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ARTICLE INFO  The search for substitutes for conventional fuels leads to the use of non-hydrocarbon fuels or synthetic fuels. 

One of them is hydrogen. The use of hydrogen in combination with a two-stage charge formation system leads 

to the combustion of lean ( > 1) or very lean ( > 3) charges. The simulation tests carried out were aimed at 
determining the best configuration of the chamber connecting the pre-chamber with the main combustion 

chamber. Three variants of the diameter of the holes connecting the chambers were selected (d = 0.5; 1.0 and 

1.5 mm) in combination with different fuel doses fed to the pre-chamber. A passive chamber (qo_PC = 0 mg) 
and an active chamber (qo_PC = 0.4 and 1.2 mg) were used with a constant fuel dose to the main chamber 

(qo_MC = 6 mg). The research was conducted using AVL Fire 2022.1 software using the moving mesh of the 

LDV engine. Based on the simulation work, the most favourable conditions for conducting the process were 
determined, taking into account the thermodynamic effects of the process and acceptable levels of nitrogen 

oxide concentration. The resulting correlation maps of chamber hole sizes and fuel doses supplied to the pre-

chamber can serve as a preliminary basis for selecting control options for hydrogen combustion in the TJI 
system. 
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1. Introduction 
In the context of growing environmental concerns and 

the finite nature of fossil fuel resources, the quest for alter-

native fuels have become a pivotal focus in the field of 

automotive and energy engineering. Traditional fossil fuels, 

while efficient and energy-dense, contribute significantly to 

greenhouse gas emissions and air pollution, exacerbating 

climate change and posing serious public health risks. To 

mitigate these adverse effects, researchers and engineers are 

increasingly exploring sustainable and cleaner fuel options. 

Among the various types of alternative fuels, com-

pressed natural gas (CNG), hydrogen, and ethanol have 

emerged as prominent contenders. Each of these fuels of-

fers unique advantages and challenges, making them sub-

jects of extensive study and development. CNG, primarily 

composed of methane, is a cleaner-burning alternative to 

gasoline and diesel, producing fewer carbon emissions and 

particulates. Hydrogen, on the other hand, stands out for its 

potential to produce zero emissions when used in fuel cells 

or internal combustion engines, emitting only water vapor 

as a byproduct. Ethanol, derived from biomass, presents  

a renewable option that can be integrated into existing fuel 

infrastructures with relative ease. 

This study focuses specifically on hydrogen as a fuel, 

due to its high energy content per unit mass and its potential 

to significantly reduce the carbon footprint of transporta-

tion. The utilization of hydrogen in internal combustion 

engines (ICEs) and fuel cells represents a promising path-

way toward achieving near-zero emissions. However, the 

adoption of hydrogen-powered engines requires a compre-

hensive understanding of its combustion characteristics, 

efficiency, and associated technical challenges. 

It is projected [37] that the global market for hydrogen-

powered internal combustion engines will reach $35 billion 

by 2030 and approximately $89 billion by 2040, with  

a Compound Annual Growth Rate (CAGR) of 9.78% dur-

ing the forecast period of 2030–2040 (Fig. 1). Hydrogen-

powered internal combustion engines (usually modified 

versions of traditional gasoline engines) will be essential 

for vehicle propulsion. These engines, utilizing new tech-

nologies (e.g., two-stage combustion – TJI), can offer near-

zero emissions while simultaneously promoting the devel-

opment of hydrogen infrastructure worldwide. 

The major players operating in the hydrogen combus-

tion engine market are Honda, Toyota, Komatsu, JCB, 

BMW, MAN and others. The market for hydrogen internal 

combustion engines is rapidly growing due to swift re-

search and development, as well as the use of hydrogen as  

a clean fuel. This growth is further driven by an increasing 

number of government initiatives aimed at promoting the 

use of fuel cell vehicles, which in turn fuels the market for 

hydrogen internal combustion engines. 

 

Fig. 1. Hydrogen combustion engine market (US billion) [37] 

 

Due to its geographical position, North America is ex-

pected to have a significant share in the market for hydro-

gen-powered internal combustion engines in the upcoming 
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timeframes. This is driven by increasing investments in 

research and development aimed at creating cutting-edge 

solutions and meeting end-user requirements. Additionally, 

U.S. government programs promoting eco-friendly energy 

sources are fostering market expansion across the region. 

Although hydrogen internal combustion engines are still in 

the early stages of development, policymakers are encour-

aged to support their adoption due to the adverse effects of 

CO2 emissions in both industrialized and developing coun-

tries, such as the United States and China. The European 

government has called on manufacturers to reduce CO2 

emissions in new road vehicles by approximately 30% 

starting in 2030. Similar emission reduction targets have 

been set by the United States and China. 

  

Fig. 2. Hydrogen combustion engine market share by region (in %) [37] 

 

The hydrogen-powered internal combustion engine 

market is expected to experience the highest growth in the 

Asia-Pacific region during the forecast period (Fig. 2). This 

growth is driven by the expansion of key market players in 

the region and rising fuel prices, which will propel market 

development in the coming years. 

