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ABSTRACT 

A Numerical Investigation of Pre-chamber Combustion Engines 

Mickael Silva 

 

This work aims to enhance fundamental and practical understanding of pre-chamber (PC) 

combustion engines, using computational fluid dynamics (CFD) simulations conducted with 

the software CONVERGE employing the Reynolds-averaged Navier-Stokes turbulence 

closure and the well-stirred reactor combustion model for methane oxidation. First, to help the 

design of the KAUST pre-chamber, the simulations were conducted to assess the impact of 

design parameters such as throat and nozzle diameters, and nozzle length in a passively 

operated pre-chamber at lean conditions. The geometrical parameters showed to affect the pre-

chamber combustion characteristics, such as pressure build-up, radical formation, heat release, 

and the composition of the jets penetrating and igniting the main chamber charge.  It was found 

that the narrow-throat pre-chamber is strongly influenced by the throat diameter, but weakly 

influenced by nozzle length. A flow reversal pattern was observed, promoting the 

accumulation of intermediate species in the PC, leading to a secondary heat release. 

Subsequently, the validation of the actively fueled pre-chamber systems was assessed under 

different fueling strategy and validated against experimental data. The last chapter analyzes 

the impact of enrichment and stratification of the pre-chamber on the main chamber 

combustion. An open-cycle simulation was conducted to describe the full interaction between 

both chambers. The influence of fuel enrichment in the PC was compared to the passive mode 

operation and found to greatly impact in the overall system performance. It was found that the 

excessively rich PC does not yield the optimal results; instead, a pre-chamber with 

stoichiometric composition at spark timing does. Although the fuel distribution inside the PC 
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was not homogeneous, the active control of the PC was shown to enable a command of the 

pressure response. It was found that the upstream flame propagation forces part of the PC 

mixture to leak to the main chamber, creating localized fuel rich regions, which enhances the 

combustion of the MC charge. The overall MC combustion is found to be complex, influenced 

by the turbulent mixing and local cooling, and possibly local quenching events. The detailed 

interaction of mixing and combustion in the MC is not fully understood and is subject of future 

studies. 
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Chapter 1 

 Introduction 

Legislative requirements aimed at reducing tailpipe emissions, improving vehicle 

efficiency to mitigate the impact on CO2 emissions are the main drivers for future 

transportation. These requirements along with consumer demands for vehicles with improved 

efficiency, drivability, and affordability, demand automakers to explore various aspects of 

engine designs, combustion control and after-treatment systems that simultaneously reduce 

fuel consumption and emissions. Among new technologies, one promising and well explored 

uses the concept of turbulent jet ignition, achieved by pre-chamber spark ignition (PCSI). A 

miniaturized pre-chamber was firstly proposed by Gussak [1], and called “avalanche activated 

combustion” translated from Russian, which acronym is L.A.G in the original language. This 

concept consists of igniting the charge in the main chamber (MC) not with a single hot source 

but via multiple hot and highly reactive jets. Those jets are generated when the reacting PC 

charge is pushed through small nozzles linking both chambers. Toulson et al. [2] and Alvarez 

et al. [3] described comprehensively the history of practical pre-chamber combustion engines.  

A pre-chamber is a small cavity usually mounted on top of the main chamber (on the 

cylinder head). At most, it accounts for 3-5% of the clearance volume. By design, the pre-

chamber is operated in two different ways: either with auxiliary fueling on it (active mode) or 

without (passive mode). The latter, relies on the main chamber charge being pushed into the 

pre-chamber during the compression stroke. Therefore, the PC air/fuel ratio is bounded by the 

MC one.  In either case, the charge first ignites in the pre-chamber via a spark plug. If 

successful, the consequent flame development leads to pressure build-up, forcing the partially 

burned products to be ejected from PC into the MC. The jet composition is different for the 
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primary fuel used. the current work uses methane as primary fuel, although, liquid fuel was 

previously explored and showed potential of utilization in similar systems [4]. 

The jets issued from the PC have three effects: chemical, thermal and turbulent. First, 

chemically active radicals are expected to be present in those jets. Secondly, those jets are at 

high temperatures. Lastly, they enhance the turbulent mixing in the MC. Those three effects 

contribute positively to successfully ignite lean charges in the main chamber, without 

compromising the combustion stability. It was numerically demonstrated that the thermal and 

kinetic effects of the jets issued from the PC and found both mechanisms are important in the 

ignition of the main chamber charge [5]. 

Compared to conventional spark-ignited (SI) engines, at the same conditions, PCSI 

engines yield much higher rates of heat release. This is mainly driven by the multiple ignition 

sites inherent to pre-chamber technology. Syrovatka et al. [6] made this comparison and 

confirmed the faster combustion of the passive pre-chamber ignited engine over the 

conventional SI engine. Attard et al. [7] also documented fuel consumption reduction of up to 

18% in pre-chamber ignited engines over SI engines. As reported by Jamrozik [8], lean charges 

in the MC drastically decreases the combustion temperature and the amount of NOx generated. 

In addition, heat losses are reduced since the combustion temperature is lower. 

In principle, considering the thermodynamic efficiency for an Otto cycle described as: 

                                               𝜂Otto = 1 −  
1

𝐶𝑅(𝛾−1)
                             (1.1) 

 

It follows that a leaner mixture has a higher specific heat ratio (𝛾), thus leading to 

higher efficiencies. Moreover, the faster main chamber charge consumption enabled by TJI 

induces less residence time of the end gas into the MC, therefore allowing higher compression 



15 
 

 

ratios (CR) without the knock occurrence. It is even claimed that jet ignition can help achieving 

efficiency similar to obtained in diesel engines [7]. Although a high compression ratio is 

desired, there must be a careful analysis regarding the compensation for the increase in heat 

losses and frictions losses.  

Other researchers already analyzed parameters influencing pre-chamber response in an 

engine scenario. Various parameter such as number and orientation of nozzles, diameter of 

nozzles [9], internal swirl motion, the volume and how the volume is distributed, play a role in 

the combustion initiation, mixing patterns, and flame development and jets physics [10] [6]. 

Furthermore, different nozzles in the same pre-chamber configuration were reported to behave 

differently [11]. Being small and sensitive to design variations, boundary conditions, and the 

way it is instrumented, Shapiro et al. [12] claims that the spark model is indeed critical. 

From a more fundamental point of view, Allison et al. [13] used a simplified optical 

pre-chamber to study the dynamics of the flame structure and its behavior when passing 

through small nozzles connecting two chambers. Mastorakos [14] explored the fundamental 

aspects of jets formation and development and decay. Male [15] has conducted LES studies to 

study details of pre-chamber physics as well as the influence of different nozzle diameters. 

While previous works covered a wide range of parameters under various conditions, most of 

them were conducted in idealized configurations rather than real engines. Therefore it does not 

fully address the combined influence of nozzle diameter, throat diameter, and nozzle length. It 

is also documented that the flow reversal leads to the trapping of intermediate species inside 

the PC [13]. However, quantifying those is a remaining task.   

Shifting the attention to the physics, after a successful ignition inside the PC, the initial 

flame grows and propagate, pushing some of the fresh mixture ahead of it into the MC. This is 
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referred to as the cold jet stage. Subsequently, the flame reaches the nozzles and the hot jet 

stage starts. The jet comes with three major effects: high temperature (thermal), radical species 

(chemical), and turbulent mixing. Which effect is important in the MC combustion is a subject 

of investigation. For example, Muller et al. [5] reported the thermal effect to be dominant over 

the chemical effect, but these characteristic depend significantly on the specific design of the 

PC/MC system.  

Although the PC has being focus of intense investigation, fundamental understanding 

of key physics under engine operating conditions is still a missing piece. For example, the basic 

understanding how the PC composition contributes to the main chamber combustion is not 

fully characterized. Aiming to contribute to it, the present study analyzed whether the excessive 

enrichment of the PC is beneficial not. It is known that radicals play a role on successful 

ignition of the main charge, but there is a remaining question about the tradeoff between having 

stoichiometric PC charge which yields high temperatures, or a richer one that transports more 

fuel into the MC in the cold jet stage and, in general, carries more radicals during the hot jet 

issuing event.  

The present work uses the CFD solver CONVERGE [16] to initially assess geometrical 

parameter through a systematic variation of key design variables, and therefore unravel the 

impact of those in the combustion progression inside the pre and main chamber. In addition, 

the accumulation of intermediate species in the PC due to flow reversal was analyzed. Further, 

the numerical setup of a pre-chamber operated in active mode is validated under different 

compositions of fuel in both chambers. Lastly, it is evaluated the effect of enrichment of the 

pre-chamber and how it impacts the main chamber combustion initiation and progression. 
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Chapter 2 

 Governing Equations, Physical, and Chemical Models 

Any flow satisfying the continuum hypothesis is described by the Navier-Stokes (N-S) 

equations. The mass conservation equation enforce that all the mass in a system has to be 

conserved. The conservation of momentum refers back to the Newton’s second law: the net 

forces acting in a body is equal to the product between mass and acceleration. Lastly, the 

energy equation conservation refers to the first law of thermodynamics, which states that no 

energy is created or destroyed, but simply converted from one form to another.  

2.1 The Conservation Equations 

2.1.1 Mass Conservation Equation 

 

 The mass conservation principle is mathematically described as: 

 
𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑢𝑖

𝜕𝑥𝑖
= 𝑆 (2.1) 

 

where 𝜌 is the density, 𝑡 is time, 𝑢 is the velocity, 𝑥𝑖  is the coordinate axis, and 𝑆 is a source 

term. The first term in the left hand side (LHS) is the unsteady term and describes whether the 

flow density varies pointwise in time yet if any mass accumulation is observed. The second 

term in the LHS, also called the divergence term, represents the difference of flow in and out 

and naturally tells whether the flow is compressible or not. The mathematical description that 

follows was can be further consulted from the CONVERGE manual [17].  
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2.1.2 Momentum Conservation Equation (Navier-Stokes Equations) 

 

 The principle of momentum conservation is mathematically described as:  

 
𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
= −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝜌𝜎𝑖𝑗

𝜕𝑥𝑗
+ 𝑆 (2.2) 

 

 𝜎𝑖𝑗 =  𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) + (𝜇′ −  

2

3
𝜇) (

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) (2.3) 

 

where 𝑃 is pressure, 𝜇 is viscosity, 𝜇′ is dilatational viscosity (set to zero), and 𝛿𝑖𝑗 the Kronecker 

delta. The first term in the LHS is the unsteady term, which express the variation of momentum 

in time. The second term on the LHS describes the transport of momentum due to convective 

forces. The first term in the right hand side (RHS) is the pressure gradient, the second is the 

viscous term (also called dissipation term), and lastly S is the source term; a source of 

momentum can be any body force, such as gravity forces or electric forces. CONVERGE 

solves the momentum equation in finite volume form, with conserved value at the faces 

expressed in term of primitive values localized at the cell center. 

