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Lean-burn CNG engine with ignition chamber: from the idea to a running engine 
   

Current and further developing CO2- and emission regulations worldwide and the competition to full electric mobility deliver a chal-
lenge for internal combustion engines in general. A state of the art solution is the use of natural gas mainly contending methane to re-
duce CO2 significantly and to offer lowest emission levels. The EU-funded project GasOn developed engine concepts to fully exploit the 
advantages of CNG. This article describes the development of an innovative, monovalent engine dedicated to Compressed Natural Gas 
(CNG) and characterised by the lean burn concept and the innovative pre-chamber combustion. 

Key words: CNG, scavenged prechamber, lean combustion, ignition system, efficiency 
 
 
1. Introduction 

CNG engines offer a CO2 reduction level of above 20% 
compared to diesel and gasoline engines due to the chemi-
cal properties. Methane, the main content of natural gas, 
offers a higher H/C-ratio than the hydrocarbon molecules of 
Diesel and gasoline. An additional potential for CO2-
reduction is the possibility of producing renewable methane 
so a CNG powertrain can become CO2-neutral. 

Current CNG-engines are derived from gasoline engines 
and are limited by boundaries determined by the bivalent 
concept. Such a compromise is a low compression ratio, 
that is usually chosen for the use of gasoline and does not 
fully exploit the potential of the highly knock resistant 
CNG. Additionally a stoichiometric combustion is state of 
the art due to exhaust gas aftertreatment technology. A lean 
combustion offers further potential to increase efficiency 
and to reduce CO2 emissions. 

The objective of the described engine concept of GasOn 
is to fully exploit the efficiency potential of CNG in a dedi-
cated engine, including a high compression ratio (ε > 14) 
and lean burn (λ = 2). An enabling technology for lean 
combustion is the use of a prechamber, which is known 
from large bore engines, used for example by MAN Energy 
Solutions. The prechamber can be interpreted as a highly 
powerful ignition system like a Diesel pilot injection but 
running on the same fuel like the main combustion. It offers 
high energy ignition for the lean combustion without add-
ing a second type of fuel. 

 

 

Fig. 1. CNG combustion system of lean burn with prechamber 

As shown in Fig. 1 the combustion is divided into two 
chambers. The main chamber is supplied with the lean mix 
of CNG and air. After the compression stroke parts of this 
mixture are pressed into the prechamber. The lean mix 
cannot be safely ignited under the high pressure of com-
pression. Therefore, a small quantity of pure CNG is dosed 
into the prechamber via a separate dosing system and cre-
ates an approximately stoichiometric mixture inside the 
prechamber. This mixture can be ignited by the spark plug 
and the combustion process in the prechamber creates high-
ly energetic flame jets exiting into the main combustion 
chamber. These flame jets are able to capture the content of 
the main combustion chamber fast and nearly completely 
which results in a stable combustion process. 

The introduction of this combustion system into a 2L 
class engine size creates several challenges, which need to be 
addressed. As a general figure the prechamber system needs 
to be only 1/3 up to 1/5 of the size of the known components 
from the large bore engines. These challenges and the related 
technical solutions are described in the following chapters. 

2. Base engine 
One of the most important aspects of the new combus-

tion system is the increased compression ratio compared to 
a gasoline engine. The final value is not fixed at the begin-
ning of the project and a variation of different compression 
ratios is scheduled. The envisaged range of compression 
ratios reaches up to eps = 15.5, which leads to expected 
cylinder peak pressures far beyond the mechanical limit of 
adequate gasoline engines. Typical peak pressure limits of 
dual fuel engines are in the range of 100 to 120 bar, while 
the new combustion system might deliver 150bar or more. 
To ensure the highest possible mechanical robustness to the 
project it has been decided to use the Volkswagen EA288 
VN diesel-engine as a base engine for the lean burn pre-
chamber combustion system. Diesel engines of the 2.0l 
class [3] can typically withstand cylinder pressures up to 
200 bar and are therefore perfectly suited for the monova-
lent CNG combustion. 

3. Design challenges 
The development of the combustion system in the de-

cided Diesel engine offered (amongst others) the following 
challenges: 
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− downscaling and package of the prechamber and related 
components into the cylinder head 

− design of the prechamber (shape, nozzles etc.) 
− cooling and sealing concept 
− piston shape 
− dosing system to scavenge the prechamber 

The following chapter will describe the mentioned chal-
lenges and the chosen technical solutions. 

3.1. Package, sealing and cooling 

Prechambers are known mainly from gasoline race en-
gines and from large bore Diesel engines. Both concepts 
offer easier package situations due to an open combustion 
chamber with angled valves (gasoline engine) or by large 
bore diameters (industrial engines) which allow for an 
comparable easy integration of the prechamber and it´s 
necessary components. The chosen Diesel engine mainly 
offers the room formerly used by the high pressure Diesel 
injector in the centre of the cylinder head. In between the 
vertically oriented valves and the related narrow space 
between the camshafts it is not possible to integrate compo-
nents with a diameter much greater than the Diesel injector. 
In a tubular space of appr. 30 mm all components have to 
be integrated: the prechamber, the top lid of the precham-
ber, the check valve, the CNG supply of the dosing system, 
a pressure sensor, the spark plug and the ignition coil. Be-
ing an experimental engine with the plan to test numerous 
variations of the prechamber it is also important to create  
a design that offers sufficient serviceability. It is important 
to be able to change single components without disassem-
bling the cylinder head. 

To address these targets all components are made modu-
lar and are clamped into the cylinder head by a tubular 
locking nut as shown in Fig. 2. 

 

 

Fig. 2. Section view through cylinder head of GasOn engine with pre- 
 chamber 

  
The main part of the assembly is the prechamber (1), 

which is made from a heat resistant steel. The chamber is 

closed by an aluminium top lid (2), which is carrying the 
spark plug, a pressure sensor, a check valve and the cannu-
lary tube of the dosing system (3). All parts are clamped 
onto the cylinder head by a locking nut (4). Outside of the 
shown tubular space the plug top ignition coil (5) and the 
dosing system (6) are located. 

This layout fits smoothly in between the camshafts and 
still allows for an comparatively easy access to the named 
components. The locking nut is a multifunctional part as it 
also separates the oiled area of the cylinder head from the 
dry area outside to ensure an oil free operation of the igni-
tion system. 

 

   

Fig. 3. Section view through prechamber assembly, 3D view and photo of 
hardware 

 
The sealing concept needs to address all three media 

coolant, ambient air and oil as well as the hot combustion 
gases. The prechamber is located in the coolant (2) of the 
engine to avoid overheating and to allow for a robust en-
gine for the scheduled tests. The sealing between the water 
area and the main combustion chamber is done by a teflon 
ring (1). The sealing between the water area and the pre-
chamber area is addressed by a copper ring (3), which is 
loaded with pressure by the locking nut. With the O-Rings 
(5) and (6) the sealing towards the oil area and the ambient 
air area is achieved. 

