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Abstract

In the current work, the combustion process inside a stratified pre-chamber ignition system

is analyzed. The pre-chamber is installed on a Rapid Compression-Expansion Machine (RCEM)

and runs at different combinations of fuel-air equivalence ratio in the main chamber as well as

in the pre-chamber, which is controlled by a fuel injection during the compression stroke. In

order to analyze the results in detail, a zero-dimensional model for the pre-chamber is proposed.

First, a K-k-ε model is developed and calibrated according to three-dimensional simulations in

motoring conditions performed in a Computational Fluid Dynamic solver (Converge). Then, a

thermodynamic model including the mass exchange between both chambers as wells as the heat

transfer losses to the walls is used to compute the instantaneous heat release rate in the pre-chamber.

Both pieces of information are combined to evaluate the effective flame propagation speed, and also

to decouple the effects in terms of laminar flame speed, turbulence-flame interaction and gas velocity

due to expansion effects in the burned products. The flame speed values obtained are consistent

when the equivalence ratio in the pre-chamber is maintained, regardless the conditions in the main

chamber, while a significant deterioration is seen once lean operation appears in the pre-chamber.

Finally, the flame speed is compared to an average propagation speed estimated from broadband

chemiluminescence visualization tests, showing good consistency with the model predictions.
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1. Introduction.

Due to the increasing concern on global warming and climate change [1], researchers focused

their attention on strategies to decrease fuel consumption and emissions in internal combustion

engines. For direct-injection engines, multiple studies have analyzed the fuel injection operation,

with the aim of analyzing the impact of the injector technology on its hydraulic performance [2, 3].

Other works have studied in detail the flow characteristics inside the injector, with particular focus

of the nozzle [4], and its impact on the initial spray formation [5, 6]. In the case of spark-ignition

engines, Banerjee et al. [7] studied the primary spray atomization. Pickett et al. [8] focused in the

interaction between the different spray plumes, critical to understand the principles of the so-called

spray collapse. Zeng et al. [9] studied the interaction between air flow and the gasoline spray

development, while Peterson et al. [10] focused on the subsequent flame propagation.

In this sense, different kinds of numerical and experimental tools have been developed for the

analysis of fuel injection and combustion processes. Simplified zero and one-dimensional models

have been widely used to characterize macroscopic parameters [11, 12]. However, in the recent years

more advanced methodologies such as Large Eddy Simulation (LES) [13, 14] and Direct Numerical

Simulations (DNS) [15, 16] have been also used for the combustion analysis. Finally, different optical

diagnostics [17, 18, 19] have also allowed the characterization of such processes from experimental

side. The combination of all these techniques has proven to be a successful strategy for achieving

a complete understanding of the complex phenomena involved with engine combustion.

Regarding the combustion strategies, several works explored low-temperature combustion modes

based on autoignition of totally (Homogeneous Charge Compression Ignition) [20] or partially (Pre-

mixed Charge Compression Ignition) [21, 22] homogeneous mixtures. However, another way to ac-

complish these goals is operating the spark ignition engine under lean or diluted combustion mode

[23, 24]. Nevertheless, such strategy opens many challenges on the ignition limits [25], the initial

flame kernel development [26], the flame propagation [27, 28], and consequently on the combustion

stability [29].

Pre-Chamber Spark Ignition (PCSI) system aims at overcoming these limits by replacing the

spark plug with a small volume pre-chamber. The pressure rise due to the combustion development

forces the pre-chamber active radicals and hot products to discharge through the nozzle into the

main chamber [30] at high velocity. The turbulent jets entering the main chamber act as ignition

sources, promoting fast burn rate of the charge thanks to the combination of high turbulence
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intensity and multiple ignition points. Generally, the system is able to work under two different

strategies: homogeneous or stratified mixture. In the first case, the pre-chamber is filled during

the compression stroke with the homogeneous fuel-air mixture previously available in the main

chamber. Under the stratified mode, an auxiliary fuel injection is done inside the pre-chamber

during the compression to accurately control the equivalence ratio.

Attard et al. [31] demonstrated the potentiality of the PCSI system under stratified operation

mode with different liquid and gaseous fuels. The combination of liquid gasoline (main chamber

fuel) and gas propane (pre-chamber fuel) showed the best results in terms of leaner operation (maxi-

mum lambda at 2.1) while ensuring combustion stability. Attard et al. showed that the combustion

system can also operate with a single fuel keeping high performance [32]. Furthermore, these exper-

iments incorporated the variation of parameters such as the spark plug type, location, orientation

and electrode gap. Results highlighted that only the spark plug depth slightly affected the capabil-

ity to operate in lean conditions [33]. Coelho et al. [34] confirmed the system advantages, linked to

a NOx, CO2 and CO emissions reduction, although warned about an HC increase under ultra-lean

strategies. Bunce et al. [35] and Korb et al. [36] performed optical and metal single-cylinder engine

experiments to better understand the dynamics of interaction between both chambers. Jamrozik

et al. [37] combined experimental tests on 2 stage PCSI engine powered with LPG gas with numer-

ical simulations, providing data on spatial and temporal distributions of turbulent kinetic energy,

pressure and temperature for different nozzle diameters. To fully understand how the PCSI system

works, more basic studies have been performed on Rapid Compression Machines (RCM) [38] and

Rapid Compression-Expansion Machines (RCEM) [39]. Gentz et al. identified the nozzle orifice as

a critical parameter for the ejected jet shape and structure by carrying out optical tests varying the

diameter of the orifices under the homogeneous [40] and stratified [41] strategies. They highlighted

that only under stratified mode a significant extension of the ignition limits occurs. Gholamisheeri

et al. [38] extended previous studies under leaner conditions linking Mach and Reynolds numbers

with the jet penetration. Moreover, they completed the analysis combining numerical simulation re-

sults with experimental optical tests, analyzing pre-chamber mean velocity, turbulent kinetic energy

and temperature fields [42, 43].

It is important to point out that all the benefits in terms of the flame speed, combustion

time and ignition enhancement, mainly depend on the pre-chamber combustion process. Bardis et

al. [44] developed a 0D model for pre-chamber gas engine modifying the energy cascade (K-k-ε)
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equations from Fogla’s turbulence model [45]. Their work took also into account the turbulent

kinetic energy dissipation through the pre-chamber walls introduced by Borgnakke [46] and Achuth

[47]. Furthermore, Bardis adapted Bargende’s correlation [48] to improve the heat losses prediction

by associating the characteristic velocity to the gas orifice velocity. Nevertheless, the analysis

was limited to the compression stroke before combustion took place. Cruz et al. [49] developed

a zero-dimensional code for the thermodynamic analysis of a pre-chamber ignition engine using

Wiebe functions to replicate the heat release inside the pre-chamber. Hiraoka et al. [50] analyzed

the pre-chamber induced combustion using a phenomenological 0D model using gas jet theory to

evaluate the turbulence of the gas ejection from the pre-chamber. Bozza et al. [51] proposed a

quasi-dimensional model for stratified pre-chamber engine, combining a geometrical model for the

flame surface estimation with a previously developed combustion fractal model [52, 53]. The model

has been validated against single-cylinder research engine results, showing good accuracy in terms

of the pressure evolution in both chamber under several operating conditions.

