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Summary 

The present work contains all the relevant results arising from the three years PhD course. The research 

activity was focused on the numerical modeling of reacting flow and particular attention was paid at 

combustion. The main research activities were, indeed, related to the analysis of a Turbulent Jet Ignition 

device for spark ignition engines and to the analysis of the mixing and combustion processes involved in a 

scramjet combustor, fueled with Hydrogen, for hyper-sonic flight proposal. 

The thesis opens with a general introduction on combustion and on its importance in energy application at 

the present day. Moreover, the main alternatives are introduced and rapidly discussed, concluding that 

combustion will maintain a crucial role in the transition period toward carbon-neutrality. 

Then, a rapid introduction on combustion modeling is performed. Essentially, combustion can be numerically 

approached by solving all the chemical reaction describing the phenomena (e.g., the fuel oxidation). Anyway, 

such approach often requires a high amount of computing resources. An alternative is represented by the 

so-called simplified chemistry model, as the G-equation model here also employed. Such a model employs 

an analytical correlation to describe the flame propagation speed, avoiding the need of excessively dense 

meshes but is only suitable for pre-mixed combustion (thus not employable in the scramjet simulations). The 

numerical simulations were performed by means of a commercial software, CONVERGE CFD, with the 

inclusion of some User Defined Functions. The validations of the developed numerical models were 

performed against selected sets of experimental data presented in Chapter 3-The experimental data. Here 

the experimental setups are described, and the acquired data analyzed. Regarding the engine, an optically 

accessible research engine was employed. Such an engine, fueled with Methane, has been tested both with 

the TJI apparatus and with a standard spark plug. The experiments were carried out in similar conditions 

(e.g., equivalence ratio, throttle and engine speed). In this way, a direct comparison between the 

experiments could be performed. The experimental campaign was carried out by our partner, Istituto motori-

CNR, in Naples. On the other hand, the scramjet data were acquired in the high enthalpy shock tunnel of 

Gottingen, simulating a flight at M=7.4 at an altitude of 28 km, and retrieved from literature. 

Chapter 4-Modeling approach describes the modelling approach for the engine, modeled both with and 

without the TJI apparatus, and the scramjet combustor. 

Chapter 5-Engine simulations results and 6-Scramjet simulations results present and discuss the results 

obtained by the numerical simulations. In particular, a detailed analysis of the main phenomena 

characterizing a TJI system is performed in Chapter 5. Such an analysis was aimed at providing new insights 

on the main charge ignition and on the overall combustion evolution. The working phases of the pre-chamber 

were investigated singularly with a particular attention on the pre-chamber scavenging, filling and mixing. 

Then, the combustion stages were investigated, focusing the attention on the species conversion pathways 

in the pre and main chamber. Such an analysis concluded that the rich combustion occurring in the pre-

chamber makes available a great amount of energy and reactive material for the main charge ignition. 

Indeed, the main charge ignition is obtained by a synergic effect of both chemical and thermodynamic 

properties of the jets arising from the pre-chamber. Finally, a comparison between the computed emissions 

of both engines is performed, concluding that the pre-chamber engine behaves, globally, better in respect to 

the standard. 

The scramjet simulations results are given in the next Chapter, Chapter 6-Scramjet simulations results. After 

an overall analysis showing some of the complex flow features typical of crossflow injections, deeper 

investigations on the flow field structure and on the combustion development and evolution are performed. 

In cross-flow injection combustor, the mixture ignition and the combustion stability are strictly related to the 



 

 

 

 

 

mixing between fuel and oxidizer. The coherent structures proper of this kind of flow-fields plays crucial roles 

in achieving reasonable mixing times favorable for mixture ignition. Moreover, a recirculation bubble forming 

ahead of the injector seems to be responsible for flame stabilization. 

Globally, the present work offered deep investigations of the phenomena involved in the operation of a TJI 

system for spark ignition internal combustion engines and on the mixing, ignition and combustion phases of 

a scramjet combustor. Much of the involved phenomena were analyzed by multiple perspective with the aim 

of offering an holistic point of view on the various (and quite un-conventional) events involved in a Turbulent 

Jet Ignition system and in a scramjet combustor. 

Above the conclusions given in Chapter 5 and 6, the author’s sake is purposing food for thought for future 

works, research and analysis on internal combustion engines, scramjets and fluid machinery in general. 

  



 

 

 

 

 

Abstract 

Combustion is at the base of many energy production processes and, today like never before, research is 

involved in maximizing combustion efficiency and reducing the pollution deriving from it. Thanks to the high 

specific energy of fuels, combustion processes will still have a role in the future, especially in the 

transportation sector. Therefore, increasing Internal Combustion Engines (ICE) efficiency and reducing their 

polluting emissions has become an imperative object. Among all the non-conventional ignition systems that 

are being purposed by research, Turbulent Jet Ignition (TJI) seems to be one of the most promising capable 

to achieve leaner combustion and higher thermal efficiency in spark ignited engine. In a TJI system a jet of 

high-energy reactive gases is generated by means of a pilot combustion in a pre-chamber and used to initiate 

the main combustion event in the cylinder. By virtue of this, TJI devices are able to achieve a more stable 

combustion also with more problematic fuels, such as Methane. 

In the present work, a deep and innovative analysis approach is purposed and applied to a TJI prototype 

installed on a Methane fueled optically accessible spark ignition research engine. By means of 3D numerical 

simulations, the behavior of such engine has been monitored and analyzed over a whole engine cycle. 

Attention has been paid especially on the scavenging, filling and combustion phases in the pre-chamber. 

Moreover, the jets characteristics and species distribution and evolution are analyzed in order to study the 

reactive-jet-induced ignition mechanism of the main charge and the associated fuel conversion mechanism. 

Attention is also given to pollutant species formation and in-cylinder distribution. The purposed approach 

allowed the characterization of the main phenomena involved in the operation of such system as well as the 

evaluation of different parameters, such as combustion duration, flame evolution and pre-chamber ignition 

energy release. The same engine without the pre-chamber has been modeled as well and used for 

comparison. The bench test data recorded by Istituto Motori di Napoli CNR were employed both to tune the 

model and to compare the performance increase due to the TJI device. 

Parallelly, CFD studies on a scramjet combustor for hypersonic flight purposes fueled with Hydrogen were 

also carried out. After having validated the model against a set of in-flight representative data, the main 

physical mechanisms involved in the mixing and combustion processes were analyzed. Moreover, various 

information about the complex flow patterns and structure were retrieved. 

 

 



 

 

 

I 

 

Contents 

ACRONYMS .................................................................................................................................................. III 

LIST OF FIGURES ....................................................................................................................................... IV 

LIST OF TABLES ...................................................................................................................................... VIII 

1. INTRODUCTION ................................................................................................................................... 1 

1.1 Recent trend in Internal Combustion Engine research: the Turbulent Jet Ignition system .............................. 1 

1.2 Hydrogen combustion: scramjets applications for hypersonic flights ............................................................. 3 

2. FUNDAMENTALS OF COMBUSTION MODELING ........................................................................ 4 

2.1 The species transport equation ...................................................................................................................... 4 

2.2 The scalar transport equation ........................................................................................................................ 4 

2.3 Turbulence transport equation ...................................................................................................................... 5 

2.3.1 RANS turbulence modeling: the 𝑅𝑁𝐺 𝑘 − ε model .......................................................................................... 5 

2.3.2 LES turbulence modeling: the Dynamic Smagorinsky Sub Grid Scale model .................................................... 6 

2.4 Combustion modeling .................................................................................................................................... 7 

2.4.1 SAGE detailed chemical kinetic solver............................................................................................................... 8 

2.4.2 Combustion modeling of premixed flames: the G-equation approach............................................................. 9 

3. THE EXPERIMENTAL DATA .......................................................................................................... 12 

3.1 Experimental Engine data ............................................................................................................................ 12 

3.2 Experimental scramjet data ......................................................................................................................... 16 

3.3 Conclusions of chapter 3 .............................................................................................................................. 19 

4. MODELING APPROACH ................................................................................................................... 20 

4.1 Engine model setup...................................................................................................................................... 20 

4.1.1 The crevice model ........................................................................................................................................... 22 

4.2 Scramjet model setup .................................................................................................................................. 24 

4.3 Conclusions of chapter 4 .............................................................................................................................. 26 



 

 

 

II 

 

5. ENGINE SIMULATIONS RESULTS ................................................................................................. 27 

5.1 The standard engine .................................................................................................................................... 27 

5.2 The pre-chamber engine .............................................................................................................................. 28 

5.2.1 Preliminary analysis ......................................................................................................................................... 29 

5.2.2 The filling and scavenging phases ................................................................................................................... 34 

5.2.3 The mixing phase............................................................................................................................................. 35 

5.2.4 Combustion phase ........................................................................................................................................... 37 

5.2.5 The expulsion phase and pollutant production .............................................................................................. 49 

5.2.6 Compressibility effects .................................................................................................................................... 52 

5.3 Engine out emissions ................................................................................................................................... 53 

5.4 Flame shape and radius evaluation .............................................................................................................. 54 

5.5 Future work outlook .................................................................................................................................... 58 

5.6 Conclusions of chapter 5 .............................................................................................................................. 62 

6. SCRAMJET SIMULATIONS RESULTS ........................................................................................... 63 

6.1 Overall flow analysis .................................................................................................................................... 63 

6.2 Detailed flow analysis .................................................................................................................................. 67 

6.3 Combustion regime ...................................................................................................................................... 72 

6.4 Conclusions of chapter 6 .............................................................................................................................. 80 

7. SUMMARY AND OUTLOOK ............................................................................................................ 81 

8. BIBLIOGRAPHY ................................................................................................................................. 83 

 



 

 

 

III 

 

Acronyms 

AMR  Adaptive Mesh Refinement 

ATDC  After the Top Dead Center 

BTDC  Before the Top Dead Center 

CAD  Crank Angle Degree 

CVP  Counter rotating Vortex Pair 

EVO  Exhaust Valve Opening 

HRR  (net/apparent)Heat Release Rate 

IaHRR  Integrated apparent Heat Released 

ICE  Internal Combustion Engine 

IMEP  Indicated Mean Effective Pressure 

IVC  Intake Valve Closing 

LES  Large Eddy Simulations 

LHS  Left Hand Side 

PFI  Port-Fuel Injection 

RANS  Reynolds Averaged Navier-Stokes 

RHS  Right Hand Side 

RNG  ReNormalized Group turbulence model 

SGS  Sub-Grid Scale 

SI  Spark Ignition 

SOI  Start Of Injection 

TFI  Takeno Flame Index 

TJI  Turbulent Jet Ignition 

WOT  Wide-Opened Throttle 

  



 

 

 

IV 

 

 

List of Figures 

Figure 1 - Scheme of a premixed turbulent flame [89] ..................................................................................... 7 

Figure 2 - Flow diagram for stoichiometric Methane oxidation [91] ................................................................ 9 

Figure 3 - Conceptual structure of a flame with the G-equation approach .................................................... 10 

Figure 4 - The pre-chamber assembly ............................................................................................................. 12 

Figure 5 - Representation of the optical setup ................................................................................................ 13 

Figure 6 - Experimental pressure and HRR traces ........................................................................................... 14 

Figure 7 - Experimental flame visualizations. Top, the standard engine; Bottom the pre-chamber engine. . 15 

Figure 8 - Flame radius evaluation .................................................................................................................. 15 

Figure 9 - Flame radius evolutions .................................................................................................................. 15 

Figure 10 - The back-to-back combustor configuration .................................................................................. 16 

Figure 11 - The model installed in the HEG wind tunnel [97] ......................................................................... 16 

Figure 12 - Symmetry plane cut of the HyShot II assembly ............................................................................. 17 

Figure 13 – Normalized experimental pressure and heat-flux for the 28 km test. Pt2=142 kPa, qt2=4.38 

Mw/m2 [97]. In blue, the data employed in this work. .................................................................................. 17 

Figure 14 - Example of fixed embedding in a region of the domain and on a boundary ................................ 20 

Figure 15 - Example of spherical fixed embedding ad AMR ............................................................................ 20 

Figure 16- Computational domain for the standard engine (a) and the pre-chamber engine (b). ................. 21 

Figure 17- Computational grid during the intake stroke. The AMR effect is noticeable in the intake duct and 

around the valve angle. ................................................................................................................................... 22 

Figure 18- The spherical density boxes around the pre-chamber orifices and spark plug at spark time. ...... 22 

Figure 19 - Schematization of the crevice model regions ............................................................................... 23 

Figure 20 - Highlight of the numerical domain on a symmetry cut of the experimental assembly [82]. ....... 24 

Figure 21 – Perspective of the scramjet computational domain .................................................................... 24 

Figure 22 - Combustor Inlet conditions [99] .................................................................................................... 24 

Figure 23 - Comparison of the computed and experimental pressure and net HRR traces, Standard engine. 

The solid blue lines represent the variability range in the 10 modeled cycles. .............................................. 27 

Figure 24 - Experimental and numerical flame radii evolution ....................................................................... 27 

Figure 25 - Comparison of the computed and experimental pressure and net HRR traces, Pre-chamber engine. 

The solid light grey lines represent the variability range in the 10 modeled cycles. ...................................... 28 

Figure 26 - Evolution of the streamline pattern and contours of the Turbulent Kinetic Energy (TKE) on a 

longitudinal plane, reported for each of the operational phases of the active pre-chamber. ....................... 31 

Figure 27 - Pressure and net Heat Release Rate in the pre and main chamber. Dashed, the three flow reversal 

events. ............................................................................................................................................................. 32 

Figure 28 - Mass burnt fraction ....................................................................................................................... 32 

Figure 29 - Total flowrate N2 excluded, red; O2 flowrate, magenta; CO2 flowrate, brown; CH4 flowrate, 

yellow; CH3 flowrate, green; 0.1xOH flowrate, blue. Dashed, the flow reversal events. When positive, the 

flow is toward the main chamber. .................................................................................................................. 33 

Figure 30 - Contribution to Equation (16) evaluated in the pre and main chamber....................................... 33 

Figure 31 - -148CAD, Early scavenging phase in the pre-camber; SOI= -150CAD ........................................... 34 

Figure 32 - Total, CO2 and CH4 flow-rate between pre-chamber and main chamber ..................................... 35 



 

 

 

V 

 

Figure 33 - Instantaneous residual fraction and equivalence ratio and its standard deviation in the pre-

chamber ........................................................................................................................................................... 35 

Figure 34 – Mass based binned distribution of the equivalence ratio in the pre-chamber at spark time ...... 36 

Figure 35 - Equivalence ratio and Turbulent Kinetic Energy [m2/s2] distribution in the pre-chamber at spark 

time .................................................................................................................................................................. 36 

Figure 36 – Red, iso-surface of equivalence ratio=1; green, iso-surface of residual fraction=16% at spark time

 ......................................................................................................................................................................... 37 

Figure 37 - Monitoring lines definition ............................................................................................................ 38 

Figure 38 - G=0 iso-surfaces, indicating the turbulent flame front propagation, colored with temperature 39 

Figure 39 - Species mass fractions and HRR in the pre-chamber. (a) radicals and chemical HRR, (b) main 

product and net HRR. Dashed, the flow reversal events ................................................................................ 40 

Figure 40 - Flame propagation in the pre-chamber; left axis, Equivalence Ratio (solid line); right axis, 

Temperature [K]. Flame visualization: iso-surfaces of G=0 ............................................................................. 41 

Figure 41 – Velocity magnitude [m/s] (dashed) and YCO2 distribution along the orifices' axes- black dotted, the 

orifices; Flame visualization, iso-surface of G=0. Stream-traces colored with YCO2 and Velocity magnitude . 42 

Figure 42 - Early ejection time; top, flame visualization by a G=0 iso-surface colored with temperature. At the 

bottom, Temperature [K] (solid) and velocity magnitude [m\s] along the lines passing through the orifices.

 ......................................................................................................................................................................... 43 

Figure 43 – Left axis, TKE (solid) and Damkohler number evolution; right axis, Temperature [K] (solid) and O,H 

and OH radicals mass fraction evolution. ........................................................................................................ 43 

Figure 44- Shear rate magnitude, left; Normal and tangential shear rate evaluated on the lines crossing the 

orifices. ............................................................................................................................................................ 44 

Figure 45- Takeno Flame Index distribution in the main chamber. The contour refers to a plane at middle 

height between the piston and the engine head. ........................................................................................... 45 

Figure 46 - Average temperature in the pre and main chamber .................................................................... 45 

Figure 47 - Species mass fractions and HRR in the main chamber. (a) radicals and chemical HRR, (b) main 

product and net HRR. Dashed, the flow reversal events. ............................................................................... 46 

Figure 48 - Flow-field visualization at -2CAD. Streamtraces colored with the velocity magnitude; Iso-surface 

of G=0 colored with temperature; left slices colored with Damkohler number; right slices with temperature 

contour. ........................................................................................................................................................... 47 

Figure 49- CH4 and O,H and OH radicals mass fractions evolution, left along the pre-chamber lines; right, 

along the orifices lines. .................................................................................................................................... 48 

Figure 50- Left, Equivalence ratio and C2H4 mass fraction distribution; Right, O, H and OH and C2H6 mass 

fractions distribution along the lines in the pre-chamber. ............................................................................. 49 

Figure 51- Left, Temperature [K] and Damkohler number distribution; Right, CO2 and CO mass fraction 

distribution along the lines in the pre-chamber.............................................................................................. 49 

Figure 52. Nitrogen oxides mass fractions: (a) in the cylinder and (b) in the pre-chamber. Vertical dashed lines 

indicate flow reversal events. .......................................................................................................................... 50 

Figure 53- NOx, left axis, and un-burned hydrocarbons (dashed), right axis, mass fractions; Left, along the 

pre-chamber lines; Right, along the lines crossing the orifices. Black dashed, the orifices ............................ 51 

Figure 54- NOx, left axis, and un-burned hydrocarbons (dashed), right axis, mass fractions; Left, along the 

pre-chamber lines; Right, along the lines crossing the orifices. Expulsion stage ............................................ 51 

Figure 55- O,H and OH radicals and NOx mass fractions on the left axis, CO and HC mass fractions on the right 

axis along the cylinder lines ............................................................................................................................. 52 



 

 

 

VI 

 

Figure 56 - Pathway of NO reduction by reburning with Methane [26] .......................................................... 52 

Figure 57- Mach number and density gradient distribution. .......................................................................... 53 

Figure 58- Computed engine out emissions; Blue, pre-chamber engine. ....................................................... 54 

Figure 59-Experimental and numerical flame visualization at -5 CAD. ........................................................... 55 

Figure 60-Experimental and numerical flame visualization at 0 CAD. ............................................................ 55 

Figure 61 - Experimental and numerical flame visualization at 3 CAD. .......................................................... 56 

Figure 62-Experimental and numerical flame visualization at 5 CAD. ............................................................ 56 

Figure 63- Experimental and numerical flame visualization and radius evaluation. ...................................... 57 

Figure 64- Left, mass burnt fractions in the main chamber of the pre-chamber engine and of the standard 

engine; Right, flame radii of the modeled engines. ........................................................................................ 57 

Figure 65- Left, a-dimensional flame volume in the main chamber of the pre-chamber engine and of the 

standard engine; Right, mass burnt fractions in the main chamber of the pre-chamber engine and of the 

standard engine. .............................................................................................................................................. 58 

Figure 66 - The kernel particles: Black, 1.5 CAD after SOS; Green, 4.5 CAD after SOS; Blue, 10 CAD after SOS.