2.1.3 Energy Transport Equation 

 

The compressible energy equation for a multicomponent system, written in 

conservative form, is given by: 

 

𝜕

𝜕𝑡
𝜌 (𝑒 +  

1

2
𝑢𝑘

2) +
𝜕

𝜕𝑥𝑗
𝜌𝑢𝑗 (𝑒 +  

1

2
𝑢𝑘

2)  = −
𝜕

𝜕𝑥𝑗
(𝑢𝑗𝑃) +

𝜕

𝜕𝑥𝑗
(𝑢𝑗𝜎𝑖𝑗)

+
𝜕

𝜕𝑥𝑗
(𝐾

𝜕𝑇

𝜕𝑥𝑗
) +

𝜕

𝜕𝑥𝑗
(𝜌𝐷 ∑ ℎ𝑚

𝑚

𝜕𝑌𝑚

𝜕𝑥𝑗
) + 𝑆  

(2.4) 
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where  
1

2
𝑢𝑘

2 is the kinetic energy, 𝑒 is specific internal energy, 𝑌𝑚 is the mass fraction of specie 

m, 𝐷 is the diffusion coefficient, 𝑃 is pressure, 𝐾 is thermal conductivity, ℎ𝑚 is the specific 

enthalpy of specie 𝑚.  Note that if a turbulence model is activated, the thermal conductivity is 

replaced by its turbulent equivalent:  

 𝐾𝑡 = 𝐾 +  𝑐𝑝

𝜇𝑡

𝑃𝑟𝑡
 (2.5) 

 

 𝑃𝑟𝑡 = 𝑐𝑝

𝜇𝑡

𝐾𝑡
 (2.6) 

 

A source term is responsible for user-specified energy sources and turbulent dissipation, 

A pressure work term, −
𝜕

𝜕𝑥𝑗
(𝑢𝑗𝑃) accounts for compression and expansion, 

𝜕

𝜕𝑥𝑗
(𝑢𝑗𝜎𝑖𝑗) is the 

viscous dissipation term and accounts for the kinematic energy being dissipated into heat. 

Finally 

𝜕

𝜕𝑥𝑗
(𝜌𝐷 ∑ ℎ𝑚𝑚

𝜕𝑌𝑚

𝜕𝑥𝑗
) accounts for the energy transport due to species diffusion 𝐶𝑝 𝑎𝑛𝑑 𝐶𝑣   are 

specific volumes at constant pressure and volume, respectively. 

2.1.4 Species Transport Equation 

 

Species transport in compressible form is given by 

 
𝜕𝜌𝑚

𝜕𝑡
 +  

𝜕𝜌𝑚𝑢𝑗

𝜕𝑥𝑗
 =

𝜕

𝜕𝑥𝑗
(𝜌𝐷

𝜕𝑌𝑚

𝜕𝑥𝑗
) + 𝑆𝑚  (2.7) 

 

 𝑌𝑚 =  
𝑀𝑚

𝑀𝑡𝑜𝑡
=

𝜌𝑚

𝜌𝑡𝑜𝑡
 (2.8) 
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where 𝑢 is the velocity, 𝜌 is the density, 𝑌 is the mass fraction, 𝐷 is the mass diffusion 

coefficient, S is the source term to account for combustion, evaporation or any other submodel 

for mass source/sink. The subscript m stands for each specie involved in the problem. The 

molecular mass diffusion coefficient is given by 

 𝐷 =  
ʋ

𝑆𝑐
 (2.9) 

 

where ʋ is the viscosity, and Sc is the Schmidt number. The latter is the ratio of momentum 

diffusivity and mass diffusivity. When a turbulence model is active, those coefficients are 

replaced by their turbulent equivalent and receive a subscript t 

 𝐷𝑡 =  
ʋ𝑡

𝑆𝑐𝑡
 (2.10) 

 

2.1.5 Equation of State 

 

Energy and momentum equations are coupled through the density variation in 

compressible flows. Therefore, an equation of state (EOS) is necessary.  A commonly adopted 

cubic EOS, called Redlich-Kwong (RK), was used in this work.  

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
 −

𝑎

𝑣2 + 𝑢𝑏𝑣 + 𝑤𝑏2
 (2.11) 

 

With: 

  (2.12) 

 

 

 

 

 

𝑢 = 1 
𝑤 = 0 

𝑏 = 𝛽𝑟𝑘ʋ𝑐 

𝑎 =  𝛼𝑟𝑘

𝑃𝑐ʋ𝑐
2

√𝑇𝑟
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where 𝑣c represents the critical volume, Tc  the critical temperature, Pc  the critical pressure, α 

accounts for the attractive force between molecules, β the volume of the molecules, ω is the 

acentric factor. In a multicomponent system, which is the case of most applications, the RK-

EOS becomes: 

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
 −

𝑎𝑚

𝑣2 + 𝑢𝑏𝑚𝑣 + 𝑤𝑏𝑚
2

 (2.13) 

 

where 𝑎𝑚 and  𝑏𝑚 are calculated for the list of species in the multi-component system: 

 𝑎𝑚 = ∑ (𝑥𝑖𝑎
𝑖

1
2⁄

)
2

 , 𝑏𝑚 = ∑ 𝑥𝑖𝑏𝑖

𝑖𝑖

 (2.14) 

 

The calculation of the critical temperatures, pressure and acentric factor of the 

mixture is given by: 

 
𝑇𝑐𝑚 =

((∑ 𝑥𝑖𝑖
𝑇𝑐𝑖

1.25

√𝑃𝑐𝑖

)

2

)

2/3

∑ 𝑥𝑖
𝑇𝑐𝑖

𝑃𝑐𝑖
𝑖

 
(2.15) 

 

 
𝑃𝑐𝑚 =

𝑇𝑐𝑚

∑ 𝑥𝑖
𝑇𝑐𝑖

𝑃𝑐𝑖
𝑖

 
(2.16) 

 

 𝑤𝑚 = ∑ 𝑥𝑖𝑤𝑖

𝑖

 (2.17) 

 

 

 

 

 

  



22 
 

 

 2.2 Physical Models 

2.2.1 Turbulence Modeling 

 

 Any flow field can be described by having an instantaneous velocity component as 

the sum of an average and fluctuating component as: 

 𝑢𝑖 = 𝑢�̅� +  𝑢𝑖
′ (2.18) 

 

 Substituting this relation into the mass conservation equation and averaging yields:  

 
𝜕�̅�

𝜕𝑡
+

𝜕�̅�𝑢�̃�

𝜕𝑥𝑖
= 0 (2.19) 

 

where the tilde-operation represents the mass-weighted averaged quantities. Similar 

procedure applied to the momentum equation yields:  

 

𝜕�̅�𝑢�̃�

𝜕𝑡
+

𝜕�̅�𝑢�̃�𝑢�̃�

𝜕𝑥𝑗
 =  −

𝜕�̅�

𝜕𝑥𝑖
+  

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢�̃�

𝜕𝑥𝑗
+

𝜕𝑢�̃�

𝜕𝑥𝑖
) −

2

3
𝜇 (

𝜕𝑢�̃�

𝜕𝑥𝑘
𝛿𝑖𝑗)] 

+
𝜕

𝜕𝑥𝑗
(�̅�𝑢𝑖

′𝑢𝑗
′̃ ) 

(2.20) 

 

 These is called the Reynolds-averaged Navier-Stokes (RANS) equations. Note that the 

averaging process in the momentum equation adds one extra term (the last one), called the 

Reynolds stress term. It can be modeled by various means. One of them is by using a two-

equation model approach. In the current work the RNG k-ε model was used. 
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2.2.1.1 RNG k-ε Model 

 

 The full mathematical derivation of the RNG k-ε model [18] is not shown here. Instead, 

this session brings the implemented equations in the CONVERGE solver.  

Reynold stress term is given by: 

 𝜏𝑖𝑗 = �̅�𝑢𝑖
′𝑢𝑗

′̃ = 2𝜇𝑡𝑆𝑖𝑗 −
2

3
𝛿𝑖𝑗 (𝜌𝑘 +  𝜇𝑡

𝜕𝑢�̃�

𝜕𝑥𝑖
) (2.21) 

where the turbulent kinetic energy (TKE) is half of the trace of the stress tensor, given by: 

 𝑘 =
1

2
𝑢𝑖

′𝑢𝑖
′̃  (2.22) 

 

And the turbulent viscosity is: 

 𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

휀
 (2.23) 

 

𝐶𝜇 is a model constant that may be adapted for different flow conditions and 휀 is the 

dissipation of TKE. The mean strain rate tensor is given by: 

 𝑆𝑖𝑗 =
1

2
(

𝜕𝑢�̃�

𝜕𝑥𝑗
+

𝜕𝑢�̃�

𝜕𝑥𝑖
) (2.24) 

 

To account for turbulence presence, the conductivity and diffusion assume their 

turbulent form: 

 𝐾𝑡 =  𝑐𝑝

𝜇𝑡

𝑃𝑟𝑡
 (2.25) 

 

 𝐷𝑡 =  
ʋ𝑡

𝑆𝑐𝑡
 (2.26) 
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Namely two-equation model, the standard and RNG k-ε models introduces two 

additional transport equations: one for k, the turbulent kinetic energy, and another one for ε, 

the dissipation of the TKE. These are needed to compute the turbulent transport properties. 