In the current work, a zero-dimensional model for the evaluation of turbulence intensity, combus-

tion velocity and heat release rate in the pre-chamber is developed. The model starts from Bardis’

[44] K-k-ε turbulence model, with some adaptations based on the analysis of the flow field for the

layout under investigation. The model constants are adjusted with the help of 3D-CFD simulations

in motoring conditions (i.e. without the activation of the spark plug and subsequent combustion

development). Then, the mode is coupled to a turbulent premixed flame model, adapted from the

work of Kolla et al. [54] for spark-ignition engines, in order to evaluate the flame propagation

inside the pre-chamber. The model results have been validated based on both the heat release

rate analysis and broadband chemiluminescence visualization of the flames at the outlet of the

pre-chamber orifices. The experimental matrix includes a variation of the fuel-air equivalence ratio

in the pre-chamber (in the range of 0.9-1.1) as well as in the main one, covering lean (equivalence

ratio 0.5) and ultra-lean (0.3) conditions.

As far as the paper structure is concerned, Section 2 thoroughly describes the experimental setup,

including the details of the pre-chamber layout, the RCEM and the optical diagnostics used. The

description of the 0D turbulent model and its tuning against 3D-CFD results in motoring conditions,

including a sensitivity analysis to the parameters in the 0D model, is performed in Section 3. Section

4 presents the extension of the model to evaluate the turbulent premixed flame speed and the heat

release rate in both chambers. The validation of this model against the visualization tests, and the
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analysis of the influence of the boundary conditions in the combustion characteristics is performed

in Section 5. Finally, the main conclusions are drawn in Section 6.

2. Experimental setup.

The experimental campaign has been performed in a Rapid Compression-Expansion Machine

(RCEM) available in CMT-Motores Térmicos laboratory. In this section, the RCEM working

principles, the equipment and instrumentation used, the test matrix and the methodology followed

are described.

2.1. Rapid Compression-Expansion Machine (RCEM).

The RCEM is an experimental facility able to replicate the engine working process during the

compression and initial expansion strokes, but allowing a better control of the boundary conditions.

A sketch of the installation can be seen in Figure 1. The machine is composed of a set of pistons

which are pneumatically driven, while an additional hydraulic circuit is introduced to couple these

pistons and set some of the boundary conditions for the experiments.

Critical combustion parameters such as the compression ratio, the piston velocity (which can be

expressed in terms of an equivalent engine speed), and the maximum distance between the cylinder

head and the combustion piston can be adjusted by varying the oil and air volume. In this way,

the system is able to replicate a wide range of engine layouts and different operating conditions.

The displacement piston controls the initial position of the combustion piston, while the pistons

number 1 and 4 respectively control the compression stroke and allow the balance of the system

inertial forces. The driver piston operates due to the pressure differential between the combustion

and the driving chamber, and is hydraulically coupled to the piston 3 and mechanically coupled

to the combustion piston. The combustion piston has a diameter of 84 mm, and its shape can be

varied by changing the aluminum central part to mimic different engine hardware. Furthermore, it

is possible to replace this aluminum part with a quartz window, allowing to perform optical tests.

More details on the RCEM working process can be found in [55].

In terms of instrumentation, a Yokogawa DL850V high-frequency acquisition system (10 MHz)

records the time evolution of pressure and main chamber volume, obtained by means of Kistler

6045A piezoelectric pressure transducers. These pressure sensors have been calibrated in the RCEM
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in both static and motored conditions before the pre-chamber installation. The calibration con-

stants have been adjusted to obtain the same pressure evolution for different thermodynamic condi-

tions (initial pressure and temperature) and configuration (Compression Ratio). The instantaneous

evolution of the piston position is recorded by means of an electromagnetic ruler and two AMO

LMK102 incremental position sensors, with a resolution of 0.01 mm.

2.2. Combustion System Design.

In the current work, the original layout of the RCEM cylinder head has been modified replacing

the spark plug housing with a pre-chamber, whose details can be seen in Figure 2.

The pre-chamber is screwed on the cylinder head to facilitate a quick switch between different

pre-chamber geometries. The pre-chamber is mounted in the central position of the combustion

chamber and houses the injector, spark plug and the piezoelectric pressure sensor. An NGK (LZK-

RS 106 model) spark plug triggered by a multicharge Delphi ignition system, able to deliver around

80 mJ and 33 kV on maximum performance.

The pre-chamber is connected to the main chamber by means of 6 cylindrical orifices with 1.5

mm diameter and 2 mm length, equally distributed on the perimeter every 60◦ of revolution. The

main chamber inlet angle (defined as the angle between the orifice axis and the pre-chamber axis)

is around 60◦ for all the orifices. The pre-chamber volume is around 2.94 cm3, i.e. approximately

4.5% of the total volume when the piston reaches top dead center.

2.3. Fuel Injection System

For the current study, iso-octane (C8H18) is used as a gasoline fuel surrogate. As mentioned

during the introduction, the PCSI system operating under a stratified strategy needs an auxiliary

injection in the pre-chamber to ensure optimal air/fuel mixture conditions during the spark plug

activation. For this research, two single-orifice common-rail solenoid injectors, one for the main

chamber and another one for the pre-chamber, have been selected and hydraulically characterized

at CMT laboratory by means of an injection rate meter, based on Bosch’s long tube method [56].

Both injectors are fed from a single high-pressure common-rail system. The injectors are driven by

a Genotec trigger/pulse generator. To control low fuel injection quantity a small nozzle diameter

around 0.090 mm has been chosen for the pre-chamber injector. Meanwhile, a bigger nozzle diameter

around 0.156 mm is selected for the main chamber injection. The pre-chamber injection timing has
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been adjusted at a piston position of 87 mm in order to ensure high enough density in the pre-

chamber to avoid wall-wetting issues but maintaining some time for fuel evaporation and mixing

process.

2.4. Broadband chemiluminescence visualization

The transition of the flames from the pre-chamber to the main one, as well as the subsequent

combustion development, have been studied by means of a broadband chemiluminescence visualiza-

tion technique. For this purpose, the central part of the combustion piston has been replaced by a

quartz window, making it possible the visualization from the bottom of a 46 mm diameter section

out of the total 84 mm bore. Regarding the optical equipment, a Photron’s SA-Z high-speed camera

records the images with a temporal resolution of 0.1 MHz (time step of 10 µs), achieving a spatial

resolution of 6.5 pixels/mm. Since the chemiluminescence intensity produced by premixed lean

combustion is low, a high speed gated image intensifier (C1088003F model) is used. A UV-Nikkor

105 mm f/4.5 lens is coupled with the intensifier allowing to capture a broadband light emission

(between 220 and 900 nm).

2.5. Experimental Boundary Conditions

In this section, the experimental matrix will be described. First of all, it is important to

underline that to evaluate the methodology repetitiveness, every single test is replicated 10 times.

All these experiments are performed under the same initial conditions and parameters. Initial

pressure and temperature are fixed on 0.15 MPa and 365 K, respectively. The maximum distance

between the cylinder head and the combustion piston is equal to 120 mm and the driving gas

pressure is set around 2.2 MPa. These parameters lead to a compression ratio and an equivalent

engine speed around 11:1 and 1500 rpm, respectively. In order to ensure homogeneous conditions

at the test beginning, the filling process and the main injection are performed 1 minute before

the slow compression runs. The pre-chamber auxiliary injection trigger is activated by the piston

position during the fast compression. In this analysis, the pre-chamber equivalence ratio impact

on combustion is under investigation by means of auxiliary injection duration sweep. Indeed the

air/fuel ratio in the pre-chamber is controlled by the amount of the injected fuel, depending on the

main chamber’s initial equivalence ratio. Table 1 summarizes the experimental matrix. Moreover,

a flat piston shape is chosen in order to minimize the effects on the geometry into the turbulence

field in the main chamber.
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Table 1: Main chamber and pre-chamber fuel injected mass

φmc [-] mf,mc [mg] φpc [-] mf,pc [mg]
0.5 33.1 1.1 1.9
0.5 33.1 0.9 1.3
0.3 19.9 1.1 3.3
0.3 19.9 0.9 2.0

3. Turbulence modeling without combustion.

The current section describes the numerical models and methodologies used to evaluate the

turbulence evolution inside the pre-chamber in motoring conditions. First, the three-dimensional

CFD model used for the characterization of the turbulence inside the pre-chamber is described.