One aim is a good serviceability, which includes an easy 
change of the spark plug. For the top lid being a rotationally 
symmetrical part which would turn at the moment when the 
sparkplug should be screwed in or out, a device is required 
to avoid a rotation of the lid and also to ensure a defined 
rotational position. This device is a ball (4) located in the 
hutch of the lid engaging a groove in the cylinder head. 

3.2. Design of the prechamber 

The design of the prechamber is determined by various 
boundaries and parameters. The first boundary is the avail-
able space, which is limited by the design of the base en-
gine (valve position) hence defining the maximum diame-
ter. The other aspect is the functional geometry to create an 
appropriate gas motion for a fast and efficient combustion 
in both, the prechamber and in the main combustion cham-
ber.  
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To define suitable geometries numerous CFD simula-
tions have been performed [2] and numerous versions have 
been built and tested in hardware. The first parameter is the 
internal shape. Three shapes and accordingly three different 
chamber volumes between 1.4 and 2.2 cm³ have been de-
signed. 

 

 
Fig. 4. Three internal shapes with 2.2/1.8/1.4 cm³ volume 

 
The shape of the prechamber is defined by the target to 

create best possible conditions at the spark plug for a safe 
and fast ignition. A nearly stoichiometric mixture shall be 
combined with a certain turbulent kinetic energy (TKE) level 
[5]. The developed shapes shown in Fig. 4 offer different 
amounts of a bottle-like section. This shape supports swirl 
and TKE creation and is a proper solution to adjust the inter-
nal volume while allowing for a robust flow structure. 

 

       

Fig. 5. Orientation of the nozzles: tangential (left) and radial (right) 

 
The internal volume is a parameter that defines the 

amount of energy, which is supplied by the burned mixture 
in the prechamber as ignition system for the lean mixture in 
the main combustion chamber. A bigger volume offers 

more energy and offers a higher combustion robustness at 
very lean conditions of above lambda = 1.8. In terms of 
efficiency a smaller volume is welcome. 

A key parameter of the prechamber is the design and 
orientation of the nozzles. The varied parameters within the 
project are the nozzle diameter, the quantity and the orien-
tation. The diameter is interesting in terms of creating flame 
quenching when the flame/reacting gases are moving 
through the nozzle. Diameters much smaller than 1mm are 
discussed to result in flame quenching phenomena. In com-
bination with the quantity of nozzles the diameter deter-
mines the cross section between prechamber and main 
combustion chamber. A higher cross section leads to lower 
pressure gradients, which can influence the complex com-
bustion process. The tested nozzle diameters have been 
varied between 1.0 and 2.0 mm. The third parameter is the 
nozzle orientation. An aspect of the orientation is to place 
them in a radial or tangential orientation as shown in Fig. 5. 
Using the radial orientation does not add or create any 
swirl, neither in the prechamber during compression stroke 
nor in the main combustion chamber during combustion. 
Swirl can be achieved with tangential nozzles, which can be 
oriented in the same or in the opposite direction of the swirl 
flow of the main combustion chamber. A higher signifi-
cance of the nozzle orientation can be seen inside the pre-
chamber, where the flow structure is totally different when 
comparing radial with tangential nozzles. While the tangen-
tial orientation leads to a controlled swirl structure the radi-
al orientation leads to a straight flow structure. Both can 
lead to the envisaged conditions at the spark plug. 

A CFD comparison in Fig. 6 shows the different charac-
ter of the flow structure hence the relevance of the nozzle 
orientation. The velocity distribution of the flow shows  
a totally different character if changed from tangential to 
radial nozzles. While the first one creates a clear swirl in-
side the prechamber with the highest velocities at the out-
side of the prechamber the radial nozzles create a high 
velocity field in the core of the prechamber. 

 

 
Fig. 6. Flow structure inside the prechamber during compression stroke depending on nozzle orientation 
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On the basis of the results of further CFD simulations  
a number of more than 10 different types of prechamber 
have been designed, produced and tested. This also includes 
designs with additional nozzles, which are oriented nearly 
vertically pointing down into the main combustion chamber 
as shown in Fig. 7. The relevance of this feature is obvious 
when considering the piston and its bowl as another design 
parameter for the combustion process. 

 

 
Fig. 7. Two different samples of prechambers with additional nozzles [4] 

3.3. Design of the piston 

In Diesel engines typically the Diesel injector and it´s 
injection coils are matched to the piston bowl to create the 
best possible combustion in terms of efficiency and emis-
sions. The same approach is necessary for the investigated 
CNG lean burn prechamber combustion process, which 

creates flame jets comparable to those of a Diesel injection. 
Therefore the piston has been designed with different bowls 
for two purposes: variation of compression ratio between 
13.5 and 15.5 as well as matching the bowl with the nozzles 
of the prechamber. In this article the matching of piston and 
prechamber is described. All designs of piston and pre-
chamber are created based on CFD simulations [2]. 

The base design of the piston was a hemispheric bowl as 
shown in the Fig. 8. It has been tested as a reference in 
combination with a standard spark plug ignition in the main 
chamber without any prechamber. This layout delivered the 
baseline in terms of lean limits in a standard concept. In the 
next step this hemispheric design has been combined with  
a set of prechambers containing one array of nozzles point-
ing nearly horizontally into the main combustion chamber, 
but varied in terms of orientation, quantity and diameter. It 
is obvious that the flat array of flame jets does not capture 
the CNG-air-mixture inside the hemispheric piston bowl 
completely so the optimisation started in two ways: adding 
additional nozzles pointing downwards and creating a pis-
ton bowl with a omega-shape. 

Finally two families of pistons have been designed. The 
first one are the hemispheric pistons, which adds a version 
with a rounded edge and a smaller squish area to the shown 
base design. The second family are the pistons with an 
omega shape, which are also designed with a sharp and  
a rounded shape at the squish area. The designs have then 
been tested in combination with different prechambers. The 
main concepts are shown in Fig. 9. 

 

 

Fig. 8. Hemispheric piston bowl combined with standard spark plug and with prechamber 

 

 
Fig. 9. Hemispheric and omega shaped piston bowls in combination with two different types of nozzle orientation 
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3.4. Dosing system 

Prechambers can work in two different operating 
modes, a passive and an active one. Passive operation 
means that no scavenging is actively done within the pre-
chamber so the mixing inside it relies passively on the gas 
dynamics of fresh and residual components. In GasOn it is 
scheduled to design an active prechamber, which allows for 
a dedicated supply of small amounts of CNG directly into 
the prechamber. This is done to enable the engine for the 
very lean mix combustion of up to lambda 2. 

A general layout of the CNG supply to the engine show-
ing the two different pathways of CNG to the prechamber 
or the main combustion chamber is shown in the Fig. 10. 

To realise a dosing system some technical requirements 
need to be addressed. The first one is the ability of injecting 
very small CNG quantities of less than 1mg per stroke. 
Additionally the system has to be packaged outside of the 
cylinder head because of the expected size of the injector. 
After first attempt with an pressure supported electromag-
netic valve, which came out to be unreliable and missing 
the required precision and repeatability from stroke to 
stroke, a new design had to be created. The dosing system 

is finally based on Bosch NGI2 injectors, which are inte-
grated in a throttling system and connected to the precham-
ber via a cannulary tube. All involved components between 
injector and prechamber are designed to minimise the in-
volved volume to increase controllability and precision. 1D 
flow simuation and basic testing helped to find the final and 
reliable solution. 