 ......................................................................................................................................................................... 59 

Figure 67 - The kernel evolution. (a), 1.5 CAD after SOS; (b) 4.5 CAD after SOS; (c) 10CAD after SOS. The flame 

is visualized as a G=0 iso-surface colored with temperature .......................................................................... 60 

Figure 68 - The computational domain of the metal engine........................................................................... 60 

Figure 69 - Comparison between experimental and numerical pressure and heat release rate of the metal 

engine .............................................................................................................................................................. 60 

Figure 70 - Pressure contours in the symmetry plane. Top, the first quarter of the combustor; center, the 

whole combustor; bottom, a particular of the injection section .................................................................... 63 

Figure 71 - Mach number contours in the symmetry plane. Top, the first quarter of the combustor; center, 

the whole combustor; bottom, a particular of the injection section .............................................................. 63 

Figure 72 - Temperature contours in the symmetry plane. Top, the first quarter of the combustor; center, the 

whole combustor; bottom, a particular of the injection section .................................................................... 64 

Figure 73 - Hydrogen mass fraction. Top, the first quarter of the combustor; center, the whole combustor; 

bottom, a particular of the injection section .................................................................................................. 64 

Figure 74 - Density gradient contours. Top, the first quarter of the combustor; center, the whole combustor; 

bottom, a particular of the injection section .................................................................................................. 65 

Figure 75 - Comparison between the experimental and numerical pressure distribution along the symmetry 

line of the combustor. The experimental data are taken from [82]. .............................................................. 66 

Figure 76 - Comparison between the experimental and numerical heat flux distribution along a line at 6mm 

from the symmetry line. The experimental data are taken from [82]. ........................................................... 66 

Figure 77 - Comparison between the experimental and numerical heat flux distribution along a line at 9mm 

from the symmetry line. The experimental data are taken from [82]. ........................................................... 66 

Figure 78 - Preliminary RANS simulation results: (a), pressure distributions; (b) heat-flux distributions. ..... 67 

Figure 79 - Q-criterion iso-surfaces colored with temperature. ..................................................................... 68 

Figure 80 - Representation of the main vortical structures in the HyShot II combustor [136]. ...................... 68 

Figure 81 - Flow structures near the injector. Velocity streamlines colored with temperature..................... 69 

Figure 82 - Snapshot of the computational grid in the injection section. ....................................................... 70 

Figure 83 – Vorticity contours and streamlines at different locations in the flow direction. ......................... 71 

Figure 84 - Ignition time for cold Hydrogen (300K) injected in hot air [134]. ................................................. 72 

Figure 85 - OH mass fraction contours. Top, the first quarter of the combustor; center, the whole combustor; 



 

 

 

VII 

 

bottom, a particular of the injection section .................................................................................................. 73 

Figure 86 – H2O mass fraction contours. Top, the first quarter of the combustor; center, the whole combustor; 

bottom, a particular of the injection section .................................................................................................. 73 

Figure 87 – HO2 mass fraction contours. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section ............................................................................... 74 

Figure 88 - Chemical source term. The white zones are characterized by null or negative values. Top, the first 

quarter of the combustor; center, the whole combustor; bottom, a particular of the injection section. ..... 75 

Figure 89 - Mixture fraction contours and stoichiometric iso-line. Top, the first quarter of the combustor; 

center, the whole combustor; bottom, a particular of the injection section ................................................. 75 

Figure 90 – H2 Mass source term contours. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section ............................................................................... 76 

Figure 91 - HO2 Mass source term contours. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section ............................................................................... 77 

Figure 92 - OH Mass source term contours. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section ............................................................................... 77 

Figure 93 - H2O Mass source term contours. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section ............................................................................... 78 

Figure 94 - The computed Takeno Flame Index. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section. The white regions are characterized by null values

 ......................................................................................................................................................................... 78 

Figure 95 - Scatterplot Z,T. The markers are colored with the magnitude of the strainrate tensor............... 79 

Figure 96 - The Strain rate tensor norm distribution. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section. .............................................................................. 79 

 
  



 

 

 

VIII 

 

List of Tables 

Table 1 - Experimental engine specifications .................................................................................................. 13 

Table 2 - Experimental engine performance ................................................................................................... 14 

Table 3 - The average flow conditions examined ............................................................................................ 18 

Table 4 - Comparison between the experimental and modeled engines performance, Standard engine ..... 28 

Table 5 - Comparison between the experimental and modeled engines performance, Pre-chamber engine

 ......................................................................................................................................................................... 29 

Table 6 - Operational phases and timings of the pre-chamber ....................................................................... 30 

Table 7- Main pollutant mass fractions at EVO. .............................................................................................. 52 

Table 8- Combustion progress times ............................................................................................................... 58 

Table 9 - Comparison between the experimental and modeled engines performance, metal engine .......... 61 



 

 

 

1 

 

1. Introduction 

 

Combustion is the oldest technology of mankind and, at present day, about 88% of worldwide energy support 

is still provided by combustion [1]. This is due to the high specific energy of conventional fuels. Coupled with 

always less acceptable polluting emissions, the rising trend in energy consumption of the current and past 

century is pushing on research to develop cleaner combustion systems. Among all the polluting compounds 

emitted by combustion systems, carbon dioxide and water vapor represent the main ones. Thus, it appears 

that one way to reduce the carbon footprint of combustion systems is to remove carbon from fuels. 

Theoretically, any oxidable compound is a fuel candidate. However, by considering the easily transportable 

ones and excluding the hazardous ones, only Hydrogen hydrocarbons compounds remain. Under this point 

of view, the so-called bio-fuels seems to be a good alternative to conventional ones. Being based on 

agricultural product or, better, on captured CO2 they can be considered as carbon neutral [2]–[6], virtually 

neglecting the carbon emitted by their combustion in many scenarios. 

Switching to Hydrogen is another way to abandon fossil fuels. It is a fascinating energy carrier [7], especially 

if produced by renewable sources [8]–[11]. It can be employed both in fuel cells, thus in fully electric devices, 

and as a true fuel in combustion systems.  

Hydrogen fuel cells are a technology ancient know. However, the costs [12], the limited life-span and the 

need of Hydrogen with high degree of purity [13] are still issues to be solved. On the other hand, for Hydrogen 

as a fuel in an internal combustion engine a high grade of purity is not required. Nevertheless, other questions 

like backfire [14], injection strategies [15] or Hydrogen storage [16] are not solved yet. Anyway, metal 

hydrides Hydrogen storage seems to be the most promising technique to store Hydrogen at low 

temperatures and pressures [17], [18]. 

Recently, various efforts are being made also to asset Hydrogen transportability in already available piping 

[19]–[21], as well as, its employability in already existing plants and equipment [22]–[24]. For low dilution 

rates, no particular difficulties are encountered both in transportation and employment [21]. Unfortunately, 

due to its low density, such Hydrogen rates are not enough to remarkably reduce the total carbon content 

of the resulting fuel [25]. 

Other pollutants are mainly constituted by Sulphur and Nitrogen oxides. The firsts are usually due to lower 

purity fuels, such as coal or low grade liquid fuels. The latter, can arise from Nitrogen contained in fuels (Fuel 

NOx) or from the combustion process (thermal and prompt NOx) [26]. 

Research is currently involved in developing systems and solution aimed to reduce NOx production instead 

of post-treatment devices. Examples are given by steam injections turbine cycles [27] or by low temperature 

combustion [28], [29]. 

 

1.1 Recent trend in Internal Combustion Engine research: the Turbulent Jet Ignition 

system 

The transportation sector represents the most evident example of transition. Despite the current trend in 

electrification [30], [31] and hybridazation [32] , it is a wide-spread opinion that Internal Combustion Engines 

(ICE) will be sill the main power-train for a while [31], [33]–[35] . Therefore, several strategies have been 

developed to reduce fuel consumption and the environmental impact of modern engine such as those based 

on combustion monitoring [36] and the use of lean-combustion strategies [37], [38]. The role of lubricating 

oil in engine out emissions is being explored too [39]–[42].  



 

 

 

2 

 

Diesel engines are retained to have reached their end of life, at least for passenger applications, due to 

limited improvement margins and high post-treatment costs [43].Thus, lean operating spark-ignition engine 

represents the actual trend in engine research [42], [44], [45]. However, higher ignition energies are required 

in order to successfully ignite a lean charge and various technologies, as the plasma igniters [46]–[48], the 

laser induced igniters [49]–[51], the corona spark plugs [51], [52], are already available but the overall engine 

cost would be prohibitive. A further alternative is represented by the Turbulent Jet Ignition (TJI) system, able 

to achieve the same goal without excessively increasing the implementation costs [53], [54] and with good 

capability of retro-fitting [55]. A TJI system generates hot and reacting jets in a separated volume, the so-

called pre-chamber, by the combustion of a quasi-stoichiometric mixture, ignited by a standard spark-plug. 

The jets reach the main chamber through narrow orifices penetrating the main charge and igniting it in 

multiple points. Moreover, the high momentum proper of the jets promote the mixing between the hot 

reacting products and the fresh lean mixture. Thus, the main combustion is initiated by a combination of 

chemical and thermal effects and its speed is increased by the high turbulence levels induced by the jets. In 

this way, a superior tolerance to high diluent fraction in the main chamber can be also obtained [56], [57]. 

Moreover, a reduction of the cyclic variability proper of lean operating spark-ignition engine [58]–[60] can 

be achieved [54]. Thanks to the high dilution grade achievable with TJI, considerable improvements in NOx 

emission are possible [61], [62]. For the same reason, however, higher un-burned Hydro Carbons (HC) 

emissions are often reported [54], [63]. 

Despite the concept appears simple, the scavenging, filling and mixing phases of a small volume auxiliary 

chamber are challenging. In an active pre-chamber, scavenging is promoted by the fuel injection. Moreover, 

the mixture formation is achieved by the dilution of a rich charge, deriving from the injection, by the lean 

one, rising from the bottom, arriving from the main chamber. This causes a true charge stratification ad 

represents a key aspect to be studied for optimal operation [64]. The ignition of the main charge represents 

another crucial aspect. It can occur either by “hot” jets or by “hot and reacting” jets, in function of the 

geometry of the pre-chamber and of the working conditions. Depending on the ignition mechanism, the main 

charge combustion can be more or less fast [65]–[67]. Therefore, also tracking key species plays an important 

role in the design and optimization of such systems [68]. Hence, 3D numerical simulations can significantly 

reduce the costs for design and optimization of TJI systems and studies focused on detailed analyses of the 

mass and energy exchange are increasingly encouraged. Many works have been conducted in configurations 

barely comparable to real engines [66], [67], [69], [70], while other works on active pre-chambers are based 

to 0D or 1D analyses [63], [71] and they rely on some limiting assumptions. Other works are usually focused 

on fluid dynamic aspects alone [70], [72]–[74] or at most consider only some major species (very often only 

the fuel) [63], [70], [72], [73], [75]. 

In the present work, a detailed analysis of an active TJI system, with an in-house developed pre-chamber 

focusing on several fundamental aspects such as mixing, charge ignition, combustion efficiency and emissions 

formation, is purposed. The same engine equipped with a standard spark-plug was also modeled and 

considered for comparison. The numerical model was validated against experimental data collected on an 

optically accessible engine fueled with Methane and operating in lean conditions (λ≈1.3). 

The key aspects, such as the energy provided by the pre-chamber to ignite the main charge, the species 

distribution, the operational phases of the pre-chamber (scavenging, filling, mixing, combustion…) and the 

overall emission production pathways are discussed in detail. 

The present analysis, based on 3D numerical simulations, was aimed at considering all the fundamental 

aspects related to charge replacement, energy and mass exchange between the chambers and combustion 

process of a TJI system in order to provide a general as well as detailed method to describe the behavior of 
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such a complex system. 

 

1.2 Hydrogen combustion: scramjets applications for hypersonic flights 

The development of reliable and efficient hypersonic flight vehicles is today pursued for several interesting 

possibilities of application in the civil fields of space launch systems and passenger transportation. The main 

technical challenge is designing an air-breathing propulsion system capable of operating from low Mach 

number to the hypersonic regime (M>5). Achieving this goal with a single propulsion device seems to be not 

possible due to various dissipation phenomena related to moving parts of the machinery [76]. For M>3 cruise 

speed, the combustor can be replaced with a ramjet combustor. This kind of combustor exploit the fluid 

kinetic energy to raise the temperature in the combustor and initiate the combustion. The high temperature 

fluid is then expanded in a nozzle to generate the thrust. Similarly, in a scramjet (supersonic combustion 

ramjet) combustor, the higher kinetic energy of the flow is employed to raise pressure and temperature in 

the combustor to achieve the combustion. In this kind of combustor, the fluid residence time is very short, 

in the order of 1ms. 

Today, a great effort is being devoted to the development of the scramjet technology; in particular, 

understanding the aero-thermochemistry in the supersonic combustor represents one of the most 

challenging problems. In particular, the fuel and air mixing, ignition and combustion represent the most 

crucial aspects being investigated. The experimental testing of this kind of engine is very difficult and 

expensive. Recent experimental research programs include the HyShot project by the University of 

Queensland [77], [78], the US-Australian HIFiRE program [79], and the European LAPCAT projects [80]. 

Numerical simulations of scramjet engines are also employed to investigate the aero-thermochemistry of the 

combustion chamber (see, for instance, [81] and [82]), but also the computational approach is very 

challenging due to the complexity of the physical phenomena involved. Moreover, the computational cost is 

in general very high due to the wide range of spatial and time scales involved. 

In the present work, a portion of the HyShot II combustor has been modeled. After having validated the 

model accuracy against a set of experimental data, various detail about the flow structure and combustion 

regime were extracted and analyzed and here presented.  
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2. Fundamentals of combustion modeling 

 

Considering a chemically reactive flow, the system at each point in space and time can be completely 

described by specification of pressure, density, temperature, velocity field and concentration of each species. 

All of these properties can be changing in space and time due to chemical reactions, convection\advection 

and diffusion phenomena. However, some of these properties are globally conserved. Summing allover the 

processes that involves mass, momentum and energy changes leads to the definition of the conservation 

equations, known as Navier-Stokes equations. The following chapter will deal with the definition of the basic 

additional equations involved in combustion modeling, such as the species transport equation, and the 

chemical reactions equations.  

In the present work, the commercial software CONVERGE CFD [83]was employed. CONVERGE is an immersed 

boundary reactive flow solver, based on the PISO algorithm [84]. It comes provided with various turbulence 

and combustion models. The ones employed in this work will be introduced in the dedicated sections and 

sub-sections. 

 

2.1  The species transport equation 

In a multispecies system, tracking each specie is mandatory, especially in reactive flows. The mass 

conservation equation, defined as: 

 
𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝒖

𝜕𝒙
= 𝑆 (1) 

 

 

Can be rearranged in terms of species mass fractions as: 

 
𝜕𝜌𝑚

𝜕𝑡
+

𝜕𝜌𝑚𝒖

𝜕𝒙
=

𝜕

𝜕𝒙
(𝜌𝐷𝑚

𝜕𝑌𝑚

𝜕𝒙
) 𝑆𝑚 (2) 

Where 𝑆  is the species’ source term and the mass fraction of specie m over the total mass, 𝑌𝑚, is defined as: 

𝑌𝑚 =
𝑀𝑚

𝑀𝑡𝑜𝑡
=

𝜌𝑚

𝜌𝑡𝑜𝑡
 

The specie diffusion coefficient 𝐷𝑚 can be assumed equal to the air’s one if air is the major specie and the 

flow is turbulent -that is, transport is not diffusion controlled-, as in the cases evaluated in the present work, 

and defined by the following equation: 

𝐷𝑚 = 𝐷 =
𝜈

𝑆𝑐
 

Where 𝜈 is air’s viscosity and 𝑆𝑐 is the Schmidt number. In case of turbulent flows, the overall diffusion 

coefficient is given by: 

 𝐷𝑚 = 𝐷 + 𝐷𝑡 = 𝐷 +
𝜈𝑡

𝑆𝑐𝑡
 (3) 

The additional terms represent the turbulent viscosity and the turbulent Schmidt number, respectively, given 

by the turbulence model. 

 

2.2  The scalar transport equation 

Scalars are often employed to transport auxiliary information, needed by some sub-model or for post-

processing purposes. For them, the general transport equation is assumed: 
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𝜕𝜌𝜙

𝜕𝑡
+

𝜕𝜌𝒖𝜙

𝜕𝒙
=

𝜕

𝜕𝒙
(𝜌𝐷

𝜕𝜙

𝜕𝒙
) + 𝑆 (4) 

Where 𝜙 is a generic scalar, 𝑆 its source term and 𝐷 the diffusion coefficient, defined as Equation (3). 

 

2.3  Turbulence transport equation 

In the present work, the 𝑅𝑁𝐺 𝑘 − ε RANS model was employed in the engine modeling setup while the 

Dynamic Smagorinsky LES model was employed in the scramjet model setup. 

Their characteristic equations will be reported for completeness but not further discussed. 

 

2.3.1  RANS turbulence modeling: the 𝑅𝑁𝐺 𝑘 − ε model 

In the Reynolds Averaged Navier Stokes (RANS) turbulence models, the flow variables are decomposed into 

an ensamble mean and in a fluctuating term as: 

𝑢 = �̅� + 𝑢′ 

By substituting such decomposition into the Navier-Stokes equation, the compressible RANS equation for 

mass and momentum are obtained: 

 

𝜕�̅�

𝜕𝑡
+

𝜕�̅�𝑢�̃�

𝜕𝑥𝑗
= 0 

𝜕�̅�𝑢�̃�

𝜕𝑡
+

𝜕�̅�𝑢�̃�𝑢�̃�

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢�̃�

𝜕𝑥𝑗
+

𝜕𝑢�̃�

𝜕𝑥𝑖
) −

2

3
𝜇

𝜕𝑢�̃�

𝜕𝑥𝑘
𝛿𝑖𝑗] +

𝜕

𝜕𝑥𝑖
(−�̅�𝑢𝑖

′𝑢𝑗
′̃ ) 

(5) 

The Favre average of velocity is given by: 

 𝑢�̃� =
𝜌𝑢𝑖̅̅ ̅̅̅

�̅�
 (6) 

 

The last term on the right-hand side of Equation (16) is referred as Reynolds stress tensor, denoted with 𝜏𝑖𝑗. 

The aim of each turbulence model is modelling such tensor. 

The ReNormalized Group (RNG) 𝑘 − 휀 model [85] models the Reynolds stress as: 

 𝜏𝑖𝑗 = 2𝜇𝑡𝑆𝑖𝑗 −
2

3
𝛿𝑖𝑗 (𝜌𝑘 + 𝜇𝑡

𝜕𝑢�̃�

𝜕𝑥𝑖
) (7) 

Where the turbulent viscosity is given by: 

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

휀
  

The turbulent kinetic energy is equal to the half of the trace of the stress tensor: 

𝑘 =
1

2
𝑢𝑖𝑢𝑖̃  

And the mean strain rate tensor is given by: 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑢�̃�

𝜕𝑥𝑗
+

𝜕𝑢�̃�

𝜕𝑥𝑖
) 

The model introduces two additional transport equations, one for the turbulent kinetic energy and one for 

the dissipation rate, Equations (8) and (16): 

 
𝜕𝜌𝑘

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝑘

𝜕𝑥𝑖
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗

𝜇 + 𝜇𝑡

𝑃𝑟𝑘

𝜕𝑘

𝜕𝑥𝑗
− 𝜌휀 +

𝐶𝑠

1.5
𝑆𝑠 (8) 

 

𝜕𝜌휀

𝜕𝑡
+

𝜕𝜌𝑢𝑖휀

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(

𝜇 + 𝜇𝑡

𝑃𝑟𝜀

𝜕휀

𝜕𝑥𝑗
) + 𝐶𝜀3𝜌휀

𝜕𝑢𝑖

𝜕𝑥𝑖
+ (𝐶𝜀1

𝜕𝑢𝑖

𝜕𝑥𝑗
𝜏𝑖𝑗 − 𝐶𝜀2𝜌휀 + 𝐶𝑆𝑆𝑆)

휀

𝑘

+ 𝑆 − 𝜌𝑅𝜀 

(9) 
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In this equations S and Ss are source terms, the first user-supplied and the second due to the interaction with 

sprays. Also, 𝐶𝜀𝑖, 𝐶𝑆 and 𝐶𝜇  are user-supplied model constants. Moreover, 

𝑅𝜀 =
𝐶𝜇𝜂3 (1 −

𝜂
𝜂0

) 휀2

(1 + 𝛽𝜂3)𝑘
 

With  

𝜂 =
𝑘

휀
√2𝑆𝑖𝑗𝑆𝑖𝑗 

Finally, the turbulence length scale is evaluated as: 

 𝑙𝑒 = 𝐶𝜇

3
4

𝑘
3
2

휀
 (10) 

 

2.3.2  LES turbulence modeling: the Dynamic Smagorinsky Sub Grid Scale model 

With the RANS approach, only the mean flow is actually resolved and the turbulence effects are all modeled 

by means of a dedicated turbulence closure model. 

