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Numerical study of fuel and turbulence distributions in an automotive-sized  

scavenged pre-chamber 
 

This article presents a numerical study of the fuel and turbulence distributions in a pre-chamber at spark-time. The study has been 

conducted in the framework of the H2020 Gas-On project, dealing with the development of a lean-burn concept for an automotive-sized 

gas engine equipped with a scavenged pre-chamber. The test case considered studies a 7-hole pre-chamber with circumferentially-tilted 

orifices mounted on the cylinder head of a rapid compression-expansion machine (RCEM), consistent with the experimental test rig 

installed at ETH Zurich. An accurate description of turbulence and fuel distributions are key quantities determining the early flame 

development within the pre-chamber. Both quantities have an influence on the overall combustion characteristics and therefore on the 

engine performance. For this purpose, computational fluid dynamics (CFD) is employed to complement experimental investigations in 

terms of data completeness. The performance of the Reynolds-averaged Navier-Stokes (RANS)-based turbulence model is compared with 

large-eddy simulation (LES) through ensemble averaging of multiple LES realizations, in which the fuel injection rate evolution into the 

pre-chamber has been perturbed. Overall, RANS results show that the distributions of the turbulent kinetic energy and fuel concentration 

at spark-time agree well with the LES ensemble-averaged counterparts. This constitutes a prerequisite in view of the combustion phase 

and the accuracy reported provides further confidence in this regard. 
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1. Introduction 

Efforts to reduce CO2 emissions from internal combus-
tion engines have led to the use of natural gas as a fuel in 
lean-burn spark ignition engines. A widely used technology 
in lean-burn gas engines is pre-chamber ignition systems, in 
which the external ignition source is located in a separate 
small volume, connected to the main chamber via small 
orifices [6, 17]. This setup allows the design for favorable 
ignition conditions near the ignition source, which result in 
fast and repeatable early flame propagation. The use of pre-
chamber systems in engines allows the combustion of very 
lean/diluted mixtures, resulting in higher efficiencies and 
lower NOx emissions. 

Research in the field of pre-chamber combustion has been 
extensive in the past years, aiming to increase our understand-
ing and allow the practical application of such systems.  

Computational fluid dynamics (CFD) of pre-chamber 
combustion system has been increasingly employed in the 
last decade to complement experimental testing. Most of 
the work has been focused on RANS models (e.g. [2, 5, 8, 
10, 16, 21–23]) and some LES studies start to appear (e.g. 
[1, 4, 7, 18, 19]). A large variety of pre-chamber geometries 
have been considered, from stylized shapes with single-
orifice nozzles up to close-to-production complex designs 
with multiple orifices. It is well known that the spatial dis-
tribution of the fuel concentration at the time of sparking 
plays a pivotal role on the flame development within the 
pre-chamber in gas engines equipped with a scavenged pre-
chamber. The combustion within the pre-chamber is in turn 
a determining factor for the behaviour of the turbulent jets 
exiting the pre-chamber and therefore this influences the 
combustion of the premixed charge in the main chamber. 

A detailed assessment of the turbulence and fuel distri-
butions within the pre-chamber is a very challenging task; 

the main reason for this is twofold: First, spatial fuel distri-
bution in real-geometry pre-chamber cannot be directly 
measured. Second, results of CFD simulation using  
a RANS approach for such a complex flow depend consid-
erably on the choice of the turbulence model parameters, 
and results cannot be verified through experimental data. 
The approach employed in this paper is based on a so-
called “numerical experiment”, where simulation results 
from LES and RANS are compared in a consistent manner, 
in order to assess the RANS model performance. 

The analysis is focused on the turbulence and fuel dis-
tributions at the time of ignition, in order to evaluate the 
RANS model performance in comparison to the LES, in 
view of the reactive phase. 

The investigated pre-chamber shape was developed us-
ing CFD analysis with VECTIS CFD package within Hori-
zon 2020 GasOn project. The project focusses on the reduc-
tion of emissions in natural gas passenger vehicle applica-
tions using scavenged pre-chamber technology to facilitate 
lean operation at high compression ratios. 

Cold flow simulations have been selected as the focus 
of this publication in order to illustrate the approach to the 
verification of simulations based on a purely numerical 
study. Further development, application and validation of 
the computational methodology developed within the Hori-
zon 2020 GasOn project to complex reacting flow simula-
tions in pre-chamber and spark ignited engines is described 
in detail in [3, 9, 11, 13–15]. 