The TKE transport equation is described as: 

 
𝜕𝜌𝑘

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝑘

𝜕𝑥𝑖
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗

𝜇 +  𝜇𝑡

𝑃𝑟𝑘

𝜕𝑘

𝜕𝑥𝑗
−  𝜌휀 +

𝐶𝑠

1.5
𝑆𝑠 (2.27) 

 

where the value of 1.5 is an empirical constant. S is a user supplied constant, Ss  is a source 

terms that models interactions for discrete phases (in case of sprays for example) and in the 

case of gaseous flows it is is set to zero. The transport equation for the dissipation of the (TKE) 

is:  

 

𝜕𝜌휀

𝜕𝑡
+

𝜕𝜌𝑢𝑖휀

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(

𝜇 +  𝜇𝑡

𝑃𝑟𝜀

𝜕휀

𝜕𝑥𝑗
) +  𝐶𝜀3𝜌휀

𝜕𝑢𝑖

𝜕𝑥𝑖

+ (𝐶𝜀1

𝜕𝑢𝑖

𝜕𝑥𝑗
𝜏𝑖𝑗 − 𝐶𝜀2𝜌휀 + 𝐶𝑠𝑆𝑠)

휀

𝑘
+ 𝑆 −  𝜌𝑅𝜀  

(2.28) 

 

With 𝐶𝜀𝑖 term is the model constant to account for compression and expansion, and: 

 𝑅𝜀 =
𝐶𝜇𝜂3(1 − 𝜂/𝜂𝑜)

(1 + 𝛽𝜂3)

휀2

𝑘
 (2.29) 

 

 𝜂 =
𝑘

휀
|𝑆𝑖𝑗| =

𝑘

휀
√2𝑆𝑖𝑗𝑆𝑖𝑗 (2.30) 
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2.2.2 Detailed Chemistry Model 

 

The chemical solver used in the current work is called SAGE. It is a detailed chemistry 

solver [19] which uses a set of CHEMKIN-formatted files to model chemical kinetics, which 

uses the CVODE solver to compute the system of ordinary differential equations. The role of 

the SAGE solver is to calculate the reaction rates in for each elementary reaction present in the 

mechanism, while the CFD solver is responsible for handling the transport of species. A brief 

description is given here; detailed derivation can be found in [20]. 

A multi-step chemical reaction process summarizes to: 

 ∑ 𝑣𝑚.𝑖
′

𝑀

𝑚=1

𝜒𝑚 ↔ ∑ 𝑣𝑚.𝑖
′′

𝑀

𝑚=1

𝜒𝑚 (2.31) 

 

where 𝑣′ and 𝑣′′ represent the stoichiometric of reactants and products, respectively, for a 

given reaction 𝑖 and specie 𝑚, with 𝑀 being the total number of species. The net production 

rate of a given specie 𝑚 is given by:  

 �̇�𝑚 = ∑(𝑣𝑚.𝑖
′′  −  𝑣𝑚.𝑖

′ )

𝐼

𝑖=1

𝑞𝑖  (2.32) 

 

with the rate progress parameter 𝑞𝑖, with 𝑖 representing the each individual reaction, given 

by: 

 𝑞𝑖 =  𝑘𝑓𝑖
∏[𝑋𝑚]𝑣𝑚,𝑖

′

𝑀

𝑚=1

 − 𝑘𝑟𝑖
∏[𝑋𝑚]𝑣𝑚,𝑖

′′

𝑀

𝑚=1

 (2.33) 
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For which [𝑋𝑚] is the molar fraction of the specie 𝑚 and 𝑘 is the reaction rate for each 

elementary reaction, with f and r representing forward and reverse reactions respectively, 

which are calculated from the Arrhenius law. 

 𝑘𝑖 = 𝐴𝑖𝑇𝛽𝑖exp (
−𝐸𝑖

𝑅𝑇
) (2.34) 
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Chapter 3 

 Numerical Setup 

3.1 KAUST Pre-Chamber Design  

 

The KAUST pre-chamber design is shown in   Figure 3.1. At a glance, it is noticed the 

unusually long throat that starts about the middle of the pre-chamber body and extends up to 

the nozzle region. Such design was motivated by allowing its placement in the central part of 

a diesel injector, therefore minimizing engine modification. The uppermost part of the pre-

chamber accommodates the hardware used for its operation: spark plug and a check valve for 

fuel injection. The PC has 12 nozzles distributed in two layers; each of these layers has 6 

nozzles and the upper and lower layers are shifted by an angle of 30° (more details in Figure 

3.2). The base geometry used for investigation has its dimensions are displayed on Table 3.1.  

This type of pre-chamber was already reported and experimentally explored by Hlaing et al. 

[21]. 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 - KAUST pre-chamber design 
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Table 3.1 - Pre-chamber dimensions 

Feature Dimension 
Throat 

diameter 

3.30 mm 
Nozzle 

diameter 

1.50 mm 
Nozzle 

length 

1.50 mm 
Volume 5.05 cc 

 

 

3.2 Modeling Setup 

The computational fluid dynamics (CFD) solver used CONVERGE was used for this 

investigation. The entire fluid domain used for this study is shown in Figure 3.2. Observe that 

the pre-chamber is mounted at the center of the engine head. The PC injector geometry is 

neglected; instead, a patched circumference with the same diameter of the internal diameter of 

the injector is adopted. The validation simulation was performed in open cycle mode, starting 

at inlet valve opening, thus performing the full exhaust stroke before the fresh mixture for the 

next cycle fills the domain.  The current testbed, and thus the fluid domain here used is of a 

modified Volvo (D13C500) operating in one single-cylinder with a geometrical compression 

ratio (CR) of 11.5. The cylinder has a bowl-in-piston shape, with 131 mm bore and 158 mm 

stroke. It accounts for 2.1 l displacement volume. The engine specification and operating 

conditions is found on Table 3.2. 
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Figure 3.2 - Fluid domain used 

Table 3.2 - Engine specification 

Engine Model D13C500 

Piston Shape Bowl-in-piston 

Valve Mechanism Single Overhead Cam 

Number of Valves 2-intake 2-exhaust 

Bore  131 mm 

Stroke  158 mm 

Connecting Rod 

Length 

255 mm 

Compression Ratio 11.5  

Displacement Volume 2.1 Liters 

 

3.3 Mesh and Grid Scaling 

 

Both uniform grid and adaptive mesh refinement (AMR) were used to combine 

accuracy of the solution and affordable run time; detailed numerical results of AMR 

application to combustion modeling can be found in [22]. A base grid size of 4 mm was initially 

adopted (refer to Figure 3.3). Three levels of refinement were adopted for the main chamber 

based on velocity and 4 levels based on temperature gradient; thus the mesh can be as fine as 
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0.250 mm in across the flame front as shown in Figure 3.4. Considering the small dimension 

and fine reaction structures occurring in PC, a fixed grid of 0.250 mm was adopted during 

combustion, while the regions inside the nozzles were kept at 0.125 mm, to properly capture 

the mass transfer form PC to MC. 

 

 

Figure 3.3 - Grid details 

 

Figure 3.4 - Finest resolution during combustion 
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3.4 Initial and Boundary Conditions 

 

The model is divided into regions, and for each of those the initial conditions must be 

imposed. The initial condition is given by experimental measurements of pressure at: intake 

and exhaust ports, main chamber, and pre-chamber. The temperatures can only be measured at 

intake and exhaust. For the approximation of in-cylinder and pre-chamber temperature, it is 

used the pressure information along with the mass flow measurement, which helps predicting 

the trapped mass, and thus using any equation of state (the ideal gas law in this case), one can 

predict the temperature inside the PC and MC.  

When operated in full cycle mode, the simulations are initiated at exhaust valve 

opening (EVO) and the initial flow field is taken as quiescent. Therefore, before the 

combustion event it was given time for a full exhaust and intake stroke to happen, minimizing 

the uncertainties associated to the initial conditions. So, by the time the combustion event takes 

place (-15 CAD in all the cases), the conditions inside the chamber are expectedly similar to 

real engine operating mode. The exact values of pressure and temperature imposed are specific 

to each experimental case and it varies depending on: intake pressure, and amount of fuel added 

via port fuel injection and via direct injection in the pre-chamber. The approximation of trapped 

species mass fraction is approximated from a zero dimensional simulation using the software 

Chemkin [23]. 

The boundary conditions are imposed not per region, but for each of the boundaries 

walls. For the near wall treatment, the law of wall is used, and the walls are considered perfectly 

smooth. The heat transfer model used was the O’Rourke and Amsden [24], which is the 

commonly used by the engine modeling community. For the intake and outflow boundaries, 
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constant temperature, pressure and composition are imposed. The specific values for each case 

follow along the chapters. 

3.5 Physical Models and Constants 

 

CONVERGE uses a collocated grid in finite volume method (FVM) approach to 

numerically solve the conservation equations, a set of nonlinear coupled second-order partial 

differential equations. Flow quantities are calculated and stored at cell centers according to the 

summed fluxes through the cell faces and an internal source term, if any. Finite volume 

methods have the attractive property that they are highly generalizable for complex numerical 

schemes and non-trivial meshes, such as those resulting from embedding. 

The coupling between pressure and velocity was done by the pressure-implicit with 

splitting of operator (PISO) algorithm [25], with an absolute tolerance of 10e-3. The flow was 

modeled using unsteady Reynolds-averaged Navier-Stokes (RANS) with turbulence model 

RNG k-ε [18]. O’Rourke and Amsden [24] was adopted as the wall heat transfer model, with 

Von Karman's constant of 0.42. Redlich-Kwong equation of state was used, along with real 

gas properties as a function of temperature with mixture-averaged diffusion coefficients, and 

turbulent Prandtl number of 0.9 and turbulent Schmidt number of 0.78. 

For run time optimization, a variable time step algorithm was utilized, with time steps 

ranging from 1e-8 to 1e-6 seconds, respecting the maximum Courant Friedrich Lew (CFL) 

limits for convection, diffusion, and Mach of 1.0, 2.0, and 50.0 respectively. The spark is 

modeled as a spherical source located in the spark plug gap. The spark energy mimics both the 

arcing and break down phases with square pulses. The total spark time lasts 10 CAD, starting 
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at -15 CAD. The high energy phase (arcing) lasts 0.5 CAD with an absolute value of 0.06 

Joules, while the low energy phase is active from -15 to -5 CAD, delivering 0.04 Joules.  

For combustion modeling, a well stirred reactor model, known as SAGE) [19], was 

adopted with a 30-species skeletal mechanism derived from GRI Mech 3.0 by Lu and Law 

[26]; the fuel considered is methane (CH4). The SAGE detailed chemistry solver is 

implemented in the CONVERGE CFD software. The utilization of adaptive zoning based on 

temperature accelerates the chemistry solver, and for the current study the bin size was left as 

recommended to be 5 K. NOx is not accounted for as the chemical mechanism used does not 

have the full nitrogen chemistry. Specifically, the combustion model used in this study relies 

on the uniform reaction at each specified cell. Therefore it does not carry a flame speed 

correlation and thus to approximately achieve the surface location a fine mesh along the flame 

front is a must.  
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Chapter 4 

 The Effect of Geometry on Passive Pre-Chamber Combustion 

Characteristics 

 

Although the geometrical constraints impose limitations in the design, modest 

modifications are possible for the throat diameter, nozzle length, and nozzle diameter. 

Understanding the effects of each of those variables separately is the key scope of the present 

chapter. Table 4.1 shows the values for each of the varied parameters. By performing such a 

parametric variation, the volume of the pre-chambers is maintained nearly constant. The largest 

and smallest PC volume is 5.40 and 5.03 cc, respectively, differing by 6.8%. This volume 

difference is minimal considering that 5.05 cc is just 3.4% of the total engine clearance volume. 