The dosing system is a low pressure system designed 
for pressures up to 10 bar as known from usual CNG sys-
tems feeding the injectors. This is required for the reason of 
creating very small mass flows per injection and for the 
simplicity and robustness of the system. 

To safe the system from the high pressures inside the 
combustion chambers the engine needs to be equipped with 
check valves. 

3.5. Check valve 

An important element of the dosing system and direct 
interface to the prechamber is the check valve. It is located 
directly at the entrance of the dosing system into the pre-
chamber and is important to avoid the high combustion 
pressures to affect the dosing system. 

 

 

Fig. 10. Schematic overview of the CNG supply of the GasOn engine showing the supply of the main combustion chamber and the separate supply for the 
 prechamber 

 

      

Fig. 11. Dosing system for active (scavenged) prechamber operation 
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The check valve needs to be designed from scratch be-
cause there is no suitable system available in the market. 
The valve needs to fit into the diameter of 3.5 mm, has to 
be temperature resistant and should not offer unnecessary 
dead volume as a HC-trap. A first design has been built, 
which was perfect in terms of minimum dead volume, but it 
turned out to be too complex to be manufactured inside 
suitable tolerances. As a consequence the variation between 
the built samples was too big. 

 

 
Fig. 12. Check valve, first version with minimised dead volume 

 
To optimise this component, several design steps have 

been performed as shown below. A key to success was to 
separate the internals of the valve to avoid risky and hardly 
controllable welding steps and to create simple, producible 
parts that are assembled to a valve system in the top lid of 
the prechamber. 

The integration of the check valve in the prechamber 
top lid is shown in Fig. 14. 

 

 

Fig. 14. Assembly of check valve (design 1) into prechamber top lid 

4. Results 
The described components including some more un-

mentioned design work assembled to a new engine, dedi-
cated to run on CNG only and offering a lean prechamber 
combustion process. Not touched in this article are the 
changes to the piston rings to address the different pressure 
situation of the throttled operation (the Diesel engine is 
made for unthrottled operation), the modified exhaust mani-
fold and turbocharger, the gasmixer for the CNG-supply to 
the main combustion chamber and of course the use of 
special components in the valve train able to run on CNG. 

 

 

Fig. 13. Evolution of the check valve to the final version 

 

            

Fig. 15. Section view and photo of GasOn engine 
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The engines could be driven as planned from the begin-
ning without major problems which was a success for the 
design and engineering effort creating this engine. The 
prechamber system is working, the lambda limit for the 
scavenged operation is above 2, the dosing system is work-
ing precisely with very low quantities and all efforts lead to 
a very promising number: the engine reached a best tested 
efficiency at lambda 1.7 of more than 44%. 

5. Conclusions 
In this article, the main challenges for designing a pre-

chamber system for the selected 2.0L Diesel engine have 
been described and appropriate solutions have been reali-
sed. The focus is to find a package and a functional geome-
try (shape of prechamber, nozzle, piston) at the same time. 
To achieve the project objective, extensive use of CFD 
work was required. 

An initial question of the project was, if the prechamber 
combustion system from large bore engines can be applied 
to much smaller engines as well due to different sizes, dia-
meters, speeds and other parameters. GasOn made a first 
step of research work in this direction and showed, that the 
lean prechamber combustion can be applied with a very 
promising result of working hardware, high combustion 
efficiency, good combustion robustness and high process 
controllability.  
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 Optical investigation of prechamber combustion in an RCEM  
 

In this study, detailed investigations of scavenged prechamber engine combustion are performed experimentally in a Rapid Com-
pression Expansion Machine (RCEM), which allows optical access into the main chamber. OH* chemiluminescence measurements 
combined with pressure measurements are used to study the effect of varying ignition timing on combustion and cycle-to-cycle varia-
tions. The variation of ignition timing (pressure at ignition) showed an optimum ignition point for a given injection duration. Earlier 
ignition resulted in weaker but more reactive jets, coupled to increased cyclic variations. Later ignition did not significantly affect heat 
release rate, but increased cyclic variation.  

Keywords: scavenged prechamber, optical measurements, ignition timing 
  
 
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 [2]. Lean-burn, or alterna-
tively high-dilution combustion concepts, are employed in 
order to keep engine efficiency high by minimizing thermal 
losses, while also keeping NOx emissions below legislated 
limits. Under high-dilution conditions, operation is limited 
by high cyclic variability as well as increased unburned 
hydrocarbon emissions [3, 17]. In order to address these 
limitations, external ignition engines require high ignition 
energy and distributed ignition sources in order to ignite and 
consume the lean/diluted premixed main charge [10, 17]. 

A widely used technology in these engines is precham-
ber ignition systems, in which the external ignition source 
is located in a separate small volume, connected to the main 
chamber via orifices [3, 17]. This setup allows the design 
for favorable ignition conditions near the ignition source, 
which result in fast and repeatable early flame propagation. 
The pressure difference resulting from combustion taking 
place inside the prechamber pushes jets containing active 
radicals and/or hot combustion products into the main 
chamber, which ignite the lean or diluted mixture. The use 
of prechamber ignition systems in engines allows the com-
bustion of very lean/diluted mixtures, resulting in higher 
efficiencies and lower NOx emissions [17]. 

Research in the field of prechamber combustion has 
been extensive in the past years, aiming to increase our 
understanding and allow the practical application of such 
systems. Mamar et al. [1] worked on an optically accessible 
prechamber engine. They reported that a faster combustion 
was observed using a prechamber in comparison to open 
chamber ignition. Additionally, faster flame jets induced by 
higher pressure difference were claimed to reduce the main 
chamber combustion duration. Moreira et al. [9] analysed 
an unscavenged prechamber in a four cylinder engine. The 
unscavenged prechamber system was reported to lead to 
increased engine efficiency, as well as reduced NOx emis-
sions and IMEP covariance. 

More recently, Kotzagianni et al. [8] compared the 
scavenged and unscavenged operation modes of a pre-
chamber and investigated the effect of injected fuel amount 
into the prechamber. The unscavenged operation resulted in 

slower and longer combustion in the main chamber. Con-
cerning the fuel amount injected into the prechamber, when 
exceeding a certain amount, additional fuel had no signifi-
cant impact on the combustion in the main chamber. Some 
numerical studies [4–7, 11, 16] have studied the effect of 
turbulence generation in the prechamber. These report that 
the turbulence inside the prechamber dissipates very quick-
ly between the end of the compression and the ignition; this 
results in slower jets when ignition timing is late in the 
cycle. In addition, accurate modelling of the turbulent quan-
tities is important in order to correctly predict prechamber 
combustion and resulting jet presentation. 