The remainder of the paper is structured as follows. The 
methodology section presents the rapid compression-
expansion machine and pre-chamber characteristics, the 
LES and RANS setups, as well as the fuel injection strate-
gy. In the results section, the results of the RANS turbu-
lence model are compared to multi-cycle averaged LES in 
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terms of fuel and turbulence distribution within the pre-
chamber. The paper closes with conclusions. 

2. Methodology 

2.1. Rapid Compression-Expansion Machine (RCEM) 

The current study was performed in a Rapid Compres-
sion Expansion Machine (RCEM). The RCEM operates in  
a single cycle mode (compression-expansion) and combines 
excellent optical access with high flexibility in inde-
pendently changing parameters, such as mixture composi-
tion, start of ignition, initial chamber conditions, etc. The 
RCEM employs a freely floating piston with an electrically 
controlled and pneumatically and hydraulically actuated 
driving system. A schematic of the RCEM, showing the 
most important components, is shown in Fig. 1. The most 
important technical characteristics are summarized in Table 
1, while further details can be found in [14]. 

 

 
Fig. 1. Drawing of the RCEM, showing the most important components 

 
The RCEM bore diameter is B = 84 mm and the quartz 

piston has a top hat bowl shape with diameter of 52 mm 
and depth of 2.2 mm. The piston stroke is adjustable (s =  
= 120–250 mm), and for this study was set at maximum. 
The temperature of the cylinder head and liner was set to 
383 K using different heating elements and measured by 6 
K-type thermocouples. Differently than in an engine, the 
filling process of the RCEM cylinder is occurring well 
before the compression and thus no turbulence exists in the 
main chamber at the beginning of the stroke.  

 

The pre-chamber used is a prototype, and was posi-
tioned centrally and in a plane normal to the cylinder axis, 
similarly to its placement in an engine cylinder. The pre-
chamber has 7 nozzles of 1.5 mm in diameter, which are 
placed at an angle to the cylinder axis in order to induce  
a swirling flow within the pre-chamber during compression. 

 
Table 1. Technical characteristics of the Rapid Compression Expansion 

Machine 

Parameter Description 

Bore (B) 84 mm 

Stroke length (s) Adjustable from 120–249 mm  
(here 249 mm) 

Compression stroke (ε) 5–30 

Loading pressure (Pload) 1–3 bar (here 1.2 bar) 

Max. cylinder pressure (Pmax) up to 200 bar 

Piston bowl  db = 52 mm, 2.2 mm depth (top hat) 

Piston optical access dw = 52 mm, quartz window 

Heating system cylinder head and cylinder  
liner heating 

Ignition  spark plug mounted inside  
the pre-chamber 

2.2. LES model 

OpenFOAM v4.x is adopted to solve the LES equations, 

which are implicitly filtered using the filter ∆ � V���

�/
. For 
turbulence the k-equation model [24] is used with Open-
FOAM default constants. The measured piston position has 
been imposed in the simulation to ensure the correct com-
pression stroke. Preliminary simulations of single realiza-
tions (with identical injection profile) have been performed 
with three different meshes with a homogeneous cell size 
within the pre-chamber of 0.125 mm, 0.100 mm and 0.080 
mm, leading to approximately 1, 2 and 4 million cells with-
in the pre-chamber. The choice of the LES minimum grid 
size has been assessed by comparing the temporal evolution 
of mean and rms of equivalence ratio and turbulence inten-
sity within the pre-chamber for a single compression stroke 
(not shown here). Simulations with the finer mesh were 
observed to provide slightly more small flow structures, 
however the overall flow patterns were found to be very 
similar between the cases. For this reason, multiple realiza-
tions are conducted with a 0.125 mm cell size. 