Large Eddy Simulations (LES), on the contrary, are able to solve also a part of the turbulent properties of the 

flow (namely, the large eddies). Generally, the velocity field can be decomposed in the resolved field and in 

a modeled field, called Sub-Grid Scale (SGS) field as: 

𝒖 = �̅� + 𝒖′ 

The resolved velocity field is a spatial average of the actual velocity field, unlike RANS that evaluates the 

mean velocity field as an ensemble average. Because of this decomposition, the LES filter is characterized by 

the following properties: 

𝑢�̅̅� ≠  𝑢�̅� 

𝑢′𝑖
̅̅̅̅ ≠ 0 

By applying the LES decomposition, the momentum conservation equations can be re-written as: 

 
𝜕�̅�𝑢�̃�

𝜕𝑡
+

𝜕�̅�𝑢�̃�𝑢�̃�

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕𝜎𝑖𝑗̅̅̅̅

𝜕𝑥𝑗
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 (11) 

 

Here, again, the tilde indicates the Favre average given by Equation (16) and 𝜎𝑖𝑗 indicates, for brevity, the 

resolved flow viscous stress. 

Due to the LES decomposition, the Reynolds stress tensor assumes the following form: 

𝜏𝑖𝑗 = �̅�( 𝑢𝑖𝑢𝑗̃ − 𝑢�̃� 𝑢�̃�) 

The turbulence length scale can be referred to the cell volume, V, as: 

𝑙𝑒 = √𝑉
3

 

Different formulations exist to model the Reynolds stress tensor with the LES approach. The Smagorinsky 

SGS [86] model is a zero-equation model. It does not require additional transport equations and relates the 

Reynolds stress tensor to the shear stress tensor by means of a user supplied model constant and a filter. 

The filter is represented by the average cell length: 

∆= √𝑉
3

 

The turbulent viscosity is evaluated as: 

𝜈𝑡 = 𝐶𝑠
2∆2√𝑆𝑖𝑗𝑆𝑖𝑗 

And, finally, the sub-grid stress tensor is given by: 

 𝜏𝑖𝑗 = −2𝜈𝑡 𝑆𝑖𝑗
̅̅̅̅  (12) 
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The dynamic Smagorinsky model [87], substantially, internally evaluates the value of 𝐶𝑠 by means of the so 

called Germano identity and by performing a second filtration. 

The ∆ and ∆̂ filtered Reynolds stress are, respectively, given by:  

𝜏𝑖𝑗 = (𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ − 𝑢�̅� 𝑢�̅�) 

𝑇𝑖𝑗 = (𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̃ −  𝑢�̃̅�𝑢�̃̅�) 

The first equation represents, effectively, the modeled sub-grid stresses. The second, the filtered (or test) 

sub-grid stresses. 

The Germano identity relates the two levels stress tensors by defining the Leonard stress terms as: 

𝐿𝑖𝑗 = 𝑇𝑖𝑗 − 𝜏𝑖𝑗  

Such expression is representative of the actually resolved turbulent stresses and contains the contributions 

of all the scales between the filter and the sub-filter dimensions. 

The deviatoric part of the Leonard stress term can be evaluated as: 

𝐿𝑖𝑗 −
1

3
𝐿𝑘𝑘𝛿𝑖𝑗 = 𝐶𝑠−𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑀𝑖𝑗 

Where 𝐶𝑠−𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is the Dynamic Smagorinsky constant and 𝑀𝑖𝑗 is defined as: 

𝑀𝑖𝑗 = 2 ∆̂2 |�̂�|�̂�𝑖𝑗
̃ − 2 ∆̂2 |�̂�|̃�̂�𝑖𝑗

̃  

The sub-grid scale stress tensor can be evaluated as in Equation (16) replacing the Smagorinsky constant with 

the dynamic one which can be calculated, as purposed in [88], by: 

𝐶𝑠−𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
𝑀𝑖𝑗𝐿𝑖𝑗

𝑀𝑘𝑙𝑀𝑘𝑙
 

 

2.4 Combustion modeling 

Combustion phenomena can be classified, basically, into premixed and non-premixed combustion. 

It is said premixed a combustion in which the fuel and the oxidizer are mixed before of combustion 

commencing. In such situation, when the combustion starts, a flame front propagates “smoothly” through 

the fresh mixture. Typically, the mixture behind the flame front rapidly approaches the equilibrium state 

while the mixture in front of the flame remains in the un-burned state. The flame-front is a transition region 

whose thickness and speed are related to the actual thermodynamic and turbulent conditions, as well as, to 

the chemical species involved. A schematic representation of a turbulent premixed flame is given in Figure 

1. 

 
Figure 1 - Scheme of a premixed turbulent flame [89] 

In non-premixed combustion phenomena, fuel and oxidizer get mixed during the combustion. The 

combustion starts when favorable conditions (both chemical and thermodynamic) are achieved, somewhere 

in the domain, and progresses mainly in a diffusion-controlled regime. 
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Turbulence plays a crucial role in combustion phenomena, enhancing the mixing and transport phenomena. 

The turbulent vortices interact with the flame front accelerating both the species and the heat diffusion. This 

expands the region of influence of the flame front, making it thicker. Generally, the combustion speed 

increases with the turbulence levels but highly turbulent flows can inhibit ignition. 

 

2.4.1  SAGE detailed chemical kinetic solver 

Figure 2 reports, as an example, the so-called reaction pathway (or reaction flow diagram) of Methane 

oxidation. The set of reactions describing such phenomena is defined as reaction mechanism. 

A reaction mechanism contains all the information useful to model the reaction rate of each reaction, 

accordingly with the Arrhenius formulation: 

𝑘𝑓(𝑟) = 𝐴 ∙ 𝑇𝛽 ∙ exp (−
𝐸𝑎

𝑅𝑇
) 

The pre-exponential constant, 𝐴, the exponential factor, 𝛽, and the activation energy, 𝐸𝑎, are, therefore, 

reported in the mechanism. 

By introducing a rate law, the reaction rate can be linked to the specific reaction in order to describe its 

evolution in time; taking the Hydrogen oxidation simplified reaction as an example: 

2𝐻2 + (1)𝑂2 → 2𝐻2𝑂 

The rate law gives, for the forward reaction, the production (consumption) rate of 𝐻2: 

𝑑[𝐻2]

𝑑𝑡
= −𝑘𝑓[𝐻2]2 ∙ [𝑂2] = �̇�𝐻2

 

If favorable conditions are achieved, the reverse reaction can occur, and the rate law gives: 

𝑑[𝐻2]

𝑑𝑡
= 𝑘𝑟[𝐻2𝑂]2 = �̇�𝐻2

 

𝑘𝑓 and 𝑘𝑟 are, respectively, the forward and the reverse reaction rates. Their ratio between gives the reaction 

equilibrium constant. Such constant can be evaluated on the basis of the actual thermodynamic conditions 

as: 

𝑘𝑐 =
𝑘𝑓

𝑘𝑟
= exp (−

𝛥𝑅�̅�0

𝑅𝑇
) ∙ (

𝑃𝑎𝑡𝑚

𝑅𝑇
)

∑ 𝜈𝑖
𝑁
𝑖=1

 

Where N is the total number of species involved in the considered reaction, 𝜈𝑖 is the i-th specie stoichiometric 

coefficient, T is the actual temperature, R the universal gas constant and 𝛥𝑅�̅�0 is the Gibbs’ free energy 

variation across the considered reaction. The thermodynamic data, namely 𝐶𝑝,𝐻0 and 𝑆0, of the involved 

species are retrieved from the NASA polynomial expression. 

The system of ordinary differential equation is then closed by the overall energy balance equation: 

𝑑𝑇

𝑑𝑡
=

𝑉
𝑑𝑝
𝑑𝑡

− ∑ (ℎ𝑖
0𝜔𝑖̇ )𝑁

𝑖=𝑖

∑ (𝐶𝑝𝑖[𝑋𝑖])𝑛
𝑖=𝑖

 

Where 𝑖 denotes the 𝑖 − 𝑡ℎ species and ℎ0 and 𝐶𝑝𝑖 represent the species enthalpy and specific heat, 

respectively, on molar basis. 

In CONVERGE, the SAGE detailed chemistry solver [90] is employed to solve for the given reaction 

mechanism. In such implementation, the chemical solver is called after the CFD step. Once chemical 

calculation is complete, the new species concentrations are passed to the CFD solver, and the temperatures 

are adjusted on the basis of the new species distribution. 

The detailed mechanism approach is suitable both for premixed and non-premixed combustion study. All the 

involved transport phenomena are solved by the CFD solver and not modeled by the chemistry solver.  
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Such coupling makes the turbulence-combustion interaction, implicit. On the other hand, this implies that a 

sufficient grid resolution needs to be achieved in order to obtain reliable results.  

 

 
Figure 2 - Flow diagram for stoichiometric Methane oxidation [91] 

2.4.2 Combustion modeling of premixed flames: the G-equation approach 

The G-equation approach is a level-set method employed to track the flame-front and to solve for the 

chemical reactions, eventually, only in the combusting region of the domain [92]. 

Depending on the value of the scalar G, the domain can be divided into three zones:  

• G<0, the un-burned region; 

• G=0, the flame-front; 

• G>0, the burned region. 
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Figure 3 - Conceptual structure of a flame with the G-equation approach 

The transport equation of G and its variance are, respectively, given by: 

 
𝜕𝜌�̃�

𝜕𝑡
+

𝜕𝜌𝑢𝑑�̃�

𝜕𝑥𝑑
= −𝜌𝐷𝑡

′�̃� |
𝜕�̃�

𝜕𝑥𝑑
| + 𝜌𝑢𝑠𝑡 |

𝜕�̃�

𝜕𝑥𝑑
| (13) 

 

 

𝜕𝜌𝐺′′2̃

𝜕𝑡
+

𝜕𝜌𝑢𝑑𝐺′′2̃

𝜕𝑥𝑑
=

𝜕

𝜕𝑥𝑑
(𝜌𝐷𝑡  |

𝜕𝐺′′2̃

𝜕𝑥𝑑
|) + 2𝜌𝐷𝑡

𝜕�̃�

𝜕𝑥𝑑

𝜕�̃�

𝜕𝑥𝑑
− 𝑐𝑠𝜌𝐺′′2̃

휀

𝑘
 

 

(14) 

 

Numerically, G represents the distance from the flame-front while its variance represents the turbulent flame 

brush thickness. 

In Equation (13), the first term on the RHS represents the flame curvature contribution while the second is 

related to the turbulent mass burn rate and depends on the actual turbulent flame speed. 

The corrected diffusion term and the flame curvature are given, respectively, by: 

𝐷𝑡
′ = √𝐶𝑠

𝑘

2
 
𝐶𝜇 

𝑆𝑐
 𝐺′′2̃    

�̃� = −
𝜕

𝜕𝑥𝑑
(

𝜕�̃�

𝜕𝑥𝑑
/ |

𝜕�̃�

𝜕𝑥𝑑
|) 

 

Equation (16) and the corrected diffusion term represents the link between the flame-front propagation and 

the actual turbulence conditions. 

The turbulent flame-speed can be evaluated accordingly with: 

 𝑠𝑡 = 𝑠𝑙 + 𝑢′ {
−𝑎4𝑏3

2

2𝑏1
𝐷𝑎 + [(

𝑎4𝑏3
2

2𝑏1
𝐷𝑎)

2

+ 𝑎4𝑏3
2𝐷𝑎]

1
2

} (15) 

Where 𝑢′ is the velocity fluctuation and 𝐷𝑎 is the Damkohler number, defined as: 

 

 𝐷𝑎 =
𝑠𝑙  𝑙𝑡

𝑢′𝛿𝑙
 (16) 

 

Where 𝑠𝑙   is the local laminar flame speed, 𝛿𝑙   is the local laminar flame thickness, 𝑙𝑡 is the local turbulent 

length scale and 𝑢′ is the local velocity fluctuation, both evaluated by the turbulence model. 

The laminar flame-speed can be evaluated with the so-called power-law expression: 
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 𝑠𝑙 = 𝑠𝑙,𝑟𝑒𝑓 (
𝑇𝑢

𝑇𝑟𝑒𝑓
)

𝛼

(
𝑃𝑢

𝑃𝑟𝑒𝑓
)

𝛽

(1 − 2,1𝑌𝑑𝑖𝑙) (17) 

With the reference laminar flame-speed given by: 

 𝑠𝑙,𝑟𝑒𝑓 = 𝜔𝜙𝑛𝑒𝑥𝑝[−𝜉(𝜙 − 1,075)2] (18) 

In Equation (16), 𝜔 represents the laminar flame-speed of the given fuel at ambient (reference) and 

stoichiometric conditions. 𝑛 and 𝜉 are fitting constants proper of the fuel. 

In Equation (17), the u pedix indicates the un-burned region. Moreover, 𝛼 and 𝛽 represents other fitting 

values or functions. Different expressions and values of 𝛼 and 𝛽 are purposed in literature. In the present 

work, the ones purposed by Amirante et al. [93] are employed: 

𝛼 = 𝛼2𝜙2 − 𝛼1𝜙 + 𝛼0 

𝛽 = −𝛽2𝜙2 + 𝛽1𝜙 − 𝛽0 

The values of 𝛼𝑖 and 𝛽𝑖 are fuel dependent. 

Such expressions were implemented in CONVERGE by means of a User Defined Function (UDF) both for 

Methane and for Gasoline laminar flame-speed calculation. 

Regarding the constants in Equation (15), it can be said that: 

• 𝑏1, is a proportionality constant between the fully developed turbulent flame-speed and the velocity 

fluctuation, namely 𝑠𝑡 = 𝑏1𝑢′; 

• 𝑏3, relates the turbulent and the laminar diffusivity at the turbulent and laminar flame-speed, 
𝑠𝑡

𝑠𝑙
=

𝑏3√
𝐷𝑡

𝐷
; 

• 𝑎4, represents the connecion between the turbulent diffusivity and the turbulence integral length 

scale and velocity fluctuation, 𝐷𝑡 = 𝑎4𝑢′𝑙. 
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3. The experimental data 

 

This thesis work relies on two sets of experimental data, one referred to the internal combustion engine and 

the other to the scramjet combustor. They will be presented separately in the following sub-sections. 

 

3.1  Experimental Engine data 

An in-house developed active pre-chamber prototype was tested on an optically accessible engine. 

A representation of the TJI apparatus is given in Figure 4. 

 
Figure 4 - The pre-chamber assembly 

The internal volume of the pre-chamber was about 6% of the engine clearance volume and the connection 

with the main chamber was represented by 4 small angled circular orifices. 

The tests were carried out, by our partners of the Istituto Motori CNR di Napoli, on a four-stroke Port Fuel 

Injection (PFI) optically accessible spark-ignition engine connected to an electrical dynamometer. It was 

equipped with a pent-roof four-valves and centrally located spark plug head. A sapphire window flat piston 

and a quartz cylinder were employed. Both fired and unfired cycles were considered, at an engine speed of 

2000 rpm. 

Two engine configurations have been tested: a typical SI engine with a spark plug located at the center of the 

head, which will be referred to as the standard engine and a modified configuration, which has the pre-

chamber mounted in the place of the spark plug and will be referred to as the pre-chamber engine. A 

decrease of the compression ratio has been observed due to the presence of the pre-chamber volume but 

not corrected. Indeed, the aim of the campaign was to assess the retro-fitting capability of the TJI system. 

The main engine specifications are summarized in Table 1. 

The pressure distributions versus the crank angle and several digital images of the flame have been the 

recorded during the experimental campaign.  

In the considered tests, the engine was fueled with Methane supplied to the injectors by an 8-bar pressurized 

tank. The pre-chamber injector, a modified Synerject Strata GDI injector, was connected with the pre-

chamber by a properly dimensioned duct. 

In both configurations, the end of fuel injection and the start of spark were fixed in order to operate at the 
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maximum brake torque, with =1.3±1%. Such dilution was chosen because representative of the lean 

operating limit of the standard engine. Although leaner conditions can be established with a TJI system, an 

analysis preformed in the selected conditions makes possible a direct comparison between the capability of 

igniting the main charge of the TJI system with that of the traditional spark plug. In this way, the benefits in 

terms of efficiency and emissions brought to an existing engine retrofitted with a TJI system can be 

quantitatively defined. 

In the modified engine, the start of fuel injection in the pre-chamber was fixed at 150 CAD Before the Top 

Dead Center (BTDC), in order to optimize the exhaust emissions. A linear lambda sensor was used to measure 

the air-fuel equivalence ratio and a quartz pressure transducer to acquire the in-cylinder pressure. Sensors 

were synchronized with an optical shaft encoder and a crank angle degree marker. 

The intake air temperature was at 298 K while the refrigerating fluid temperature was kept at 333 K in order 

to protect the self-lubricating teflon-bronze piston rings in the optical section. 

Two-dimensional digital flame images were acquired with a 12500 fps 16-bit gray scale camera with a 

1024x1024 resolution. The camera CMOS sensor was lighted by the combustion trough a 45° oriented UV-

visible mirror. A representation of the experimental setup is purposed in Figure 5. 

 
Figure 5 - Representation of the optical setup 

 

 

Displacement [cm3] 250  Standard Pre-chamber 

Bore [mm] 72 PFI EOI [CAD] 0° 0° 

Stroke [mm] 60 PFI DOI [CAD] 100° 90° 

Connecting rod [mm] 130 Pre-chamber 

[CAD] 

SOI DOI 

Compression ratio 9:1 -150° 7.8° 

Maximum power 

[kW] 

7.9@5000 rpm SOS [CAD] -24° -22° 

Maximum torque [N 

m] 

14.7@5000 rpm 

Table 1 - Experimental engine specifications 

The acquired pressure and computed Heat Release Rate (HRR) traces for both the configurations are 

summarized in Figure 6. The pressure traces were obtained as an average over 500 consecutive cycles. 

The net (or apparent) Heat Release Rate was computed accordingly with Equation (16) [94]: 

 
𝑑𝑄𝑛

𝑑𝜃
=

1

𝑘 − 1
𝑉

𝑑𝑃

𝑑𝜃
+

𝑘

𝑘 − 1
𝑃

𝑑𝑉

𝑑𝜃
 (19) 

mailto:7.9@5000
mailto:14.7@5000
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Where, P is the averaged pressure and V is the actual displaced volume which accounts for the clearance 

volume and for the pre-chamber volume. 

Considering the kind of the employed engine, no measurements of emissions were performed. 

 
Figure 6 - Experimental pressure and HRR traces 

The pressure trace of the pre-chamber engine is lower, until the ignition, than the one of the standard engine, 

due to the before mentioned loss of compression ratio. A sudden peak in pressure and nHRR is noticed just 

before the TDC and represents the ejection of the reacting material and the following main charge ignition, 

as can be visualized in Figure 7. It appears that a lot of energy is available for the main charge ignition. 

Moreover, the ignition is achieved in multiple point and the jets from the pre-chamber promotes mixing 

between the fresh lean mixture and the reacting material being released from the pre-chamber, as can be 

noticed by the flame images, reported in Figure 7. 

Soon after the nHRR peak, it is possible to identify a significative mass leakage from the cylinder for the pre-

chamber engine: namely, the negative values of the net HRR between 20 and 40 CAD ATDC are due to an 

outgoing flow related to the piston rings typology required in optical engines, which do not ensure a proper 

sealing action, compared to those of a metal engine, as discussed in detail in [95].  Indeed, the computed 

Integrated apparent Heat Released (IaHR) of the pre-chamber engine is smaller than the standard one, as 

summarized in Table 2. 

 IMEP [bar] IMEPCOV Work[J] IaHR[J] 

Pre-chamber 3.46 2.9 86 210 

Standard 3.32 7.4 83 278 

Table 2 - Experimental engine performance 

Nevertheless, the overall engines works are comparable, as well as, the IMEP. The higher IMEPcov of the 

standard engine suggests that the selected dilution is close to the lean limit. 

Figure 7 reports some flame images, showing the characteristic conical structure of a high-pressure reacting 

jet ejected from an orifice. As will be highlighted in section 5.2-The pre-chamber engine, the so-called 
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mushroom shaped flames, are detached from the pre-chamber orifices and their energy and chemical 

composition is such to make the main ignition happening in multiple points. 

 

Figure 7 - Experimental flame visualizations. Top, the standard engine; Bottom the pre-chamber engine. 

As will be pointed out by the numerical simulations, the ignition mechanism involves both thermal and 

chemical matters and is related with the high combustion speed typically observed in TJI equipped engines. 

The standard engine is, on the other hand, characterized by a typical spherical developing flame. By 

comparing the flame surface extension, it clearly appears that the flame speed is much lower.  

The flame mean radius was also measured, at Istituto Motori, by averaging the distance between the spark 

and the boundary of the flame, as schematized in Figure 8. Such measurement, evaluated over the time, is 

proportional to the flame speed and, consequently, to the burn rate.  