In particular, the mesh characteristics, boundary conditions and numerical methods selected for

this purpose are summarized. The results of this 3D simulation are the baseline to adjust a zero-

dimensional K-k-ε turbulence model for the pre-chamber, which is described next. The model

includes a compressible nozzle equation that calculates the mass transfer and the velocity through

the orifices communicating the pre-chamber and the main chamber based on the instantaneous

pressure evolution, which is the most relevant source for turbulent kinetic energy generation. Finally,

a sensitivity analysis of the main parameters of the 0D model, and the final comparison against the

full 3D-CFD results are performed.

3.1. 3D-CFD simulations.

The mass flow exchange and turbulence generation inside the pre-chamber during the compres-

sion stroke are first determined by means of a 3D-CFD simulation in Converge [57]. In order to

do so, a detailed mesh of the geometry used for the experiments (further described in Section 2),

starting from the piston position at the start of the experiment (at 120 mm distance from the

cylinder head) is generated.

Once the simulation starts, the temporal evolution of the piston position acquired (depicted in

figure 3) from a motoring test at a 11:1 compression ratio, an initial pressure of 0.15 MPa and

an initial temperature of 365 K are imposed. The main chamber is initialized with an equivalence

ratio 0.5 mixture of air and fuel (iso-octane), representative of an early injection before the rapid

compression starts. Instead, the pre-chamber is assumed to be filled initially with air. The turbu-

lence is modeled by means of a Unsteady Reynolds-Averaged Navier-Stokes (U-RANS) strategy, in
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particular using the so called Rapid Distortion Re-Normalization Group (RNG) k − ε model, with

a second-order upwind numerical scheme. Since the experiments starts with the piston stopped at

its minimum position, so there is no flow in the orifices of the pre-chamber, the turbulent kinetic

energy (k) and turbulent dissipation (ε) are initialized at small values of 1 m2/s2 and 100 m2/s3,

respectively, to take into account the residual flow from the filling process of the cylinder before

the experiment starts. Other physical parameters (pressure, temperature, velocity, etc.) are solved

with a MUSCL second order scheme and using the Pressure Implicit with Splitting of Operators

(PISO) method for convergence.

One of the most important aspects in the modeling of the pre-chamber flow is related to the

mesh characteristics. In particular, the mesh structure and size inside the orifices connecting both

volumes (main chamber and pre-chamber) are critical, since the velocity in these orifices is deemed

to be the main driver for turbulence generation inside the pre-chamber. Additionally, it is necessary

to properly capture turbulence dissipation both inside the flow and around the pre-chamber walls.

In the current simulations, three different conditions for the mesh are imposed after a mesh

sensitivity analysis:

� The parameter ”base grid” represents the initial size of the mesh inside the main chamber.

Based on previous experiences in the literature [43, 58], a value of 4 mm is selected.

� From the base size, a mesh refinement is performed in the walls and volumes corresponding

the orifices and the pre-chamber using the embedding tool, in order to ensure that the mesh

in these critical parts of the geometry is fine enough to capture the main flow features. In

particular, a five level refinement is applied to the orifices and the pre-chamber volume,

reaching a value of 0.125 mm. In the walls of the orifices, the refinement was done with one

step more, leading to a minimum cell size of 0.0625 mm.

� Finally, an Adaptive Mesh Refinement (AMR) criteria is imposed, where the mesh is refined

as long as a gradient of 0.1 m/s between adjacent cells is reached, again with a minimum

value of 0.0625 mm.

In order to find these values, a mesh sensitivity analysis was preliminary performed. This

information is presented in Figure 4 in terms of the evolution of the total mass inside the pre-

chamber during the compression stroke. This mass is mainly a consequence of the velocity through
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the orifices, which is affected by the quality of the mesh in the orifices and their vicinity. For

this reason, the number of cells is changed by inducing variations in the embedding and AMR

parameters, while the base cell size inside the main chamber is kept constant. As it can be seen, the

pre-chamber mass always increases as a finer mesh is used. However, it has to be considered that

the variation between the final two meshes is small, while further refinement of the mesh would

imply a significant increase in computational cost. For this reason, the decision was to proceed with

the last of the configurations presented, leading to a total of approximately 1.8 million cells at the

spark timing. The structure of the chosen mesh around one of the orifices can be seen in Figure 5.

Finally, the results of the simulations are validated against the experimental operation of the

RCEM in Figure 6. In this chart, the evolution of the pressure in the main chamber is depicted in

blue color, while the pressure in the pre-chamber is shown in orange. Additionally, the experimental

trace is presented in continuous lines, while dash lines are used for the modeled results. As it can

be seen, there is almost a perfect match of the evolution both at the start of the rapid compression

as well as in the vicinity of Top Dead Center (which is the most relevant region, since it is when

the combustion in the pre-chamber takes place). However, between 12 and 16 ms there is a slight

underestimation of the pressure evolution. It has to be noted that this region corresponds to the

maximum piston velocity operation. On the one hand, higher velocity means higher uncertainty in

the piston position acquisition and, on the other hand, the piston is more subjected to mechanical

deformations induced by inertial terms [59, 60]. The pressure ratio between main chamber and

pre-chamber (depicted on the bottom side of figure 6), which is the physical parameter driving

the velocity through the orifices, is anyway almost equal to the experiments along the complete

simulation (maximum deviation less than 1%).

3.2. Zero-dimensional turbulence model.

In order to perform a detailed analysis of the combustion development in the pre-chamber, it is

necessary to evaluate separately the effects from the pre-chamber composition and the thermody-

namic conditions (mostly temperature and pressure), included in the laminar flame speed, as well

as the interaction of the flame development with the turbulent flow. For this purpose, a 0-D tur-

bulence model is evaluated. The main source for the turbulence is the velocity of the gas exchange

between chambers, calculated based on a compressible nozzle equation.

The turbulence model validated in the current paper is adapted from the K − k− ε formulation

proposed by Fogla et al. [45] for the calculation of the turbulence induced by tumble motion in
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spark-ignition engines, and adapted by Bardis et al. [44] for pre-chamber systems.

In this model, the following equations are considered:

∂(mpcK)

∂t
= PuK − Pkl (1)

∂(mpck)

∂t
= Puk + Pkl + Psw −mpcε− Fwk (2)

∂(mpcε)

∂t
= Puε + Pε + Psw

√
k

Lpc
− 1.921 ·mpcε

2

k
− Fwε (3)

Where K is the kinetic energy inside the pre-chamber, k the turbulent kinetic energy, ε the

turbulence dissipation, mpc is the mass in the pre-chamber, t is the time, the term PuX is the

production source term on each equation related to the flow entering through the orifices (being X

the turbulent kinetic energy or dissipation, depending on the equation considered), Pkl corresponds

to the conversion of kinetic energy into turbulent kinetic energy, Psw is a production term on each

equation induced by a swirl flow inside the pre-chamber, FwX a dissipation term by viscous friction

close to the walls, Lpc the Taylor’s macroscale and Pε represents the source of dissipation from the

main pre-chamber flow.