 
Example of fuel distribution during 

injection 
 

 

Pre-chamber  
control volume 

 

Spark region  
control volume 

 

 

Fig. 2. Left: Example of fuel distribution from LES during the injection event. Centre: Definition of pre-chamber control volume drawn in green.  
 Right: Definition of spark-plug region is a sphere with a 3 mm radius 
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2.3. RANS model 

RANS simulations have been carried out with the com-
mercial 3D-CFD solver Ricardo VECTIS [20]. RANS 
equations are solved using the finite volume method. The 
effects of turbulence are solved by means of Reynolds  
Averaged Navier-Stokes (RANS) methods, specifically the 
k-ε model time-scale bounded (TSB) model after [12]. As  
a baseline mesh, a homogeneous grid size of 0.18 mm has 
been used within the entire pre-chamber. The RANS grid 
size has been selected based on a convergence study with 
respect to the temporal evolution of fuel concentration and 
turbulence intensity within the pre-chamber. RANS simula-
tions have been carried out with three meshes – referred as 
Coarse, Medium and Fine – with reference sizes of 0.180, 
0.240 and 0.300 mm. 

 

 
Fig. 3. RANS grid of 0.18 mm in the spark-plug symmetry plane 

2.4. Fuel injection rate 

Figure 4 shows the profiles of fuel injection rate into the 
pre-chamber employed for the RANS and LES simulations. 
In RANS a single profile is used whereas for LES 20 dif-
ferent injection rate profiles have been used to introduce  
 

 

 
Fig. 4. Profile of fuel injection rate into the pre-chamber used in CFD. 
Total injected fuel is 1 mg. Single RANS profile in red and 20 different  
 profiles for LES 

a certain degree of perturbation, which as a result will 
slightly vary the turbulent flow field during the injection 
event. The total amount of fuel injected has been kept fixed 
at 1 mg, and the effective injection duration is 2.5 ms. The 
quantity of fuel injection corresponds to an on-average 
stoichiometric mixture within the pre-chamber at spark time 
for the test case considered and was found to provide  
a robust ignition source for the combustion in the main 
chamber during the experiments. 

3. Results 
Figure 5 displays the temporal evolution of mean and 

variance of Lambda within the pre-chamber volume (top 
row) and within the 3 mm radius sphere around the spark-
plug (lower row). The time is referred as time after top dead 
centre. The nominal spark time is –3 ms and is demarked 
with the red vertical line, whereas the blue vertical line at –
22 ms represents the start of fuel injection into the pre-
chamber. RANS results are shown for the three meshes 
(Coarse, Medium and Fine) and are compared with the LES 
mean (red line) arising from averaging the 20 LES realiza-
tions. 

The mean value of lambda within the pre-chamber (Fig. 
5 upper left) before the start of injection (–22 ms) into the 
pre-chamber is 2 and corresponds to the main chamber 
background lambda. During the injection the value of 
lambda is reduced drastically and shows a minimal value of 
around 0.3 at the end of injection. Later lambda shows an 
almost linear increase until top dead centre as a result of the 
piston motion that induces a flow of lean mixture from the 
main chamber into the pre-chamber. During the expansion 
stroke lambda is decreased again because of the fuel strati-
fication in the pre-chamber, where the lean mixture present 
in the lower half of the pre-chamber leaves first the pre-
chamber and this decreases the mean value of lambda. The 
comparison between RANS and LES is in good agreement 
and the same behaviour has been observed with all grid 
sizes. 

The variance of lambda depicted in Fig. 5 upper right 
shows a different evolution. Before the start of injection, 
the variance is zero because lambda is homogeneous eve-
rywhere. During the injection there is a strong increase of 
the variance in accordance with the large fuel stratification. 
During the second half of the injection event the variance 
decreases because the injected fuel starts to be distributed in 
the entire pre-chamber. Later the variance increases again 
because the lean mixture entering through the orifices tends 
to remain the in lower part of the pre-chamber and it takes 
some time to mix with the richer mixture arising from the 
injection. The mixing rate and the lean mixture flow rate 
from the main chamber are counteracting effects influenc-
ing the degree of fuel stratification as quantified by the 
variance of lambda. At around –10 ms the variance of 
lambda shows a peak and at this point the effect of the two 
aforementioned phenomena are counterbalanced. During 
the second half of the compression (between –10 and 0 ms) 
the variance decreases prevalently due to mixing. The com-
parison between the models shows a reasonable agreement 
where all cases reproduce the same behaviour. 
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Fig. 5. Temporal evolution of mean and variance of Lambda in the pre-chamber (top row) and in the spark region (lower row). Coarse, Medium  
 and Fine are the RANS grids and red is the LES ensemble average 
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Fig. 6. Fuel mass fraction within the pre-chamber at spark time from 20 independent LES simulation realizations 
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Fig. 7. Spatial distribution of fuel mass fraction (upper), velocity magnitude (middle) and turbulent kinetic energy (lower) at spark time (–3 ms). LES  
 results have been averaged using 20 (left) and 10 (centre) runs and are compared with RANS (right) 
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The same analysis has been performed considering the 
region close to the spark-plug. This investigation was moti-
vated by the fact that the early flame growth strongly de-
pends on the local conditions around the spark-plug and this 
has an influence on the overall combustion behaviour and 
engine performance accordingly. It is important to note that 
the spark-plug control volume is much smaller than the one 
embedding the entire pre-chamber and therefore there it 
contains a considerably smaller number of cells. This is 
reflected in a noisier and spiky behaviour of the various 
lines since for some quantities the samples are not enough 
to guarantee a converged statistic. Nonetheless this doesn’t 
prevent a qualitative assessment of the numerical methods 
employed. Overall, similar features as for the pre-chamber 
control volume are observed here, showing good perfor-
mance of the RANS simulations. 