In this work, we aim to study the effect of spark timing 
on the combustion in the prechamber and the main chamber 
using optical diagnostics and pressure measurements. The 
purpose is to determine the effect of ignition timing on 
scavenged prechamber combustion and cycle-to-cycle vari-
ation. To this end, an optically accessible Rapid Compres-
sion Expansion Machine is used, where information con-
cerning prechamber and main chamber combustion can be 
obtained through optical measurements. The paper starts 
with a description of the experimental setup and the meas-
urement conditions chosen. This is followed by the results 
section, where the prechamber and main chamber combus-
tion are studied, before a brief discussion about the findings 
and their relevance to scavenged prechamber engine opera-
tion. The paper closes with the conclusions of the work. 

2. Experimental setup and measurement  

conditions 
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 uses a free-floating piston, which is driven by 
a pneumatic-hydraulic system towards the cylinder head. 
This motion creates the compression stroke, while the in-
creasing pressure due to compression and combustion even-
tually drive the piston back. The piston contains a quartz 
window, which allows optical access towards the cylinder 
head, where the different pre-chambers are mounted cen-
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trally. A UV-enhanced mirror is placed behind the quartz 
piston in order to allow the detection of the area where the 
reacting jets were exiting and the combustion inside the 
main chamber. 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 about the driving part and the prin-
ciple of operation of the RCEM can be found in [8, 12–14]. 

 

 
Fig. 1. Schematic of the RCEM, adapted from [15] 

  
Table 1. Technical characteristics of the Rapid Compression Expansion 

Machine 

Parameter Description 

Bore (B) 84mm 

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 

 
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 prechamber during compression. 

The pressure measurements inside the main chamber 
were performed using a cooled piezoelectric pressure sen-
sor (Kistler no. 7061B, 0–250 bar), which was coupled to a 
Kistler 5011 charge amplifier. An absolute piezoresistive 

pressure sensor (Kistler no. 4053, 0.0–5.0 bar) was em-
ployed for the pressure correction (pegging) of the piezoe-
lectric pressure sensor. The absolute pressure sensor was 
connected to the cylinder through an automatic switching 
adaptor (Kistler 741A), which allowed the piezoelectric 
sensor pegging during the early stages of compression. The 
initial pressure inside the combustion chamber was set at 
1.2 bar for all operating points. Additional piezo-resistive 
pressure sensors were mounted on the driving piston and 
the fuel supply line of the PC and MC to control the filling 
of the driving gas, which was set at 27 bar, and the fuel 
pressure for the PC and the MC, which were set to 10 and 
at 60 bar respectively. The synchronisation of all triggering 
signals, i.e. for the start of injection in the pre- and main 
chamber, the ignition timing and the image acquisition 
using the high speed camera, was achieved using a cylinder 
pressure-based system, which allows triggering at certain 
cylinder pressures.  

The fuel for the filling of the main chamber was admin-
istered by a Siemens hollow cone piezo actuated injector, 
which was located 35 mm off-axis in the cylinder head. The 
piezo injector has an umbrella angle of 90 degrees and was 
operated with a nominal needle lift of 25 μm. The injection 
pressure was 60 bar. For safety reasons and in order to 
achieve a homogeneous background methane-air mixture, 
the gaseous methane was injected into the chamber filled 
with pure air (Pload = 1.2 bar) about 3 seconds bTDC and 
prior to the start of compression. The composition of the 
main chamber was set to λ = 2.0 for all measurement 
points. The methane injection for filling the pre-chamber 
was performed using a prototype injector (EFF-Dunken 
KSV 017). The injector was supplied with fuel through a 
pre-chamber injector rail, and the rail pressure was kept 
constant at 10 bar throughout the experiments. The start of 
injection was performed during the compression, when the 
pressure of the main chamber reached 2.0 bar. The injection 
duration for the pre-chamber fuel filling was kept constant 
at 2.5 ms for this investigation. The fuel for the PC and MC 
was supplied from high purity methane bottles (99.995% 
CH4). The ignition was initiated by an ignition coil (VW 
AG 06.J.905.110.G, BEO S3) with a G-type spark plug 
(NGK R – M10) which has a 0.5 mm gap. The pressure at 
ignition was varied between 15 and 30 bar. A description of 
the main parameters for the current measurements is shown 
in Table 2, which includes the main chamber air/fuel ratio, 
the prechamber injection duration, the set and measured 
average pressure at ignition and the average resulting igni-
tion timing referenced to the top dead centre (TDC) point. 
All measurement points were repeated 12 times; the pres-
sure results reported are the averages of the 12 repetitions. 

 
Table 2. Operating conditions 

Main 

chamber λ 

PC injection 

duration (ms) 

Set pressure at 

Ignition (bar) 

Meas. av. pres. 

at ignition (bar) 

Av. ignition 

time bTDC 

(ms) 

2.0 2.5 15 14.9 –5.12 

2.0 2.5 18 18.2 –4.53 

2.0 2.5 23 23.1 –3.31 

2.0 2.5 26 25.6 –3.10 

2.0 2.5 30 29.6 –2.59 
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Information about the combustion characteristics of the 
flame/radical jets and the flame propagation inside the main 
chamber were acquired using high speed 2D OH* chemi-
luminescence imaging. The spatial distribution of OH* 
chemiluminescence was recorded with an intensified high 
speed camera at 32 kHz repetition rate (LaVision HSSX 
and image intensifier, 10/12 bits dynamic range) equipped 
with a 50 mm UV lens (f/20) and a bandpass filter for  
a wavelength of 306 nm and 12.1 nm FWHM. The acquired 
2D OH* chemiluminescence images have been analysed 
using a purpose-built Matlab routine in order to obtain 
information about the jet exiting time. 

3. Results 
The study undertaken involves the variation of the spark 

timing with respect to TDC, which was achieved by vary-
ing the value of cylinder pressure when the ignition is trig-
gered. The ignition was triggered at cylinder pressures from 
15 to 30 bar, with steps of around 4 bar (15, 18, 23, 26, 30 
bar). This variation is expected to have multiple effects on 
the prechamber combustion. The variation of pressure di-
rectly affects the thermodynamic conditions at ignition, 
since the pressure and temperature are correlated if we 
assume a near-adiabatic, closed system. The exact tempera-
ture at the ignition location is very difficult to be estimated 
since the heat losses, particularly within the prechamber, 
are unknown; nevertheless, the gas temperature is expected 
to be increasing with increasing pressure, resulting in a 
faster laminar flame speed (the increase of laminar flame 
speed with temperature is higher than the corresponding 
decrease with increasing pressure). In addition to this, dur-
ing the compression stroke, as the main chamber pressure 
increases, more of the leaner main charge is pushed into the 
prechamber, increasing the average air to fuel ratio. This, 
along with the degree of homogenization of the prechamber 
which increases with time, is expected to have a significant 
effect on the flame speed in the prechamber. At earlier 
ignition timings the fuel-air mixture near the spark location 
is expected to be rich, while at later spark timings it is ex-
pected to be leaner. Finally, the turbulence intensity in the 
prechamber, which varies significantly with time due to the 
variable turbulence production from the incoming flow and 
the turbulence dissipation over time, is expected to mostly 
decrease with later ignition timings (i.e. with higher pres-
sures at ignition). 