 

Table 4.1 - Geometric values for the pre-chamber design 

 Dimensions in mm 
Throat 

diameter 

3.30 4.30 5.30 
Nozzle 

diameter 

1.15 1.37 1.56 

 

Nozzle 

length 

1.00 1.50 2.00 

 

 

4.1 Model Validation 

 

To ensure the fidelity of the model, a validation step is necessary. Matching the initial 

and boundary conditions with the experimental conditions is challenging due to the limitations 

in the model as well as to the measurement uncertainties. One of the main experimental 

limitation is to measure the details inside the small PC volume. A reasonable approximation 
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for the main chamber temperature is to adopt the coolant temperature (350 K). While the 

injector coolant temperature is taken as the PC wall temperature (400 K). As for the spark plug, 

the value of 550 K was assumed. Since the tip of the pre-chamber is barely cooled by the flow 

motion of the main charge during gas exchange, the nozzle temperature was adopted as 500 K. 

The baseline calibration was done with the motoring condition, for which the 

experimental nonidealities, such as blow-by, crankshaft deflections, are accounted for by 

adjusting the compression ratio (CR) in the simulation. As such, the geometrical CR of 11.5 

was adjusted to 10.58 to yield a good agreement with the experiment, as shown in Figure 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 - Compression ratio correction 

 

Next, the validation for the combustion cases was performed. For this, the experimental 

set-up of Hlaing et al. [21] was used. A passive pre-chamber was considered with a 

homogeneous lean charge of CH4/air at λ = 1.3 on both chambers (measured from the 

emissions). Since the PC operates in passive mode, its fuel supply is provided from the MC 

during the compression stroke. To improve fidelity, 1% of CO2 and H2O were initially added 
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to account for the combustion products that remain between cycles. The simulation started at 

IVC (-120 CAD), at quiescent conditions (velocity field were initiated as zero). The pressures 

on both chamber at IVC were obtained from experiment. The initial temperature at IVC was 

calculated based on the pressure traces. It is important to mention that the experimental 

pressure curve is an average of 200 cycles. The result is shown in Figure 4.2, with a reasonable 

agreement between simulation and experiment. 

  

(a) (b) 

Figure 4.2 - Pre-chamber pressure (a) and main chamber pressure (b) 

4.2 General Pre-chamber Definitions 

 

Before further analysis, some definitions are established. Although the pre-chamber is 

sensitive to any parametric change, it has similar qualitative behavior in terms of physics [15, 

27] Figure 4.3 shows one example of both pre and main chamber pressure curves in the same 

plot. In this case, the spark is initiated -15 CAD before the top dead center (BTDC). Even 

before that, the piston is effectively pushing part of the main chamber charge inside the pre-

chamber, since the PC pressure is kept slightly lower than the MC pressure. 
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Once the spark is initiated and flame starts to develop while the compression stroke 

undergoes, there is a competition in PC between the expanding flame pushing the reactants out 

of the PC and the main chamber gases flowing into the PC due to compression. These 

competing events last until the pressure build-up inside the pre-chamber equalizes and 

consequently overcome the main chamber pressure. This event is referred to as flow reversal 

1 (FR 1).   

From FR 1 to PC peak pressure events, the pressure monotonically increases while 

products transferred from the pre-chamber assist the ignition of the main chamber mixture. 

The pressure build-up in the PC is related to many factors inside the PC: the amount of mass, 

amount of fuel, piston motion, and effective discharge coefficient from the pre to the main 

chamber. If, for example, a higher discharge coefficient is achieved (by design), it is expected 

to result in a lower pressure build-up, mainly because gases flow out of the PC more easily. 

 

 

Figure 4.3 - General pre-chamber definitions 
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While the main chamber charge starts to ignite and the pressure builds up, the pre-

chamber pressure is already decreasing. This pressure drop is mainly explained due to the 

reduced amount of charge to be combusted in the PC, combined with the mass transferred to 

the main chamber. Naturally, there is another time when these two pressures equalize, which 

is referred to as flow reversal 2 (FR 2). The duration between FR 1 and FR 2 is considered the 

maximum residence time of the main charge of the pre-chamber.  

Once the main chamber pressure overcomes the pre-chamber pressure, the flow 

direction inverts again, and the gases flow from the MC to the PC.  At this stage, the pre-

chamber acts as a large crevice volume, accumulating partially and fully burned products from 

the MC. Note that during the short duration between the FR 2 and the PC downfall pressure, 

the pressure rates have the opposite signs, as a result of the compressible nature of the flow. 

The subsequent pre-chamber curve response is mainly driven by the main chamber's overall 

behavior. 

 

4.3 Results and Discussions 

4.3.1 Effect of Throat Diameter 

 

The pre-chamber used in this study is different from those found in the literature, in 

that it has long throat to diameter ratio. Although not confirmed, there is a concern that such a 

small cross-sectional area of the throat may lead to high pressure build-up due to flow 

restriction, and further induce supersonic velocities inside the PC. To assess this issue, a 

systematic approach was adopted by increasing the throat diameter but keeping the nozzle 

length and diameters constant. Figure 4.4 (a) and (b) show the pre-chamber and main chamber 
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pressure curves, respectively. The figures in the top left illustrate the visual comparison of the 

throat diameter. 

 
 

(a) (b) 
Figure 4.4 - Effect of throat diameter in (a) pre-chamber pressure and (b) main chamber pressure 

 

Figure 4.4 (a) shows that the throat diameter indeed has a major effect in the pre-

chamber peak pressure. Moreover, it also substantially affect the residence time of the PC 

charge before FR 2. To this end, an assessment is needed as to whether it is preferred a lower 

pressure build-up and less residence time, or the opposite. If the geometrical configuration is 

such that it promotes a longer residence time (scenario 1), the charge has more time to react 

and the mass being ejected from the pre-chamber is mostly composed of hot combustion 

products. On the other hand, with shorter residence time and lower pressure peak (scenario 2), 

there is not sufficient time for complete combustion and the composition of the jets coming 

from the PC has a considerable amount of intermediate species, such as OH radicals. 

In the first scenario, similar to the curve for the throat diameter of 3.3 mm, if mostly 

hot complete combustion products are ejected from the pre-chamber, it indicates that the 
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remaining part of the charge has a similar composition. Once the jets reach the main chamber, 

the main charge ignites. When the flow is reversed, it backflows into the pre-chamber part of 

the charge that is mainly close to the nozzles. In the second scenario, more likely the blue 

curve, the short residence time and low peak pressures may produce jests with compositions 

rich of intermediate species. Once backflow happens, some of those intermediate species, 

along with combustion products and a minor quantity of fresh charge of CH4/air are pushed 

back to the pre-chamber and those are accumulated back inside the pre-chamber. Under 

propitious conditions, such as high concentration and high temperature, this “pool” of radicals 

reacts and promotes a secondary heat release. This may help to explain the wiggly behavior of 

the black and blue curves after the PC downfall pressure event.  

In summary, once the pre-chamber charge ignites, the flame initiates, propagates, and 

starts pushing some of the fresh air in front of it towards the main chamber. The flame travels 

and eventually reaches the nozzle region. Given both scenarios, the main chamber ignition is 

triggered by a combination of hot radicals or simply by hot complete combustion products. 

Muller at al. [5] conducted a numerical exercise showing the importance of thermal and active 

radical effects main chamber ignition.  

Since TJI aims to enable the possibility of faster and leaner burning of the main 

chamber charge, the first step analysis is to examine the response of the main chamber. A fast 

pressure rise indicates a fast consumption of the main charge, while a rather slow pressure rise 

indicates the opposite. In addition, the highest pressure achieved in the MC indicates whether 

all the main charge was successfully ignited and was self-sustaining until complete combustion 

was achieved.  Figure 4.4 (b) depicts the main chamber pressure curve for all three throat 

diameters. In general, all three setups yielded similar results in terms of pressure rise rate and 



41 
 

 

highest peak pressure. Although the slight higher slope for larger throat diameter suggests that 

not only the velocity but also the jet composition leaving the pre-chamber influences the 

burning rate of the main charge.  

By design, pre-chambers are meant to improve the combustion of ultra-lean mixtures. 

In this particular case, where the charge is not ultra-lean, the results indicate that the main 

chamber charge ignition is weakly influenced by the jet composition. However, the observed 

result would be different if the pre-chamber had been operated in active mode, with ultra-lean 

composition in the main chamber, and close to stoichiometric for the pre-chamber.  

  

4.3.2 Effect of Nozzle Diameter 

 

The main chamber ignition and consequent flame propagation are enhanced by 

increasing turbulence; the pre-chamber jets also carries momentum and transfer it to the main 

charge. As of general knowledge, smaller diameters are expected to yield higher jet speeds. 

The geometry having the throat diameter of 5.3 mm, was simulated with 3 different nozzle 

diameters (Figure 4.5). The figures in the top left corner of Figure 4.5-(a) indicates the nozzle 

diameters in the same sequence as in the legend. 
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                                                           (a)                                                                                       (b) 

Figure 4.5 - Effect of nozzle diameter in (a) pre-chamber pressure and (b) main chamber pressure 

 

The pre-chamber pressure traces are shown in 4.5-(a). It is observed that indeed the 

nozzle area contributes to the pre-chamber combustion characteristics. Additionally, the 

smaller nozzle area effectively contributes to larger residence times, and therefore a higher PC 

peak pressure (more mass is trapped while the charge keeps reacting). By now, it is noticed a 

clear connection between those two events. As previously reported, higher PC residence time 

tends to yield more complete combustion products as compared to smaller PC residence time. 

This directly dictates the composition of the jets, which are discussed in the following sections. 

Therefore, changing the diameter of the nozzle does not only change jet speed but also leads 

to a different composition.  

Although the PC geometry and combustion characteristics were altered, the main 

chamber response is minimally affected (4.5- (b)). As reported in the previous section, once 

high-temperature intermediate species or hot combustion products arrive at the main chamber, 

they serve as ignition sites. Since the main charge is homogeneous and within the ignition 
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range, it ignites when triggered by hot products or radical, or a combination of those. A smaller 

nozzle area enhances jet speed, while a large nozzle area promotes the exit of more radicals. 

The contribution of each of those mechanisms has to be assessed in an isolated way to carefully 

ensure the contribution of each. This will be addressed in future studies. 

 

4.3.3 Effect of Nozzle Length 

 

Although intuitively it seem that the slight change in nozzle length may not be reflected 

in the pre-chamber characteristics, it was addressed here. The present set up was assessed by 

having three different nozzle lengths: 2 mm, 1.5 mm and 1 mm. Those are shown in the top 

left corner of Figure 4.6-(a), in the same sequence as of the legend. The main idea behind 

looking at the influence of the nozzle length is the fact that any pre-chamber design can have 

its throat machined to a larger dimension; by doing that, the nozzle length decreases.  