 

Figure 8 - Flame radius evaluation 

 

Figure 9 - Flame radius evolutions 

By comparing the measurements, reported in Figure 9, it appears that the combustion for the pre-chamber 

engine is almost twice faster than for the standard one.  
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3.2  Experimental scramjet data 

The Hyshot II combustor is composed by a rectangular shaped duct, terminating with an expansion nozzle, 

and is fed by four port-hole injectors (D=2 mm) placed, on the lower side of the combustor, 58 mm 

downstream of the combustor leading edge – cf. Figure 12 and Figure 20. The injection pressure is such to 

achieve critical conditions at the injector exit. 

A few experimental campaigns regarded the HyShot II combustor. Only one regarded a real flight experiment 

and was performed in 2002 by the Queensland University in the Woomera flight area in Australia. A back-to-

back configuration of two combustor was installed on a two-stage sounding rocket. It followed a parabolic 

trajectory, with an apogee at 314 km. in the descending phase, at around 35 km from the ground, the 

Hydrogen injector of one combustor were fed with the fuel, making the experiment commencing. The other 

combustor was un-fed, in order to acquire information about the air only stream. The flight speed was such 

that M=7.5. The experiment ended at an altitude of 23 km, with a fling speed with M=7.4 [96]. 

During the flight, various data about the external and internal flow conditions were acquired. In the following 

ground experiments, the information about the free stream gathered with the flight experiment, were 

employed to setup the wind tunnels in order to achieve realistic flow conditions. 

 

 
Figure 10 - The back-to-back combustor configuration 

 
Figure 11 - The model installed in the HEG wind tunnel [97] 

The ground test data employed in this work were acquired in the High Enthalpy shock tunnel of Gottingen 

(HEG) and are representative of a Mach 7.4 flight at an altitude of 28 km. The full model, of which a quoted 

section is given in Figure 12, was tested.  

The HyShot II combustion chamber is parallel, and the cross-sectional dimensions are 9.8 x 75 mm. The length 

of the constant area combustor is 300 mm. Fuel is injected into the combustion chamber by four cylindrical 

injectors, with radius of 1 mm, positioned along one line in cross flow direction in the body side combustor 

wall, 57.5 mm downstream of its leading edge. 
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Figure 12 - Symmetry plane cut of the HyShot II assembly 

On the intake ramp, 5 pressure gauges and 4 thermocouples were installed along the symmetry line. The 

cowl side combustion chamber plate was instrumented with 23 pressure gauges and 11 thermocouples. The 

pressure transducers were positioned along the symmetry line and the thermocouples along a line 9 mm off 

the symmetry line. In the body side combustion chamber plate 31 pressure transducers and 15 

thermocouples were integrated. The pressure gauges were positioned along the symmetry line and the 

thermocouples downstream of a Hydrogen injector along a line 9 mm off the symmetry line. The cowl (upper) 

side and body (lower) side thrust surfaces were instrumented with 5 and 6 pressure transducers, respectively 

[98]. 

 
Body side Cowl side 

 
Figure 13 – Normalized experimental pressure and heat-flux for the 28 km test. Pt2=142 kPa, qt2=4.38 Mw/m2 [97]. 

In blue, the data employed in this work. 

 



 

 

 

18 

 

Figure 13 summarizes one of the HEG test campaigns. It is interesting noting the equivalence ratios at which 

the combustor was tested: they are all located in the lean zone. This is related to the unstart or blow-off 

phenomena which may occur in a scramjet engine. Basically, referring on the theory of the Rayleigh flow, it 

can be concluded that high heat release can led to strong flow deceleration, potentially bringing it in the sub-

sonic regime, causing the combustion extinction. Such aspect is crucial in designing and operating a scramjet 

combustor. 

Figure 13 reports, in blue, the data employed in the current study and in Table 3 the free stream conditions. 

Considering the pressure traces, the shock train is clearly visible: the shock waves reflecting on the combustor 

walls generate peak values of the pressure. Moreover, a quasi-linear pressure rise can be noticed. A sudden 

pressure decrease, as expected, is found in the expanding nozzle. Moving the attention on the heat flux, 

homogeneous values are found on both sides after the fuel injection. 

 Figure 22 reports the temperature, pressure and velocity distributions at the combustor inlet. Such 

conditions were evaluated numerically during the HEG experimental campaign [99]. In such way, the 

combustor can be numerically analyzed by avoiding the computation on the whole vehicle. 

 

P0 [kPa] T0 [K] V0 [m/s] 𝑚𝐻2
[g/s] 𝜙 

127 1350 1720 3.7 0.32 

Table 3 - The average flow conditions examined 
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3.3 Conclusions of chapter 3 

In the concluding chapter, the experimental methods for gathering the data, and the data themselves, 

employed in the following numerical simulations have been presented. 

The experimental pressure, the apparent heat release rate traces and the flame images were acquired on an 

optically accessible engine fueled with Methane. The engine was tested with and without the TJI system, 

object of the study. The equivalence ratio and the operating conditions were the same for both the 

configuration, in order to make direct comparisons of the overall engine performances and the combustion 

speed possible. The pressure traces, gathered also in motored conditions, will be employed, with the other 

data (e.g. the equivalence ratio, the engine temperature, the spark advance, the inflow air temperature…) to 

implement, tune and validate the numerical model. 

Considering the nature of the engine, which is not equipped with properly sealant piston rings, mass losses 

in the high pressure operating phases were not avoidable. Indeed, the pre-chamber configuration showed a 

significant pressure decrease rate during the early expansion stroke, accompanied by negative values of the 

aHRR, indicating that leakages are occurring. 

Considering this, the computed integrated heat release results smaller for the pre-chamber engine. 

Nevertheless, the mean indicated pressure values are comparable for both engines and the IMEPcov results 

smaller for the pre-chamber configuration. 

The flame structure and evolution were evaluated by means of the flame images. The pre-chamber engine 

shows, at the early stages of the main chamber ignition, particular flame shapes, the so-called mushroom 

shaped flames. This structure is due to the high momentum proper of the ejected material and is such to 

involve a considerable portion of the main chamber charge in the ignition phenomena. This, in combination 

with the high energy and chemical composition of the jets, characterizes the high speed combustion typical 

of this ignition system, also evaluable by means of the flame images and radii. 

 

The scramjet data were, instead, acquired in a shock tunnel. The free flow conditions were chosen to match 

the flow Mach number and total enthalpy recorded during one of the few real flights of the combustor. 

Thanks to the high number of pressure gauges and thermocouples employed in the shock tunnel 

experiments, the pressure, velocity and temperature distribution at the inflow boundary of the combustor 

were computed. This data will be employed in the numerical model. The pressure and heat flux recorded 

during the experiments along the combustor will be compared with the ones obtained numerically and used 

to tune the numerical model. More specifically, the dataset referred to the flight altitude of 28km was 

selected. From the experimental pressure traces, a linear increasing tendency can be noted. Moreover, the 

shock waves reflections were recorded by the pressure gauges. The boundary heat-flux distribution is, 

instead, more uniform.  
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4.  Modeling approach 

 

This chapter will describe the model setups in CONVERGE. Before going further, a brief discussion on the 

meshing strategy of CONVERGE will be performed. 

CONVERGE is an immersed boundary CFD solver. This means that the grid is (re)generated, at each iteration, 

on runtime. To make this automatic grid generation possible, CONVERGE uses a modified cut-cell Cartesian 

grid generation method. The geometry surface is immersed within a Cartesian block and the meshing 

algorithm trims the cells at the intersecting surface, after which the intersection information (surface areas, 

normal vectors, etc.) is reduced before being stored for each cell. With this approach, moving geometries are 

continuously re-meshed. 

Additional density boxes can be added to embed specific portion of the domain. Moreover, the Adaptive 

Mesh Refinement (AMR) algorithm can dynamically embed local portion of the domain in order to enhance 

the resolution when it is insufficient without heavily affect the computational costs. 

Figure 14 and Figure 15 reports two examples showing the static and dynamic embeddings: in Figure 14, the 

injection section of the scramjet is embedded, as well as the body and cowl side boundaries; Figure 15 shows 

the spherical embedding at the pre-chamber lower part and the AMR which surrounds the flames in the main 

chamber. 

 

 

 
 

Figure 14 - Example of fixed embedding in a region of the 

domain and on a boundary 

Figure 15 - Example of spherical fixed embedding ad AMR 

 

The mixture is assumed to be a Newtonian viscous fluid with Fourier heat conduction and Fickian species 

diffusion. The viscosity is computed using Sutherland’s law and the thermal conductivity and species 

diffusivities are evaluated using the viscosity and constant Prandtl and Schmidt numbers, respectively. Each 

species is considered as a thermally perfect gas, with tabulated formation enthalpies and specific heats. 

Finally, in the present work, the computations were performed in parallel on a distributed memory machine 

with Intel Xeon E5 2660v3@2.6GHz processors using the message passing interface. 

 

4.1  Engine model setup 

Both the pre-chamber and the standard engine configurations were modeled; The computational domains 

are reported in Figure 16. 
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The flow was described by solving the Reynolds Averaged Navier-Stokes (RANS) equations, closed by the RNG 

k-ε turbulence model, with a centered second-order accurate numerical scheme. The time advance was 

achieved by an implicit Euler discretization. 

Both fixed and dynamic grid embedding were employed. Being the smallest turbulence scale to be solved of 

the order of 0.1 mm [100], the smallest cell size was set to 0.125 mm in the main and pre-chamber while it 

was set to 0.5 mm in the intake region. A visualization of the grid during the intake stroke is purposed in 

Figure 17. In order to limit the computational cost, the maximum number of cells was set to 4𝑥106 and the 

base grid dimension was fixed to 4 mm. 

A spherical density box was set in the lower part of the pre-chamber, in order to capture the turbulent flow 

travelling through the orifices. The grid spacing was chosen to achieve at least 4 cells in the diametral 

direction of each orifice without AMR and 8 when the AMR criteria were met. In the same way, a higher 

resolution is achieved, at spark time, around the spark-plug. A snapshot of the grid at spark-time is given in 

Figure 18. 

The AMR was triggered when the temperature difference between two adjacent cells was greater than 2.5K 

or the velocity difference was greater than 1 m/s. 

A variable time-step, based on the Courant-Friedrich-Lewy (CFL) number, was used. The maximum CFL 

ranged between 1 and 5, depending on the region of the domain and on the actual crank angle, with a 

resulting timestep 10−3 ÷ 1 CAD. 

 

  
(a) (b) 

Figure 16- Computational domain for the standard engine (a) and the pre-chamber engine (b). 

Combustion was solved with the G-equation method, in order to track the flame-front with the flame-speed 

model described in section 2.4.2. The oxidation of Methane was described by the Gri-Mech 3.0 reaction 

mechanism [101], composed of of 53 species and 325 reactions. Such mechanism was chosen because 

although its small sizes it produces reliable results according to the various validations available in literature 

for several species profiles [102]–[104]. The SAGE solver is called in each region of the flame (burned, un-

burned and on flame) in order to capture the ignition mechanism of the pre-chamber engine. The overall 

combustion phase lies in the thin reactions zone of the Borghi diagram. In fact, the pre-chamber is 

characterized by low turbulence levels, if compared with the main chamber [105].  

Ignition was modeled with a 20 mJ [48] spherical shaped energy source placed between the spark-plug 

electrodes. The source was triggered at spark time and maintained for about 1 ms that, at 2000 rpm, are 

about 10 CAD. 

The flow was initialized as stationary with a post combustion species distribution in the whole domain except 

for the intake region. 
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Figure 17- Computational grid during the intake stroke. The 

AMR effect is noticeable in the intake duct and around the 

valve angle. 

Figure 18- The spherical density boxes around the pre-

chamber orifices and spark plug at spark time. 

 

At the inlet boundary, the total pressure and temperature, as well as, the species distribution was imposed 

as inflow condition, being the injected mass of fuel known from the experiments. For the pre-chamber 

engine, the fuel concentration at the inlet boundary kept into account the amount of fuel injected in the pre-

chamber to achieve the same air-to-fuel equivalence ratio at the exhaust for both engines, as in the 

experiments. Although the injection duration in the pre-chamber was known, the fuel mass was estimated 

as the one needed to achieve λ≈1.3 at the exhaust in the computation. Such assumption was necessary in 

order to keep into account for the injector dead band. Therefore, Methane injection in the pre-chamber was 

modeled considering an injection pressure of 8 bar and starting at -150 CAD ATDC, as in the experiments, 

with a calculated duration of 1.6 CAD. The injector duct, shown in yellow in Figure 16 (b), was also included 

in the computational domain. 

The outflow boundary condition of the exhaust duct was set to ambient pressure. Backflow was allowed and 

the mixture composition of the backflowing flux was set equal to a burned mixture at a reasonable 

temperature. The boundary temperatures were chosen accordingly with the experience of the working 

group. 

The motored cycles were employed to tune the compression ratio of the modeled engine. The achieved 

compression ratio and the crevice model constant were then adjusted by comparing the compression stroke 

of the modeled fired engine with the fired experimental pressure traces. 

11 consecutive fired cycles were modeled for both engines. The results were evaluated discarding the first 

cycle. Moreover, a crevice model was employed to keep into account for the mass losses from the main 

chamber. Such model is introduced in the following sub-section. 

It is worth to mention that all the parameters and model constants are the same for both engine setups. 

 

4.1.1 The crevice model 

A crevice model, an auxiliary model, is able to simulate the flow occurring between the cylinder, the piston 

and the piston rings. It can be employed to track and consider the blow-by losses of a piston-cylinder 

assembly, in particular in the present case in which an optical engine, which is not equipped with properly 

sealant piston rings, is analyzed. 

CONVERGE contains the model proposed by Namazian and Heywood [106]. In this model, 5 regions are 

defined. Region 1 represent the cylinder while region 5 is the crankcase. Regions 2 and 4 represent the ring 

sits and region 3 is the piston-cylinder gap zone, as schematized in Figure 19. 
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Figure 19 - Schematization of the crevice model regions 

The mass flowrate occurring between each region can be evaluated accordingly with the following equation: 

�̇�𝑖𝑗 =
𝐴ℎ2

24𝑊𝑟

1

𝜇𝑅𝑇
(𝑃𝑖

2 − 𝑃𝑗
2) 

Where 𝐴 is the area normal to the flow, approximated as 𝜋 ∙ 𝑏𝑜𝑟𝑒 ∙ ℎ, ℎ is the channel width, 𝑊𝑟  is the 

channel length and 𝑇 is the crevice-zone temperature. 

Depending on the regions of interest, the channel can be either the ring sit or the piston-cylinder gap. 

Region 1 is at the cylinder pressure while region 5 is assumed to be at the atmospheric pressure. The crevice-

zone temperature is assumed equal to the end of compression temperature. 

The flowrate between the ring gaps is instead evaluated as 

�̇�𝑖𝑗 = 𝐶𝑑𝜌𝑐𝜂𝐴𝑖𝑗  

Where 𝐶𝑑 is the coefficient of discharge of the orifice, 𝐴𝑖𝑗  is the ring end gap area, 𝑐 is the speed of sound 

and 𝜂 is the compressibility factor evaluated considering the mixture as air. 

Considering the nature of the actual rings, the rings motion was not allowed. 

The rings dimensions were taken from a catalog, being the actual unknown. By virtue of this, to reduce the 

uncertainty, the only tuned parameter was the coefficient of discharge of the orifice.  
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4.2  Scramjet model setup 

A snapshot of the quoted computational domain is given in Figure 21. Referring to Figure 20, air, at 𝑀 ≈ 2.4, 

enters the domain through the rectangular area on the left side of the assembly after passing through the 

intake ramp (not modeled). Gaseous Hydrogen is injected by four port-hole injectors placed on the lower 

side of the combustor. 

Thanks to its symmetry, only one-eight of the combustor, comprising a half of one injector, was modeled.  

 

 
Figure 20 - Highlight of the numerical domain on a symmetry cut of the experimental assembly [82]. 

The flow was modeled with the LES approach, using the dynamic Smagorinsky SGS model – cf. Section 2.3.2. 

 

 
Figure 21 – Perspective of the scramjet computational domain 

 
Figure 22 - Combustor Inlet conditions [99] 

 

 

The symmetry boundary condition was applied in the spanwise direction of the combustor, while iso-thermal 

no-slip boundary condition was applied on the upper and lower side of the combustion chamber. The wall 

temperature was fixed to 300 K [82]. To model the flow-wall interaction, the Werner and Wengle wall 

function [107] was employed. 

At the inflow boundary, the pressure, temperature and velocity distribution reported in Figure 22 were 

applied in the normal direction and air was the entering fluid. The outflow conditions were extrapolated from 
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the domain. 

Hydrogen injection was modeled with a total pressure and temperature boundary condition. The value of 

the total pressure was analytically calculated and then adjusted in order to match the experimental Hydrogen 

flowrate and its combustion was modeled with the 10 species 21-step reaction mechanism of O’ Conaire et 

al. [108] solved by the SAGE chemical solver. 

The base computational grid dimensions were chosen following the aspect ratio of the combustor, employing  
𝑑𝑥

𝑑𝑧
= 2 and 

𝑑𝑦

𝑑𝑧
=

5

3
, as can be observed in Figure 14. A density box was placed in the injection zone, to better 

capture the complex flow pattern. Moreover, the AMR algorithm, triggered by a temperature difference of 

0.5 K, was enabled on the whole domain. The smallest cell dimension was in the order of 0.05mm and the 

maximum number of cells was fixed to 80 𝑥 106. 

A centered second-order accurate spatial discretization was employed with the Crank-Nicolson method for 

the time advancement. Also in this setup, a variable time-step based on the CFL number was employed and 

the computation was initialized with the flow conditions given in Table 3.  
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4.3 Conclusions of chapter 4 

In chapter 4, the modeling approach, by means of the commercial software CONVERGE CFD, of the two 

applications was described. CONVERGE is an immersed boundary CFD solver which integrates different 

turbulence and combustion models. In the present work, two different turbulence and combustion models 

were employed in the analyzed applications. 

In the engines models, the flow was modeled with a RANS approach and the combustion with the G-equation 

model. The laminar flame speed of Methane was described with a correlation purposed by the workgroup 

and implemented in the code by means of a user defined function while the species conversion was described 

with the Gri-Mech 3.0 reaction mechanism. Total pressure and temperature and the mixture composition 

were set at the inflow boundary. The exhaust outflow boundary pressure was set to the atmospheric value 

and temperature and species distribution of a complete combustion were included in case of backflow. The 

walls temperatures were set, basically, referring to the experience of the workgroup. Finally, the Methane 

injection (for the modified engine) was modeled by imposing the total pressure at the injector duct boundary 

and the timing was determined by matching the engine overall equivalence ratio, being the injected mass 

value not reliable. 

The computational grid was developed by exploiting the adaptive mesh refinement algorithm of the 

software. Moreover, additional density boxes were included in the crucial zones of the domain, as around 

the spark or at the pre-chamber orifices. 

The scramjet combustor was, instead, modeled with LES approach. The combustion, which proceeds 

prevalently in a non-premixed regime, was modeled by solving the reaction mechanism, based on 10 species 

and 21 reactions, in each cell of the domain. The static pressure and temperature and the velocity 

distributions were set as inflow condition at the combustor entrance. The outflow conditions were 

extrapolated from the domain while the Hydrogen injection was modeled by imposing the total pressure and 

temperature at the injector inflow boundary. 

The walls temperatures were set accordingly with the literature articles chosen as reference. Also in this case, 

the adaptive mesh refinement was employed to refine the mesh locally, where the velocity and temperature 

gradients were stronger. 

For both the models, an adaptive time step, based on the CFL criteria, was used. Moreover, in both 

computation the spatial discretization was performed through a second order centered scheme. The time 

advance was modeled with a first order implicit Euler scheme, for the engines, and with a second order Crank-

Nicolson scheme for the scramjet.  
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5. Engine simulations results 

 

This chapter opens with a preliminary validation and discussion on the modeled standard engine will be 

performed; then, a detailed analysis of the pre-chamber engine will be presented. 

 

5.1 The standard engine 

After having tuned the compression ratio of the optically accessible engine with the motored cycles, a finer 

tuning was performed against the fired experimental cycles. The crevice model parameter, i.e. the orifice 

discharge coefficient, was also adjusted. 

