049 0.047
NO 0.0769 0.039 | 0.051 0.047 0.043
MNcomb 0.0769 0.030 0.014
P 0.0769 0.038 0.031 0.038 0.031
TKE 0.0769 0.039
A 0.0769
Final 0.471 | 0.501 | 0.526 | 0.572
Const/variable diameter 4 3 2 1 2 1 3 4
All chamber 6 5 4 3 2 1 7
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The above equation was applied to 4 calcula-
tion variants (one series includes the pre-chamber
and the full combustion system). The maximum
values in Table 5 were normalised to 1. Weights
were taken into account, and the results of this
operation were presented in Table 5 in accordance
with Equation 2. On the basis of Table 5, the fol-
lowing conclusions can be drawn:

e For a constant pre-chamber orifice diameter, the
best solution is to increase the number of ori-
fices. This increases the flow cross-section and
thus reduces interchamber flow losses. Analysis
of the data in Table 5 indicates that reducing the
number of orifices reduces the objective func-
tion value by several percent (8% for 6 orifices,
12% for 5 orifices, and 18% for 4 orifices).

e Fora constant flow diameter (variable orifice di-
ameter), the best solution is the five-orifice vari-
ant with a diameter of 1.34 mm. This solution is
slightly better than the chamber geometry with
4 orifices. Increasing the number of orifices to
6 reduces the final index by 30% (probably due
to the reduction in the flow diameter of a single
orifice). The use of a 7-hole chamber results in
a reduction of the swirl in PC (the lowest TKE
value), a deterioration of the combustion effi-
ciency and a reduction of the objective function
value by more than 70%.

Considering all investigated variants (with
different numbers of orifices and either constant
or variable diameter), the configuration with 5
orifices of 1.34 mm diameter also proves to be the
best solution.

CONCLUSIONS

On the basis of the simulation work conducted
regarding the number and diameter of PC holes,
the following general conclusions were drawn:

1. The effect of the number of holes in the PC
(Variant I) is much greater than the effect of di-
ameter (Variant II) on the thermodynamic and
emission parameters of the combustion engine.
Much greater changes in the first variant result
from the variable flow cross-section, which
affects interchamber flow conditions and the
variability of thermodynamic processes.

2. Changes in thermodynamic parameters begin
with charge preparation through interchamber
flows and final combustion in the main cham-
ber, regardless of the test variant.

The detailed conclusions from the above
studies are as follows:

1) While maintaining a constant pre-chamber hole
diameter (d = 1.5 mm), increasing their number
improves the combustion process by increasing
the total flow cross-section, thereby reducing
flow losses between the pre-chamber and the
main chamber. Reducing the number of holes
results in a deterioration of engine performance
compared to the best-performing case. This
means that a larger number of holes reduces flow
losses and thus promotes ignition stabilisation.

2) While maintaining a constant cross-sectional
area, the diameter of individual holes is most
important. The best results were obtained for
a pre-chamber with 5 holes of approximately
1.34 mm in diameter. This case achieved the
best results compared to the others in this vari-
ant. Increasing the number of holes (reducing
their diameter accordingly) led to a significant
deterioration of operating conditions compared
to the best case. This confirms that the number
of holes has the greatest impact on the combus-
tion process dynamics, while the diameter of a
single hole should be selected so that its size
prevents flame extinction (the critical diameter
is approximately 0.29 mm). The best configu-
ration for the analysed variants is a pre-cham-
ber with 5 holes of approximately 1.34 mm in
diameter.
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