Figure 6 portrays the fuel mass fraction distribution at 
spark time for the 20 single LES realizations, demonstrating 
the variability of the flow structures between runs. Note 
that the same colour scale has been applied for every sub-
figure. As expected, high fuel concentrations are encoun-
tered in the upper half of the pre-chamber because during 
the compression stroke the lean mixture from the main 
chamber enters the pre-chamber via the connecting orifices. 
The tangential orientation of these orifices generates  
a swirling flow and the fuel rich mixture is trapped in the 
centre of this helical vortex. Another observation is that 
there is a high fuel concentration at the deck of the pre-
chamber that has not mixed completely. There are common 
features between the runs such as a vertical structure of 
fuel, but the location and concentration vary considerably 
between realizations. In the lower part of the pre-chamber 
the fuel concentration corresponds to the background lamb-
da due to the filling process of the pre-chamber. Around the 
spark-plug there is some degree of variability and on aver-
age a richer mixture is present towards the radial centre of 
the pre-chamber. This means that the early flame generated 
from the spark is expected to propagate towards the centre 
and then downwards. 

In order to perform a consistent comparison between 
LES and RANS, the solutions of the 20 LES simulations at 
spark time have been averaged as illustrated in Fig. 7. 
Three different quantities have been selected for this com-

parison, namely the fuel mass fraction (upper row), the 
velocity magnitude (middle row) and the turbulent kinetic 
energy (lower row). In order to understand how sensitive 
the statistical convergence of the LES results is, two differ-
ent amounts of LES simulations have been employed to 
average the results (20 and 10 runs). 

The number of runs taken to construct the average 
shows a weak dependence for the mean fuel mass fraction 
and velocity magnitude, whereas larger differences are 
observed for TKE because this is a quantity based on fluc-
tuations of velocity and therefore needs more samples to 
achieve converged statistics. Nonetheless both with 10 and 
20 samples the qualitative distribution of TKE is consistent, 
and with a larger number of realizations (e.g. 100) no major 
differences are expected, but rather a smoother shape as 
seen for the RANS solution. 

The RANS results show a very good degree of agree-
ment in terms of velocity and turbulence intensity as well as 
fuel concentration. This is a promising sign when applying 
the RANS model in the full engine setup because it builds 
some confidence on the appropriateness of the turbulence 
and fuel distribution within the pre-chamber. Based on this 
comparison the performance of the RANS model is consid-
ered as good. 
4. Conclusions 

This paper presents a numerical analysis of fuel concen-
tration and turbulence distribution at spark time for an au-
tomotive-sized scavenged pre-chamber mounted at the head 
of a RCEM by means of RANS and LES turbulence mod-
els. The RANS model performance is assessed by a con-
sistent comparison of RANS results with multi-cycle aver-
aged LES results, for which a perturbation of the temporal 
injection profile of fuel into the pre-chamber has been in-
troduced. Overall, RANS results show that the distributions 
of the turbulent kinetic energy and fuel concentration at 
spark-time agree well with the LES ensemble-averaged 
counterparts. This constitutes a prerequisite in view of the 
combustion phase and the accuracy reported provides fur-
ther confidence in this regard. 
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