Germany, the Netherlands, Poland, Italy, France, Spain, 

the United Kingdom, and Belgium are the eight largest 

hydrogen producers [45] in Europe (Fig. 3). These coun-

tries account for 74% of hydrogen produced through re-

forming processes, 83% of hydrogen generated as a by-

product, 65% of hydrogen produced via water electrolysis, 

and nearly 100% of hydrogen produced through reforming 

combined with carbon capture. 

 

Fig. 3. Top 8 EU countries in terms of hydrogen production capacity by 

 production process [45] 

2. Hydrogen combustion engines 

2.1. Hydrogen combustion with MPI and DI 

The combustion of gaseous fuels (CH4 and H2) in inter-

nal combustion engines (SI and CI) primarily offers the 

potential to reduce the emissions of toxic exhaust compo-

nents (Table 1). Moreover, these fuels can be relatively 

easily utilized in dual-fuel engine systems, significantly 

enhancing their potential for combustion or co-combustion. 

A comprehensive comparison of dual-fuel engines (pow-

ered by gasoline or diesel with hydrogen) was presented by 

Algayyim et al. [1]. Many examples pertain to typical CI 

engines and the addition of hydrogen up to 100%. 

 
Table 1. Differences in the properties of low- and zero-emission fuels [2, 4, 9, 11, 13, 15, 22, 24, 30, 31, 47, 51] 

 

Parameter CNG H2 (Hydrogen) Ethanol 

Chemical composition and 
source 

The dominant component is  
methane (CH4) 

The simplest element, produced by 

electrolysis, steam methane reform-

ing, or biomass gasification 

Ethyl alcohol, produced by fermenta-
tion of plants (corn, sugarcane) 

Emissions and environmental 

impact 

CO2 emissions are about 53.1 

kg/GJ, NOx emissions are 90% 

lower than CI engines, and particu-
late emissions are 98% lower 

No CO2 emissions; emissions during 

hydrogen production depend on the 

method (e.g., electrolysis can be zero 
if renewable energy is used) 

CO2 emissions are about 70% lower 
than gasoline; NOx emissions may be 

higher than gasoline 

Calorific value ~50 MJ/kg ~120 MJ/kg ~27 MJ/kg 

Efficiency in internal com-

bustion engines 
About 20–25% (like gasoline) 

FC: about 50–60% 

ICE: about 30–40% 
About 30–35% 

Infrastructure cost Relatively small 
High (especially for storage  

and distribution) 

Small (can be mixed with gasoline 

and use existing infrastructure) 

Number of stations Medium (developing) Low (developing) 
High (in countries with developed 

biofuel production) 

Production cost ~4–5 USD/GJ 

2–6 USD/kg (steam methane reform-

ing), 4–5 USD/kg (electrolysis  
from renewable sources) 

0.5–1 USD/dm3 (biomass) 

Operating cost 
Relatively low due to lower fuel 

costs 

High due to production and infra-

structure costs 

Higher than gasoline due to lower 

calorific value 

Safety 
Flammable gas under high pressure, 

requires appropriate tanks and 

safety systems 

Highly flammable, stored under high 
pressure or cryogenically, requires 

special precautions 

Less flammable than gasoline,  
but still requires appropriate  

safety measures 

Research comparison of 

engines 

Engines must be specially adapted 

for natural gas combustion 

High material requirements for high 

temperatures and combustion control 

Can operate on ethanol with minor 
modifications compared to gasoline 

engines 

Combustion process simula-

tion comparison 

Indicates lower exhaust emissions 
compared to conventional CI and SI 

engines 

High energy efficiency and no CO2 

emissions 

Better efficiency than gasoline,  

but higher NOx emissions 
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The laminar combustion speeds of methane and gasoline 

at  = 1 obtain quite similar values (about 0.5 m/s) [6]. How-

ever, hydrogen under similar conditions achieves a laminar 

combustion rate approximately 10 times higher. The high 

flameability range, the very low ignition energy, and the high 

laminar flame speed make hydrogen produce a fast and short 

combustion event, fulfilling the requirements of an almost 

ideal combustion process – the isochoric combustion. 

Direct injection of hydrogen increases the possibility of 

its combustion and at the same time increases the thermal 

efficiency of the process. Research by Wang et al. [49] indi-

cate an efficiency value of 43.1% (in a turbocharged engine) 

with a compression ratio of approximately 14.5 (at  = 1.7). 

2.2. Fuel combustion in TJI  

The two-stage combustion process increases the possibil-

ity of burning lean charges by using multi-point ignition and 

the possibility of effective ignition of the charge in the pre-

chamber [56]. Positive results of methane combustion in an 

engine fueled with CH4 are obtained in the range of lean fuel 

combustion (up to  = 2.2) [35, 55, 58]. The combustion of 

CH4 with hydrogen supplied to the pre-chamber causes the 

combustion of ultra-lean charges with  = 5.2 [55] (Table 2).  

Hydrogen combustion in engine systems concerns ex-

cess air coefficients ranging up to 2.0 (conventional system) 

[12, 32, 38] and up to 4 (with TJI system) [5, 34]. 

Ammonia is increasingly used in combustion engines 

(up to 0.1 m/s at  = 1.0) [56]. The limitation of using only 

ammonia as a fuel is the very low laminar combustion rate. 

For this reason, dual-fuel systems are becoming more and 

more common in the TJI system.  