However, compared to the work by Bardis et al. [44] the following simplifications have been

made:

� Since the orifices point to the center of the pre-chamber, it is assumed that the structure of

the flow does not induce any swirl-like vortices, so the term Psw is neglected.

� Based on a previous sensitivity analysis, and considering the low rugosity of the internal walls

of the pre-chamber, the turbulence dissipation term in the walls FwX is considered small

compared to the standard dissipation. Therefore, only one dissipation term (corresponding

to ε) is included.

� Taylor’s macroscale in the pre-chamber Lpc is considered to be proportional to the pre-

chamber height hpc (Lpc = Clen · hpc).
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The terms corresponding to the contribution of the flow through the orifices on each equation

(PuK , Puk and Puε) are calculated taking into account the mass flow (ṁori) and velocity (uori) in

the orifices connecting both chambers:

PuK = (1− ain)(1− CT ) · 1

2

∑
nori

ṁoriu
2
ori (4)

Puk = ain(1− CT ) · 1

2

∑
nori

ṁoriu
2
ori (5)

Puε = ain(1− CT )Cε ·
1

2

∑
nori

uori
Dori

ṁoriu
2
ori (6)

In these equations, the terms ain and Cε represent the fraction of the kinetic energy of the

incoming flow that contributes directly to turbulence generation and dissipation, respectively; CT

is a geometric coefficient related to the inclination of the orifices with respect to the pre-chamber

axis; nori represents the number of orifices; Dori the diameter of these orifices; and ṁori and uori

are the mass flow and velocity in the orifices, calculated from the pressure ratio across the orifices

through a compressible nozzle equation under subcritical conditions:

ṁori = CdAori

(
pout
pin

)( 1
γ )
√
ρinpin

2γ
γ−1

[
1−

(
pout
pin

) γ−1
γ

]
(7)

Where the subscripts in and out represent the conditions in the chambers from which the flow

comes and where the flow arrives, respectively, γ is the adiabatic coefficient, Aori the transversal

section of each orifices (independent on the flow direction since the orifice is cylindrical) and Cd

is the orifice discharge coefficient. This parameter has been set according to steady-state flow

simulations at different pressure ratio conditions, reaching to the following formulation when the

flow enters into the pre-chamber:

Cd,fil = 0.655− 0.095√
Re

(8)
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while when the discharge from the pre-chamber to the cylinder takes place, the discharge coef-

ficient is calculated as:

Cd,dis = 0.7− 0.127√
Re

(9)

It has to be considered that, although the mass transfer is calculated for the complete experi-

ment, the corresponding production terms in the K − k − ε model equations are only active when

the flow is incoming into the pre-chamber. Instead, when the discharge is initiated, the pre-chamber

will lose kinetic energy and turbulence as a consequence of the mass drop.

Finally, the equations for the calculation of the terms Pkl and Pε are described below:

Pkl = CβνT
2mpcK
L2
pc
− 2

3mpck
(
ρ̇pc
ρpc

)
− 2

3mpcνT

(
ρ̇pc
ρpc

)2
(10)

Pε = ε
k

[
5.76CβνT

mpcK
L2
pc
− 2mpck

(
ρ̇pc
ρpc

)
− 2.64

3 mpcνT

(
ρ̇pc
ρpc

)2]
(11)

where Cβ is a constant representing the fraction of kinetic energy inside the pre-chamber that is

transformed into turbulence, νT is the turbulent viscosity, estimated as 0.09k
2

ε consistently to the

methodology used in the 3D-CFD simulations, ρpc is the average density in the pre-chamber and

ρ̇pc is the temporal derivative of this average density.

3.3. Model constants adjustment and sensitivity analysis.

From the development of the aforementioned equations, four constants need to be adjusted

depending on the particular pre-chamber layout used:

� ain, representing the amount of the kinetic energy of the inlet flow that is contributing to

turbulence in the pre-chamber.

� Cβ , which accounts for the conversion of average kinetic energy inside the pre-chamber to

turbulence.
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� Cε, accounting for the turbulence dissipation as a consequence of the incoming flow into the

pre-chamber.

� Clen, used to estimate Taylor’s macroscale from the pre-chamber height.

Constant Range p-value Optimized

ain [0.1 0.7] 0.0002 0.3
Cβ [0.1 0.7] 0.047 0.2
Cε [0.01 0.1] 0.0000 0.03
Clen [0.2 0.7] 0.049 0.57

R2adjusted 87.51%

Table 2: Analysis of Variance and optimization.

In order to adjust these constants, a surface response model and optimization process has been

performed in the statistical software Statgraphics Centurion XVII [61]. For this purpose, and

taking into account the low computational effort required to run the 0D model, a full factorial

design with five levels per variable has been selected, resulting in a total of 625 combinations. The

merit function from the optimization used to evaluate the capability of the model was the sum of

the squared errors, calculated from the deviation between the 0D and 3D models in terms of the

temporal evolution of the average turbulent kinetic energy in the pre-chamber. As a first step, an

Analysis of Variance (ANOVA) technique was used to identify the sensitivity of the model to the

different constants. Then, the surface response model was created using quadratic functions and

used to look for the coefficients that could minimize the error. All this information is summarized in

Table 2. In this table, the third column (p-value) is related to the significance of each model constant

into the merit function, with a value of 0.05 indicating that this constants impacts the result with

a 95% confidence. As it can be seen, the most significant parameters are ain and Cε, since the

p-value obtained is close to zero. Instead, the impact of Cβ and Clen is much lower, although still

significant considering the threshold of 95% confidence selected. It has to be noted that the value

of Clen is close to 0.5, which means that Taylor’s macroscale is close to half the pre-chamber height,

which is consistent with the flow structure previously seen. Additionally, the adjusted R-squared

value of 87.51% indicates that the response surface model used for the optimization is capable of

reproducing the error trends with a reasonable accuracy.

The result of the 0D model with the optimized constants has been evaluated against the 3D-
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CFD results in Figure 7 up to Top Dead Center (TDC). In this chart, the continuous line represents

the 0D model and the dashed line the 3D-CFD reference. In addition,a dual x-axis is utilized to

indicate both the time elapsed (bottom side) since the start of the test and the piston position (top

side) associated with the time evolution (from this moment on, the piston position has been always

shown where considered necessary). It can be observed how both models match almost perfectly

during the complete compression stroke. A vertical dotted line representing the top dead center in

the experimental campaign has been inserted as a reference.

Figure 8 shows the sensitivity to all the model constants around this optimal solution. For this

purpose, a variation of ±25% over the final value of each coefficient has been performed. As it was

expected from the previous ANOVA analysis, the results are very sensitive to the variations in ain

and Cε, while almost no effect is observed when changing the other two.

4. Combustion modeling.

This section is dedicated to the main and pre-chamber thermodynamic models under fired

(combustion) conditions. This includes the thermodynamic model used to calculate the heat release

rate from the instantaneous pressure analysis in both the pre-chamber and the rest of the cylinder,

as well as the extension of the zero-dimensional turbulence model used to estimate the flame speed

in the pre-chamber.

4.1. Heat release rate analysis.

The equations that govern the PCSI system will be discussed in order to better understand the

combustion events. The following simplifications are considered:

� The thermodynamic model is constructed on a single-zone for the main chamber and pre-

chamaber volumes, while burned and unburned thermodynamic propreties are estimated for

the pre-chamber to predict the flame propagation speed.