Figure 23 reports the comparison of the experimental and numerical pressure and net Heat Release Rate for 

the standard engine. The light blue lines represent the variability range in the 10 consecutive modeled cycles. 

As can be observed, the compression stroke is well captured. 

Moreover, the slopes of the nHRR traces are similar, thus also the early stages of the flame development 

acceptably agree, as well as, the propagation speed-cf. Figure 24. The combustion phase, anyway, appears 

to be globally a bit in early. 

 

 
Figure 23 - Comparison of the computed and experimental pressure 

and net HRR traces, Standard engine. The solid blue lines represent 

the variability range in the 10 modeled cycles. 

 
Figure 24 - Experimental and numerical flame 

radii evolution 

A better agreement between the pressure traces would have been possible with a finer tuning of the crevice 

model but this was not the aim of the present work. Moreover, a loss of generality could occur, considering 

that the employed crevice model was not intended for being applied on an optically accessible engine.  
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 IMEP [bar] IMEPCOV Work[J] IaHR[J] 

Experimental 3.32 7.4 83 278 

Modeled 3.24 3.3 81 272 

Table 4 - Comparison between the experimental and modeled engines performance, Standard engine 

Table 4 compares the summarized performance of the experimental and modeled engine. The values are 

comparable. 

Finally, emissions productions were computed. They are reported in section 5.3 - Engine out emissions, in 

comparison with those calculated for the pre-chamber engine. 

 

5.2 The pre-chamber engine 

After “having installed” the pre-chamber, a new tuning iteration of the compression ratio was performed. All 

the other coefficients were not modified, in order to maintain a general validity of the numerical setup. 

The comparison between the experimental and numerical pressure and nHRR traces, evaluated in the 

cylinder, for the pre-chamber engine is purposed in Figure 25. Also in this case, the compression stroke is 

well captured. 

The flame development process in the pre-chamber and the subsequent main charge ignition appears to be 

a bit in early with respect to the experiments. Nevertheless, the numerical and the experimental pressure 

traces are in good agreement until the pressure peak. 

 
Figure 25 - Comparison of the computed and experimental pressure and net HRR traces, Pre-chamber engine. The solid light grey 

lines represent the variability range in the 10 modeled cycles. 

Soon after the pressure peak, both pressure and the computed net Heat Release Rate sudden decrease, due 

to the mass leakage mentioned in section 3.1. The gentler slope of the numerical nHRR and the higher 

pressure trace in the expansion stroke are related to an under-estimation of the mass losses. It needs to be 

underlined that the crevice model here employed was not developed for application like the one here treated 

and that the aim of the following analysis is to provide a general analysis approach of the combustion process 

related to TJI systems. 
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 IMEP [bar] IMEPCOV Work[J] IaHR[J] 

Experimental 3.46 2.9 86 210 

Modeled 4.64 0.41 116 279 

Table 5 - Comparison between the experimental and modeled engines performance, Pre-chamber engine 

A comparison between the performance indicator of the modeled and experimental pre-chamber engine is 

purposed in Table 5. As could be expected, the indicators of the modeled engine are better than the 

experimental ones. The Integrated apparent Heat Released is, instead, similar to the standard engine one, as 

the experiments were designed for. 

For a comparison purpose, also the IMEPCOV values are reported. Beside the fact that the RANS approach is 

not properly suitable to estimate or predict many of the fluctuations associated with COV, the values 

computed reflect the behavior of the real engine. As can be noticed, the pre-chamber is able to reduce the 

cycle-to-cycle variability. 

 

5.2.1 Preliminary analysis 

All the characteristics operating phases of an active TJI system are summarized in Figure 26. The stream-line 

pattern evolution, colored with the velocity, is reported with the TKE colored contour while the timings of 

each phase are summarized in Table 6. 

The SOI in the pre-chamber, at -150 CAD, corresponds to the beginning of the filling phase of the pre-

chamber. After the injection start, Methane takes about 0.5 CAD to travel the injection duct and reach the 

pre-chamber. Such injection causes the ejection of a portion of the residual gasses remained in the pre-

chamber, as shown by the stream-traces in Figure 26 (a). Therefore, the filling phase and the scavenging one 

are closely related. During the scavenging, also some fuel leaves the pre-chamber. It is worth noting that, 

despite the high turbulence promoted by the injection, its duration in too short to globally increase the 

turbulence levels in the whole pre-chamber. 

The successive mixing phase begins when the pressure in the main chamber becomes higher than the one in 

the pre-chamber, around -134 CAD. In this stage, the lean mixture of the cylinder is pushed inside of the pre-

chamber causing, by one hand, the dilution of the rich fresh charge and, by the other, a slight increase of the 

turbulence levels. A vortex favoring the mixing between the rich and the lean charge can be identified in 

Figure 26(b). Such structures, which plays a crucial role in promoting mixing, are induced by the orifice 

orientation. Indeed, the absence of symmetry in the orifice orientation promotes the formation flow patterns 

with different velocity (cf. also Figure 41), leading to the formation of the before mentioned vortices. 

However, as the mixing goes on, the turbulence levels keep remaining globally low, especially at spark time 

in the neighborhood of the spark-plug, as shown in Figure 35. 

Soon after the spark, at -22 CAD, the propagation stage begins. A flame-front rapidly develops and 

propagates through the pre-chamber, pushing in the main chamber the content of the pre-chamber. The 

before introduced vortices get compressed by the descending flow, as showed in Figure 26(c) The 

propagation phase concludes when the flame reaches the orifices. The ejection stage, instead, begins when 

the flame is still propagating and ends a couple of CADs after the end of the propagation stage, when the 

pressure in the main chamber gets higher than that in the pre-chamber. During the ejection, high energy jets 

are generated from the pre-chamber. The high turbulence levels proper of such jets promotes the mixing 

between the hot and reacting material composing the jets and the fresh lean mixture, causing the ignition 

and favoring a fast combustion. The extension of the area of influence of the jets can be estimated by the 

stream-traces showed in Figure 26(d): the circulation bubble extends reaching the clearance volume. 
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At the end of the ejection phase, the main combustion is already in progress. The pressure in the main 

chamber rapidly overcomes the one in the pre-chamber, causing a flow inversion which pushes material – 

mainly fresh charge- from the main to the pre-chamber. Such event triggers the so-called reburning phase. 

Reburning runs like a flameless combustion, promoted by the sufficiently high turbulence levels in the pre-

chamber. Also in this phase, the orifice orientation promotes, with a minor intensity with respect to the 

mixing stage, the internal mixing of the pre-chamber mixture, as shown in Figure 26 (e). The minor pressure 

rise makes some product being ejected when the main combustion is approaching the end; the remaining 

will be ejected during the expansion stroke. No particular flow patterns are identified in this stage. Indeed, 

the stream-traces, reported in Figure 26(f), are quite straight. 

Summarizing, 6 distinct phases can be highlighted, timed by 5 flow reversing events. 

 

Phase Start End 

Filling & Scavenging -150 (SOI) -134 

Mixing -134 -22 

Flame Propagation -22 -7 

Ejection -14.4 -4 

Reburning -4 16 

Expulsion & Extraction 16 97 (EVO) 

Table 6 - Operational phases and timings of the pre-chamber 

By evaluating the pressure evolution separately in the pre and in the main chamber, Figure 27, three 

intersection points are found. Such points indicate 3 of the 5 before mentioned flow reversing events. 

 

Filling & Scavenging (-148 CAD ATDC) Mixing (-22 CAD ATDC ≡ SOS) 

 

 

(a) (b) 
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Flame propagation (-15 CAD ATDC) Ejection (-7 CAD ATDC) 

  

(c) (d) 

Reburning (TDC) Expulsion & Extraction (110 CAD ATDC) 

 
 

(e) (f) 

Figure 26 - Evolution of the streamline pattern and contours of the Turbulent Kinetic Energy (TKE) on a longitudinal plane, reported 

for each of the operational phases of the active pre-chamber. 

The net Heat Release Rate is computed accordingly with Equation (16). 

About 8 CAD after the spark (-22 CAD) the pressure in the pre-chamber overcomes the pressure of the main 

chamber, which was increasing mainly due to the compression, and the ejection begins. The pressure peak 

in the pre-chamber is achieved around 15 CAD after the start of spark and the second flow reverse event, 

the reburning one, is located about 4 CAD BTDC. Between these two flows reversing events, the ignition of 

the main charge occurs, as can be noticed by observing the nHRR of the main chamber in Figure 27. 

The pressure of the main chamber increases and quickly reaches its peak value, around 12 CAD ATDC. The 

pressure increase in the pre-chamber follows that recorded in the main chamber, basically for two reasons: 

firstly, the presence of the orifices, and secondly the main combustion in the pre-chamber is already 

completed, as indicated by the mass-burnt fraction evolution reported in Figure 28. Thus, the slope change 

of the pre-chamber pressure trace, located in Figure 27 near the second flow reversal event, is due to 

unburned charge being pushed in the pre-chamber from the main chamber, as stated also by the mass-burnt 

fraction evolution, cf. Figure 28. Indeed a slope change can be noticed at the before mentioned time. 
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Figure 27 - Pressure and net Heat Release Rate in the pre and main 

chamber. Dashed, the three flow reversal events. 
Figure 28 - Mass burnt fraction 

The negative values of the nHRR traces purposed in Figure 27 can be inferred to the assumption behind 

Equation (16). Indeed, such equation is valid for a closed system (like a conventional engine can be assumed) 

and doesn’t complain mass transfers. 

The red trace in Figure 29 reports the overall flow rate between the pre-chamber and the cylinder. 

Considering that, at spark time, the pre-chamber contains about the 5% of the total mass and the peak value 

of the flow rate, the pre-chamber effect on the main chamber thermal balance can not be neglected. 

It is possible to replace Equation (16) with a more general one, as the following: 

 
𝑑𝑄𝑐ℎ𝑒𝑚

𝑑𝜃
+ 𝑚𝑜̇ ℎ𝑜 −

𝑑𝑄𝑤𝑎𝑙𝑙𝑠

𝑑𝜃
=

1

𝑘 − 1
𝑉

𝑑𝑝

𝑑𝜃
+

𝑘

𝑘 − 1
𝑝

𝑑𝑉

𝑑𝜃
 (20) 

Where Qchem represents the energy released by the chemical reactions, Qwalls the heat losses through the 

combustion chamber walls and 𝑚𝑜̇ ℎ𝑜is the total energy flux exchanged by the orifices. The sum of these 

three terms gives the so-called net Heat Release Rate [109]. By neglecting the energy exchange through the 

chambers, Equation (18) is retrieved. 
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Figure 29 - Total flowrate N2 excluded, red; O2 flowrate, magenta; CO2 flowrate, brown; CH4 flowrate, yellow; CH3 flowrate, green; 

0.1xOH flowrate, blue. Dashed, the flow reversal events. When positive, the flow is toward the main chamber. 

The single contribution of the first two terms of the LHS of Equation (16) and the net HRR are reported in 

Figure 30 for the two chambers. 

 
Figure 30 - Contribution to Equation (16) evaluated in the pre and main chamber 

Considering the pre-chamber, the pressure peak is achieved in correspondence of the chemical HRR peak – 

cf. Figure 27 and Figure 30- while the negative values of the net HRR are obtained when the leaving energy 

is higher and the chemical HRR is lower. It can be noticed also a positive energy flux, after the second flow 
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reversing event, due to some high temperature material flowing toward the pre-chamber. Moreover, a 

second peak in the chemical HRR is noticed and represents the reburning phase. Finally, in the early 

expansion stroke, the exothermal chemical reactions in the pre-chamber are terminating and the pressure 

in the main chamber is getting lower. In this phase the pre-chamber releases the remaining part of energy. 

Moving the attention on the main chamber, one can observe that the initial portion of the net HRR is 

represented just by the energy flux leaving the pre-chamber. Indeed, the chemical HRR in the main chamber 

is negligible until about -8CAD ATDC, evidencing that the energy furnished, by the pre-chamber, to ignite the 

main charge is not negligible in an overall energy balance (typically, the kernel development process is not 

visible on a net HRR trace in a conventional SI engine). A rough estimation of the ignition delay - considering 

it as the delay between the positive heat flux and the positive chemical HRR in the main chamber – results in 

about 6 CAD, namely, about 5 ms. Such a value is in the low range of experimentally measured values, in 

similar initial conditions, discussed in [110]. 

Moreover, the energy available for the main charge ignition (yellow area of Figure 30) can be estimated to 

be around 4.4 J, about two orders of magnitude higher than a conventional spark-plug [48]. The energy 

entering the pre-chamber close to the re-burning stage (green area of Figure 30) and the energy released 

during the expansion stroke (dark area of Figure 30) are estimated to be -7.2 J and 11.4 J, respectively. It is 

worth noting that the sum of these 3 terms is positive. 

The single phases will be now discussed. 

 

5.2.2 The filling and scavenging phases 

In a typical engine architecture, the scavenging phase is located between the exhaust and the intake stroke. 

However, when an additional fixed volume, as the pre-chamber, is connected to the cylinder, such volume 

will not participate to the main chamber scavenging. Therefore, for an active pre-chamber the scavenging 

phase begins with the start of fuel injection. As Figure 31 and Figure 32 show, the fuel injection promotes 

the ejection of the residual gasses from the pre-chamber. Indeed, less of the 15% of the CO2 (assumed to be 

representative of the residual gasses fraction) present in the pre-chamber at the Exhaust Valve Opening 

(EVO) time leaves it during the main chamber scavenging process.  

 

 
Figure 31 - -148CAD, Early scavenging phase in the pre-camber; SOI= -150CAD 

The residual fraction, standing to Heywood [94], can be defined as the ratio between the molar concentration 

of CO2 at the Intake Valve Closing (IVC) time and the same evaluated at the EVO time, that is, the residual 

gas, represented by CO2, at the spark time (neglecting the blow-by losses) over the residual produced at the 

previous cycle. Keeping in mind the consideration about the scavenging of the pre-chamber, the residual 

fraction should be intended as the ratio of the residual at the spark time over the residual at the beginning 



 

 

 

35 

 

of the scavenging phase, that is, at the start of the injection: 

𝑥𝑟 =
(𝑥𝐶𝑂2

)̃
𝑠𝑝𝑎𝑟𝑘

(𝑥𝐶𝑂2
)̃

𝑆𝑂𝐼

=
(𝑌𝐶𝑂2

)𝑠𝑝𝑎𝑟𝑘

(𝑌𝐶𝑂2
)𝑆𝑂𝐼

≈ 16% 

 

Such high values are typical of larger pre-chambers. It seems, anyway, to have no implications on the overall 

engine out emissions  [63], [72], [111]. On the contrary, such behavior helps to contain unburned 

hydrocarbons in the pre-chamber rather than ejecting them [112], [113]. 

 
Figure 32 - Total, CO2 and CH4 flow-rate between pre-chamber and main chamber 

Figure 33 reports the actual residual fraction against time. As can be noticed, it diminishes as the compression 

goes on, both thanks to the dilution with fresh charge and to some residual being pushed into the injector 

duct. 

Finally, during the scavenging phase also some fuel, around the 2% of the injected, leaves the pre-chamber. 

 
Figure 33 - Instantaneous residual fraction and equivalence ratio and its standard deviation in the pre-chamber 

 

5.2.3 The mixing phase 

Mixing is a fundamental step in any premixed combustion phenomena. Its duration depends on the local 

chemical (pre-ignition) and flow characteristics (species transport). When dealing with a volume 

characterized by low circulation capabilities and low turbulence levels, as the pre-chamber, it becomes 
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crucial and ensuring a good mixing is challenging. 

As discussed in the previous sub-section, the scavenging phase starts with the pre-chamber injector opening. 

Moreover, during the main chamber scavenging, the mixture remained trapped in the injector duct expands. 

In this way, burned, unburned mixture and fresh fuel, reach the pre-chamber in this order. 

Figure 33 reports the actual equivalence ratio and its standard deviation in the pre-chamber. 

When the pressure in the main chamber becomes higher than that in the pre-chamber – a few CAD after 

injection, cf. Figure 32- the mixing phase begins. 

During the compression stroke, the main chamber lean charge is pushed into the pre-chamber, diluting the 

mixture there contained and promoting the charge stratification. 

In Figure 34 is purposed the binned distribution, evaluated on mass base, of the equivalence ratio in the pre-

chamber at spark time. Comparing such distribution with the contour showed in Figure 35, it can be noticed 

that the leaner charge is located in the lower part of the pre-chamber while the richer is in the upper one. 

Around the spark, favorable conditions of equivalence ratio are found. 

 

 
Figure 34 – Mass based binned distribution of the equivalence ratio in the pre-chamber at spark time 

 
Figure 35 - Equivalence ratio and Turbulent Kinetic Energy [m2/s2] distribution in the pre-chamber at spark time 

Moreover, part of the rich charge has been pushed in the injector duct during the compression and will be 

released part in the actual cycle and part in the next one. Figure 36 summarizes the mixture condition at 

spark time, reporting the iso-surfaces of Φ=1 and 𝑥𝑟=16% at spark time. The stoichiometric regions, colored 

in red, occupies the spark side of the annular top region and the central zone of the cylindrical duct. Between 

the Φ=1 iso-surface and the top boundary and lower cylindrical zone of the duct there is the 𝑥𝑟=16% zone. 

It is worth to mention that the residuals occupy both the upper and the lower part of the pre-chamber. 
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Figure 36 – Red, iso-surface of equivalence ratio=1; green, iso-surface of residual fraction=16% at spark time 

 

5.2.4 Combustion phase 

Such macro-stage comprises all the phases from spark time to the expulsion. Therefore, a unique discussion 

will be performed. The combustion in the pre-chamber, the main charge ignition, as well as, the fuel 

conversion mechanism will be analyzed by means of energy balances, volume averaged species evolution 

and on-line averaged distributions. Three group of lines are, indeed, employed to track, both in space and in 

time, different variables. The first group of lines is located inside of the pre-chamber and is parallel to the 

pre-chamber axis. Such lines have all the same length. The second group is located in the lower part of the 

pre-chamber and each line is orthogonal to the corresponding orifice. The starting point of this lines is in the 

center of the hemispherical  lower portion, on the same plane of the ending point of the previous 4 lines. 

Each line ends when a solid boundary (the engine head, the piston or a valve) is encountered. The last group 

of lines is located in the cylinder. The lines are connected to the previous and terminates on the piston. The 

lines of the last two groups have, therefore, different lengths, as shown in Figure 37. 

The oxidation path followed by Methane can be divided into two macro reaction pathways [91]: 

𝐶𝐻4 → 𝐶𝐻3 → 𝐶𝐻2𝑂 → 𝐻𝐶𝑂 → 𝐶𝑂 → 𝐶𝑂2 M1 

𝐶𝐻4 → 𝐶𝐻3 → 𝐶2𝐻6 → 𝐶2𝐻5 → 𝐶2𝐻4 → 𝐶2𝐻3 → 𝐶2𝐻2 → 𝐶𝐻2
↗
↘

𝐶𝐻
𝐶𝑂

 M2 

The first one, M1, represents the path of a lean to stoichiometric oxidation. The second, M2, is representative 

of a rich oxidation. In this rich case, the large availability of 𝐶𝐻3 radicals makes possible its recombination to 

𝐶2𝐻6, opening the way to the 𝐶2 oxidation mechanism, as outlined through the mechanism M2. By following 

such paths and by means of the species distribution, one is able to track the combustion process and gather 

information about the ignition and species conversion mechanisms. 
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Figure 37 - Monitoring lines definition 

 

In the pre-chamber mixing ends when combustion is initiated, at -22 CAD ATDC, and a flame starts to 

propagate within it (cf. Figure 38(a)). The burned gases rapidly expand, so that the unburned mixture ahead 

of the flame front is compressed and forced to be ejected from the pre-chamber-cf. Figure 29. Although the 

piston has not completed yet the compression stroke, at -14.4 CAD ATDC a flow exiting from the pre-chamber 

is established. In Figure 29, the mass flow rates through the pre-chamber orifices of some representative 

species are also reported, showing that unreacted Methane, as well as active radicals (i.e., 𝑂𝐻, 𝐶𝐻3) and 

intermediate species (like 𝐶𝐻20) leave the pre-chamber in this phase. The interval between the first two flow 

reversal events is also known as residence time and its duration is crucial in determining the generation of 

active radicals in a sufficient amount for the ignition of the main charge. During this interval, in which the 

combustion is limited to the pre-chamber, heat is released and the pressure rises in this confined ambient, 

as shown in  Figure 27 and Figure 30.  