In the present investigation three diagnostics are used to 
investigate the prechamber and main chamber combustion 
with different ignition timings. For the prechamber com-
bustion, the jet emergence timing after ignition into the 
main chamber as the primary diagnostic. The earlier timing 
after ignition indicates faster combustion in the precham-
ber. For the main chamber combustion we use the main 
chamber optical images which give an indication of jet and 
flame reactivity, as well as the calculated main chamber 
heat release rate (HRR). The prechamber and main chamber 
combustion are presented separately in the subsections 
which follow. The results section closes with a discussion 
of the findings and an attempt to connect these results to 
engine operation. 

 

3.1. Prechamber combustion  

In this study we use the jet emergence timing after igni-
tion into the main chamber as the primary diagnostic of the 
prechamber combustion. The jet exit timing is determined 
when a certain level of OH* is visible in the main chamber. 
The level of OH* was arbitrarily chosen to avoid measure-
ment noise affecting the study. Figure 2 shows the jet exit 
timing in ms after the ignition timing, for the different igni-
tion pressures and for each of the 12 repetitions at each 
pressure point.  

 

 

Fig. 2. Time of burning jet emergence into the main chamber for all 12  
 repetitions per operating point, plotted versus Pign 

 
The average trend indicates the combustion in the pre-

chamber to be faster with increasing pressure at ignition up 
to Pign = 26 bar. This is expected to be the result of the 
combination of increasing reactivity due to the charge tem-
perature and in particular better mixing of prechamber fuel 
with incoming main chamber charge later in the cycle.  
A further increase in pressure at ignition to Pign = 30 bar 
results in a longer time for the jets to emerge, despite the 
expected increasing temperature of the charge. This can be 
explained by two possible effects: on the one hand, the 
reactivity of the mixture near the spark location and during 
the flame propagation might reduced due to over-leaning of 
the mixture from the incoming main chamber charge. Al-
ternatively, or in addition, the turbulence intensity caused 
by the high-velocity incoming flow from the prechamber 
nozzles during the compression stroke has dissipated signif-
icantly at this point, leading to reduced turbulent flame 
speed and thus delayed jet exit.  

What can also be observed from Figure 2 is that the cy-
clic variation also decreases when approaching the Pign = 26 
bar point. The cyclic variation is expected to arise mainly 
during the early flame development, since the following 
turbulence-driven flame propagation is expected to be re-
peatable due to the turbulence being generated by the piston 
stroke. Thus, the cyclic variation is expected to be connect-
ed to small changes in local reactivity around the spark 
plug; this is supported by the observation that the highest 
cyclic variation is at the extreme points: Pign = 15 bar and 
Pign = 30 bar. In the former the mixture near the spark plug 
is rich, while in the latter the mixture is lean. Further analy-
sis of these effects will require the contribution of CFD 
calculations for these cases, in order to obtain spatial and 
temporal information concerning the thermochemical con-
ditions in the prechamber.  
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3.2. Main chamber combustion  

Figure 3 shows the time-resolved OH* chemilumines-
cence images for representative cycles with Pign = 15, 23 
and 30 bar. The representative cycles were chosen to be the 
single realisations of the experiment which have a pressure 
trace closest to the average pressure trace of all 12 repeti-
tions at these conditions. What is interesting to observe is 

that the case of Pign = 15 bar shows the highest OH* signal 
from the early jets (time instant 1.6ms after ignition). This 
is understood to be due to reactions which occur on the jet 
surface, from the mixing of the rich jets with the surround-
ing lean mixture. The intensity then is significantly re-
duced, before a premixed flame is formed. At this point of 
main chamber flame propagation higher OH* intensity    
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Fig. 3. OH* chemiluminescence images, showing the prechamber jets and the combustion evolution in the main chamber in cases when ignition occurred 
at 15 bar (first two lines), 23 bar (middle two lines) and 30 bar (last two lines) 
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observed in the cases with later ignition. This indicates that 
the ignition and subsequent combustion in the main cham-
ber is slower for the early ignition case, possibly due to the 
reduced reactivity of the main chamber mixture at jet exit 
(the pressure and as a consequence the charge temperature 
is lower) and the reduced turbulence intensity induced by 
the weaker jet. 

The observations presented above are supported by the 
HRR traces of the representative cycles for the same three 
measurement points, shown in Fig. 4. In the figure the HRRs 
are plotted against time with the reference at ignition (left 
plot), as well as with time = 0 ms at TDC (right plot). These 
plots allow the comparison of the HRRs in cycle time as well 
as with respect to ignition timing. The main chamber HRR 
induced by the jets in the earlier ignited case (Pign = 15 bar) 
shows a slower increase and a significantly reduced peak. 
What is also noticeable is the delay in the establishment of 
the premixed flame after the jet exit, which is indicative of 
the lower reactivity of the main chamber mixture at this jet 
exit timing. In addition, the possibly lower The two cases 
with later ignition show very similar HRRs, despite a small 
delay of the jet exit in the Pign = 30 bar case. 

The automotive industry has been intensively moder-
nized in recent years in the aspect of exhaust emissions 
reduction. Modern passenger vehicles must comply with 
emission norms in real driving conditions and extended 
environmental conditions relative to the pre-existing dyna-
mometer tests (variable ambient temperature, pressure, 
congestion, driving style etc.) [16]. RDE road tests should 
therefore take into account all possible road situations while 
maintaining a set specific driving style, so that the obtained 
emission results are indicative of the vehicle technical cha-
racteristics [2]. Thus, there is a number of conditions that 
must be met in order to perform these test [3]. 

Vehicle manufacturers continuously introduce modern 
drive systems in order to meet the stringent emission 
norms. Despite the increase in the electric vehicles market 
share, the internal combustion engine continues to be the 
main propulsion mechanism used in vehicle drive systems 
(Fig. 1). Their presence will be noticeable in all kinds of 
hybrid drives [4, 11].  

3.3. Discussion 

In all, the variation of ignition timing (pressure at igni-
tion) showed to significantly affect the prechamber com-
bustion and subsequent main chamber HRR. Early ignition 
resulted in slower prechamber combustion and the emer-
gence of possibly rich jets early in the cycle, which then 
lead to a delayed and slower main chamber combustion due 
to the reduced main chamber reactivity at that time, and 
possibly low turbulence generation from the jets. Progres-
sively later ignition seemed to produce more stable condi-
tions for prechamber ignition and faster prechamber com-
bustion, up to the point where the trend was reversed 
possibly due to over-leaning of the prechamber charge 
through mixing with the incoming main chamber charge 
and reduced turbulence intensity in the prechamber. Never-
theless the slightly delayed jet emergence timing for the 
case with late ignition did not seem to affect the main 
chamber HRR appreciably. 

In terms of the relevance to engine operation, it seems 
clear that the ignition timing in scavenged prechamber 
engines will need to be coupled to the prechamber injection 
amount. For early timings, smaller amounts will need to be 
injected, while in later timings larger amounts are appropri-
ate; this is in order to ensure high-reactivity mixture near 
the spark plug at ignition, in order to achieve repeatable 
combustion in the prechamber and low cyclic variation in 
the main chamber. In addition, high early flame reactivity 
coupled to high turbulence levels should be sought in order 
to enhance the main chamber combustion rate and thus 
engine cycle efficiency. 