There are many solutions for co-combustion of fuels us-

ing a two-stage combustion system (PC–MC): hydrogen-

methane [26, 55]; hydrogen-ethanol [40, 41]; hydrogen-

methanol [33]; hydrogen-diesel fuel [27, 28]; hydrogen-

ammonia [17, 50 56, 57] or mixtures [18, 43]. All of them 

are based on the large flammability range of hydrogen and 

its high combustion rate, which ultimately leads to the 

combustion of lean or ultra-lean charges. 

2.3. The influence of the geometry of the pre-chamber 

on fuel combustion 

The pre-chamber, which is characterized by a specific 

volume, number and size of flow channels and their method 

of connection with the main chamber, has a significant 

impact on the initial quality of the combustion process 

(Table 2).  

Aoyagi et al. [3], in experimental and simulation studies 

of CH4 combustion, indicate that increasing the diameter of 

the holes reduces the flame outflow speed and, at the same 

time, increases the flame torch cone angle. Increasing the 

length/diameter ratio (L/D) also increases the discharge 

velocity but decreases the flame cone angle. An increase in 

the number of holes (with an almost unchanged flow sur-

face area) indicates a limitation of the outflow speed with  

a large number of holes (10 pcs.). Despite such changes, the 

flame torch cone angle remained practically unchanged (the 

diameters were 4.0, 3.5, and 3.1 mm, respectively). 

Research conducted by Jeelan Basha et al. [20] con-

cerned the process of analyzing CH4 combustion in RCM 

with a variable diameter of the single outlet hole of the pre-

chamber (up to 1 to 4 mm). It was found that changes in the 

combustion process (at  = 2.5) were observed only with  

a large hole diameter (4 mm), characterized by a limited 

combustion pressure. The highest HRR value was observed 

at d = 3 mm. Increasing the hole diameter resulted in  

a delay in the pressure increase after ignition. The analysis 

of flame angles indicates that they increase when the di-

ameter of the holes increases (similar results were obtained 

in research [3]). 

The use of different geometries of pre-chambers (6 vari-

ants) was analyzed in experimental engine tests [35] when 

powered by variable gas. It was found that multi-parameter 

optimization shows the best effects of using a pre-chamber 

containing both radial and radial holes (similar hole configu-

rations were also studied in [14]). The research was carried 

out in terms of exhaust emissions and indicated engine effi-

ciency with a variable fuel dose fed to the pre-chamber. The 

values of the excess air coefficient were in the range of  =  

= 1.32–1.65, at n = 1500 rpm and IMEP ~7 bar. 

Simulation studies [25] on methane feeding in the range 

of changing the hole diameter (from 1.4 to 2.2 mm) indicate 

that the best solution in terms of combustion pressure and 

HRR is the value of 1.6 mm.  

Guo et al. [14] found that during methane combustion, 

changing the diameter of the holes from 2.6 to 1.3 almost 

doubles the flow velocity of the torch (from 220 to 140 m/s) 

and increases the pressure difference in both chambers from 

0.13 to 0.16 MPa. 

The diameter of the discharge holes has less impact on 

the hydrogen combustion process. Research conducted by 

Liu et al. [26] indicates much greater differences in com-

bustion pressure when using an active or passive chamber 

than when changing the hole diameter from 2 to 3 mm. 

When using a passive system, combustion at  = 3 and 

higher causes a slow process. With an active system, this 

situation occurs only when  = 5. 

Motor research conducted by Tomić et al. [46] (when 

powered by gasoline) confirmed that the indicated efficiency 

data showed that a larger orifice area (OA) or larger orifice 

diameter at constant pre-chamber volume and orifice number 

is more favorable regarding the indicated efficiency.  

The selection of the ammonia combustion chamber fo-

cuses on much smaller differences in the variants of the 

individual sizes of the pre-chamber. Research by Cui et al. 

[10] concerned changes in  the range 1.0–1.4. The influ-

ence of the volume of the pre-chamber is significant in the 

range of lean loads (the greater the leanness, the more de-

layed combustion in a smaller volume, at a similar level of 

maximum pressure). Similarly to the combustion of me-

thane, increasing the diameter of the holes when burning 

ammonia (from 2 to 3 mm) increases the range of the burn-

ing torches (by over 100%).  

Simulation analysis of the angle of rotation of the dis-

charge holes during gasoline combustion indicates that the 

degree of charge swirl is very important [16]. Straight 

channels do not show swirl, but turning the outflow by 30 

degrees causes the swirl ratio to reach a value of 10. The 

tests showed that the highest HRR values were obtained 

when the holes were turned by an angle of 25 degrees, 

which resulted in SR = 8. 
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Table 2. Examples of solutions for the geometry of the initial combustion chamber (with the number of holes greater than 1) 

No. Reference 
Volume PC  

[cm3/% vol.] 
No.  diameter Fuel Type of engine Pre-chamber 

1 
Brunel University [7] 
(2019) 

1.0/1.27% at TDC 6  1.25 mm gasoline, Et optical engine active 

2 
University of Naples [5] 

(2024) 
1.9/0,3% 6  1.15 mm gasoline simulation active 

3 
University of Zagreb [46] 

(2023) 
2.4/4.07% at TDC 6  1.30 mm gasoline engine active 

4 
Marquette University [54] 
(2024) 

2.0/1.94% at TDC 2  2.3 mm E10-E90 simulation active 

5 
Sandia National Laborato-

ries [39] (2021) 
4.66 8  1.6 mm (angle 130 deg) 