� Mechanical deformations (which affect the instantaneous volume) are considered only for the

main chamber.

� Blow-by leakages are neglected. Leakages have been previously evaluated by inducing different

pressure values in the combustion chamber with the piston locked at its minimum position,

producing less than 0.2 bar/min at the maximum combustion chamber pressure.
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� The composition of the burned products in both chambers is estimated assuming a single-step

reaction mechanism as a function of the equivalence ratio.

According to the previous hypotheses, the heat release rate in the main chamber can be calcu-

lated based on the first law thermodynamics for an open system:

HRRMC =
CP,MC
R PMC

dVMC
dt +

CP,MC−R
R VMC

dPMC
dt + Q̇MC,loss + ṁorihori (12)

where CP,MC is the constant pressure specific heat of the main chamber mixture, R is the perfect

gas constant, VMC is the main chamber volume (function of the piston position and the mechanical

deformations), dPMC is the pressure rate, Q̇MC,loss is the heat transfer through the main chamber

walls, ṁori is the mass flow rate through the nozzle, and hori is the specific enthalpy of the mixture

that goes through the nozzle.

A proper prediction of the heat losses is extremely important for high accuracy combustion

analysis. The starting point for the majority of 0D heat losses model is the Reynolds-Nusselt

correlation for turbulent flow in pipes [62]. In the literature, the Woschni correlation [63] is the

most extensively used for estimating the heat transfer coefficient prediction, and has been selected

for the current study. It is important to highlight that in the case of the PCSI system, the energy

analysis during the motoring tests is not only affected by the heat transfer losses (as in a standard

engine if blow-by losses are neglected), but also by the mass exchange between both chambers.

Therefore, the adjustment of the Woschni constants can only be performed once the discharge

coefficient of the orifices is calibrated.

In the case of the pre-chamber can be adapted starting from equation 4.1:

HRRPC =
CP,PC−R

R VPC
dPPC
dt + Q̇PC,loss + ṁorihori (13)

where CP,PC is the constant pressure specific heat of the pre-chamber mixture, VPC is the

pre-chamber volume, dPPC is the pressure derivative, Q̇PC,loss is the heat transfer through the

pre-chamber walls, and ṁori and hori is the mass flow rate and the specific enthalpy of the mixture

that goes through the orifices.
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In this case, the Woschni model has not been considered suitable for an accurate prediction of

heat losses inside the pre-chamber since the characteristic velocity should not be directly linked

to the mean piston speed, but to the velocity through the orifices. The pre-chamber flow field is

controlled by the gas velocity through the nozzle (an order of magnitude bigger than the piston

speed) which generates a high turbulence intensity that influences the convective heat exchange.

Indeed, the Bargende correlation [48, 64] was slightly modified by Bardis et al. [44] for pre-chamber

applications, and has been chosen for the heat losses estimation in the current work:

hB,PC = αB · V −0.073PC · P 0.8
PC · T−0.53PC · u0.78B,PC (14)

where the characteristic velocity is given by:

uB,PC =
1

2

√
CB,k ·

8

3
k + CB,u · u2ori (15)

CB,k and CB,u being two tuning constant for taking into account the velocity gradient inside

the PC. Again, for the calculation of the heat transfer a wall temperature equal to the heating

temperature of the RCEM (365 K) is assumed.

4.2. Pre-chamber flame propagation model.

Premixed turbulent flame speed is a critical parameter for the combustion analysis of PCSI

engines simulations. By modeling the flame propagation as a function of the laminar flame speed,

the turbulence intensity and the system geometry, it should be possible to create a model which

yields predictive results even when individual parameters are changed [65].

First, an empirical correlation from Distaso et al. [66] is used for the laminar flame speed

prediction depending on the equivalence ratio and the unburned mixture pressure and temperature:

SL(φ, Tu, Pu) = SL0

(
Tu
T0

)α(
pu
p0

)β
(16)

where α and β are a function of the equivalence ratio φ, and SL0 is the laminar flame speed at

standard conditions (p0 = 1atm, T0 = 298K)
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As a second step, the turbulent flame speed needs to be estimated as a function of the complex

interaction between the initial laminar kernel with the turbulence field. This topic has been the

focus of many different works in the literature, providing several correlations [67]. In this work,

the correlation proposed by Kolla [54] has been used as the basis for the turbulent flame speed

estimation:

ST
SL

=


b− a(1 +

(
u′

SL

)1.5(
δ

Lpc

)0.5
)−0.4 · TPC − Tu

Tu
· Lpc
δ
· u
′

SL
+ Sd


0.5

(17)

Sd =
d(

u′

SL

)0.75
+
(

δ
Lpc

)−0.25 · ( u′

SL

)2.75

(18)

where a, b and d are model constants, tuned for the used fuel and system layout. Furthermore,

ST depends on mean pre-chamber temperatures (TPC)/(Tu) and turbulence key parameters as

turbulent kinetic speed (u′) [m/s]. Finally, the flame thickness (δ) is given by the Zeldovich-Blint

correlation [68].

Finally, the mean expansion speed (UB) can be estimated combining the turbulent flame speed

with the mean gas speed (UG), produced by the expansion of the hot combustion products, which

can be evaluated once the heat release rate in the pre-chamber is known [62]. More specifically, the

following relationships are used:

UB = ST + UG (19)

UG =
Vu

γPCPPCAF
· dPPC

dt
(20)

AF =
ṁb

ρuSL
(21)

where Vu and ρu are respectively the unburned mixture volume and density, AF is the real flame

surface and ṁb is the burned mass flow rate, calculated from the instantaneous heat release rate

and the lower heating value of the fuel, assuming a one-step combustion mechanism.
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5. Results and discussion.

This section is focused on the experimental analysis of the pre-chamber combustion. First of

all, the results are described in terms of the pressure evolution of both chambers and the mass flow

exchanged between them. Later on, the same turbulence model described in section 3 is used to

evaluate turbulent kinetic energy evolution in the pre-chamber during a combustion case. Based

on this information, the heat release rate and the flame speed are evaluated. This flame speed

is compared to the time elapsed from the spark for validation of the models used. Subsequently,

the analysis is extended to other operating conditions in terms of the equivalence ratio in both

chambers, showing consistent results.

5.1. Description of the baseline test.

Figure 9 shows the pressure evolution in the main combustion chamber (continuous line) and

inside the pre-chamber (dotted line) as a function of the time elapsed from the beginning of the rapid

compression for the baseline test, corresponding to a fuel-air equivalence ratio of 0.5 in the main

chamber and 1.1 in the pre-chamber (at the spark activation time). In this graph, a vertical line

shows the time at which the spark is discharged in the pre-chamber. During the compression stroke,

and before the spark timing, the gases from the main chamber are pushed into the pre-chamber,

filling it with the fuel-air mixture generated thanks to the fuel injection in the main chamber before

the rapid compression.

The difference in the pressure between both chambers is mainly a consequence of the piston

velocity and the pre-chamber geometrical details, especially the discharge coefficient of the orifices

(a). Approximately after 14 ms from the test beginning, the auxiliary injection is made in the pre-

chamber to reach the desired equivalence ratio in the pre-chamber at the spark timing (in the case

of the figure, a fuel-air equivalence ratio of 1.1). Shortly after the spark activation, the pressure in

the pre-chamber starts to increase as a consequence of the premixed combustion process (b). Once

the pre-chamber pressure is higher than the one in the main chamber, hot gases are ejected through

the pre-chamber orifices, acting as ignition sources for the main chamber lean mixture. Once the

flame approaches the pre-chamber walls, the pressure starts to decrease, falling again below the

main chamber pressure (which is rising due to the combustion already initiated) for a small portion

of time, inducing a second filling process in the pre-chamber (c). Finally, during the expansion
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stroke, the combustion products available in the pre-chamber are sucked into the main chamber

(d).