4. Conclusions 
In this study the combustion in the prechamber and 

main chamber for a scavenged prechamber system was 
investigated experimentally at engine relevant conditions 
with varying ignition timing in a Rapid Compression Ex-
pansion Machine (RCEM). The RCEM allows single pa-
rameter variation in addition to optical access into the main 
chamber for optical diagnostics of the prechamber jets and 
subsequent flame development. The optical information 
was obtained using OH* chemiluminescence measurements, 
 

 

       
Fig. 4. Heat release rate for the representative cycles of the Pign variation plotted against time after ignition (left) and time after TDC (right) 
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in order to gain useful insights on the jets exiting the pre-
chamber and combustion propagation in the main chamber. 
Besides the optical data, pressure measurements were rec-
orded during all the experiments, which allowed the identi-
fication of cycle-to-cycle variability and the calculation of 
heat release rate in the main chamber. 

In the present investigation the fuel concentration inside 
the main chamber (λmain) and in the prechamber (i.e. the 
prechamber injection duration) were kept constant, while 
the pressure at which the ignition was triggered was varied, 
resulting in an effective change in ignition timing.  

The variation of ignition timing (pressure at ignition) 
showed to significantly affect the prechamber combustion 
and subsequent main chamber HRR. Early ignition resulted 
in slower prechamber combustion and the emergence of 
possibly rich jets early in the cycle, which then result in a 

delayed and slower main chamber combustion. Progressive-
ly later ignition seemed to produce more stable conditions 
for prechamber ignition and faster prechamber combustion, 
up to the point where the trend was reversed. This reversal 
in trend was attributed to over-leaning of the prechamber 
charge through mixing with the incoming main chamber 
charge and reduced turbulence intensity in the prechamber 
with increasingly late ignition timings.  

The results indicate that adapted prechamber injection 
strategies should be followed when varying spark timing in 
prechamber engines; early ignition should be coupled with 
low injection amounts, whereas late ignition should be 
coupled with higher injection amounts. This is expected to 
lead to faster main chamber combustion and reduced cycle-
to-cycle variation. 
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Prechamber optimal selection for a two stage turbulent jet ignition type  

combustion system in CNG-fuelled engine 
   

Searching for further reduction of fuel consumption simultaneously with the reduction of toxic compounds emission new systems for 
lean-mixture combustion for SI engines are being discussed by many manufacturers. Within the European GasOn-Project (Gas Only 
Internal Combustion Engines) the two-stage combustion and Turbulent Jet Ignition concept for CNG-fuelled high speed engine has been 
proposed and thoroughly investigated where the reduction of gas consumption and increasing of engine efficiency together with the 
reduction of emission, especially CO2 was expected. In the investigated cases the lean-burn combustion process was conducted with 
selection of the most effective pre-combustion chamber. The experimental investigations have been performed on single-cylinder 
AVL5804 research engine, which has been modified to SI and CNG fuelling. For the analysis of the thermodynamic, operational and 
emission indexes very advanced equipment has been applied. Based on the measuring results achieved for different pre-chamber config-
urations the extended methodology of polioptimization by pre-chamber selection and the shape of main chamber in the piston crown for 
proposed combustion system has been described and discussed. The results of the three versions of the optimization methods have been 
comparatively summarized in conclusions. 

Key words: gas engine, prechamber, thermodynamic analysis, combustion, exhaust emission, optimisation  
 
 
1. Introduction 

The global production of automotive vehicles continues 
to increase every year, reaching the level of over 97 million 
units produced in 2017 [28]. Currently, the majority of 
these vehicles (estimated in 2012 at 96%) are powered by 
combustion engines running on liquid petroleum fuels [8]. 
However, the availability of such fuels is increasingly lim-
ited due to the depletion of oil resources. At the same time, 
the content of heavier hydrocarbon fractions creates numer-
ous problems with the emission of harmful compounds and 
particulate matter. 

In this context, increasingly attention is paid to gaseous 
fuels. Among them, the most popular is natural gas, whose 
global production in 2017 reached over 3700 billion m3 [2]. 
The share of this fuel in the global energy consumption by 
the transport sector is forecast to increase from 3% in 2012 
to 11% in 2040 [22, 26]. This is supported, inter alia, by the 
intensive development of CNG refueling infrastructure [5, 
10] and the lower impact of pollutant emissions from gas 
engines on the natural environment. 

Due to the relatively low density of natural gas (0.7–0.9 
kg/m3) [11], the lower flame propagation rate (0.37 m/s at  
λ = 0.9) [18] and high A/F value (17.2) [11], changing the 
fuel supplied to a high-speed SI engine with indirect injec-
tion from liquid to CNG results in a reduction of power and 
torque [29]. A positive aspect of using CNG in these types 
of constructions is the reduction of some exhaust compo-
nents emission [7, 19], in particular CO2 emissions.  

The parameters of natural gas listed above require the 
use of a dedicated system for the charge preparation and 
combustion. Currently, in addition to the aforementioned 
conventional combustion system with SI and indirect injec-
tion, two alternative system types that effectively burn 
natural gas can be distinguished. First is the direct injection 

of natural gas into the combustion chamber, which allows 
limiting the volumetric losses in the low engine speed 
range. The use of direct injection results in increased power 
and torque, as well as an increase in thermal efficiency [6].  

An alternative solution is a two-stage combustion sys-
tem (TJI – Turbulent Jet Ignition) [22, 25] that uses an 
ignition chamber directly powered with gas and the main 
chamber with external mixture preparation. There is a spark 
plug located in the prechamber (ignition chamber) and a gas 
supply channel through a one-way valve as well. This ena-
bles obtaining a rich, easily flammable gas/air mixture. The 
streams of burning fuel flowing through the inter-chamber 
channels lead to surface ignition of a lean fuel mixture 
located in the main combustion chamber, while the lean 
fuel mixture itself is prepared in a mixer or by means of gas 
injection into the intake manifold. 

2. Literature study 
The combustion with excess oxygen, called lean com-

bustion, is being used due to the increase in engine thermal 
efficiency and to exploit the potential to reduce some en-
gine emissions [25], with special focus put on the  
NOx-emissions, which decreases with the increase in air- 
-fuel equivalence ratio – in parallel with the decrease in 
combustion temperature – one of main factors influencing 
emission of these compounds. However, the biggest bene-
fits in the reduction of thermal NOx emissions happen for 
the λ > 1.4. This value is the lean combustion limit for 
conventional spark ignition systems, but can be further 
extended with the implementation of turbulent jet ignition 
(TJI), which can deliver much higher activation energy to 
start the combustion process of a lean mixture. Such a sys-
tem can be used either without injection to the ignition 
chamber (passive or unscavenged configuration) or with 
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prechamber injection (active or scavenged configuration) 
[2, 3, 12]. Hence the active TJI has been introduced to the 
engine, stable operation has been achieved for λ ~ 2.2, in 
parallel with better indicated net thermal efficiency values 
from λ > 1.2 and also 2% greater ηt_max (at λ ~ 1.6).  