                                                         (a)                                                                                               (b) 

Figure 4.6 - Effect of nozzle length on (a) pre-chamber pressure and (b) main chamber pressure 
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Although there was a change of 100% between two limiting values of nozzle length, it 

could be observed minor impact in the pre-chamber response. Moreover, the relation is not 

directly or inversely proportional and therefore a careful future assessment has to be conducted, 

in a simplified geometrical configuration instead of 12 nozzles. Furthermore, compared to the 

other two variables assessed, the nozzle length showed minor influence in the pre-chamber 

response. Thus, the design process must further prioritize a larger wall thickness to improve 

the strength and reliability of the pre-chamber component. 

  

4.3.3 Detailed Analysis 

 

4.3.3.1 Coupling between PC Residence Time and Heat Release 

 

Among all the cases present, two cases were chosen for a detailed description of the 

combustion progression. Given the difference shown for each of the parameters, it was 

observed the considerable impact of the throat diameter in the pre-chamber behavior. 

Considering the manufacturing feasibility, the pre-chamber with 3.3 mm throat diameter and 

2 mm nozzle length (narrow throat), if internally drilling the throat by 2 mm, would become a 

5.3 mm throat diameter with nozzle length 1 mm (large throat). Moreover, since nozzle length 

showed minimal influence compared to the pre-chamber throat, those two cases are then 

compared.  

Figure 4.7 shows a zoomed view of the pressure curves for both the pre and main 

chamber in the same plot. This allows a comparison of the pre-chamber behavior and its 

coupling with the main chamber. The throat diameter showed a major impact on the pre-

chamber peak pressure. Furthermore, this pressure build-up in the PC is indeed coupled with 
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the residence time; if the reacting mixture is trapped for more time, it is expected a higher 

pressure build-up. However, the start of ignition in the main chamber is the same, indicating 

that the main chamber mixture starts its ignition even though the jet characteristics are 

different. As previously stated, this is mainly due to the high reactivity of the main charge 

(which is not ultra-lean) and ignites readily. 

 

Figure 4.7 - Narrow and large throat pressure curves for pre-chamber (PC) and main chamber (MC) 

 

Considering the shorter residence time for the large throat case, it is expected the pre-

chamber mixture to have less time to react as it flows out towards the main chamber. Figure 

4.8 shows the integrated heat release yielded by both designs; the narrow throat PC has higher 

values within the window of time (from spark timing (-15 CAD) until the (FR 2) event). One 

remarkable behavior in the pre-chamber is that once backflow starts to take place (time after 

FR 2), there is additional heat release. Under the current assumption, the backflow pushes into 

the pre-chamber a mixture composed of fresh charge, partially and combustion products. 

Therefore, the additional heat release is attributed to the completion of the reactions that were 

first started, plus some enhancement provided by the backflow composition. 
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Figure 4.8 - Pre-chamber integrated heat release BTDC 

 

4.3.3.2 Species Formation and Initial Backflow 

 

  As discussed, the pre-chamber pressure build-up and its characteristic residence time 

largely affect the combustion products being generated inside the PC and subsequently issued 

to the MC. As of interest, the species being supplied to the main chamber before the flow 

reversal to the pre-chamber indicate the composition of the jets, although they might vary in 

time due to evolving kinetics and pressure variation. Figure 4.9 shows the main species formed 

in both cases, emphasizing their respective indications of when the flow reverts into the pre-

chamber. The plots show the mass fraction considering the instantaneous total mass, meaning 

that at each time step the mass fraction is calculated considering the updated value of total 

mass. 
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                                                              (a)                                                                                        (b) 

Figure 4.9 - Main species for (a) narrow throat and (b) large throat pre-chamber geometries 

 

As a general trend, it is noticed that the combustion products are first generated, then 

there is a decay of their values once they start to be ejected from the pre-chamber. Further, the 

flow reverts to the PC causing an increasing trend again. It is identified that the species rate of 

formation follow the pressure and thus a slower consumption of CH4 for the large throat 

diameter is observed. By sweeping through the time steps from ignition (-15 CAD) and before 

FR2, it is clear that the jets being issued form the pre-chamber do not always have the same 

composition, having CO2 to OH ratio increasing as time progresses. Therefore, it is expected 

that the early stages of the jet have a bigger influence in igniting the main chamber charge. 

Although the global OH values for the narrow throat geometry are higher, they are mostly 

concentrated in the uppermost part of the pre-chamber (Figure 4.10), while the nozzles and 

therefore the jets have a lower OH concentration for the narrow throated design.  
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(a) 

 

(b) 
Figure 4.10 - OH mass fraction at -8 CAD for (a) narrow throat and (b) large throat 

 

Considering the CO2, for the narrow throat, its amount changes minimally after the 

second backflow event happens, which indicates that most part of the charge was fully burned 

before FR 2. Consequently, the early stages of the flow coming back contains mostly 

combustion products (for the narrow throat geometry). On the other hand, for large throat 

geometry, there is a substantial increase of CO2 level after FR 2, which comes from both: 

completion of the combustion of pre-chamber charge, plus products coming from the main 

chamber. Besides, the OH curves add information. For narrow throat case (big residence time) 

the peak of OH happens while the jets are being issued form the PC. Conversely, for the large 
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throat (low residence time) case, the OH peak after backflow is already taking place; this is a 

consequence of burning the remaining PC charge, plus the species carried into the PC due to 

backflow. 

4.3.3.3 Secondary Heat Release or Reignition 

Advancing in time, while the main chamber combustion is still happening, it is 

expected continuous backflow towards the pre-chamber. Figure 4.11 below shows the OH 

mass fraction at -3.5 CAD before the top dead center (BTDC) for both pre-chambers. As 

shown, the connection between pre and main chamber is always open, and simplistically, the 

pre-chamber also works like a big crevice volume once the FR 2 is achieved. Eventually, the 

backflow pushes into the PC a complex mixture of radicals. Figure 4.11 shows, in the upper 

part of the pre-chamber, flow-related patterns (just above the throat) that indicate that OH is 

being pushed into the PC. 

 

 

(a) 
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(b) 

Figure 4.11 - OH mass fraction at 5 CAD for (a) narrow throat and (b) large throat pre-chambers 

 

 It is expected that under appropriate conditions of temperature, pressure, and 

composition, the accumulated charge in the pre-chamber may reignite spontaneously, leading 

to a secondary heat release (the primary pre-chamber heat release was the one triggered by the 

spark plug). This hypothesis is further analyzed by looking at the heat release profiles for the 

pre-chamber (Figure 4.12). For both designs, their respective second flow reversal events are 

marked. It is appreciated that once the flow starts to be pushed back into the pre-chamber there 

is another event releasing heat. As for future work a careful analysis has to be done for mapping 

the rich OH areas and determine exactly where this secondary heat release is starting (whether 

in the throat, close to the spark plug – which is hotter). 
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Figure 4.12 - Rate of heat release for both pre-chamber designs 

 

Not shown here, but it is verified that the backflow from main to pre-chamber 

continues. Therefore, there is some partially combusted mixture trapped inside the pre-

chamber. If that mixture cannot be further reduced to complete combustion products, it is 

expected a significant amount of unburned hydrocarbons being flushed out during the exhaust 

stroke. This would lead to significant low combustion efficiency. 

 

4.3 Summary  

 

The sensitivity of pre-chamber combustion behavior to basic design parameters, such 

as throat diameter, nozzle length and nozzle diameter, was investigated through parametric 

simulations. It was found that the throat diameter has a major impact on the pressure build-up 

and residence time. The nozzle diameter was found to impact both the peak pressure and 

residence time and therefore has to be considered as an important design variable. A relatively 
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minor impact came from the nozzle length, for which the pressure peak and residence time did 

not follow a clear trend as the throat diameter and the nozzle diameter. Thus, the nozzle can be 

designed slightly larger in favor of its superior mechanical integrity. 

It was found that there exists a strong correlation between the peak pressure, residence 

time, and heat release in the pre-chamber performance. It was shown that the jets issued from 

different pre-chamber designs are different, and that the amount and spatial distribution of 

radical species differ significantly and affect the combustion characteristics. This indicates that 

any flow field perturbation significantly affects the pre-chamber overall behavior. In addition, 

part of the charge in the main chamber, specifically in the vicinity of the nozzle, is the gases 

to be pushed back into the pre-chamber. Therefore, the temporal evolution of the composition 

in that region must be accurately described to predict the composition inside the pre-chamber 

and its subsequent combustion behavior. This showed profoundly impact the second heat 

release within the pre-chamber. 
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Chapter 5 

 Physical Description and Validation of Active Pre-Chamber 

Combustion Systems 

The current chapter is dedicated to validating and describing an active pre-chamber system 

under different conditions of fueling and intake pressure. This is the starting of an extensive 

future effort towards predictive modeling of pre-chamber combustion systems. The initial 

description of such a system requires to predict the fuel distribution of the charge that was once 

injected through the pre-chamber, followed by analyzing conditions at spark timing, and finally 

describing and predicting the overall combustion behavior. For this matter, three data points 

were considered as described below in Table 5.1: 

Table 5.1 - Validation matrix 

Case Intake pressure (bar) λMC CH4 mass injected in the PC (mg/cycle) 

1 1.5 1.65 5 

2 1.5 1.54 1 

3 1.7 1.93 5 

 

 Initially, it is of fundamental importance to evaluate whether the injection strategy 

adopted was able to enrich the pre-chamber and whether all the fuel was kept inside the PC or 

some of it was leaked to the main chamber. In the current injection strategy, the start of 

injection (SOI) is -360 CAD, which corresponds to the top dead center position. By choosing 

this event to happen while having a negative pressure gradient between PC and MC, 

substantially help scavenging the pre-chamber; Syrovatka et al. [6] showed the importance of 
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scavenging such a small volume before the combustion event. The duration of injection is 

empirically determined during the experiment to combine low coefficient of variation (CoV). 

This parameter is one way to characterize the cyclic variability in indicated work per cycle. 

5.1 Pre-chamber Injection Event 

5.1.1 Case 1 

 

 All the information regarding the injection pressure, air fuel ration (AFR), injected 

mass, SOI, and duration of injection (DOI) are on the figure. Figure 5.1(a) shows the fuel trace 

quantity inside the pre-chamber; form that it is possible to confirm that not all the fuel injected 

through the pre-chamber remains there, and surprisingly only 24% of the fuel injected remains 

inside the pre-chamber after the end of injection (EOI) and up to the time the piston starts to 

move upward again (compression stroke, which starts at -180 CAD). Expectedly, as the 

compression stroke happens, the leaner charge coming from the main chamber effectively 

mixes the with the pre-chamber charge yielding an average λ inside the PC of around 

stoichiometry, as shown in Figure 5.1(b). 