Figure 39 shows the volume averaged evolution of the main species and radicals in the pre-chamber. As can 

be observed, soon after the spark, Methane is rapidly oxidized to form 𝐶𝑂 and 𝐶𝑂2. Accordingly, the Oxygen 

fraction decreases rapidly. Moreover, a large quantity of radicals - 𝐻, 𝑂 , 𝑂𝐻 , 𝐶𝐻3 - is produced. As stated 

before, the large availability of 𝐶𝐻3 is such to make it to recombine in 𝐶2𝐻6, as can be noticed by the yellow 

trace in Figure 39 (a). Indeed, all the intermediate species cited in M2 mechanism are found in the pre-

chamber. Despite the availability of active radicals of the 𝐻2 − 𝑂2 system, the 𝐶𝑂 oxidation is not reached in 

this stage, probably due to the high temperature and high equivalence ratio. Actually, the peak concentration 

of 𝐶𝑂 is achieved near the TDC. 
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Flame propagation (-15 CAD ATDC) 

 
(a) 

Ejection (-7 CAD ATDC) 

 
(b) 

Reburning (TDC) 

 
(c) 

Figure 38 - G=0 iso-surfaces, indicating the turbulent flame front propagation, colored with temperature 
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(a) 

 
(b) 

Figure 39 - Species mass fractions and HRR in the pre-chamber. (a) radicals and chemical HRR, (b) main product and net HRR. 

Dashed, the flow reversal events 

The peak concentration of active radicals ( 𝑂, 𝐻, 𝑂𝐻, 𝐶𝐻3) is, instead, reached at around -7 CAD, at the end 

of the propagation phase – i.e., when the flame has reached its maximum extension and the pressure is 

maximum. A sudden reduction of the radical concentration is observed soon after, when the flame impacts 

against the orifices. It is worth noting that after the peak, 𝐶𝐻3 concentration remains approximately constant 

for a brief period, indicating that 𝐶𝐻3 is being produced and consumed (and ejected) at the same velocity. 

Despite the high speed kinetic reported in Figure 39, the flame-front developing in the pre-chamber seems 

to not propagate uniformly. As reported in Figure 40, the propagation speed is higher in zones characterized 

by an equivalence ratio closer to the stoichiometric value: the magenta line, the farthest from the spark-plug, 

is the first at being reached by the flame. In the meantime, a richer mixture is descending from the annular 

zone. Near the end of the propagation stage, at around -10 CAD, there is a small portion of the cylindrical 

region that has not burned yet. Such a region is characterized by higher values of the equivalence ratio. The 

volume enclosing this region will burn later, in the reburning stage. 

 



 

 

 

41 

 

 
Figure 40 - Flame propagation in the pre-chamber; left axis, Equivalence Ratio (solid line); right axis, Temperature [K]. Flame 

visualization: iso-surfaces of G=0  

During the ejection phase, the reacting material generated in the pre-chamber is continuously transferred 

into the cylinder (cf. 𝑂𝐻 and 𝐶𝐻3 traces in Figure 29), so that the main combustion event begins, as can be 

inferred from the net HRR and chemical increase recorded in the cylinder, shown in Figure 27 (solid blue line) 

and in Figure 30. The material being ejected from the pre-chamber, fresh mixture, 𝐶𝑂2and radicals, in this 

order -cf. Figure 29, reaches the main chamber at high temperature and with a high speed. The high velocity 

of the jets promotes the mixing between the hot and reacting material released by the pre-chamber and the 

fresh lean charge laying in the main chamber. A visualization of such effect is purposed in Figure 41. 

Always considering Figure 41, the 𝐶𝑂2 distribution between the orifices in not uniform. Such behavior can 

be inferred to the before mentioned non-uniformity in the flame propagation process, as well as, to a not 

homogeneous scavenging and successive mixing. 
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Figure 41 – Velocity magnitude [m/s] (dashed) and YCO2 distribution along the orifices' axes- black dotted, the orifices; Flame 

visualization, iso-surface of G=0. Stream-traces colored with YCO2 and Velocity magnitude 

The jet penetration can be evaluated from Figure 41, on the red line (the longest) between -7 and -5 CAD, 

among the pressure peak in the pre-chamber. A penetration of about 20mm is found. For comparison 

purpose, the cylinder radius is 36mm. 

A visualization of the flame at the early ejection time is purposed in Figure 42. Considering the temperature 

distribution reported in the same figure, the red line appears to be colder than the others. This, again, can 

be inferred to the non-uniformity of the flame-front reported in Figure 40. 
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Figure 42 - Early ejection time; top, flame visualization by a G=0 iso-surface colored with temperature. At the bottom, Temperature 

[K] (solid) and velocity magnitude [m\s] along the lines passing through the orifices. 

 

In order to provide a deeper investigation about what happens when the flame reaches the orifices, the 

Damkohler number (defined as in Equation (16)) evolution among the orifices was evaluated. According to 

its definition, low values are typical of highly turbulent flows, where eddy turnover times are particularly low. 

Typical values in engine applications are in the order of dozens to hundreds [114], [115]. 

 
Figure 43 – Left axis, TKE (solid) and Damkohler number evolution; right axis, Temperature [K] (solid) and O,H and OH radicals mass 

fraction evolution. 
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The values reported in Figure 43 suggest that the reacting flow passing through the orifices can be considered 

as “frozen”, being the Damkohler number falling in the broken reaction region [92]. Values greater than 0.3 

and lower than 0.6 can lead to ignition but a propagating flame is achieved only when the Damkohler number 

is greater than 0.6 [116]. Therefore, no ignition would occur around the pre-chamber until the turbulent 

mixing will slow down [65]. Indeed, the most of 𝑂, 𝐻 and 𝑂𝐻 radicals appear to be transported rather than 

produced and this also explains the plateaus of Figure 39. 

The flame structure is also affected by the flow-field shear rate. Depending on its orientation regard the 

flame, the shear can either compress the flame-front (normal shear) or stretch it (tangential shear) [117]. By 

manipulating the eigen-decomposition of the strain rate tensor, it is possible to locally quantify the normal 

and tangential shear and the total dilatation [118]. Despite a large variability of data was observed in 

literature, the shear flame extinction limits depend on fuel, equivalence ratio, pressure, temperature and 

Reynolds number [119], [120]. 

In Figure 44 are reported the normal and tangential components of the shear rate and its magnitude from 

the flame development phase in the pre-chamber until the main combustion ignition. The normal and 

tangential components are barely distinguishable, indicating that the flow-field shear has no preferential 

directions. When the flame reaches the orifices, both components are positive, indicating that the flame is 

stretched in each direction. The strain-rate magnitude at the main charge ignition time is order of scales 

higher than those reported in literature for sustainable premixed flames [121]–[123]. The same applies for 

the components. Although a stable flame can-not be established, ignition can still occur [123]. After about -

6 CAD the thermodynamic conditions are such to ensure a flame front propagation, as highlighted by the 

slope of the chemical HRR in Figure 30 or Figure 47 and by the flame volume calculations, discussed later, 

and summarized in Figure 65. 

 
Figure 44- Shear rate magnitude, left; Normal and tangential shear rate evaluated on the lines crossing the orifices. 

Another interesting perspective about the main charge ignition time is given by the analysis of the Takeno 
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Flame Index (TFI). It is defined as the normalized inner product of the fuel and oxidizer gradients [124]. The 

TFI ranges between -1 (prevalent diffusive) and +1 (prevalent pre-mixed) and characterizes the combustion 

mode [125]. 

As reported in Figure 45, at the main ignition time, there are two annular diffusive zones. They represent the 

effect of the hot jets impinging the piston. The next snapshots refer to the ongoing of a prevalent pre-mixed 

combustion where the sparse diffusive zones are located in the burned region (post-flame reactions). 

 

 
Figure 45- Takeno Flame Index distribution in the main chamber. The contour refers to a plane at middle height between the piston 

and the engine head. 

Therefore, the combustion in the main chamber is initiated by a hot flow of reacting material.  The 

intermediate species reported in Figure 44 before the ignition derives from the pre-chamber. When the 

ignition occurs, the fuel is rapidly oxidized, as confirmed by the chemical HRR trace in Figure 47. Methane is 

rapidly converted to 𝐶𝑂 and 𝐶𝑂 to 𝐶𝑂2, thanks to the presence of sufficient 𝑂𝐻 concentration and to more 

favorable thermal conditions. The combustion follows the M1 reaction path: Hydrogen is abstracted from 

Methane until the generation of 𝐶𝑂, whose concentration appears to remain constant until the consumption 

of Methane. The average temperature evolution in both chambers is reported in Figure 46 and, as can be 

observed, the main chamber has a gentler temperature rise in the combustion phase. 

 

 
Figure 46 - Average temperature in the pre and main chamber 
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(a) 

 
(b) 

Figure 47 - Species mass fractions and HRR in the main chamber. (a) radicals and chemical HRR, (b) main product and net HRR. 

Dashed, the flow reversal events. 

Figure 48 shows the situation at -2CAD. The stream-traces, colored according to the velocity magnitude, 

describe the mixing enhanced by the turbulent jets. The jets on the green, blue and red lines impinge against 

a boundary and generate ascending motions of the charge. Such motions are directed toward the center of 

the combustion chamber by the engine head. Globally, 3 vortices pushing the charge toward the center can 

be identified. Inside of the mushroom-shaped flames, the Damkohler number is globally lower than 0.5 and 

becomes higher approaching the flame front. Finally, in the annular portion of the pre-chamber, where the 

Damkohler number is greater than 1, there is still a small flame burning. It is worth noting that the zones, at 

-2 CAD, characterized by negative values of the TFI (cf. Figure 45) are also characterized by low Damkohler 

numbers. 
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Figure 48 - Flow-field visualization at -2CAD. Streamtraces colored with the velocity magnitude; Iso-surface of G=0 colored with 

temperature; left slices colored with Damkohler number; right slices with temperature contour. 

When the pressure in the cylinder exceeds the value in the pre-chamber, a second flow inversion is induced 

at about -4 CAD ATDC and a flux carrying unreacted mixture and a lower share of hot reacting material, is 

established from the cylinder to the pre-chamber, as shown in Figure 29. The presence of unreacted Methane 

in this flow suggests that the ignition of the in-cylinder mixture does not occur in the proximity of the orifices 

but rather it takes place at a distance dependent upon the reacting jet momentum, and not uniformly among 

the orifices. The energy carried by this flow is represented by the green area in Figure 30 and amounts to -

7.2 J. A second combustion event in absence of proper flame propagation, that is the reburning phase (cf. 

Figure 38 (c)), is initiated in the pre-chamber because of this backflow, as can be inferred from the presence 

of a second peak in the net HRR trace in the pre-chamber (dashed blue line in Figure 27) and from the 

chemical HRR in Figure 30 or in Figure 39. As can be inferred by the species evolution reported in Figure 39, 

a new oxidation process is evolving.  In the early stage of such process, radicals seem to be injected rather 

than produced. Figure 49 shows the evolution of the Methane mass fraction along the lines through the 

orifices and inside of the pre-chamber. As it appears, until the TDC Methane is flowing almost uniformly 

through the various orifices. At the same time, until -2 CAD ATDC – cf. the equivalence ratio in Figure 40 and 

Figure 50- the descending material in the pre-chamber stops. Also, the velocity distribution, not showed, is 

homogeneous until about 3 CAD ATDC. Then, the velocity along the red and green lines reduces to about a 

half. This promotes the generation of a convective motion inside of the pre-chamber which moves the 

reactive and lean charge to the top. Considering the equivalence ratio reported in Figure 50, one can observe 

the mixture becoming richer along the red and, more gently on the green line, between 3 and 8 CAD ATDC. 
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Figure 49- CH4 and O,H and OH radicals mass fractions evolution, left along the pre-chamber lines; right, along the orifices lines. 

As anticipated, the main chamber also sources active radical in the pre-chamber. Referring to Figure 49 and 

Figure 29, both 𝐶𝐻3 and 𝑂, 𝐻 and 𝑂𝐻 radicals travel through the orifices. At the same time, Figure 50 shows 

that until -2 CAD ATDC the 𝐶2 compounds are descending the pre-chamber. In the meantime, other 𝐶2 

compounds, generated during the ejection and remained un-oxidized, are arriving from the orifices. 

As this secondary combustion goes on, 𝐶2𝐻6 is rapidly converted into 𝐶2𝐻2, which shows its peak shortly 

after the second peak of the 𝐶2𝐻6 concentration- cf. Figure 39. The following decrease of the 𝐶2𝐻2 mass 

fractions is ascribable to its conversion to 𝐶𝐻2 and, eventually, to 𝐶𝑂.  The 𝐶𝑂 concentration presents its 

highest value in correspondence to the second net HRR peak (Figure 39 (a)). The produced 𝐶𝑂 is relatively 

quickly oxidized to 𝐶𝑂2 thanks to the availability of 𝑂𝐻 during the reburning phase. However, these active 

radicals are quickly depleted, so that their concentration soon falls to levels that result too low for completing 

the conversion of 𝐶𝑂 to 𝐶𝑂2 , cf. Figure 51, as well as for promoting the oxidation of the other intermediate 

species, such as 𝐶2𝐻2, as reported in Figure 50. 

It is worth noting that the reburning stage takes place in absence of a propagating flame, as stated by the 

low Damkohler numbers reported in Figure 51. 

Heat production is accompanied by a pressure rise. Consequently, a new expansion of the combusting gases 

within the pre-camber takes place in this phase, and a third flow inversion is induced during the expansion 

stroke at about 16 CAD ATDC (cf. Figure 29). Mainly, fully oxidized products leave the pre-chamber and reach 

the cylinder in the final stages, during the expulsion & extraction phase. The energy released by the pre-

chamber in this stage is represented by the gray area in Figure 30 and was quantified to be 11.4 J. As stated 

at the end of the Preliminary analysis section, Preliminary analysis , the overall energy balance is positive. By 

summing up the three contributions, a total energy release of 7.4 J is obtained. 
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Figure 50- Left, Equivalence ratio and C2H4 mass fraction 

distribution; Right, O, H and OH and C2H6 mass fractions 

distribution along the lines in the pre-chamber. 

Figure 51- Left, Temperature [K] and Damkohler number 

distribution; Right, CO2 and CO mass fraction distribution along 

the lines in the pre-chamber. 

 

5.2.5 The expulsion phase and pollutant production 

During the expansion stroke, when the pressure in the main chamber becomes lower than the pressure in 

the pre-chamber, the expulsion phase occurs. In this stage the mean temperature, reported in Figure 46, in 

the pre-chamber decreases earlier than the main chamber. 

In Figure 53 the un-burned HydroCarbons (HC) mass fractions along the lines in the pre-chamber and along 

the lines crossing the orifices is monitored. 

By one hand, the reburning promotes the oxidation of the un-burned hydrocarbons being in the pre-

chamber; by the other, new un-burned material (comprising fresh lean mixture) is pushed into the pre-

chamber until about 8 CAD ATDC. 

During the expulsion, the reacting radicals in the pre-chamber are consumed to oxidize the remaining HC to 

𝐶𝑂 and 𝐶𝑂 to 𝐶𝑂2. However, as introduced in The filling and scavenging phases section, some residuals and 
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fresh charge remained trapped in the injector duct. They will be in part released in the expulsion stage. This 

can be noticed in Figure 54: there are HC descending the cylindrical part. Such material leaves, partially, the 

pre-chamber in the late expansion stroke, at about 70 CAD ATDC, as reported always in Figure 54. 

Nevertheless, their contribution to the global un-burned HC balance is negligible. Indeed, as reported in 

Figure 55, un-burned HC mass fraction in the main chamber keeps globally lower in respect to the pre-

chamber one. 

 

 
(a) 

 
(b) 

Figure 52. Nitrogen oxides mass fractions: (a) in the cylinder and (b) in the pre-chamber. Vertical dashed lines indicate flow reversal 

events. 

 

Despite the average temperature of the pre-chamber overcomes the 2000K value for a brief period of time, 

the actual values in the cylindrical zone keep higher for a longer time (cf. Figure 51). In addition, the huge 

presence of 𝑂𝐻 radicals may enhance the 𝑁𝑂 production rate [26]. Therefore, it is of interest to analyze in 

detail the formation of nitrogen oxides because the lean conditions under which combustion evolves in the 

cylinder could promote their formation in relevant amounts. Figure 52 shows that both in the cylinder (a) 

and in the pre-chamber (b) the 𝑁𝑂 concentration increases until it reaches an equilibrium value, depending 

on the 𝑂 radicals’ availability and the thermal formation pathway. An increase in 𝑁𝑂2 levels in the final stages 

is promoted by the availability of 𝑂 radicals in sufficient concentrations. The presence of 𝑁2𝑂 suggests that 

the ammonia pathway is active, as highlighted by the presence of 𝑁𝐻𝑥 compounds in non-negligible 

amounts, especially in the pre-chamber during the expansion stroke, as shown in Figure 52 (b), where richer 
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conditions reign. This factor, combined with favorable temperatures [126], promotes the recombination of 

some 𝑁𝑂 to 𝑁2 : methyl radicals (often produced in fuel rich conditions [91]) combines with 𝑁𝑂 triggering 

the ammonia pathway leading to 𝑁𝑂 reduction to 𝑁2 [127], [128]. The reaction pathway is summarized in 

Figure 56. A moderate 𝑁𝑂 reduction can be, indeed, noticed in Figure 53 and Figure 54. However, such 

phenomenon is limited to the pre-chamber only, making negligible its effect on the overall engine out 

emissions, in fact the ammonia levels in the main chamber are quite lower in respect with the ones detected 

in the pre-chamber, as reported in Figure 53 (a). 

 

 

 
 

Figure 53- NOx, left axis, and un-burned hydrocarbons 

(dashed), right axis, mass fractions; Left, along the pre-

chamber lines; Right, along the lines crossing the orifices. Black 

dashed, the orifices 

 

Figure 54- NOx, left axis, and un-burned hydrocarbons 

(dashed), right axis, mass fractions; Left, along the pre-

chamber lines; Right, along the lines crossing the orifices. 

Expulsion stage 
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Figure 55- O,H and OH radicals and NOx mass fractions on the 

left axis, CO and HC mass fractions on the right axis along the 

cylinder lines 

Figure 56 - Pathway of NO reduction by reburning with 

Methane [26] 

 

It is worth noting that there is an appreciable quantity of 𝑂, 𝐻 and 𝑂𝐻 radicals also in the main chamber in 

the late expansion stroke. This, together with the still high temperature, promotes the oxidation of 𝐶 to 𝐶𝑂 

and 𝐶𝑂 to 𝐶𝑂2. However, such conditions have, as before mentioned, a negative impact on 𝑁𝑂𝑋 production. 

The main pollutant mass fractions at the EVO are summarized in Table 7. 

 CO2 CO HC NOx 

Pre-chamber 1.2 x 10-1 9.9 x 10-3 1.3 x 10-3 2.9 x 10-4 

Main chamber 1.4 x 10-1 9.4 x 10-5 6.2 x 10-5 1.3 x 10-3 

Table 7- Main pollutant mass fractions at EVO. 

 

5.2.6 Compressibility effects 

In Figure 41, it can be observed that the velocity peak values evaluated in the ejection stage are in the order 
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of 600 m/s. Such high velocities may involve compressibility effects and, potentially, lead to chocking 

conditions. 

Figure 57 reports the Mach number and the density gradient at -7 CAD ATDC (maximum velocity) and at -2 

CAD (soon after the beginning of the reburning). As can be observed, the maximum Mach number near the 

orifices is lower than one. Thus, chocking is avoided for the considered geometry and operating conditions. 

However, compressibility effects due to the flow-field are noticeable both in the reacting jets at -7 CAD and 

in the entering jets at -2 CAD. 

 
Figure 57- Mach number and density gradient distribution. 

 

5.3 Engine out emissions 

After having discussed the distribution and the production mechanism of the main engine pollutant emission, 

a comparison of the modeled pre-chamber engine with the modeled standard engine is performed. 

Emissions were evaluated by considering the mass of the species of interest, as CO2 for example, which left 

the domain during the scavenging process, that is, from EVO to EVC, either by the exhaust or the intake duct. 

In this way, the species that reached the intake duct in the previous cycle will be computed in the actual cycle 

emission evaluation. The remaining (from EVC to IVC) in the intake duct will be inspired by the engine. A 

comparison among the computed values, scaled with the engine work, is purposed in Figure 58 and, as can 

be noticed, the pre-chamber engine behaves globally better.  
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Figure 58- Computed engine out emissions; Blue, pre-chamber engine. 