Natural gas 

(95% CH4) 
optical engine active 

6 KAUST [44] (2021) 5.07/2.5% at TDC 2 row  6  1.5 mm (angle 134 deg) CH4 optical engine active 

7 ETH [53] (2019) 1.0 4  1.2 mm (angle 120 deg) CH4 RCEM passive 

8 
Shanghai Jiao Tong 

University [21] (2020) 
– 6  2.9 mm CH4 CVC active 

9 PUT [35] (2019) 1.826/0.35% at TDC 7  1.5 mm (radial) + 3  1.4 mm (axial) CH4 engine active 

10 
Kyushu University [3] 

(2024) 
2.3% 10  3.1 mm CH4 CVC passive 

11 EMPA [43] (2020) 1.8/0.5% at TDC 7  1.5 mm CH4/HCH4 engine active/passive 

12 
Beijing Institute of Tech-

nology [52] (2018) 
1.5 6  1.0 mm H2 CVC active 

13 PUT [36] (2024) 2.29/0.45% at TDC 6  1.5 mm H2 engine passive 

14 
Shanghai Jiao Tong 
University [57] (2024) 

– 6  1.4 mm (angle 140 deg) 
H2 (PC) 

NH3 (MC) 
simulation active 

15 
Universidade Federal de 

Minas Gerais [40] (2019) 
0.88/2.2% at TDC 

4  1 mm (angle 45 deg) + 1  2 mm 

(axial) 

H2 (PC) 

Et (MC) 
engine active/passive 

 

 

3. Purpose and scope of engine research work 
The aim of the research is to determine the thermody-

namics of the hydrogen combustion process, considering 

geometric changes in the flow channels and the variable 

fuel dose fed to the pre-chamber. Such control allows (1) to 

change the use of the pre-chamber from passive to active, 

(2) to change the thermodynamics of hydrogen combustion, 

(3) to change the amount of inter-chamber flows of the 

charge and to simultaneously change the fuel-air ratio in the 

pre-chamber. The size of the dose administered to the pre-

chamber slightly changes the global value of the excess air 

coefficient, but significantly defines this value in the pre-

chamber. 

4. Research methodology 

4.1. Research object 

Simulation tests were carried out using AVL Fire 

2022.1 software. A movable combustion chamber mesh 

was used (Fig. 4) with the parameters presented in Table 3. 

The mesh represents the combustion chamber of the cylin-

der with a displacement of 510.7 cm
3
. The mesh consists of 

a pre-chamber, a main chamber, and outflow holes. The 

mesh is divided into sections that represent the elements of 

the moving mesh. 

The authors used the combustion chamber without con-

sidering the engine's intake and exhaust channels due to the 

simplicity of the model and the implementation of direct 

fuel injection. This approach appears in many publications 

[19, 21, 29]. The conditions for starting the compression 

process correspond to the conditions of the research engine, 

so the representation of a typical combustion engine has 

been preserved.  

Figure 5a shows the location of the injector. Due to the 

lack of engine intake and exhaust channels (the model con-

siders only the closed space of the cylinder), fuel injection 

into the main chamber was carried out by placing the injector 

Table 3. Combustion chamber and mesh parameters 

Parameter Unit Value 

S mm 90 

D mm 85 

Vcyl (TDC) cm3 557 

Vcyl (BDC) cm3 47,2 

VPC cm3 1.61 

Max number of cell (TDC) – 32 k 

Max number of cell (BDC) – 138 k 

Surface cell size (min) mm 0.2 

 

 

  

Fig. 4. View of the combustion chamber with elements marked 

pre-chamber inter-chambers nozzles hemi chamber 
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at an angle between the valves. Fuel was injected into the 

pre-chamber with a vertically placed injector next to the 

spark plug (Fig. 5b). This location of the injector may cause 

some of the gas to enter the main chamber. The angularly 

placed injector in the main chamber causes the gas to mix 

with the air, whose Turbulent Kinetic Energy (TKE) is 

initially 10 m
2
/s

2
. The fuel injection start time was set at 

550 deg. The end of injection was simulated at an angle of 

600 deg. An angular time of 50 deg was set for both com-

bustion chambers, primary and main (at n = 1500 rpm, the 

injection duration is approximately 5.55 ms). The initial 

values enable fuel injection at low pressure (in the works 

[32, 36], such injection was carried out at a pressure of 3–7 

bar). The ignition angle for all cases was set at 711 deg  

(9 deg bTDC). This ignition angle prevents the maximum 

combustion pressure from occurring too early and heat 

release around 5–10 deg aTDC. 

 

a) b) 

  

Fig. 5. View of the combustion chamber with the location of the injector 
marked: a) in the main chamber; b) in the pre-chamber 

4.2. Research methodology 

Combustion process tests were carried out in the range 

from 540 to 800 deg CA. It was assumed that the beginning 

of the cycle begins at an angle of 360 degrees. This is since 

it is possible to analyze the valve coverage from the previ-

ous calculation cycle. For this reason, TDC (hot) is at 720 

deg. The boundary conditions are included in Table 4. 