 

 

  

 

 

 

 

 

EOI 

Spark timing 

Figure 5.1 – Case1: (a) fuel amount in the PC and (b) PC lambda 
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 Figure 5.2 shows a weak stratification in the main chamber after the end of injection 

event in the pre-chamber. This strongly indicates that the main chamber flows are sufficiently 

turbulent to almost entirely mix the fuel that spills form the PC to the MC. Once compression 

stroke starts and charge is pushed back into the PC, the parameter that may later affect the PC 

combustion event is the stratification in the pre-chamber, if existent. From Figure 5.3 it is 

noticed stratification inside the pre-chamber, which may be beneficial or not, depending on the 

conditions around the spark plug. This is strongly related to the flow pattern inside the pre-

chamber.  

 

Figure 5.2 – Case1: fuel distribution at the imminence of end of injection in the PC. 
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Considering the hypothesis that if no fuel would be spilled to the main chamber, or to 

exclude the possibility that the fuel would not mix once it reaches the main chamber, the Figure 

5.4 shows what would be the pre-chamber global λ if no fuel had escaped. Comparing Figures 

5.2 and 5.3, it is possible to confirm that once the fuel leak to the main chamber it effectively 

mixes with the main charge.   

 

Figure 5.4 - Case 1: PC lambda if no fuel spills to the MC 

 

Figure 5.3 – Case 1: fuel distribution at spark timing 
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 The current injection strategy adopted in experiments consists of a passively controlled 

type of injection. The check valve that controls the fuel injection in the main chamber is left 

open for a certain time (at a given pressure), while the pressure difference between the pre and 

main chamber is responsible to induce fuel spill from PC to MC. Therefore it is critical to 

observe the pressure difference between chambers. Figure 5.5 shows this difference, 

confirming that this excessive over spill of fuel into the main chamber could be avoided if the 

pre-chamber injection event were delayed to start at about 300 CAD BTDC. 

 

 

 

 

 

 

 

 

5.1.2 Case 2 

 

 It was observed that all cases follow a similar qualitative behavior.  The current 

scenario and the next are shortly discussed. The overall pre-chamber trapped fuel mass follow 

the monotonous increasing trend while fuel is being added. The behavior of methane amount 

is the same as before: increase of methane amount due to addition of fuel, followed by a 

plateau, and a consequent increase as the compression stroke pushes fuel into the main chamber 

Figure 5.5 - Pressure difference between PC and MC 
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(Figure 5.6). Although, the qualitative behavior differs; in this case 60% of the methane 

injected via the PC could be observed there at the EOI. Notice that the λ value for the pre-

chamber increases as the compression stroke happens, indicating the PC mixture is being 

leaned as the leaner MC charge is pushed to the PC (Figure 5.6 - b). 

 

 

 

 

 

 

 

Regarding the stratification, is observed that approximately at the end of injection the 

methane escaped from the PC roams in the MC (Figure 5.7). One of the assumptions is that 

this fuel could not perfectly mix and return to the PC during the compression stroke. Although, 

Figure 5.7 shows that this is not case, and a remarkably homogeneous mixture is observed in 

the main chamber at the time of spark (-15 CAD). Regarding the PC, it has the richest region 

of the domain, and yet stratified. Although, the spark plug is not surrounded by a rich pocket 

and that is undesirable (Figure 5.8); this may cause misfire in real engine applications. 

 

 

 

EOI 

Figure 5.6 - Case2: (a) fuel amount in the PC and (b) PC lambda 
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Figure 5.8 - Case 2: fuel distribution at spark timing 

 

5.1.3 Case 3 

 

With not much left to add, the third scenario has an overall behavior that resembles the 

previous ones, with the PC injection event followed by an overspill of fuel into the main 

chamber. Although, the amount of fuel retained in the PC is 17% of the mass of fuel injected. 

The DOI is shorter, finishing around the highest ΔP between both chambers; due to so, the 

large fuel drop in is observed after EOI. Even though, the behavior of methane amount is the 

Figure 5.7 – Case 2: fuel distribution at the imminence of end of injection in the PC. 
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same as before: increase of methane amount due to addition of fuel, followed by a plateau, and 

a consequent increase as the compression stroke pushes fuel into the main chamber (Figure 

5.9). The qualitative behavior of fuel stratification is not different from the previous ones. 

Luckily, the stratified region conserves the richest pocket (Figure 5.10) around the spark plug, 

which indeed affects the combustion initiation.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

EOI 

Figure 5.9 - Case 3: (a) fuel amount in the PC and (b) PC lambda 

Figure 5.10 - Case 3: fuel distribution at the imminence of end of injection in the PC. 



61 
 

 

As observed, the air fuel ratio inside the pre-chamber follows a non-intuitive relation. 

It is sensitive to amount of fuel injected, interaction with incoming flows though different 

intake pressure, and duration of injection. The decoupling of each of these effects is necessary 

to do a proper analysis and this is the subject of future work. Although, the overall qualitative 

behavior is kept the same throughout the cases; this reinforces the previous chapter findings, 

that the flow pattern inside the PC is governed by its geometry. 

5.2 Combustion Behavior  
 

The previous step is necessary, although there was not experimental data to validate 

them against. To confidently trust the numerical model it is needed to assess measurable 

quantities, such as pressure. Matching the pressure curve serves as a strong indication that the 

adopted modeling strategy can be trusted and indeed predict the underlying physics governing 

the problem. For that, the combustion event of the previous three cases were simulated. 

Initially, all three cases were tested with different reaction multipliers, meaning that each 

reaction rate in the mechanism was multiplied by 1, 2, or 3. It was necessary because from the 

combustion perspective, the current mechanism used is not designed to go to extra lean limits, 

to possibly accommodate extrapolations, it is necessary faster reaction rates. 

Case 1 and 2 are displayed on Figure 5.11 and Figure 5.12 respectively, with the 

numerical result indicated by the reaction rates multiplier and the experimental result are 

discriminated. The combustion cases were simulated from exhaust valve opening (EVO) from 

the previous cycle (165 CAD), allowing for a full exhaust stroke before the fresh charge comes 

in (IVO = -345 CAD) and injection event (SOI = -360 CAD) take place. The exhaust stroke is 

a necessary step in order to minimize the uncertainties of initial conditions and allow for 
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establishment of a flow pattern inside the cylinder and PC, given that the initially it is simply 

quiescent.  

 

                                              (a)                                                                                          (b) 

 

 

 

 

 

 

(c)                                                                                   (d) 

 

 

The overall behavior could be captured without need of reaction multiplier. Thus, for 

the given conditions the chemical mechanism used was capable of predicting ignition event in 

Figure 5.11 - Case 1 combustion validation:  reaction multiplier assessment and (a) PC and (c) MC, 

and validated cases (b) PC and (d) MC 
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a cell level. Another critical step is the transition from pre-chamber to main chamber. As 

expected, the flow conditions in such tiny nozzles are extreme: high velocity, heat loss, nozzle 

to nozzle interaction, possibility of quenching event are just some of possible scenarios.  Even 

though, the current model setup was able to capture these events; therefore, the main chamber 

charge combustion was satisfactorily predicted.  

 

 

 

 

 

 

                                              (a)                                                                                          (b) 

 

 

 

 

 

 

(c)                                                                                   (d) 

 

 

Figure 5.12 - Case 2 combustion validation:  reaction multiplier assessment and (a) PC and (c) MC, and 

validated cases (b) PC and (d) MC 



64 
 

 

Case 3, in Figure 5.13, followed a slightly different behavior. The unity reaction 

multiplier was not sufficient to predict the correct combustion behavior; it was needed a 

reaction multiplier of twice the value given in the mechanism. Both the main chamber and 

main chamber are lean, which is a challenging scenario numerically speaking. The current 

mechanism is not prepared for such condition. Moreover, the current combustion model does 

not include a turbulence-chemistry interaction model; in the real world, the flame propagation 

is enhanced by turbulence, which was mimicked by utilizing faster reaction rates. 

 

 

 

 

 

 

                                              (a)                                                                                          (b) 

 

 

 

 

 

 

 

 

 (c)                                                                                   (d) 

 Figure 5.13 - Case 3 combustion validation:  reaction multiplier assessment and (a) PC and (c) MC, and 

validated cases (b) PC and (d) MC 
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5.3 Summary 

 

The PC fueling strategy showed sensitivity to all parameters involved: PC injection 

duration, SOI, EOI, and duration of injection. It was observed a major fuel overspill from PC 

to MC and it was found to be primarily driven by the large pressure difference between both 

chambers during the initiation of the cycle. The isolation of each of those effect was not done 

in this study and will be subject of future studies. It was found that the PC charge that leaks 

into the MC during the pre-chamber injection event perfectly mixes with the main charge, 

leaving no stratified mixture in the main chamber. 

The pre-chamber charge was found to be stratified. Mostly the throat area has the same 

composition as the MC, but the upper part of the PC conserves a rich gaseous lump. 

Characterizing and controlling the fuel distribution inside the PC is fundamental; if the spark 

plug is surrounded by a mixture that is excessive lean, the initiation of the combustion may be 

difficult, if not impossible. This may help explaining cycle variabilities and even misfire 

observed in experiments of pre-chamber operated engines. 

Regarding the combustion behavior, it was decently captured for lean cases. Although, 

for the ultra-lean case (λMC = 1.93) it was necessary to double the reaction rates. This indicates 

that the combustion model, which heavily relies on chemistry, misses important features for 

lean conditions. Moreover, the discrepancy between experiments and simulations for unit 

reaction rate multiplier may arise from absence of turbulence-chemistry interaction in the 

combustion model. Although, in real scenario, it is well known that turbulence is a major 

enhancer of the combustion propagation. 
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Chapter 6 

 Effects of the Pre-Chamber Mixture Composition on the Main Chamber 

Ignition 

A full cycle simulation starting at exhaust valve opening (EVO) was performed as the 

first step. This was needed to allow a full exhaust stroke followed by a full intake stroke, thus 

excluding any influence of possible error in field initialization. From this step, it was possible 

to calculate the mass of air and fuel inside the PC at spark timing. Having that information, 

just the necessary amount of fuel was added to achieve the desired air/fuel ratio at spark timing 

(-15 CAD).  