The raw values of 𝐶𝑂2, not reported, were comparable. Also, both the indicated work and the integrated 

apparent heat release are higher. This highlights a more efficient fuel conversion mechanism for the pre-

chamber engine, recalling that the fuel-to-air equivalence ratio was 1.3 for both engines. 

The low dilution is also the main reason for the higher 𝑁𝑂𝑋. The mean temperature was still too high to 

inhibit the thermal 𝑁𝑂𝑋  path; λ >1.4-1.6 are necessary to obtain appreciable NOx reductions [54], [62]. 

The lean condition contributes to the reduction of both the CO and the HC values. Moreover, the pre-

chamber design, characterized by a big volume and narrow orifices, helps to control the release of un-burned 

material from the pre-chamber itself [63], [64]. Indeed, about the 15% of the material of the pre-chamber 

leaves it during the main chamber scavenging. Moreover, as already mentioned, the contribution of the pre-

chamber mass to the global balance has a minimum impact. 

 

5.4 Flame shape and radius evaluation 

Figure 59 to Figure 62 show a comparison between numerical and experimental images of the flame 

evolution in the main chamber at -5, 0, 3 and 5 CAD, respectively. The experimental data are obtained by an 

optical system, whereas the numerical results show the iso-surface of G=0 (that is, the actual position of the 

flame front) colored with the temperature. There is a qualitative agreement in the position of the flame front 

with respect to the wall of the main chamber for each couple of corresponding frames. The flame 

visualization at -5 and 0 CAD ( Figure 59 and Figure 60) shows that one of the jets impinges against the seat 

of one of the exhaust valves. Such phenomena, quite undesired, may be related to the design and the 

orientation of the orifices or to a misorientation of the whole pre-chamber. Of course, it should be avoided 

to preserve the overall engine reliability. Moreover, the image captured at 3 and 5 CAD shows that the 

bottom-left portion of the main chamber does not contain a wide flame. Also in the experimental images 

that portion of the domain appears darker that the rest of the main chamber, indicating a poor flame 

persistence. By the other hand, the numerical results at 0 and 5 CAD show that the jet issuing from the pre-

chamber is characterized by strong chemical activity. Three regions can be identified in the mushroom-type 

structure generated by the mixture injection. In the first region, close to the orifice exit, a highly turbulent 
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flow is found where the temperature is very high (about 2200 K, cf. Figure 43) and the reaction is in its first 

stage, being characterized by a high concentration of 𝐻2 − 𝑂2radicals (cf. Figure 49). In the second region, 

an extended region of combustion is observed with lower values of temperature (about 2000 K) where the 

reaction is shifted towards the products. Finally, a third thin region is observed with a very strong 

temperature gradient (cf. Figure 60), which has the characteristics of a flamelet wrapping the turbulent 

combusting region.  

 

  

  

Figure 59-Experimental and numerical flame visualization at -5 

CAD. 

Figure 60-Experimental and numerical flame visualization at 0 

CAD. 
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Figure 61 - Experimental and numerical flame visualization at 

3 CAD. 

Figure 62-Experimental and numerical flame visualization at 5 

CAD. 

As a conventional practice, the radius of a spherical propagating flame is measured in optically accessible 

engines by averaging the distance between the spark and the boundary of the flame, as schematized in Figure 

63. Such measurement evaluated over the time is proportional to the flame speed and, consequently, to the 

burn rate. 

Despite an analogous discussion can be performed for the pre-chamber engine, such approach may not 

consider the actual dimension of the flames. Indeed, by comparing the numerical flame radii (computed as 

in the experiments) with the mass burnt fractions, reported in Figure 64, one can observe that the actual 

burnt mass appears to be in late with respect to the flame, especially for the pre-chamber engine. Moreover, 

the shape of the plot of the flame radius for the pre-chamber engine is quite un-usual. 

This is due to a lack of information about the actual shape of the flame (cf. Figure 59-Figure 62). As an 

alternative, one may consider the flame volume in order to compare the actual flame velocity. Such volume 

represents the volume of the domain with G less than or equal to 0, that is, the actual burned zone or the 

flame front. 
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Figure 63- Experimental and numerical flame visualization and radius evaluation. 

 

 

 
Figure 64- Left, mass burnt fractions in the main chamber of the pre-chamber engine and of the standard engine; Right, flame radii 

of the modeled engines. 

By dividing it with the actual volume of the combustion chamber, one obtains an instantaneous 

measurement on the extension of the burned zone in the main chamber. The results are presented in Figure 

65.  

As could be expected, the trace obtained for the standard engine is in accord with the measurement of the 
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flame radius. A better agreement with the actual mass burnt fraction is also achieved for both engines. 

The flame growth behavior of the pre-chamber engine in the cylinder is also well captured. It is worth noting 

that at the ignition time, when the mass burnt fraction becomes greater than zero, the flame to cylinder 

volume ratio is nearly zero. This is due to the ignition mechanism: no flame is developing in the early stages 

of ignition. Also, the slope changes of the mass burnt fraction reflects in the volumes ratio. 

These observations should make one to reconsider the evaluation of the combustion speed when particular 

ignition systems, like TJI, are employed. Considering the difficulties to obtain the flame volume by 

experimental investigation in a real engine, the numerical approach seems to be the most reliable alternative 

in order to compare the flame growth and the combustion speed between different engine configurations. 

 

 
Figure 65- Left, a-dimensional flame volume in the main chamber of the pre-chamber engine and of the standard engine; Right, 

mass burnt fractions in the main chamber of the pre-chamber engine and of the standard engine. 

 

 CA10 CA50 CA90 

Standard -9.4 38 78.1 

Pre-chamber -2.6 6.7 24.4 

Table 8- Combustion progress times 

 

Finally, the combustion duration can also be easily evaluated, and the results are summarized in Table 8. It is 

worth noting that the CAD corresponding to the 10% burnt fraction is located about 4 CAD after the ejection, 

that is, about 20 CAD ASOS, against the almost 14CAD ASOS of the standard engine. Nevertheless, as 

anticipated by Figure 65, the combustion in the pre-chamber engine is completed in about one half of the 

time with respect to the standard engine. 

 

5.5 Future work outlook 

The results here presented are referred to an optically accessible research engine. The experimental 

campaign was both aimed at as assessing the retro-fitting capability of a TJI system and to evaluate its effects 

on combustion, in terms of combustion speed and flame development. 

The next step of the experimental campaign regards the installation of the same prototype on the so-called 

metal engine. Such engine has the same specifications of the optical one, except for the quartz cylinder and 

the windowed piston, which is replaced with a GDI-type shaped piston. Unfortunately, also due to the COVID 

situation, the experimental campaign was delayed and, up to now, only preliminar results, achieved with 
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Gasoline in place of Methane, are available. Such results were gathered at 2000RPM, in WOT and 

stoichiometric conditions. By the side of the author, the matching of the metal engine, with the domain 

purposed in Figure 68, fueled with Gasoline was performed. 

The kernel model purposed by Dahms et al. [129] was employed to better describe the initial flame kernel 

growth and transition toward a turbulent flame. Such model deposits the spark energy into an arbitrary 

number of parcels (1000 in the present computations) sourced, at spark time, between the spark electrodes. 

The parcels are advected and, at each timestep, the local Karlovitz (Ka) number is evaluated: 

𝐾𝑎 = (
𝜂

𝑠𝑙
∗)

2

 

Where 𝜂 is the Kolmogorov length scale and 𝑠𝑙
∗ is the sum of the local laminar flame-speed and the plasma 

speed. When the Karlovitz number falls below a specified critical value, the parcels are flag as “burning”. In 

this state, their dimension is set to 0.5mm and they are allowed to coalesce. When the dimension of a cluster 

of particles reaches the grid dimension, the cells containing that parcel are flag as burning by setting G=0 in 

that cells. 

 
Figure 66 - The kernel particles: Black, 1.5 CAD after SOS; Green, 4.5 CAD after SOS; Blue, 10 CAD after SOS. 

 
(a) 

 
(b) 
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(c) 

Figure 67 - The kernel evolution. (a), 1.5 CAD after SOS; (b) 4.5 CAD after SOS; (c) 10CAD after SOS. The flame is visualized as a 

G=0 iso-surface colored with temperature 

 

Figure 66 and Figure 67 shows the kernel particles position and the flame kernel development, respectively. 

The model setup differs, apart of the kernel model, from the ones described in Section 4 for the absence of 

the crevice model. Of course, also the laminar flame-speed correlation was modified by including the proper 

coefficient for Gasoline simulations. Gasoline was modeled as a binary mixture of Iso-octane (60.1% vol) and 

Toluene. Such blend was selected in order to match the LHV and H/C values of a commercial Gasoline. The 

fuel oxidation was described by the mechanism purposed by Andrae et al. [130], consisting of 123 species 

and 583 reactions. The model tuning procedure was the same described in Section 4 and 5. 

The overall results are showed in Figure 69. As can be noticed, a good agreement is achieved referred both 

at the pressure trace and at the HRR trace. The combustion appears to be a bit in early, indicating that, 

probably, the kernel model needs to be tweaked a little bit. 

 

 
Figure 68 - The computational domain of the metal engine. 

 

 
Figure 69 - Comparison between experimental and numerical 

pressure and heat release rate of the metal engine 
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The overall engine performances are summarized in Table 9. As can be seen, there is an overall agreement 

between the experimental and the predicted values. 

 

 IMEP [bar] Work[J] IaHR[J] 

Experimental 8.31 207 469 

Modeled 8.27 207 475 

Table 9 - Comparison between the experimental and modeled engines performance, metal engine 
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5.6 Conclusions of chapter 5 

In chapter five, all the results about the engine calculations have been presented. 

The chapter opens with the comparison between the experimental and numerical pressure and aHRR traces 

and, after a brief discussion about the validation, a preliminary analysis of the pre-chamber engine was 

performed. The fundamental working phases of a TJI engine were identified and described, also by means of 

the pressure and aHRR traces evaluated separately in the pre and in the main chamber and by the flowrate 

exchanged between the two chambers. This led to the definition of the following phases: Filling & Scavenging, 

Mixing, Flame Propagation, Ejection, Reburning and Expulsion. Moreover, a more general approach to 

evaluate the net Heat Release Rate was purposed. This allowed the computation of the actual energy 

exchange between the two chambers, comprising the energy made available by the pre-chamber for the 

main charge ignition and an estimation of the ignition delay. 

The cold phases were described singularly, concluding that the scavenging of an active pre-chamber is 

essentially performed by the fuel injection; by virtue of this, a charge stratification is observed in the mixing 

phase. Moreover, the poor scavenging capabilities contains in the pre-chamber about the 85% of the residual 

gasses of the previous cycle, helping to reduce HC emissions. 

The combustion regime was, instead, analyzed in a single sub-section which provided information about the 

main charge ignition mechanism, also considering specific parameters as the Damkohler number, the strain 

rate and the Takeno Flame Index. The species distribution and evolution were evaluated both globally ( by 

means of volume averaged distribution) and locally, on lines located in characteristic points of the domain. 

This allowed to better investigate the ignition mechanism and the species conversion pathways. 

The expulsion stage was analyzed separately from the combustion to highlight the pollutant formation 

pathways pointing out that the combustion in the pre-chamber evolves under moderately rich conditions 

while the one in the main chamber performs in lean conditions. The fuel rich combustion in the pre-chamber 

helps to reduce NOx production thanks to the reburning mechanism while the lean condition of the main 

chamber helps to keep low both CO and HC. Nevertheless, the global NOx production is still high, due to the 

low air dilution. Then, a check on the compressibility effects was performed, concluding that, for the analyzed 

configuration, the flow is not chocked. 

A comparison of the computed engine out emission was also purposed. The pre-chamber engine behaves 

better, in except for NOx. Also, the fuel conversion efficiency is higher, as highlighted by the lower CO2 values 

per kWh. 

Finally, a brief dissertation about the flame radius measurement performed with TJI systems was presented. 

Although difficult to obtain by means of experiments, a measure of the flame volume would be 

recommendable in order to compare the flame speed without making any assumption on the flame shape. 
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6. Scramjet simulations results 

As introduced in the Hydrogen combustion: scramjets applications for hypersonic flights section, a global 

inspection of the flow path with preliminary validation against the experimental dataset given in [82] is 

provided, then, a more detailed analysis will be performed. 

 

6.1 Overall flow analysis 

A global view of the flow-field showing the instantaneous contours of pressure, Mach number and 

temperature is given in Figure 70 to Figure 72, respectively. Starting from the inlet profile, on the left, after 

some reflections on the cowl (upper) and body (lower) walls of the combustor, the oblique shocks reach the 

injection section and interact with the bow shock formed ahead of the 𝐻2 jet. 

 
Figure 70 - Pressure contours in the symmetry plane. Top, the first quarter of the combustor; center, the whole combustor; bottom, 

a particular of the injection section 

 
Figure 71 - Mach number contours in the symmetry plane. Top, the first quarter of the combustor; center, the whole combustor; 

bottom, a particular of the injection section 
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Figure 72 - Temperature contours in the symmetry plane. Top, the first quarter of the combustor; center, the whole combustor; 

bottom, a particular of the injection section 

The high pressure gradient at the base of the bow shock generates a recirculation bubble just ahead of the 

porthole injector, as showed in Figure 81. Such bubble involves the formation of another weak oblique shock 

before the bow shock, as barely visible in Figure 72. The separation bubble generated ahead of the sonic 

Hydrogen injection acts as a mixing region between the fuel and the air contained in the sub-sonic boundary 

layer and a hovering vortex is established. Such a separation bubble can be also observed in Figure 74, where 

the density gradient is reported. 

 
Figure 73 - Hydrogen mass fraction. Top, the first quarter of the combustor; center, the whole combustor; bottom, a particular of 

the injection section 

Also the other structures described in Figure 81, as the expansion fan at the injector outflow, are clearly 

observable. Moreover, the shear layer streamwise extension can be quantified to be about one half of the 

combustor length starting from the injection point. Finally, the first shock reflections (the strongest) can be 

noticed. 
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Figure 74 - Density gradient contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a particular of 

the injection section 

Figure 72 to Figure 74 highlight the presence of a shear layer dividing the Hydrogen, at lower temperature, 

from the air. Subjected to the Kelvin-Helmholtz instability, large vortices detach from the shear layer 

promoting and enhancing the mixing between the fuel and the oxidizer. Considering the momentum flux 

ratio of this specific application, 𝐽 =
(𝜌∙𝑢2)

𝑗𝑒𝑡

(𝜌∙𝑢2)𝑎𝑖𝑟
 ≈ 0.54, the interaction between the shocks, reflected by the 

cowl side wall, and the shear layer results in a further reflection [131] on the same shear layer (cf. Figure 74). 

Such successive shock reflections, together with the combustion progress, makes the pressure to increase 

along the combustion chamber, as reported in Figure 75. The non-monotonic behavior is due to the shocks 

reflections on the combustor walls. As can be noticed, the numerical predictions agree well with the 

experimental data and the shocks reflections are captured quite well [82], [132]. 

At the beginning of the expansion nozzle, a sudden pressure decrease is observed, followed by a continuous 

expansion. With respect to the inlet condition, the Mach number after the bow shock gradually reduces 

always remaining greater than one in the core flow all along the combustor, as shown in Figure 71. Moreover, 

Figure 72 indicates that peak temperatures of about 3000 K are achieved in the second half of the combustor 

before the divergent nozzle. 

Figure 76 and Figure 77 is provided the comparison between the computed and the measured wall heat 

fluxes. 
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Figure 75 - Comparison between the experimental and numerical pressure distribution along the symmetry line of the combustor. 

The experimental data are taken from [82]. 

The values regarding two sections, namely 6 and 9 mm off the symmetry line, are reported. This choice is 

related on the uncertainty about the thermocouples position in regard of the experimental dataset analyzed 

in [133] and here employed as reference dataset. Considering the 6mm section, a good agreement is 

achieved, on the body side, until the injector. Then, the modeled heat flux is consistently under-predicted. 

The same applies to the cowl side.  

Moving the attention on the other section, a qualitative better agreement was achieved. On the body side, 

in the second half of the combustor, the heat flux is slightly under predicted. It is worth saying that such 

behavior was not noticed in the preliminary RANS simulations which results are showed in Figure 78. 

 
Figure 76 - Comparison between the experimental and 

numerical heat flux distribution along a line at 6mm from the 

symmetry line. The experimental data are taken from [82]. 

 
Figure 77 - Comparison between the experimental and 

numerical heat flux distribution along a line at 9mm from the 

symmetry line. The experimental data are taken from [82]. 
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(a) 

 
(b) 

Figure 78 - Preliminary RANS simulation results: (a), pressure distributions; (b) heat-flux distributions. 

6.2 Detailed flow analysis 

A deeper analysis of the flow field will be now performed, focusing the attention on the injection section. 

By analyzing the second invariant of the velocity gradient tensor, the so-called Q-criterion, a representation 

of the vortices of major interest can be achieved. 

Figure 79 reports the iso-surface of a positive value of Q colored with temperature. Near the injector, left 

portion of the figure, the horseshow vortex is observed. Such structure is due to the recirculation bubble 

mentioned in the previous section and gets aligned with the flow at about 𝑥 𝐷⁄ ≈ 5, where 𝐷 is the diameter 

of the injector (𝐷 = 2mm). Moreover, in consequence of the injection, two Counter rotating Vortices forming 

a Pair (CVP) establish behind the injector and remain coherent until about 𝑥 𝐷⁄  ≈ 7. Moving along the 

combustor (10 < 𝑥 𝐷⁄ < 20), smaller vortices detach from the shear layer, generated by the Kelvin-

Helmholtz instability, and gradually destroy the CVP [134]. From the interaction between these two families 

of vortex, Ω-shaped vortices are formed at 𝑥 𝐷⁄ > 15. Such vortices are intensively stretched by the shear 

stresses induced by the interaction with walls and are destroyed beyond 𝑥 𝐷⁄ > 70, originating a disordered 

turbulent flow. 

On the base of these observations, the flow can be divided in three regions: 1) A near field region (𝑥 𝐷⁄ < 5) 

close to the injector characterized by coherent vortex structures including the CVP and vortex rings. 2) A 

transition region (10 < 𝑥 𝐷⁄ < 20), in which these coherent structures break, originating the Ω-shaped 

vortices. The latter vortices induce bursts in this region leading to the fragmentation of the coherent 

structures; turbulence is developing and the mixing between air and fuel is enhanced. 3) A turbulent region 

(𝑥 𝐷⁄ > 70), in which the fully developed turbulent flow develops [135].A graphical representation, 

purposed by You et al. in [136], is reported in Figure 80 for comparison.  
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Figure 79 - Q-criterion iso-surfaces colored with temperature. 

 
Figure 80 - Representation of the main vortical structures in the HyShot II combustor [136]. 

In the near field region, the interaction of the two perpendicular flows is very complex, being the pressure at 

the exit of the injector nozzle, downstream of the bow shock, not uniform. Since the Hydrogen jet behaves 

like an obstacle for the horizontal air stream, the pressure upstream of the jet is higher than the pressure 

downstream, also due to the effect of the wake behind the jet. Therefore, the average value of the pressure 

in the upstream part of the jet (left) is greater than the sonic jet pressure, and the fuel flow is over-expanded 
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in that region, as can be observed in Figure 70 and Figure 81. Consequently, a compression shock is formed, 

which has a three-dimensional shape (indicated with a dashed black line in the same figure). A typical flow 

structure, referred as barrel shock, is found at the downstream part of the jet, composed of a windward 

shock branch and leeward shock branch [131]. These two branches are connected by a Mach disk. At the 

downstream part of the jet, where the pressure is lower due to the wake effect, the fuel flow is under-

expanded. Therefore, the jet internally expands through a Prandtl-Meyer fan at the downstream corner of 

the injector. Then, the flow is compressed by the leeward branch of the barrel shock and the Mach disk. 

Figure 81 also provides the streamlines of the flow in the plane, showing a source (node) point in the region 

downstream of the injector, in agreement with the results of [137], originated from the reattachment of the 

crossbow traveling around the jet -cf. Figure 79. The streamlines in Figure 81 show that most of the Hydrogen 

passes through the windward branch of the barrel shock wave instead of the leeward branch. The Hydrogen 

jet is supersonic inside the barrel-shock region, with a peak Mach number of about 2.15, and then drop to 

subsonic behind the Mach disk. One can observe that, passing through the windward side of the barrel shock 

and the Mach disk, the Hydrogen plume bends quickly towards the streamwise direction, remaining quite 

close to the wall. This is a typical feature of transverse injection with a low value of the momentum flux ratio 

[131] and is related to the shear layer formation. 