These conditions apply to low boost pressure (which results 

from the assumed intake pressure value). It is sufficient to 

achieve a high charge depletion in the engine's main com-

bustion chamber (MC). 

 
Table 4. Boundary conditions 

Parameter Value 

Pressure 100 000 Pa 

Density 1.19 kg/m3 

Temperature 293.15 K 

Turb. kin. energy (TKE) 0.001 m2/s2 

Turb. length scale 0.001 m 

Turb. diss. rate 0.00519616 m2/s3 

 

The combustion process was analyzed using the models 

included in Table 5. A typical value of rotational speed was 

assumed (n = 1500 rpm). The combustion module in the 

form of the Turbulent Flame Speed Closure Model [23] was 

used. The essence of this model is the determination of the 

reaction rate based on an approach depending on parame-

ters of turbulence, i.e., turbulence intensity and turbulent 

length scale, and of flame structure like the flame thickness 

and flame speed [23, 48]. 

Model k-epsilon usually yields reasonably realistic pre-

dictions of major mean-flow features in most situations. It 

is particularly recommended for a quick preliminary esti-

mation of the flow field or in situations where modeling 

other physical phenomena, such as chemical reactions, 

combustion, radiation, and multi-phase interactions, brings 

uncertainties that outweigh those inherent in the k-ε turbu-

lence model.  

 
Table 5. Simulation parameters 

Run mode Crank angle 

Start angle 540 deg 

End angle 800 deg 

Engine speed 1500 rpm 

Min/max iteration 5/20 

Module activation 

Species transport 

Combustion (Turbulent Flame Speed 
Closure Model) 

Emission (Extended Zeldovich) 

Spray 

Turbulence model k-epsilon 

Wall treatment Hybrid Wall Treatment 

Heat transfer wall model Standard Wall Function 

 

The tests were carried out according to a 3 × 3 matrix, in-

cluding different diameters of the pre-chamber holes (0.5, 

1.0, and 1.5 mm) along with different doses of fuel fed to the 

pre-chamber. Fuel doses with values 0, 0.4, and 1.2 mg were 

adopted to achieve combustion with a passive chamber 

(qo_PC = 0 mg) and an active chamber (qo_PC > 0 mg).  

5. Analysis of the influence of geometry and fuel 

dose on the combustion process 

5.1. Analysis of fast-varying processes 

Cylinder pressure 

Tests on the compression pressure and combustion of 

hydrogen were carried out in a closed combustion chamber 

(charge exchange was not analyzed). The modeled sections 

of the moving mesh allowed for the assessment of the pres-

sure in the pre-chamber (PC) and main chamber (MC). 

Small holes in the pre-chamber (d = 0.5 mm – Fig. 3a) 

cause significant attenuation of the pressure in the pre-

chamber. At the ignition angle (711 deg), the pressure val-

ues are 20.7 bar (PC) and 32.0 bar (MC), respectively. In 

this way, P = 11.3 bar pressure difference is obtained. The 

significant difference in pressure in PC compared to MC 

causes the combustion process in PC to be very violent. 

This means that the charge is close to the stoichiometric 

charge. The smallest hole diameters cause the maximum 

pressure in the MC to be the lowest in all analyzed solu-

tions. Despite this, the pressure in PC is higher than in MC 

and is achieved at a much larger angle. The difference is up 

to 5 deg (with a passive chamber – Fig. 6a). This means 

that the small flow holes significantly eliminate the flow of 

flames into the main chamber. They are probably also ex-
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tinguished on the walls of the holes, which may reduce the 

pressure in the main chamber. 

Large hole diameters mean that a larger part of the dose 

from the main chamber goes to the pre-chamber. This re-

sults in increased combustion pressures in the PC in the 

initial phase of the process. 

This is the only case of such changes because increasing 

the diameter of the holes no longer causes such differences 

(Fig. 6b and 6c). Additionally, the combustion pressures 

overlap and are the same at the largest analyzed diameter. 

With hole diameters d = 1.0 and 1.5 mm, an increase in the 

combustion pressure in the PC is visible (a characteristic 

hump of the combustion process). The largest hole diame-

ters result in the highest combustion pressures. This means 

that holes with a diameter of 1.0 mm and larger do not limit 

the flow of charge to the PC or the outflow of flames from 

the PC. Additionally, the flame does not go out, which 

increases the pressure in the main chamber. In relation to a 

large dose and large diameter, a characteristic increase in 

pressure in the PC is observed, indicating the violent nature 

of combustion (only in the case of the active chamber). 

Similar tests using alternating gas (d = 2.5; 3.0; 3.5 mm) [3] 

indicated a large range of burning torches for smaller hole 

diameters. However, these diameters were not the limit 

values for extinguishing the methane flame. In the work 

[46], it was found that increasing the diameter of the holes 

has a positive effect on the engine's IMEP. 