Figure 10 shows the evolution of the velocity though the orifices and the turbulent kinetic

energy, computed according to the zero-dimensional model introduced and validated in section

3. It is well known that for the PCSI system, the turbulence production and dissipation in the

pre-chamber are strongly connected with the velocity and mass exchange through the orifices.

Therefore, the maximum value of the TKE approximately coincides with the peak in the velocity

between the orifices at the middle of the compression stroke. However, when the auxiliary injection

is performed, the temperature inside the pre-chamber decreases due to fuel evaporation, slightly

affecting the velocity and TKE evolution between 14.5ms and 16ms. Despite the RCEM piston

and the nozzle velocity start to slow down, the TKE level at the Spark discharge instant (18 ms)

is still high, ensuring a strong interaction between the initial flame kernel and the flow field. As

the mass flow reverses (0.2 ms after spark timing -aST-), the main turbulence source is no longer

applied, and the turbulence intensity quickly dissipates until the pre-chamber refilling. Once again,

the mass flow revers during the expansion stroke and the turbulence extinguishes definitively under

the second ejection. It is important to emphasize that the first ejection of gases reaches much

higher velocity levels than the second one. Indeed, the two ejections will have a different impact on

combustion development in the main chamber.

Figure 11 shows the heat release rate (continuous lines) and the heat losses (dotted lines) in

both chambers (dark blue color for the main-chamber and light blue color for pre-chamber). This

information is complemented by four pictures of specific stages of the main combustion event,

obtained through the optical diagnostic described in 2. Until the spark activation, the energy

balance between the heat losses through the walls and the exchanged gas enthalpy returns in a

flat curve (almost equal to zero for both chambers), confirming that both models are properly

calibrated. Once the spark is activated, after the induction time, the premixed combustion process

in the pre-chamber takes place, leading to a rapid increase in the burned mass fraction and heat

released. Moreover, as the average temperature increases in the pre-chamber volume, the heat losses

become more relevant until the combustion process is mainly controlled by the ejection of the jets.

The gray shading part highlights the start of the jets ejection in the main chamber, summarized

by the 2 images on the top of fig.11 (t1 = 18.3 ms for the first jet, t2 = 18.6 ms for the last jet).

Due to the system geometry and the spark plug position (fig. 2), the ejection from the pre-chamber

20



starts at slightly different instants for each orifice. The discharge from the pre-chamber continues

until the flame approaches the pre-chamber walls and the combustion in the main chamber develops,

resulting in a higher pressure in the main chamber. Once more, the re-filling takes place until TDC,

which is shown in the bottom picture on the left with no ejection, leading to the second ejection

during the expansion stroke (bottom picture on the right). Looking carefully at the phenomenon

from the main chamber perspective, the first ejection marks the beginning of the combustion phase

controlled by the hot turbulent jets coming from the pre-chamber. Once the PC mixture is burned

the second combustion phase takes over, in which the flame propagation is considered self-sustained

thanks to the MC turbulence enhanced. Indeed, during the first phase, most of the main chamber

mixture is rapidly burned , while the heat release rate slows down during the second phase (around

19.6 ms) completing the combustion during the expansion phase.

Figure 12 shows the temporal evolution of the different terms for the predicted flame speed

according to the model described in section 4 in terms of the time after the spark activation. This

flame speed is analyzed up to the time at which the flame reaches the last of the pre-chamber orifices,

according to a geometrical model based on the flame speed evolution and the pre-chamber layout.

In this figure, the orange circled line represents the laminar flame speed SL, estimated according

to Distaso’s correlation, which as it can be seen is around 0.4 m/s in the working conditions,

and suffers a small increasing trend due to the unburned gas temperature increase induced by the

compression. The red squared curve shows the evolution of the turbulent flame speed. Initially, this

value is relatively low since the flame kernel after the spark discharge is still comparable to Taylor’s

macroscale, while an increasing trend appears later on due to the higher interaction between the

flame and the turbulence field as the flame develops, leading to flame speed ratio values higher

than 25. Then, the green squared line represents the mean gas speed UG, which is maximum at the

beginning of the combustion process where the volume of the burned products is small compared

to the total pre-chamber volume. Finally, the blue dashed line shows the mean expansion speed

UB , calculated as the sum of the turbulent flame speed and the mean gas speed.

The estimated mean expansion speed can be validated taking into account the results from the

combustion visualization. In particular, from the combustion images it is possible to detect the

time at which the pre-chamber flame exits from each of the orifices. Then, a mean flame speed

can be calculated taking into account the distance between the spark electrodes and the outlet

section of each of these orifices (which is different due to the non-central location of the spark).
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Considering this distance and the time calculated from the images, it is possible to calculate an

equivalent mean expansion speed to be compared to the one computed by the 0D model. This

information is available in Table 3, which shows an almost perfect matching between both values,

which can be seen as a validation of the methodology used.

Orifice D[mm] Time [ms] Speed [m/s]
1 4.99 0.43 11.6
2 5.14 0.43 11.9
3 7.34 0.49 15.0
4 7.57 0.55 13.8
5 9.43 0.63 15.0
6 9.54 0.69 13.8

UB (experimental) 13.52 m/s

UB (0D model) 13.54 m/s

Table 3: Mean expansion speed estimation from the visualization images and comparison with 0D model.

5.2. Equivalence ratio analysis.

As previously stated, the results shared so far correspond to a single condition characterized by

an fuel/air equivalence ratio of 0.5 in the main chamber and 1.1 in the pre-chamber at the time of

the spark activation. In the current section, the same methodology has been extended to different

values of the two aforementioned conditions, in the ranges of 0.3-0.5 for the main chamber and

0.9-1.1 for the pre-chamber. Figure 13 shows the evolution of the pre-chamber equivalence ratio for

three of these cases. In the left side, two cases of pre-chamber equivalence ratio at 1.1 but different

main chamber one are compared. As it can be seen, the case at φMC = 0.5 starts at a higher

level due to the filling process during the compression stroke. At approximately 14 ms since the

beginning of the rapid compression (87 mm piston position) the fuel injection in the pre-chamber

starts, rapidly increasing the equivalence ratio from lean to rich conditions. Once the injection is

finished, the pre-chamber filling continues until the desired equivalence ratio of 1.1 is reached at

the spark activation time. In the right side of the figure, a similar evolution is seen, but in this case

comparing the same main chamber equivalence ratio and two different targets in the pre-chamber:

0.9 and 1.1. Therefore, the most significant difference is induced by the duration of the fuel injection

inside the pre-chamber.

Figure 14 shows the results in terms of the main chamber and pre-chamber pressure for the

same cases previously analyzed. Again, in the left side the results for a same equivalence ratio in

22



the pre-chamber (1.1) but a different one in the main chamber (0.3 vs 0.5) are compared. Since the

equivalence ratio in the pre-chamber is the same, the pressure increase in the pre-chamber during

the premixed combustion process is very similar, within the expected cycle-to-cycle dispersion of

such kind of combustion. This can be seen as a partial confirmation of the little effect of the

fuel injection in the pre-chamber on the turbulence intensity and, therefore, on the combustion

characteristics: the lower value of φMC is compensated by a higher injected fuel mass and longer

injection duration, but no significant effects seems visible from combustion perspective. Instead,

the pressure evolution in the main chamber once the combustion starts as a consequence of the hot

gases ejection is very different for the two cases compared. Since the tests have been performed

at same initial pressure and temperature (0.15 MPa and 365 K), the total air mass trapped in the

cylinder is the same, so a change in the main chamber equivalence ratio means a change not only

in the combustion propagation, but also in the total fuel energy available. Therefore, a faster and

higher pressure rise is produced due to the higher amount of energy released.