 
Figure 81 - Flow structures near the injector. Velocity streamlines colored with temperature. 

The complex flow interaction is well captured thanks to the AMR algorithm. Indeed, the grid spacing is 

reduced in correspondence of strong velocity and temperature gradients, as shown in Figure 82. 
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Figure 82 - Snapshot of the computational grid in the injection section. 

Figure 83 shows the vorticity contours at 𝑥 = 𝑐𝑜𝑛𝑠𝑡 planes perpendicular to the flow direction for different 

locations from the injector. At 𝑥 𝐷⁄ = 0, the early CVP can be observed in correspondence of the injector 

outflow. In the same slice, located at about 𝑧 = 1.5𝐷 from the injector axis, the horseshow vortex can be 

noticed. Moving to 𝑥 𝐷⁄ = 1, the CVP dimension increases, as well as, the dimension of the horseshow. When 

𝑥 𝐷⁄ = 2, the CVP gets “compressed”, generating the so-called Tailored Counter Rotating Pair. The 

horseshow vortex is now barely noticeable. At 𝑥 𝐷⁄ = 3, the CVP vortices starts to lose their coherence and 

becomes even smaller. The horseshow vortex gets expanded in the transverse direction. From these 

observations, it appears that the near-field mixing is controlled by convection transport while the far-field 

mixing is controlled by mass diffusion [138], [139]. At higher distances from the injector, the Ω-shaped 

vortices start to form, as can be observed at  𝑥 𝐷⁄ = 15. At  𝑥 𝐷⁄ = 20 the flow has almost lost its coherence. 

A tailored vortex can be observed on the upper edges of Figure 83 at  𝑥 𝐷⁄ = 20. These flow structures are 

crucial for combustion development, as will be discussed in the next subsection, being responsible for species 

exchange between the outer hot and Oxygen rich flow and the colder fuel plume. 
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Figure 83 – Vorticity contours and streamlines at different locations in the flow direction. 
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6.3 Combustion regime 

Generally, the operation of a scramjet combustor is based on the auto-ignition of the mixture, which depends 

on four main variables: the static temperature and pressure, the mixture composition and the residence 

time. If the mixture composition is favorable (i.e., it falls in the ignition limits), higher temperatures and 

residence times promotes the auto-ignition. However, when considering the ignition of supersonic 

crossflows, the residence times (also representative of the time available for mixing) and the ignition delay 

may be of the same order of magnitude. 

The local temperature rise due to the shockwaves train in the combustor promotes auto-ignition. For the 

present case, the total temperature is about 2600K, corresponding to a total enthalpy of about 2.7 MJ/kg, 

conditions that can lead to auto-ignition. 

Due to the low temperature of the injected Hydrogen, a high temperature gradient, opposed to the 

equivalence ratio gradient, establishes across the mixing layer, around the Hydrogen plume. The colder 

mixture is then located in the richer zones of the mixing layer. 

 

 
Figure 84 - Ignition time for cold Hydrogen (300K) injected in hot air [134]. 

As reported in Figure 84, the ignition delay of a mixture of cold Hydrogen and hot air decreases with 

temperature and achieve the minimum values at low equivalence ratios. Therefore, the auto-ignition points 

will lay on the lean side of the mixing layer. 

By an experimental point of view, combusting zone can be identified by the OH Planar Laser-Induced 

Fluorescence (PLIF) technique [140], [141]. The hydroxyl radical (OH) is a reactive radical involved in all the 

high temperature combustion regarding air and Hydrogen-based fuels and is representative of the 

propagation, branching and termination phases of the combustion. Initiation reactions, instead, are 

represented by the presence of the hydroperoxyl radical (HO2). 
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A snapshot of the contours of the OH mass fraction is shown in Figure 85. As can be observed, a continuous 

thin flow region, corresponding to the shear layer, with high OH concentration is present. It appears that, in 

the near-field and transition zone, the OH appears confined into such a corrugated thin structure. Such a 

feature was also identified in the experiments reported in [140], [141]. 

By comparing the OH observation with the product (𝐻2𝑂) mass fraction, reported in Figure 86, one can 

conclude that auto-ignition can occur in the shear layer between the two fluids until the transition zone 

(𝑥 𝐷⁄ < 20). Indeed, the presence of the OH radicals indicates that the branching reactions have started and 

initiation has already happened. 

 

 
Figure 85 - OH mass fraction contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a particular of 

the injection section 

 
Figure 86 – H2O mass fraction contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a particular 

of the injection section 

The pressure and temperature distributions across the bow shock (cf. Figure 70 and Figure 72) are in the 
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range of 1-2 bar and 2500-1500K, respectively with an ignition time ranging between 2 and 30 µs. The shorter 

ignition time is found just behind the bow shock, in a region characterized by a relatively high shear rate and 

low velocity. Considering the low values of the water mass fraction, it is reasonable that ignition is quenched. 

Moreover, the OH distribution, appears to be not monotone in the combustor. Indeed, there are higher 

values just behind the bow shock and in the recirculation regions, corresponding to the heads of the Ω-

vortices, just above the shear layer. Similar considerations can be achieved by considering the chemical 

source term, shown in Figure 88. Higher values of such term are found to be behind the bow shock and on 

the mixing layer. The plume is characterized by null values of the chemical source term, indicating poor 

mixing and ignition-prohibitive conditions. The same appears from the OH concentration. 

Further downstream along the shear layer, ignition times are longer, and velocities are higher so that the 

ignition length can be as high as 50 D, which corresponds to the beginning of the region of high heat release 

and higher temperatures, where turbulence is developed and the three-body recombination reactions can 

take place. However, since OH is quickly produced at the beginning of the reaction and has a slow rate of 

recombination, it is very difficult to determine whether the presence of OH is due to local production or 

transport from other regions of the flow field. For this reason, the distribution of faster marker of auto-

ignition can be analyzed, namely the hydroperoxyl radical HO2, provided in Figure 87. It appears that HO2 

concentration is egligible outside of the transition zone.

 
Figure 87 – HO2 mass fraction contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a particular 

of the injection section 

In the transition region (𝑥 𝐷⁄ < 20), under the shear layer envelope, the mixture temperature raise is also 

due to the entrainment of air, as can be inferred by considering the water mass fraction (Figure 86). 

Moreover, the presence of coherent structures, as the Ω-vortices, creates high residence time zones. In such 

zones, mixing has more time to be completed and the mixture ignition and combustion can occur, as 

demonstrated both by the water mass fraction and by the chemical source term, Figure 86 and Figure 88, 

respectively. 

The separation region (−4 < 𝑥 𝐷⁄ < 0) is instead characterized by high values of OH, concentrated in the 

shear layer of the recirculation zone, showing also noticeable concentration of HO2. Moreover, the presence 

of H2O in the shear layer of the recirculation bubble suggests that the mixture is burning and OH are 

transported inside of the bubble. Also the chemical source term is positive in the bubble and shows high 
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values in the mixing layer of the separation zone. 

Acting in this way, the bubble can contribute to enhance the combustion efficiency and, above all, the flame 

stabilization [131]. Such effect is enhanced by the presence of subsonic regions, which are mainly found 

downstream of the bow shock, downstream of the Mach disk, inside of the Ω-vortices and in the boundary 

layer close to the walls, as can be observed in Figure 71. 

Moving to the turbulent region (𝑥 𝐷⁄ > 70), the iso-surface of the stoichiometric mixture fraction (𝑧𝑠𝑡), 

reported in Figure 89, gets wrinkled, indicating a severe mixing, due to the fully developed turbulent flow 

reigning in that region. At the same time, one can observe both higher temperatures and wider OH 

concentrations. Considering also the water distribution, it can be observed that moving along the combustor, 

a great part of the total heat is released before the expanding nozzle. 

 
Figure 88 - Chemical source term. The white zones are characterized by null or negative values. Top, the first quarter of the 

combustor; center, the whole combustor; bottom, a particular of the injection section. 

 

 
Figure 89 - Mixture fraction contours and stoichiometric iso-line. Top, the first quarter of the combustor; center, the whole 

combustor; bottom, a particular of the injection section 
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Figure 90 to Figure 93 provide the chemical source terms contours of H2, HO2, OH and H2O, respectively. 

Please note that the legend was chosen in order to show only positive and negative values. This causes the 

spurious oscillations in the representation and some small values being included in the white (zero value) 

regions. 

 
Figure 90 – H2 Mass source term contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section 

The Hydrogen mass source term presents negative value, indicating its consumption, in the recirculation zone 

and just ahead of the bow shock. At the same time, the Hydroperoxyl radical source term distribution, Figure 

91, shows that, actually, ignition seems to occur just ahead of the bow shock and across the recirculation 

zone. Also, the shear layer is characterized by positive values of such term. The region behind the bow shock, 

also due to unfavorable mixing conditions (cf. Figure 89), is characterized mainly by null or fluctuating values, 

as can be inferred also to the values of the chemical source term. Moving the attention on the Hydroxyl 

radical, Figure 95, one can observe that across the bow shock, on its lower portion, there are both positive 

and negative values. This observation, with the positive values of the water source term in this zone, suggests 

that, somehow, combustion is proceeding in this thin region. Also the recirculation zone shows both positive 

and negative values, meaning that ignition and combustion actually occurs in that region. Moving further, 

along the combustor the source terms of these two radicals are present also in regions characterized by very 

low concentrations (e.g., in the shear layer plume). This suggests that, probably, the reason why combustion 

mainly develops across the second and third quarter of the combustor may be related to mixing issues more 

that on prohibitive flow-field conditions. This also indicates that there is, actually, a production of 

intermediate species and their presence is not only related to transport. Moreover, the vortices between the 

transition and the fully turbulent zones, promotes the mixing between the reactive species formed in the 

shear layer and the Hydrogen plume. This relates with the values of active radicals (like OH, Figure 85) 

registered under the shear layer and with the spotted peaks of the chemical source term of Figure 88. The 

species source terms are fluctuating in this region, indicating that fuel conversion is essentially ongoing. 

The direct comparison of Figure 92 with Figure 72 relates the severe temperature rise with the intense 

branching happening in the central portion of the combustor, where the flow is fully turbulent. Such high 

temperatures may bring to water dissociation, as reported in Figure 93. This can explain the values of water 

mass fraction reported in Figure 86. The white plumes in the expanding nozzle reported in Figure 91 to Figure 
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93 are related to imaging issues. As can be deemed by Figure 88, combustion is proceeding and the species 

source terms are non-zero. Anyway, Hydrogen is still present at the combustor outflow, indicating that the 

combustion is partially incomplete. About the 6% of the injected fuel is not converted in the combustor. For 

the sake of completeness, the present combustor section achieved a thrust of about 12 N with a specific 

impulse of about 2700 s-1. 

 
Figure 91 - HO2 Mass source term contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section 

 
Figure 92 - OH Mass source term contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section 
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Figure 93 - H2O Mass source term contours. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section 

 
Figure 94 - The computed Takeno Flame Index. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section. The white regions are characterized by null values 

Concerning the nature of the combustion, the Takeno Flame Index (TFI), reported in Figure 94, indicates that 

the combustion is mainly of non-premixed type (𝑇𝐹𝐼 < 0). However, some premixed zones can be noticed 

in the transition region, due to the effects of the coherent vortices. In this region, the mixture fraction is 

greater than the stoichiometric (𝑧 > 𝑧𝑠𝑡) and the temperatures are lower than elsewhere, cf. Figure 72, thus 

the combustion is propagated by heat conduction and species transport from the external burning mixture. 

Figure 95 reports the scatter-plot of the temperature against the mixture fraction colored with the modulus 

of the strain-rate tensor, whose contour are reported for comparison purpose in Figure 96. It appears that 

the regions with high strain rate hindering ignition are below the mixing line (the blue dotted line) and are 

mainly located just behind the injector, in the Hydrogen plume. The points above the mixing line with 𝑧 in 
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the neighbor of the stoichiometric value can be located by comparing Figure 95 with Figure 89 and Figure 72. 

Higher temperatures correspond to the regions where auto-ignition and combustion occurs; the medium 

temperature points are, instead, found in zones where rapid compression occurs. The other intermediate 

points are located in the transition region, where both temperature and mixing conditions are not favorable 

for combustion. 

 
Figure 95 - Scatterplot Z,T. The markers are colored with the magnitude of the strainrate tensor 

 
Figure 96 - The Strain rate tensor norm distribution. Top, the first quarter of the combustor; center, the whole combustor; bottom, a 

particular of the injection section. 
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6.4 Conclusions of chapter 6 

Chapter 6 has presented the results of the HyShot II combustor large eddy simulations. 

The chapter opens with an overall flow analysis which globally describes the flow field, starting from the air 

entrance and moving along the combustor, on the symmetry line, toward the expansion nozzle. 

The sonic fuel cross-injection interacts with the supersonic air flowing through the combustor generating 

several shock structures including a closed shock, referred as barrel shock, and a λ shaped shock. 

The oblique shocks keep reflecting between the body side and the cowl side of the combustor until the 

expanding nozzle. Before going further, a comparison between the experimental and numerical pressure 

traces and wall heat-flux measurements was performed. Then, a detailed flow analysis followed. 

4 families of vortices, namely the horseshow, the Counterrotating Vortex Pair (CVP), the Kelvin-Helmholtz 

instability vortices and the Ω-shaped vortices, were identified by means of the Q-criterion. They were 

concentrated in specific region of the domain, going from 𝑥 𝐷⁄ < 5  to 𝑥 𝐷⁄ ≈ 70. After such length, at about 

one quarter of the combustor, the flow loses any coherence becoming fully turbulent. On the basis of this, 

three flow regions were defined: a near-field region, at 𝑥 𝐷⁄ < 5, a transition region, at 10 < 𝑥 𝐷⁄ < 20, and 

a fully turbulent region, at 𝑥 𝐷⁄ > 70. Each of them is characterized by proper vortices. Such vortices are 

crucial in ensuring the fuel-air mixing. In virtue of this, a particular attention was paid to the structure proper 

of the near-field region. The X-vorticity was evaluated in order to quantify the dimension and gather the 

information about the nature of the vortices composing the horseshow and the CVPs. It was concluded that 

such structures are responsible for the fuel-air mixing in the near-field region. 

Moreover, a Hydrogen recirculation bubble was identified ahead of the injector. Such bubble is recognized 

to be extremely important in the combustion regime. Indeed, appreciable levels of 𝑂𝐻 and 𝐻2𝑂 are found 

in the bubble. 𝑂𝐻 distribution appeared to be not monotone along the combustor. Peak values were 

recorded in confined regions where the time for mixing was higher, thanks to recirculation phenomena. The 

inspection of the mass source terms allowed for the identification of the ignition regions, being basically the 

ones where mixing is possible. The recirculation bubble ahead of the bow shock acts like a radical source and 

represents a crucial zone for flame and combustion stabilization. Moreover, the Takeno flame index analysis 

helped to characterize the combustion regime: there are portions of the domain (in the shear layer envelope) 

where combustion is slightly pre-mixed. Finally, a comparison between the flow-features (namely, 

temperature and strain rate) against the mixing related one (the mixture fraction) helped to understand the 

conditions under which auto-ignition occurs.  
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7. Summary and outlook 

The present work, by means of both numerical and experimental (in minor part) investigations, aimed to 

provide more insights in understanding the mechanism of ignition and combustion proceeding of an internal 

combustion engine and a scramjet combustor. After a brief dissertation about the role of combustion and, 

above all, the need for cleaner combustion systems, in section 1 - Introduction, an introduction on the basic 

principles of combustion modeling is purposed in section 2 - Fundamentals of combustion modeling. The next 

section, 3 - The experimental data, describes the experimental setup employed for the engine experimental 

campaign, conducted by the colleagues of the Istituto Motori CNR di Napoli, and the experiments in the shock 

tunnel for what concern the scramjet combustor. The acquired engine data were briefly described, 

highlighting the differences between the two ignition systems. Moreover, the influence of the piston ring on 

the mass losses was highlighted. 

The scramjet data were acquired on the whole vehicle. Thanks to the wide number of installed instruments, 

it was possible to evaluate the inflow conditions for the combustor, which are employed in the numerical 

model. 

The modelling approaches for the two case-studies are presented in section 4 - Modeling approach. Here, 

the commercial software CONVERGE CFD is introduced, and its features are explained. Then, the two models 

are described separately. The engines numerical setups are, essentially, equal. They differ only in the 

definition of some grid density boxes. By one hand, this makes the model more general. By the other, the 

numerical results were not able to fully match the experimental traces. However, a sufficient agreement, in 

order to conduce the deeper analysis object of the following chapter, was achieved. 

The next two sections describes the numerical results, in particular section 5 - Engine simulations results  

introduces the engine results separately, focusing the attention on the pre-chamber engine. After a 

discussion about the comparison of the numerical pressure and HRR with the experimental ones, a global 

analysis is performed. Here the contribution of the pre-chamber on the overall energy balance is highlighted, 

showing that the pre and the main chamber exchange mass and energy continuously and the energy for the 

ignition furnished by the pre-chamber is order of magnitude higher than that of a conventional spark-plug. 

A deep discussion on the main charge ignition mechanism is performed. By evaluating the temperature and 

the composition of the material ejected from the pre-chamber, it appears that ignition can occur both for 

thermal and for chemical reasons. However, considering the high velocity of the jet, ignition is delayed, both 

in space and in time. Namely, the ignition doesn’t occur in the vicinity of the pre-chamber and is not 

“instantaneous”. The flow-field is such to excessively stretch the flame bringing it to the extinction, as results 

from the strain-rate analysis, and the flow velocity is so high that the development of a flame is not possible, 

as inferred by the Damkohler number computations. Moreover, the TFI index indicates that non-premixed 

combustion regimes may exist in the early ignition stage. 

A particular attention was also paid to the fuel conversion mechanisms and to the pollutant production. 

Considering the stratification of the charge and the presence of a reburning, interesting observation on the 

Nitrogen oxides were performed. In particular, it was observed that the rich conditions (in the pre-chamber) 

and the following reburning can activate the Ammonia pathway and reduce the 𝑁𝑂𝑥 in the pre-chamber. 

Unfortunately, such effect is negligible in the main chamber.  

The emission of both engines were computed and compared, concluding that the pre-chamber engine 

performs better in terms of emissions (evaluated in 𝑔 𝑘𝑊ℎ⁄ ) in respect to the standard engine, except for 

𝑁𝑂𝑥, for which the analyzed dilution ratio is too low to have considerable effects. 

Finally a description of the flame shape is performed and a discussion about the comparison of raw 
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experimental flame images is offered. 

Section 6- Scramjet simulations results opens with a global description of the flow-field and of the main 

phenomena typical of sonic crossflow injection in supersonic flows. Many particular structure (bow shock, 

barrel shock, λ-shock, Mach disk, vortices of various shape…) are introduced and shown. Moreover, a 

comparison between the experimental and numerical pressure and wall heat-flux measurements is 

performed. Then, a more detailed description, with the aid of various visualization, of the vortices families is 

offered. Going further, the role of such vortices in the mixing between fuel and oxidizer is established. Then, 

the attention is moved on the combustion regime. Ignition is achieved where favorable conditions of 

temperature, pressure, mixing and residence time are achieved. By monitoring some species of interest and 

the overall chemical energy source term, it can be concluded that the crucial regions for the combustion are 

the recirculation zones: they can enhance the mixing time and have a significant role in ensuring a stable 

combustion. Indeed, the peak values of the chemical source term and of the combustion products are located 

in that regions. Similar conclusions arises from the analysis of the chemical species source terms. Moreover, 

thanks to the Takeno Flame Index, it has been possible to identify region of pre-mixed combustion. 

Concluding, this doctoral thesis presented the results obtained with commercially available instruments, thus 

not providing nothing special in the modelling approach and participating with a restricted contribution to 

the overall research advancement.  The analysis approaches proposed in this work aimed to furnish an in-

sight view of the typical -and, somehow, quite unconventional- phenomena involved in the operation of a 

pre-chamber engine and of a scramjet combustor by means of numerical simulation. Behind the results 

presented, the author’s sake is purposing food for thought for future works and research on internal 

combustion engines, scramjets and fluid machinery in general. 
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