Pre-chamber–main chamber flow characteristic 

The magnitudes of the pressure difference in both 

chambers are shown in Fig. 7 When using holes with the 

smallest diameter (d = 0.5 mm), the largest pressure differ-

ences are observed in both chambers. The first signs of this 

are visible during fuel injection. This injection takes place 

in the range of 550–600 deg (in both chambers simultane-

ously). With minimal hole diameters, a significant pressure 

build-up in the PC is visible during injection (passive 

chamber). Increasing the dose to PC reduces the pressure 

difference (Fig. 7a). Increasing the diameter of the holes 

increases interchamber flows and at the same time reduces 

the pressure difference during fuel injection (Fig. 7b). With 

a diameter of d = 1.5 mm, the pressure difference is below 

1 bar (Fig. 7c). Similar interchamber flow relationships are 

observed with diameters d = 1.0 and 1.5 mm. The course of 

the pressure difference curves is similar. The larger the 

holes, the smaller the pressure differences. It is worth not-

ing that the largest differences concern the pressure mo-

ments after ignition. The greatest differences were noted at 

d = 1.5 mm and at a PC dose of 0.4 mg. This may mean that 

such a dose results in the best composition of the flamma-

ble mixture in the pre-chamber. 

5.2. Analysis of average thermodynamic quantities 

Temperature in the cylinder 

The analysis of the temperature distribution in both 

combustion chambers is presented in Fig. 8. According to 

the large pressure differences at d = 0.5 mm, similar chang-

es were recorded in terms of temperature changes. Fuel 

injection into the PC reduces the average temperature value 

before ignition. Using a passive chamber, 699°C was rec-

orded in the PC before ignition. In the active chamber, this 

value decreased by over 60°C to 627–633°C. This means 

that when using small holes in the PC, throttling the flow 

not only limits the pressure in the main chamber but also 

greatly limits the temperature (Fig. 8a). No such tempera- 

 

Fig. 6. Analysis of the pressure difference in the pre-chamber and main chamber with different configurations of the diameter of the outflow holes from 

the pre-chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses  

 

 

Fig. 7. Analysis of the pressure difference in the pre-chamber and main chamber with different configurations of the diameter of the outflow holes from 
the pre-chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses 

 

 

 

 

 

a) b) c) 

a) b) c) 
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Fig. 8. Analysis of the temperature in the preliminary chamber (dashed line) and main chamber (solid line) with different configurations of the diameter of 
the outflow holes from the preliminary chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses 

 

ture changes were recorded for holes with a diameter of 1.0 

and 1.5 mm. The differences are only due to fuel injection 

into the PC, which results in a slight temperature drop. 

However, until the moment of ignition, these values are 

equal (changes are below 3
o
C). As a result of the combus-

tion process, which takes place in the pre-chamber at  

a much lower value of the excess air coefficient, much 

higher temperatures are observed. As the diameter of the 

holes increases, the maximum temperature values in the 

pre-chamber increase. This means increasing the uniformity 

of the charge in this chamber. There was also a slight but 

constant increase in the maximum temperature value in 

MC. This proves the greater dynamics of the flow of burn-

ing fuel flares (Fig. 8b and 8c). 

Air-fuel ratio 

The previously presented values also depend on the air-

fuel ratio in both combustion chambers. The  values in the 

pre-chamber are shown in Fig. 9a. The lack of fuel dose 

(qo_PC = 0 mg) results in significant differences in the 

formation of this value before ignition. Regardless of the 

diameter of the holes, the value of  is approximately 0.4 

units different (smaller) in the case of feeding the pre-

chamber. Fuel injection into the PC causes  to reach  

a value close to zero, which means that almost the entire 

chamber is filled with fuel. At the ignition angle (711 deg), 

the value of the excess air coefficient approaches the steady 

charge (the dose to PC was not previously selected, as  

a result of which  = 1 was not obtained in the pre-

chamber). The influence of the size of the holes and inter-

chamber flows causes those changes in  and the diameter 

of the holes do not have a fixed tendency. Analyzing data 

on Fig. 9a, it can be concluded that an almost stoichio-

metric charge was obtained at d = 1.0 and the highest dose 

of fuel to the pre-chamber (1.2 mg). In the absence of fuel 

fed to the PC, with the hole diameter d = 1.0 mm, the value 

of  was also obtained close to the value of 1. Each other 

research case (regardless of the passive or active chamber 

caused the value of the excess air coefficient to be less than 

1 (which meant the load rich in the pre-chamber). Injection 

of the fuel dose only into the main chamber resulted in  

a constant and fixed value of the excess air coefficient 

equal to 3.1 (regardless of the diameter of the holes (no PC 

participation in charge formation). With the pre-chamber 

active, a reduction in the excess air coefficient is observed 

to 2.9 and 2.6, respectively (Fig. 9b). 

a) 

 

b) 

 

Fig. 9. Analysis of the excess air coefficient in the pre-chamber _PC (a) 

and in main chamber _MC (b) with different configurations of the diame-

 ter of the outflow holes from the pre-chamber and different fuel doses 

 

As can be seen from the graphs in Fig. 6a, the diameter 

of the holes is significantly more important than the dose 

size in creating the final value of the excess air coefficient 

in the vicinity of the ignition angle. There is no clear rela-

tionship between the value of  and the fuel dose and the 

diameter of the holes. With a high fuel dose, the lowest  

values were obtained with the average diameter of the 

holes, and with a dose of 0.4 mg – with the lowest . It 

follows that interventricular flows play an important role in 

the final value of  in PC.  