The right hand side of the figure compares same main chamber equivalence ratio (0.5) but

different conditions in the pre-chamber (φPC 0.9 and 1.1). In this case, a different piston position

is recorded for the tests due to the pressure balance between the driving gas volume and the

combustion chamber. As highlighted in previous chapters, the driving gas pushes the combustion

piston, compressing the main chamber charge. As the pressure in the combustion chamber increases,

the force produced is opposed to the driving gas pressure, braking the piston until the top dead

center is reached. Due to the significantly different pressure evolution, the top dead center is

slightly shifted for this two cases. Nevertheless, the piston position and therefore the ratio between

the initial volume and the volume at the spark time activation is identical for both cases. The

smaller equivalence ratio produces a larger induction time for the flame kernel, leading to a longer

delay between the spark discharge and the pressure rise inside the pre-chamber. Again, the lower

energy available in the pre-chamber combined with the slower flame speed produced at lean mixture

leads to a slower pressure rise. As a consequence, the ejection from the pre-chamber will start later

and at lower velocities, impacting the combustion in the main chamber despite, in this case, the

equivalence ratio (and therefore the fuel energy available) is the same.

Figure 15 shows the same data in terms of the heat release rate and heat losses in the pre-

chamber, computed according to the methodology described in section 4. The left chart confirms

what was already discussed for figure 14: as long as the equivalence ratio in the pre-chamber is

23



matched, the combustion evolution is practically equal, within the expected variability of the test.

Only a slight difference is seen in the second combustion event observed after 19.5 ms. This second

combustion is a consequence of a refilling processes from the main chamber, once the pressure

increased due to the main combustion exceeds the one in the pre-chamber. In this case, since

the pressure rise and gas composition vary as a consequence of the different φMC , a more intense

second combustion event is seen for the case of φMC = 0.5. However, when the equivalence ratio

is reduced in the pre-chamber (right side) the deterioration in the flame speed coupled with the

lower energy available produce a less intense heat release rate, driving the overall combustion

performance. Furthermore, a significant reduction of the heat losses is observed due to the reduced

average combustion temperature and heat transfer coefficient.

Finally, the flame speed model can be applied to the different cases previously mentioned. These

data is seen in terms of the mean expansion speed in Table 5, again in comparison with the same

value computed from the combustion visualization data. First, it can be seen how the 0D model

properly catches the experimental values in the ranges covered during the experimental campaign.

Then, the values obtained confirm the expectations from the pressure and heat release rate data:

the mean expansion speed is very similar when comparing the same equivalence ratio in the pre-

chamber, but is severely deteriorated once this values falls from 1.1 to 0.9. This deterioration is

coming from two sources: on the one hand, the lower equivalence ratio results in a lower pressure

rise in the pre-chamber as a consequence of the lower energy available, reducing the mean gas

speed; on the other hand, the smaller energy released results in a lower temperature inside the

pre-chamber (for both burned and unburned zones) as combustion develops, affecting both laminar

and turbulent speeds.

φMC [-] φPC [-] UB,OD [m/s] UB,exp [m/s]
0.5 1.1 13.54 13.52
0.5 0.9 7.85 7.6
0.3 1.1 12.82 12.89
0.3 0.9 7.22 7.17

Table 4: Mean expansion speed estimation as a function of φMC and φPC .

In addition, taking into account that the existence of multiple correlations for the prediction of

the turbulent flame speed is widely accepted in the literature, Kolla’s model has been compared

with the others correlations proposed by several authors such as Peters [69], Ronney [70], Klimov
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[71], Gülder [72]. The calibration coefficients of all correlations have been adjusted in order to

obtain near 0% error for the baseline case, and then the models validation have been extended for

the remaining experimental cases.

φMC - φPC
0.5 - 1.1 0.5 - 0.9 0.3 - 1.1 0.3 - 0.9

Ronney [m/s] 13.50 9.93 12.05 9.78
Klimov [m/s] 13.53 10 12.24 10.97
Gülder [m/s] 13.51 10.67 12.35 11.37
Peters [m/s] 13.51 10.14 12.17 10.81
Kolla [m/s] 13.54 7.85 12.82 7.22
Experimental [m/s] 13.52 7.6 12.89 7.17

Table 5: Mean expansion speed estimation as a function of φMC and φPC .

As the table 5 shows, the Kolla model is the only one able to guarantee high flexibility (low

deviation from the experimental cases) when changing the boundary conditions (especially for the

pre-chamber equivalence ratio). All the other correlations lead to a big error in the mean expansion

speed prediction.

Finally, the flame speed results are represented in a classical Borghi diagram [73] thanks to the

data extracted from the 0D turbulence model (Figure 16). In this diagram, the X-axis represents the

ratio of Taylor’s macroscale and the laminar flame thickness (estimated from the laminar flame speed

and the mixture thermal diffusivity), while the Y-axis shows the ratio of the turbulence intensity

and the laminar flame speed. The data is shown taking into account the temporal evolution up

to the time at which the flame reaches the pre-chamber orifices. It can be concluded that the

combustion inside the pre-chamber is in the thickened wrinkled flames regime, which is typical for

spark-ignition operation. However, the data shows that the values of Damköhler number reached

are in the range of 40, which combined with relatively high turbulence intensity, explain the very

high flame speed ratio observed during the discussion of figure 12.

6. Conclusions.

In the current paper, a methodology based on the zero-dimensional modeling of the turbulence

characteristics is proposed for the analysis of a stratified pre-chamber ignition system in a Rapid

Compression-Expansion Machine. The model is first matched to the turbulent kinetic energy results

from 3D-CFD simulations for motoring conditions, and then used to estimate the turbulent flame
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speed evolution. This information is combined with the heat release rate computed from the analysis

of the instantaneous pressure evolution for a comprehensive analysis of the combustion evolution

in the pre-chamber. Finally, a broadband chemiluminescence visualization technique has been used

to evaluate the flame transition from the pre-chamber to the rest of the cylinder.

The following conclusions can be drawn from the study:

� The turbulence evolution inside the pre-chamber during motoring tests can be properly cap-

tured by means of a K − k − ε model. A sensitivity analysis of this model shows that the

most relevant parameters for a specific pre-chamber layout are:

1. The proportion of the kinetic energy from the filling flow that is transfered to turbulent

kinetic energy (ain).

2. A scaling factor for the turbulence dissipation (Cε).

� In a stratified pre-chamber ignition system, the evolution of the pressures in the pre-chamber

and main chamber shows three phases after the spark discharge:

1. As the combustion in the pre-chamber develops, the pressure increases inducing the

ejection of hot gases into the main chamber, initiating the main combustion. The heat

release rate in the pre-chamber in this first stage can be adjusted by a proper control of

the equivalence ratio, regardless the conditions in the rest of the cylinder.

2. After some time, a decay in the heat release rate in the pre-chamber is seen as the flame

approaches the pre-chamber walls, while the combustion in the main chamber continues.

This leads to a moment at which the main chamber pressure rises over the one in the

pre-chamber, stopping the ejection and initiating a re-filling process of the pre-chamber

with unburned gases. This re-filling is stronger as the equivalence ratio in the main

chamber increases.