The prechamber system has been widely investigated in 
heavy duty engines [14, 17, 24] and the positive impact of 
TJI implementation has been confirmed regarding the com-
bustion indicators. However, the high level of its complexity 
results in reduced scalability and confirms the necessity of 
functional analysis in case of small reciprocating engines [21]. 

TJI indicates the potential in knock characteristic im-
provement at high load engine operation [1]. In the scope of 
the mentioned study several fuel blends with reduced oc-
tane number in the range of 93–60 have been supplied dur-
ing WOT operation to the dual stage combustion system in 
unscavenged configuration. At the constant engine speed of 
1500 rpm, the knock limit extension that was sourced in 
improved burn rate, allowed using fuel with octane number 
10 points lower. Further, with optimized ignition timing 
and due to the reduced ignition delay and faster combus-
tion, the benefit of 15 octane number fuel has been proven, 
which enables increasing the CR by approximately 3 points 
and also thermal efficiency benefits [30]. 

The prechamber-initiated combustion system has been 
investigated by the authors of this study [15] with focus on 
determination of possible and beneficial fuel supply strate-
gies for both chambers. The main chamber has been fed 
indirectly with CNG doses in the range q0_MC = (14.8–19.0) 
mg/inj, while the prechamber injection has been set at q0_PC = 
= (0.63–2.76) mg/inj. Considering the ignitability limit for 
the prechamber system supplied with the main CNG dose 
greater than 17.7 mg/inj, the top end limitation in precham-
ber fuel supply is clearly marked with rapid increase in 
CoV(IMEP) – for q0_PC > 1.7 mg/inj and a reduced HRR. 
As indicated, this is caused by the conditions in the pre-
combustion chamber being too rich. In case of the low dose 
value (q0_MC = 14.8 mg/inj), the combustion stability penal-
ty has been observed for a much greater prechamber dose 
(q0_PC > 2.2 mg/inj), however the prechamber supplied with 
fuel quantity reduced below q0_PC < 1.1 mg/inj resulted in 
significant increase in the combustion non-uniformity. This 
confirms the lower ignitability limit, which is marked by 
too lean prechamber conditions.  

Geometrical configuration of the prechamber system 
has a significant impact on the main combustion process. 
The literature-indicated prechamber cavity Vpc share in total 
combustion chamber volume is given by [27]: 

 r� =
���

�������
 (1) 

where Vmc is the volume of main chamber, and varies in 
range of rv = (1.1–37)%.  

Oversizing the pre-combustion cavity causes excessive 
energy to be transferred to the main combustion chamber 
(assuming a constant prechamber stoichiometry). In studies 
of lean mixtures combustion in the main chamber a signifi-
cant increase in rv, at a constant lambda value, results in an 
increase of NOx emission [13]. Other studies confirm the 
5% volume limit regarding the heat losses level in various 
cited works of Attard, compare with [1–3]. 

Bunce et al. conducted research into the number of noz-
zles and their diameter using an optically accessible engine 
with a displacement of 0.601 dm3 [4]. As an obvious result 
of increasing the number of nozzles from 4 and 8 (both with 
a diameter of 1.36 mm) was the lower peak PC/MC pres-
sure difference – from 6 bars at λ = 1.55 to 4 bars at λ = 
= 1.99 respectively. However, the prechamber light-off 
accelerates with the increase in nozzle flow area. The rea-
sons for this outcome are the better scavenging of residuals 
from the previous combustion cycle and more favourable 
air-fuel stoichiometry in the area of the spark plug. The 
faster prechamber light-off has its reflection in the earlier 
ignition of the main charge – up to 2.5 deg CA at λ = 1.8 – 
and faster MFB10–90 promoting better control of the main 
combustion process. Another numerical study focused on 
the diameter of a single nozzle (diameters of 3, 4, 6 and  
9 mm have been compared) and the mentioned relation has 
been confirmed with indication of bigger heated volume of 
the main chamber at the defined time instance after pre-
chamber ignition [9]. 

The common impact of both the prechamber volume 
and the nozzles diameter on combustion stability and emis-
sion of NOx has been investigated by Shah et al. [20]. The 
rv = (1.4–3.7)% and nozzle area to volume ratio APC/VPC = 
= (0.025–0.045) cm–1 have been investigated. Increasing 
the prechamber volume increases combustion stability, 
however also results in higher NOx emission. The opposite 
result has been noted with the increase in nozzles diameter, 
so both these relations need to be considered regarding the 
criteria, which have to be met when TJI is being applied. 

As described, the impacts of system constructional fea-
tures on the engine operation have been individually inves-
tigated, but there are no studies considering the pre-
chambers multiparametrically (volume of prechamber in 
combination with nozzles diameter and their angularity) 
and providing their comparison under selected criteria. 
Thus, the comparative investigations have been undertaken 
and a new optimization method has been created, described 
and implemented. 

3. The objective of the research 
The decision to perform this research was to select the 

combustion system parameters, allowing for improvement of 
the engine operating indicators. The focus was on the issue of 
increasing the engine work cycle efficiency while minimiz-
ing the toxic exhaust emissions. For the assumptions made as 
stated, variables were defined as the geometrical parameters 
of: the prechamber and chambers in the piston, as well as the 
fuel supply system. The final result of the research was to 
find the best possible solution for the defined criterion func-
tion including indicated efficiency, CO, THC and NOx emis-
sion intensities and the mean effective pressure value. 

4. Research methodology 

4.1. Research objects: prechambers 

The research involved using six ignition chambers of 
different geometry, with parameters as shown in Table 1. 
Each of them has six to seventeen outflow channels with 
diameters ranging from 0.9 to 2.0 mm, located in the lower 
part of the chamber (Fig. 1).  
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Table 1. Prechambers parameters 

No. Vchr 
No. of 
nozzles 

Ø nozzle Type of nozzles 

– cm3 – mm – 
P1 1.826 7 1.5 radial (R) 
P2 1.826 6 1.5 radial (R) 
P3 2.287 6 2.0 radial (R) 
P4 2.287 6 1.5 radial (R) 
H1 1.826 7R+3A 1.5R+1.4A radial (R)/axial (A) 
H2 1.826 12R+5A 0.9 radial (R)/axial (A) 

 

The volume of the ignition chambers was 1.8 and 2.2 
cm3, constituting from 5% to 6.2% of the total volume of 
the combustion chamber. 

 

a) b) 

 

Fig. 1. Prechambers cross-section and a bottom-side image: a) P1, b) H1 

 
Due to the location of the outflow channels and the re-

sulting need to use different shapes of the piston crown, the 
chambers were divided into two groups marked with the 
symbols "P" and "H". The "P" chambers have radial out-
flow channels (R-radial), in which a piston with an "omega" 
combustion chamber was used (Fig. 2a). The "H" chambers 
were characterized by radial and axial outflow channels  
(H-horizontal). Placing the outflow channels in the central 
part of the bottom of the chamber required the use of a 
piston with a semicircular, open, hemi-spherical combus-
tion chamber (Fig. 2b). 
 
a) b) 

 

Fig. 2. Cross-section of combustion chambers used in the piston: a) omega,  
 b) hemi-spherical 

4.2. Test-bench 

The investigations of new combustion systems have 
been conducted on single cylinder research engine AVL 

5804, originally CI, modified to use CNG fuel and with a 
two-stage SI combustion system (Fig. 3). Selected measur-
ing equipment has been installed on the test rig (compare 
with chapter 4.3), as well as a dedicated control system. 
 