 

a) b) c) 
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Heat release 

The amount of released heat was considered separately 

in the preliminary and main chambers. Passive chambers 

(qo_PC = 0) with small hole diameters were characterized 

by a limited heat release rate, which results from the rela-

tively slow growth of the curves (Fig. 10a). The largest 

amount of heat released in the PC (for a passive chamber) 

occurs at d = 0.5 mm and a dose of 0.4 mg. The highest Q 

value for all test cases was obtained with the highest dose to 

PC and the largest hole diameter. Increasing the dose to PC 

increases the maximum amount of heat released in this 

chamber. The decrease in heat in the PC is due to the flow 

of charge (and heat) into the main chamber. The combus-

tion process in the pre-chamber is partially correlated with 

the heat release in the main chamber (Fig. 10b). The lowest 

amount of heat was recorded at d = 0.5 mm and the passive 

chamber. The highest amounts of heat were recorded with  

a large dose of fuel for the PC and a large diameter of the 

holes.  

The combustion of fuel in the main chamber causes the 

amount of heat to increase with the dose to PC. The highest 

combustion rates in the MC were recorded with a large 

dose of fuel fed to the PC. 

a) 

 

b) 

 

Fig. 10. Analysis of the amount of heat release in the pre-chamber Q_PC 

(a) and in main chamber Q_MC (b) with different configurations of the 

diameter of the outflow holes from the pre-chamber and different fuel 
 doses 

 

The increase in the amount of heat when increasing the 

dose to PC indicates an improvement in the combustion 

quality in MC and PC. Improving the combustion quality in 

PC also results in better combustion in MC. This is due to 

the fact that increasing the dose by 1.2 mg causes a maxi-

mum heat to increase of 144 J. The analysis of the best and 

worst course in Fig. 7b indicates differences of just over 

100 J. Large analogies are also observed in the same wave-

forms in the pre-chamber (the same waveforms reach ex-

tremely different values). 

NO formation 

The amount of nitrogen oxides produced is closely re-

lated to the combustion conditions. Even though the maxi-

mum temperatures in PC are over 1000 K higher than in 

MC, the amount of NO produced is an order of magnitude 

lower than in MC (Fig. 11a and 11b). This is due to the 

duration of combustion in each chamber. Shorter combus-

tion time in PC generates lower NO values. The lowest 

amounts of NO were recorded when the engine was pow-

ered by passive chambers. The molar fractions of NO in the 

pre-chamber are closely related to the dose size and the 

diameter of the holes (the larger the doses and hole diame-

ters, the more NO). Regarding NO production, the diameter 

of the holes is more important than the amount of fuel dose 

fed to the PC (the highest initial intensity of NO formation 

is at large hole diameters). When analyzing the PC and MC 

chambers, a higher amount of NO was recorded in the main 

chamber (the difference is exactly 1 order of magnitude: 

0.002 and 0.0002, respectively). 

a) 

 

b) 

 

Fig. 11. Analysis of NO in the pre-chamber NO_PC (a) and in main cham-

ber NO_MC (b) with different configurations of the diameter of the outlet 
 holes from the pre-chamber and different fuel doses 

5.3. Analysis of thermodynamic quantity distributions 

The average values of thermodynamic indicators are 

now compared with instantaneous values. Hydrogen injec-

tion into the main chamber was simulated as direct injec-

tion. This has a large impact on the form of the created 

charge. Analysis of the distribution of the air-fuel ratio (Fig. 

12) indicates a significant lack of uniformity of the load.  
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d = 0.5 mm 1.0 mm 1.5 mm 

 

 

 

 

Fig. 12. Analysis of the distribution of the excess air coefficient in the pre-chamber _PC and main _MC with various configurations of the outflow hole 

diameter and a constant value of qo_PC = 0.4 mg 

 

711 720 730 

   
740 750 760 

  
 

770 780 790 

 
 

 

Fig. 13. Analysis of the temperature distribution in the preliminary chamber _PC and main _MC at d = 0.5 mm and qo_PC = 0 mg (passive chamber) 
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Due to the injection method (Fig. 5), a characteristic di-

vision of the MC chamber into two zones, rich and lean in 

fuel, was achieved. A similar relationship is observed in the 

pre-chamber. With a small hole diameter, the tendency of 

division and zones is dominant in the main chamber, and as 

the diameter of the holes increases, the division in the main 

chamber decreases and it increases in the pre-chamber.  

Due to the uneven charge formation in both chambers, 

the combustion temperature distribution is also not the 

same (Fig. 13). At an angle of 740 deg, the maximum tem-

perature is observed in the PC and MC chambers. These 

results are consistent with the data presented in Fig. 8, 

which concerned average values.  

The analysis of the temperature distribution with the 

same dose to the PC (qo = 0.4 ms) is presented in Fig. 14. It 

shows that the large diameter of the holes facilitates the 

flow of charge into the PC, causing an increase in the tem-

perature value in a small volume during ignition. The high 

temperature remains up to 720°C. Despite the large diame-

ter of the holes and the average dose value, a large variation 

in the charge distribution in the main chamber is observed.  

5.4. Maps of thermodynamic quantities 

The solutions presented above regarding the analysis of 

average and instantaneous engine operation indicators ena-

bled the construction of detailed maps. These maps were 

created in coordinates: hole diameter–fuel dose. Their 

structure makes it possible to initially determine the ten-

dency of changes in engine operating indicators when one 

or another parameter is changed.  