Figure 6.1 shows the mass flow rates of CH4 adopted for each active case. The start of 

injection (SOI) was at -130 CAD and lasted for 50 CAD. The SOI coincides with the inlet 

valve closing (IVC), in order to exclude any influence of the inflow coming from the intake 

manifold. 

 

 

Figure 6.1 - Fuel injection rate into the pre-chamber 
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6.1 Model Validation 

Matching the initial and boundary conditions with the experimental conditions is 

challenging due to the limitations in the model as well as to the measurement uncertainties, 

along with the difficulties in instrumenting inside the small PC volume. The temperatures 

adopted for the boundaries were: for the main chamber (liner, piston and head), the commonly 

adopted value of 450 K was used; due to the space constraints, the pre-chamber is expected to 

exchange less heat and so the value of 500 K was kept at its boundaries; for the spark plug, the 

value of 550 K was assumed.  

The effective compression ratio was determined to be 11.4 by matching the motoring 

pressure curve with the experimental data by Hlaing et al. [21]. A passive pre-chamber was 

considered with a homogeneous lean charge of CH4/air at λ = 1.3 being fed at intake port inlet 

boundary (as measured from the emissions). The simulation started at exhaust valve opening 

(EVO), 175 CAD, with quiescent conditions (velocity field was initialized as zero). Note that 

the experimental pressure curve is an average of 200 cycles. The result is shown in Figure 6.2, 

with a reasonable agreement between simulation and experiment. 
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(a) (b) 

Figure 6.2 - Validation of pressure curves in the (a) PC and (b) MC 

 

6.2 General Description of the PC-MC Interaction  

6.2.1 The PC-MC Flow and Pressure Coupling 

 

Figure 6.3 shows the pressure variation in the PC and MC for the validation case. 

Detailed definitions are found in Silva et al. [28] and therefore only a brief description is given 

here. As the piston moves upwards (compression stroke), the main chamber charge is pushed 

into the pre-chamber. As the flame is initiated inside the PC, the pressure build-up effectively 

overcomes the main chamber pressure and the flow direction is reverted, now from PC to MC, 

as indicated by “flow reversal 1”. The pressure inside the PC then builds up and reaches a peak. 

As the jets are issued into the main chamber it ignites the main charge. The subsequent process 

becomes complicated as the PC is completing and the MC is starting combustion. Eventually, 

the MC builds up pressure beyond that in the PC and a “flow reversal 2” (FR 2) event happens. 



69 
 

 

From that point on the PC serves as a passive volume only receiving the combustion product 

gases coming from the main chamber. 

 

Figure 6.3 – Pressure evolution in the PC and MC. 

 

6.2.2 Characterization of the Jet 

 

The PC activity undergoes different stages throughout the jet issuing into the MC as 

shown in Figure 6.4. To characterize different stages of the PC jet, a representative case is 

shown in Figure 6.4, where the maximum temperature in the domain was monitored to identify 

the chemical activities during the jet injection period. By monitoring the cell wise temperature, 

it is possible to identify when the first hot spot arrives at the main chamber, and therefore 

distinguish the cold and hot jet stages. Note that monitoring the maximum temperature in the 

main chamber does not yield information about main chamber ignition mechanism, it simply 

provides the exact time when the cold jet finishes and the hot jet starts.  
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Figure 6.4 - Maximum temperature evolution in the PC and MC. 

 

Starting from the PC ignition, the flame propagation within the PC leads to a pressure 

build-up and first flow reversal (refer to Figure 6.3). The early mixture that is exiting the PC 

into the MC is not composed hot or reacting charge. It is expected that unburned reactants in 

front of the flame are pushed into the main chamber as the upstream hot gases expand. At this 

point, a subtle difference has to be pointed out: if the pre-chamber is operated in passive mode, 

this early ejection (or cold jet) has the same composition as the main chamber one; if the PC 

is active, the composition in front of the flame is richer than the one in the main chamber. 

 

6.3 Results 

6.3.1 Effects of Pre-chamber Mixture Composition 

 

A parametric study was conducted to assess the effects of fuel enrichment in the PC. 

Two additional active cases were set up so that the net λ in the PC is set at 1.0 and 0.7 at 

spark timing. For all three cases, λ in the MC is fixed at 1.3. The pressure curves are 

compared first. Figure 6.5 shows the pressures for both PC and MC for the three cases. For 

the baseline case, in which the PC is operated in passive mode, the overall behavior is well 
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captured as previously proved and this is a result of successful prediction of the combustion 

evolvement. Comparing the pre-chamber curves (Figure 6.5 – a) the passive case has the 

lowest pressure build-up since it is fuel deficient. 

 

  
(a) (b) 

Figure 6.5 - Pressure curve response in (a) pre-chamber and (b) main chamber 

 

The two active PC cases exhibit different pressure curves compared to the passive case. 

The λPC = 1.0 case shows the earliest pressure rise and highest peak, while λPC = 0.7 case 

ignites even later than the passive condition. This is an unexpected result considering that the 

ignition delay times for homogeneous mixtures at λPC = 0.7 and 1.3 are not much different. It 

is conjectured that the combined ignition and flame propagation inside the PC depends more 

than just the global λ , and further investigation is needed in order to understand the detailed 

underlying mechanism responsible for the overall pressure evolution in the PC. On the other 

hand, the pressure curve in the MC, is most advanced for λPC = 1.0, and also an earlier pressure 

rise is noted for λPC = 0.7, which is attributed to the overall mixture enrichment in the MC due 
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to the fuel enrichment in the PC. A more detailed analysis of jet characteristics in different 

stages follows. 

 6.3.2 Jet Characteristics 

 

Figure 6.6 shows the temporal evolution of the maximum temperature in the PC and 

MC. At early stages of flame development inside the PC, the hot product gas expansion behind 

the flame front pushes the mixture in ahead of the flame and part of the unburned rich mixture 

is pushed into the MC. During this time the temperature in the MC remains at the initial 

condition. To visualize this early stage jet behavior, Figure 6.7 show a sequence of 

instantaneous fuel distributions at three nozzle planes. For both enriched PC cases, the ejection 

of unburned mixture is clearly captured. Note that mixing in the outer layer of this cold jet 

creates a composition gradient ranging from λPC to λMC, which subsequently affects the 

combustion characteristics upon ignition of the MC mixture, as discussed in the following. The 

base case (passive) is omitted since it does not present any stratification of fuel in the domain. 

 

Figure 6.6 - End of cold jet stage 
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         (a)                                                                                  (b) 

Figure 6.7 - (a) visualization planes of the (b) cold jet stage 

 

Figure 6.8 shows the instantaneous distributions of the fuel, OH, and temperature on 

the same planes immediately after the MC mixture is ignited, shown as the maximum 

temperature rise in Figure 6.6. The case of lambda 1 is taken as an example; naturally, the 

times are not necessarily the same since the phenomenon discussed manifests in distinct times 

for each case. Not discussed here, the minimal activity of the top nozzles compared to bottom 

nozzles were described by other studies [28, 29]. Therefore a major attention is given to the 

most effective nozzles, meaning the bottom ones. 

Notice that if the pre-chamber is active, the local conditions in front of the jet is 

different from the global conditions of the MC (refer to Figure 6.8). As the hot jet is issued 

form the PC, it starts to decompose the fuel in front of it Figure 6.8-b. This reaction progression 

happens axially (same direction of the jet) and radially (along the cross-sectional area of the 

jet). If close to stoichiometry conditions are placed in front of the jet, it is expected that its 

axial growth develops faster than when the PC is operated in passive mode. This mechanism 

is not alone; the jet penetration is majorly imposed by the upstream bulk of hot gas being issued 
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form the PC with high momentum. Nevertheless, this richer pocket in front of the flame fosters 

the axial propagation over the radial one, and it is expected a thinner plume compared to a 

passive or ultra-rich PC.  

Looking at the mass fraction of OH, it is noticed that at initial stages of jet issuing, the 

upper nozzles, which showed barely any activity (Figure 6.8– b) does not contribute to OH 

into the MC. This indicates that the CH4, which is shown to be absent there, is being converted 

into other radicals, mostly the ones present in the pre-heat zone, given the temperature there to 

be just above 900 K. The bottom nozzles, however, have more prominent activity. Note that 

the OH signal is initially present, and it faints as it penetrates the main chamber. Most critically, 

it forms two separate regions as shown for -9.3 CAD. It is believed to be an artifact of the 

complex jet-flow interaction, which causes the entrainment of a leaner and cooler mixture and 

momentaneously cease or slows the kinetic activity locally. At a later time, this activity is 

recovered as more mass (with all the complex chemistry on it) is being fed axially from the 

main chamber. The temperature contour follows a similar trend to the OH one. Further 

discussion on temperature contours and interaction with the flow is discussed in the following 

section. 

 

(a) 
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                                                                                          (b) 

 

                                                                                          (c) 

 

Among the cases investigated, it is noticed the overall optimal is the PC operated at 

λPC = 1. Although the rate of MC pressure growth for the λPC = 0.7 case is higher (steeper 

slope), it was not enough to compensate for the lag in the initiation of the MC combustion 

activity. This on its own is a strong indicator that the thermal effect of the jet is more beneficial 

compared to having excessive pre-chamber fueling which culminates in lower temperatures 

for the jets. For comparison, the maximum jet temperature can be taken as the initial highest 

Figure 6.8 - Contours of (a) methane, (b) OH, and (c) temperature for lambdas of 1.0, 0.7 and 1.3 
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temperature in the main chamber (Figure 6.6), or in a more conservative way, the average pre-

chamber temperature at the exact time which the cold jet finishes (indicated in Figure 6.8).  

 

Figure 6.9 – Mean pre-chamber temperature as right before the jets penetrates the main chamber 

 

6.3.3 The Flame-Flow Interaction 

 

Expectedly, as a jet reaches another medium, shear driven instabilities develops and 

this mechanism is effective in contributing to the entrainment of the surrounding fluid and the 

formation of a mixing layer. Major practical differences in engine scenario reside on having a 

MC flow which is highly turbulent, thus chaotic, and having a jet that is reacting and with 

variable mass flow rate as the PC pressure and mass is varying over time.  

As the hot jets are issued into the main chamber it immediately starts interacting with 

the main lean charge (Figure 6.10). If the jet has sufficient high temperature and favorable 

chemistry, it triggers the heat release in the main chamber, meaning the MC charge promptly 

starts burning. Some jets may trigger the main chamber charge combustion, while others may 

simply cool down and face difficulty in igniting the main chamber. In the case of λPC = 1 the 
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main chamber charge ignition happens promptly. Although, this is not the case for all 

conditions. 