3. The combustion of the gases entering the pre-chamber during the re-filling can produce

a second ejection and combustion in the main chamber during the expansion stroke, but

at a much lower rate than the first one.

� The mean expansion speed, calculated as the combined contribution of the turbulent flame

speed and the gas expansion process, is validated against the time needed for the flame
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to reach each of the pre-chamber orifices, obtained from the broadband chemiluminescence

images, with a maximum variation of 0.2 m/s.

� The flame speed is very consistent as long as the equivalence ratio in the pre-chamber is

maintained, while a decrease of almost 40% is achieved when going from slightly rich (φPC =

1.1) to lean φPC = 0.9 operation. This decrease is more significant than expected due to

the fact that the equivalence ratio is controlled by the fuel quantity, severely impacting the

energy balance and maximum temperature reached inside the pre-chamber.

� The analysis of pre-chamber flame speed and turbulence characteristics in a Borghi diagram

confirms a thickened wrinkled flames regime, characterized by Damköhler number values in

the range of 40 and flame speed ratio values higher than 25.
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Nomenclature

a Kolla’s model tuning constant 1

Af Real flame area m2

Aori Orifice Surface m2

APC Pre-chamber surface m2

b Kolla’s model tuning constant 2

Cβ Coefficient for turbulence production inside the pre-chamber by the mean kinetic

energy flow field

Cε Fraction of incoming turbulence kinetic energy dissipated
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CB,k Tuning constant for the Bargende heat transfer characteristic velocity scaling the pre

chamber turbulence

CB,u Tuning constant for the Bargende heat transfer characteristic velocity scaling the

nozzle velocity

Cd,dis Orifice discharge coefficient during the pre-chamber discharge process

Cd,fil Orifice discharge coefficient during the pre-chamber filling process

Cd Orifice discharge coefficient

Clen Model tuning coefficient for the turbulence macroscale

CP,MC Specific heat constant under constant pressure of the main chamber mixture J
molK

CP,PC Specific heat constant under constant pressure of the pre-chamber mixture J
molK

CT Pre-chamber geometric coefficient

COV Coefficient of variation

d Kolla’s model tuning constant 3

Dori Orifice diameter m

Fwε Turbulent dissipation flux to the walls Kgm2

s4

Fwk Turbulence kinetic energy flux to the walls Kgm2

s3

hB,PC Heat transfer coefficient for the pre-chamber according to Bargende’s correlation w
m2K

hori Specific enthalpy the interchanged gas mixture J
mol

HRRMC Main chamber heat release rate W

HRRPC Pre-chamber heat release rate W

ICE Internal combustion engine

K Mass averaged mean kinetic energy in the pre-chamber m2

s2

LPC Taylor’s macroscale in the pre-chamber m
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ṁb Pre-chamber burned mixture mass flow rate Kg
s

ṁori Mass flow rate through the nozzle orifices Kg
s

mPC Pre-chamber mass kg

MC Main chamber

nori Number of orifices

Pε Turbulence kinetic energy dissipation rate in the pre-chamber by the mean velocity

field Kgm2

s4

pin Pressure at nozzle inlet MPa

Pkl Turbulence kinetic energy production rate in the pre-chamber by the mean velocity

field Kgm2

s3

PMC Main chamber pressure MPa

pout Pressure at nozzle outlet MPa

PPC Pre-chamber pressure MPa

Psw Turbulence kinetic energy production rate in the pre-chamber by the swirling flow

Kgm2

s3

Puε Mass averaged turbulence dissipation rate in the pre-chamber Kgm2

s4

PuK Mean kinetic energy production rate in the pre-chamber Kgm2

s3

Puk Mass averaged turbulence kinetic energy rate incoming in the pre-chamber Kgm2

s3

Pu Pre-chamber unburned mixture pressure K

PC Pre-chamber

PCSI Pre-chamber spark ignition

Q̇MC,loss Main chamber heat losses W

Q̇PC,loss Pre-chamber heat losses W
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RCEM Rapid compression-expansion machine

RCM Rapid compression machine

Re Nozzle Reynolds number

SL0 Laminar flame speed at room conditions m
s

SL Laminar flame speed m
s

ST Turbulent flame speed m
s

SOT Start of the test

TMC Averaged main chamber mixture temperature K

TPC,wall Averaged main chamber walls temperature K

TPC Averaged pre-chamber mixture temperature K

TPC Averaged pre-chamber walls temperature K

Tu Pre-chamber unburned mixture temperature K

TDC Top dead center

u′ Pre-chamber turbulence kinetic velocity m
s

uB,PC Characteristic heat transfer velocity of the pre-chamber according to Bargende’s cor-

relation m
s

UB Mean expansion speed m
s

UG Mean gas speed m
s

uori Velocity through the nozzle orifices m2

s2

VMC Main chamber volume m3

VPC Pre-chamber volume m3

Vu Pre-chamber unburned mixture volume m3
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α Temperature influence exponent in Distaso’s correlation

αB Bargende model scaling factor

αin Fraction of incoming kinetic energy converted to turbulence

β Pressure influence exponent

δ Laminar flame thickness m

ε Mass averaged turbulence dissipation rate in the pre-chamber m2

s3

γPC Pre-chamber mixture heat capacity ratio

ν Turbulent viscosity in the pre-chamber m2

s

φ Equivalence ratio

ρ̇pc Temporal derivative of the average pre-chamber charge density Kg
sm3

ρin Density at nozzle inlet Kg
m3

ρpc Average pre-chamber charge density Kg
m3

ρu Pre-chamber unburned mixture density Kg
m3
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[59] D. López-Pintor, Theoretical and experimental study on the autoignition phenomena of ho-

mogeneous reactive mixtures, Ph.D. thesis (2017).
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Figures.

Figure 1: Rapid compression-expansion machine
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Figure 2: Pre-chamber Design

41



Figure 3: Experimental piston position under motoring conditions imposed to the 3D CFD simulations.
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Figure 4: Results of mesh sensitivity analysis in terms of pre-chamber mass evolution during the compression stroke.
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Figure 5: Structure of the final mesh around the orifice section close to top dead center.
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Figure 6: Validation of the CFD simulations in terms of: Pressure evolution in main-chamber (blue) and pre-chamber
(orange) on the top. Pressure ratio (PMC/PPC) modelled (dashed) and experimental (continuous) on the bottom.
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Figure 7: Comparison of 0D and 3D-CFD models in terms of turbulent kinetic energy evolution inside the pre-
chamber during compression.
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Figure 8: Sensitivity analysis of each model constant around the optimal solution.
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Figure 9: In-Cylinder pressure evolution:(a) Filling process. (b) Pre-chamber start of combustion (1st ejection). (c)
Pre-chamber pressure peak and re-filling process. (d) 2nd ejection and pre-chamber emptying process

48



Figure 10: Turbulent Kinetic Energy and Nozzle velocity time evolutions.
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Figure 11: Left side: Heat Release Rate in both chambers. Right side: Combustion visualization images.
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Figure 12: Instantaneous flame speed evaluation.
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Figure 13: Time evolution of the pre-chamber equivalence ratio based on the 0D model.
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Figure 14: Instantaneous pressure evolution as a function of φMC (left) and φPC (right).
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Figure 15: Heat release rate evolution as a function of φMC (left) and φPC (right).
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Figure 16: Borghi’s diagram for turbulent flame regime as a function of φMC and φPC (turbulent flame schematic
adapted from [74]).
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