 

d = 0.5 mm d = 1.0 mm d = 1.5 mm 

 

 

 

 

 

Fig. 14. Analysis of the charge temperature distribution in the cylinder with various hole diameter configurations and a constant fuel dose to the pre-

 chamber qo_PC = 0.4 mg 
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The analysis of the pressure distribution in the cylinder 

in both chambers (Fig. 15) only partially correlates with the 

amount of released heat. In the pre-chamber, these values 

are consistent only in the range of large doses to PC and 

large hole diameters. In the remaining parts of the map, 

small and medium doses and small hole diameters do not 

show any correlation. When comparing the main chamber, 

the correlations are even smaller; this may result primarily 

from the lack of uniformity of the created charge. 

Similar conclusions were obtained when analyzing tem-

perature and NO in both chambers (Fig. 16). In the pre-

chamber, a high correlation of temperature and NO for-

mation was obtained in all areas of the d–qo_PC map. The 

highest NO formation was recorded where the highest tem-

perature was also observed. Unfortunately, this tendency 

does not occur in the case of the main compartment. As 

before, it may result from large charge heterogeneity. It 

follows that fuel injection directly into the cylinder should  

 

Fig. 15. Map of pressure changes in the cylinder and the amount of heat released in d–qo_PC coordinates: a) in the pre-chamber, b) in the main chamber 

 

Fig. 16. Map of temperature changes in the cylinder and the amount of NO in d–qo_PC coordinates: a) in the pre-chamber, b) in the main chamber 
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be performed with a higher injection advance (than 550 deg) 

or injection should be used with a higher fuel pressure (in-

creasing the range of the gas stream and its atomization in the 

main chamber). Another possibility may be a different loca-

tion of the injector or division of the injected fuel dose. 

6. Summary 

Changing the diameters of the discharge holes signifi-

cantly changes the combustion process in the TJI engine. 

Small hole diameters d  0.5 mm limit the flow of charge 

into the PC, which results in much lower pressures in the 

PC. Additionally, the outflow of the flame torches causes 

their extinction on the channel walls, which results in lower 

ignitability of the charge in the main chamber. It follows 

that the quenching distance of 0.6 mm given in the litera-

ture is effective [8, 42].  

Based on the research work carried out, it was found that: 

1. In terms of hole geometry: 

 too small sizes of flow holes (d ≤ 0.5 mm) cause 

significant throttling of the charge flow into the pre-

chamber, which results in large differences in com-

bustion pressure and, consequently, deterioration of 

the quality of the hydrogen combustion process 

 large diameters of flow holes (d ≥ 1.0 mm) minimize 

inter-chamber flow conditions, which results in no 

throttling and higher combustion rates (Pcyl, Tcyl  

and Q). 

2.  In terms of fuel consumption rates: 

 the diameter of the holes is much more important for 

the proper combustion process than the size of the 

fuel dose (outside the passive chamber) 

 in the conducted tests in the pre-chamber, an excess 

air-ratio fuel value close to 1 was obtained in the 

dose range qo_PC = 0.4 mg 

 increasing the diameter of the holes led to an in-

crease in the maximum pressure in the cylinder and 

the rate of heat release. The highest values of pres-

sure and heat release were observed with hole diam-

eter d = 1.2 mm 

 the maximum temperature value in the cylinder in-

creased with the increase in the diameter of the 

holes, which indicates an increase in the importance 

of inter-chamber flows 

 analysis of the distribution of the excess air-fuel ra-

tio indicates a significant lack of uniformity of the 

load; Due to the method of fuel injection, a charac-

teristic division of the MC chamber into two zones: 

rich and lean in fuel, was achieved 

 with a small diameter of the holes, the tendency to 

divide the zones is dominant in the main chamber, 

and as the diameter of the holes increases, the divi-

sion into different spheres in the main chamber de-

creases, and the disproportion in the pre-chamber in-

creases. 

These conclusions constitute a solid basis for further re-

search and experimental work, which may contribute to the 

development of more effective and ecological drive tech-

nologies. Subsequent research stages may be focused on the 

following issues: 

 further optimization of hole diameters and fuel doses in 

order to determine the best relationship between hydro-

gen combustion efficiency and nitrogen oxide emissions 

 experimental verification to confirm the quality of the 

simulation work carried out; subsequent work will allow 

for the calibration of models and a better understanding 

of the phenomena occurring during hydrogen combustion 

 hydrogen injection with other fuels (e.g. NH3) to in-

crease combustion efficiency. 

 

Nomenclature 

BDC bottom dead center 

CFD computational fluid dynamics 

CVC constant volume chamber  

cyl cylinder 

d diameter 

DI direct injection 

dQ heat release rate 

LDV light duty vehicle 

MC  main chamber 

MPI multi point injection 

NO nitrogen oxide 
 

P pressure 

PC pre-chamber 

qo fuel dose 

Q heat release 

RCEM rapid compression expansion machine 

SI spark ignition 

T temperature 

TDC top dead center 

TJI Turbulent Jet Ignition  

TKE  turbulent kinetic energy 

 air excess ratio  
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