Random absence of jets is a known phenomenon in PCC, and determining why and 

how the main chamber charge ignites is a remaining challenge. Although, it can be inferred to 

be the result of a complex relation of turbulence-chemistry interaction which may evolve into 

chain branching reaction or be simply suppressed. This not fully understood in literature and 

is  a subject of future investigations using more advanced tools, which allows identification of 

hidden features of the flow, such as principal orthogonal decomposition (POD), dynamic mode 

decomposition (DMD), and ultimately machine learning tools. 

 

                                      (a)                                                  (b)                                                (c)  

 

Figure 6.10 - Jet evolution monitoring via temperature contour (side view) 
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In general, the jet-flame progression evolves as follows (Figure 6.10): the initial hot jet 

reaches the main chamber with high speed and high temperatures and this triggers the main 

charge reaction; at the same time, a cooler and leaner mixture entrains and depending on 

whether it is too excessive or not, it may culminate in a successful or not main charge ignition. 

If the jet core temperature drops substantially, the chemical activity is retarded or even 

suppressed. It may cause local, or in the worst case, global flame extinction. If the jet has high 

temperature and favorable radicals to assist chain branching reactions, it leads to even faster 

combustion enhanced by turbulence. Note that local conditions play a significant role; having 

a close to stoichiometric pocket right in front of the flame and having a jet which is 

continuously fed by the reaction progression on the pre-chamber is indeed be decisive for 

successful combustion of the MC charge. 

As the jet penetrates the MC, it is wrinkled and the flame front warp around a cooler 

and leaner pocket forming a complex reacting structure. At later times, the axial growth is 

decelerated since the rich pocket in front of the flame (in active cases) was already consumed. 

Since no preferential growth driven by local enrichment is present anymore, the radial growth 

is increased in a way to conserve the momentum that is being brought by the upstream bulk. 

Even when one of the jets had difficulty in igniting the charge, it is later assisted by the radial 

growth of the neighboring jets. Yet to be investigated, the jet-flow interaction may eventually 

evolve into jets with mushroom-like shapes or balloon-like shapes, as observed in Figure 6.14. 

Similar behavior was observed by Bolla et al.; however, the fundamentals of  a reacting jet-

flow interaction is still missing [30]. 
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Figure 6.11 - Jet evolution monitoring via temperature contour (bottom view) 

 

6.3.4 Heat Release Rate 

Analysis of the heat release conveys global information about the combustion 

progression and the interaction of both chambers. Figure 6.12 and Figure 6.13 refer to PC and 

MC respectively. The phasing and the peak of PC heat release rate (HRR) follow the same 

trend as the pressure curves, although the peaks of pressure do not match the peaks of heat 

release rate; the peaks in HRR happen before (about 1.3 CAD) of the pre-chamber peak 

pressure. Expectedly this is because the piston is completing the compression stroke, thus 

moving upwards and resisting the flow coming from the PC. Observe that the PC HRR is 

composed of two peaks: one while the PC is in its jet issuing stage, and a minor second one, 

which happens after the flow reversal 2 in all the cases. Details of this phenomenon is found 

in Silva et al. [28]. 
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The PC operated at stoichiometric condition, with best suitable conditions for 

combustion culminates in expressively fast and high heat release. The secondary peak, a result 

of the backflow, also happens before the others, which is another way of confirming that the 

main chamber charge had ignited before for that condition. For the case with excessively rich 

pre-chamber (λPC = 0.7) the initiation of heat release is delayed and also its peak is the least 

prominent. The delay mainly comes from the ignition chemistry; as the piston continuously 

moves up it is bringing in additional leaner mixture to dilute that highly rich bulk of air/fuel, 

but it is still oxygen deficient. 

 

 

Figure 6.12 - Pre-chamber heat release rate 

 

More conclusions of the overall behavior of the system are drawn from the main 

chamber heat release rate (Figure 6.13). As expected, the PC with stoichiometric AFR is be 

the first one to trigger the main chamber activity. Note that the monotonous rise behavior is 

perturbed at some point for all the 3 cases. For the case with lambda PC = 1, for example, there 

is a significant drop of the HRR right after -6.9 CAD, reaching a local minimum. Noticeably, 
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the monotonous break happens exactly at the time which the jet plumes hit the piston and 

therefore start losing heat (see Figure 6.14); the exact times are dotted in Figure 6.13. This is 

the result of an imbalance between heat transfer and heat released by the combusting jet. 

However the behavior is not exactly the same for lean and rich cases; their monotonous 

behavior of the HHR is less affected. Coincidently, their jet plumes are wider thus the area 

touching the walls represents a minor part of the plume area. To mention, Figure 6.14 shows 

three contours: one covering the thin reaction zone ranging from 1500-2000 K (which is 

confined to a tiny spatial distribution), and another one of 950 K which is more representative 

of the pre-heat zone. 

 

 

 

Figure 6.13 - Main chamber heat release rate 

 

Note from Figure 6.14 that the jets at the moment of touching the wall present various 

topologies. In the case of passive pre-chamber, the jet has no favorable ignition direction in 

terms of fuel stratification. On the opposite, for the rich pre-chamber, the excessive CH4 poured 

into the MC during the cold jet stage, roams around the hot jet and both radial and axial 
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propagation are favored. The latter case may still lead to an uneven fuel spill during the cold 

jet which leads to uneven jet appearances. In those two cases the overall resulting jet is wider. 

In between, when the PC is operated at stoichiometric conditions, the propagation inside the 

PC is more homogeneous, causing a more even distribution of jets. These jets also show higher 

axial growth and therefore less surface to loose heat initially. If for example, the event marked 

with a red dot in Figure 6.13-a could be delayed, it could yield more heat release and thus more 

prominent pressure build up, eventually leading to higher work output. 

 

(a) 

 

 

(b) 
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(c) 

Figure 6.14 - Bottom view of the jet development 

 

6.4 Summary 

 

The influence of fuel enrichment in the PC compared to the passive mode operation 

was studied. The different compositions in the PC were found to majorly impact in the overall 

system performance, in both PC and MC. It was found that the excessively rich PC does not 

necessarily yield the optimal results; instead, a pre-chamber operated with stoichiometric 

conditions at spark timing was found to be the best among the three tested cases. The active 

control of the PC was shown to enable a good command of the pressure response, although the 

fuel distribution inside the PC is not homogeneous. 

Detailed investigation was conducted at various stages of PC jet ejection into the MC. 

It was found that the upstream flame propagation forces some of the PC mixture to leak to the 

main chamber, creating localized rich regions in the MC.  This local rich mixture facilitates 

the combustion of the MC mixture. The overall MC combustion is found to be complex, 

influenced by the turbulent mixing and local cooling, and possibly local quenching events. The 
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detailed interaction of mixing and combustion in the MC is not fully understood and is subject 

of future studies. Finally, it was shown that the monotonic variation in the heat release rate in 

the main chamber is no longer valid once the combusting jets hit the piston crown, further 

complicated by the heat losses. 
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Chapter 7 

 Conclusions and Future Work 

Basic design parameters for pre-chamber, specifically throat diameter, nozzle length 

and nozzle diameter were initially investigated. All three impacted the PC combustion 

behavior, although the pre-chamber accounts for small portion of the volume of the system 

considering PC and MC all together. The MC combustion behavior also showed sensitivity to 

it, especially because the composition of the jets going into the MC were affected.  Mainly, the 

system showed higher sensitivity to the throat diameter. The assessment of PC design via trial 

and error or simply intuition is challenging and impractical. As a future approach, a systematic 

design of experiments will be adopted, aiming towards an optimization study along with a 

machine learning (ML) framework. A well trained algorithm must yield design candidates 

which may help achieving the ultima goal: stable lean combustion, low emission, and fuel 

savings. A careful analysis of the ML study will help further correlating the best results with 

practical and fundamental quantities: design variables correlation, PC composition and 

stratification, jet temperature and composition, and the role of the PC gas turbulence intensity. 

Secondly, the fueling strategy and stratification was analyzed. It was found that the fuel 

trapped inside the PC is greatly affected by the injection strategy and the pressure difference 

between pre- and main chamber. In literature there is not a general relation coupling all the 

variables: PC volume, MC volume, intake pressure, amount of fuel injected via the PC, residual 

EGR inside the chamber, PC injection timing, and PC injection duration. From the engineering 

point of view, having such a relation will enhance the fidelity of 1D models currently used; the 

3D simulations shown in this work will help creating and validating such a relation. The major 
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goal in this exercise will be to predict the fuel distribution inside the PC with minimal 

computational resource, via a general relation. 

The combustion physics of active pre-chamber was decently captured. For lean cases, 

the chemistry-based combustion model was able to capture the overall trend. The modeling of 

ultra-lean cases is still a challenge; the ignition of the main chamber mixture could only be 

possible by having faster reactions. It is still not clear how the chemistry-flow coupling 

enhance combustion in such extreme conditions. Future studies will focus on understanding 

this phenomenon and implementing models that can account for turbulence assisted 

combustion. Desirably, the goal is to determine whether the deficiency in ultra-lean conditions 

relies on chemistry or in the physical models. 

The last exercise investigated the enrichment of the PC. The composition and 

stratification of fuel inside the pre-chamber impacted the system’s behavior. The PC 

enrichment on its own cannot be used to describe the combustion behavior; the stratification 

also fundamental. The coupling of those is not fully understood and will be studied in the 

future. Moreover, the literature lacks on quantification of the contribution of thermal, radical, 

and turbulence effects. Creating a generalized chart, that encompasses all these effect is a future 

target. Linking these to fundamental quantitates, such as composition, jet Reynolds number, 

Damköhler number is the ultimate goal. 

Local enrichment in the MC caused by the upstream hot gases expansion in the PC was 

found. As the PC charge burns and the upstream gas expands, it transports part of the 

downstream mixture into the MC. Until now, it was believed that part of the PC fuel would 

leak to the MC, creating a stratified mixture, rather than a rich pocket of fuel being transported 

during the PC combustion. Both effects would facilitate the MC combustion, although the latter 
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one is believed to describe the rights physics. It is not fully understood how beneficial this 

phenomenon can be, and how rich it would ideally be in order to enhance the MC combustion. 

Understanding the role of the local enrichment is critical to explain how the flame transitions 

from pre-chamber and eventually propagates into the MC or reignites its charge. 

The combustion was modeled as a homogeneous 0D reactor at each computational cell. 

The limitation is the absence a flame speed correlation, therefore, heavily relying on the 

chemistry. A more rigorous validation is necessary in the future, by cross validating with a 

combustion model which includes a flame speed correlation, such as the G-Equation model. It 

will improve the understanding of flame propagation from PC to MC and decouple it from the 

possible autoignition of the main charge as the flame may quench in the nozzle and bring a 

cloud of hot radicals with it.  
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