 

Fig. 3. AVL 5804 test bench 

 
Fuel supply system in the first version consists of elec-

tromagnetic Bosch CNG nozzle injecting the fuel to the 
helical intake port – chosen based on the results of other 
investigations with spray ignition [16] – and the second 
nozzle directed into the prechamber (Fig. 4a), scavenged 
prechamber system has been investigated. Second version, 
used to achieve a better homogenization of the main mix-
ture, consisted of a CNG mixing device, which has been 
installed at a greater distance from the cylinder head (Fig. 
4b). This change in the fuel supply system has been imple-
mented in parallel with the introduction of a Hemi-like 
main combustion chamber and the use of prechambers with 
axial nozzles – designated as “H”. 

The parameters of AVL 5804-engine are listed in Table 
2. Auxiliary supercharging system with intake throttle has 
been used to achieve the required air mass flow. The exhaust 
system throttle body has been installed to implement the flow 
restriction resulting from the turbocharging system, with 
assumption of characteristic intake pressure p1 and exhaust 
pressure p2 ratio as in the full engine investigations [23]: 

 

 

a) b)  

 

Fig. 4. Functional schematic of the test bench with AVL 5804 engine: a) prechamber injection and port fuel injection, b) prechamber injection and CNG 
mixer in the intake port 
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 =

�


�
 (2) 

The emissions measurements have been performed us-
ing Horiba Mexa 7100D system.  

 
Table 2. Technical parameters of AVL 5804-engine 

Parameter Unit Value/Type 

Engine – 1-cylinder, prechamber 

Swept volume dm3 0.5107 

Bore × Stroke mm 85 x 90 

Compression ratio – 15.2 

Fuel supply – 

1. PFI (helical port), 
prechamber injection 
2. Heinzmann-mixer, 
prechamber injection 

Intake system – 
Throttled, with auxiliary 

supercharging system 

Exhaust system – Throttled 

4.3. Measuring equipment 

In order to precisely determine the basic parameters of 
the engine's operation, including the mass consumption of 
air and fuel, a number of indicators, engine load, as well as 
harmful exhaust emissions, measuring apparatus described 
in Table 3 was used. A fuel supply double system (indirect 
to the main chamber and direct to the prechamber) necessi-
tated the use of two natural gas flowmeters with different 
measurement ranges. Pressure sensors installed inde-
pendently in the main combustion chamber and in the pre-
chamber allowed to determine differences in the thermody-
namic processes characteristic. 
 

Table 3. Measuring equipment of the researched engine AVL 5804 

Parameter Description Range 

Engine brake 
AVL AMK DW13-

170 
–50–300 Nm 

Air consumption Sensycon Sensyflow 0–720 kg/h 

Charging system Eaton M62 0–2 bar 

Fuel consumption 
(prechamber) 

Bronkhorst 111B 0.1–100 g/h 

Fuel consumption 
(main chamber) Emerson µCMFS 

0.1–2 kg/h 

Air pressure, fuel  
pressure 

Wika A-10 0–10 bar 

Air temperature, fuel 
temperature 

Linuatherm Pt100 –50 – 500 deg. C 

Lubrication system AVL 577 0–150 °C 

Cooling system AVL 577 0–150 °C 

Data acquisition 
AVL IndiSmart 

8-kanałowy 
system 

AVL Concerto Post-processing 

Emission measurement Horiba Mexa 7100D 

10–50000 ppmHC 

50–5000 ppm 
CO(L) 

0,5–10 % CO(H) 

0,5–20 % CO2 

10–10000 ppm 
NOx 

4.4. Research plan 

After selecting the variables of the studied processes 
and their value ranges, the appropriate test apparatus was 
chosen and the scope of the experiment was defined. The 
engine operating points were selected and described using 
parameters: 
– Engine speed n = 1500 rpm, 
– Engine load IMEP = 0.7 MPa, 
– Presence of a combustion center at 8 deg ATDC, 
– Ignition coil charging current 6.5 A. 

For a point so defined, the fuel dose size was deter-
mined and variables defining the comparison points were 
selected.  

In order to obtain different values of the excess air coef-
ficient (λ = 1.32; 1.50; 1.65), the boost was controlled ac-
cordingly. To simulate the throttling of the air caused by the 
turbocharger (in a four-cylinder engine) a Venturi with 
adjustable setting was used and the ratio of inlet-to-outlet 
pressures corresponding to the values of the turbocharged 
engine was maintained. 

The division of the fuel dose between the pre-chamber 
and the main chamber was an important variable parameter; 
needed to assign a map of points and verify the best possi-
ble power combination for each of the tested systems.  

The data point set was shown in Table 4. 
 

Table 4. Pre-selection of test points 

No. Lambda Fuel dose q0_PC 

1. 1.65 ca. 1.9 mg/inj→ 6 research points → ca 0.35 mg/inj 
(18 research points) 

(change of the excess air coefficient  
by changing the amount of air) 

2. 1.5 

3. 1.32 

Constant 
value 

n = 1500 rpm 
CoC = 8 deg ATDC 

Icoil = 6.5 A 
Full fuel dose (q0_MC + q0_PC) ≈ 21.7 mg/inj 

Resultant 
values 

IMEP, emission 

5. Normalizing of the measurements results 
Analysis of the measurement results revealed a discrep-

ancy between the excess air coefficient λ and the qo_PC 
fuel dose in individual measurement cycles (Fig. 5). There-
fore, it became necessary to normalize these values to ena-
ble results comparison. 
 

 

Fig. 5. Values of excess air coefficient and fuel dose before normalization 

 
Based on the raw data three lambda values (1.65; 1.5; 

1.32) were selected as representative for three loads of 
engine operation. An exhaust gas analysis was performed 
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based on the real resulting lambda value – meaning not 
exactly for values selected as representative ones (Fig. 6). 
To get the emission, efficiency and IMEP values for the 
preselected level of lambda an interpolation procedure has 
been applied. 

 

 
Fig. 6. The method of determining constant values of the excess air  

coefficient 

 
Using the interpolation of the ax2 + bx + c quadratic func-

tion for each CO_L emission curve based on measured val-
ues, the resulting emissions for selected lambda values (1.65, 
1.5, 1.32) were determined. Values of lambda were deter-
mined using the Van der Mond matrix (a, b, c-values). Emis-
sion (CO, THC, NOx), efficiency (eta_o) and others (IMEP, 
CoV_IMEP) were determined for lambda = 1.65; 1.5; 1.32 as 
well (Fig. 7). 
 

 
Fig. 7. Predefined constant values of excess air coefficient 

 
By averaging of the qo_PC values, the representative 

points qo_PC were selected. These were: 0.35; 0.6; 0.9; 1.2; 
1.6; 1.9 mg/inj (Fig. 8). 

 
 

 
Fig. 8. Adoption of fixed fuel dose values qo_PC 

 
Due to the lack of monotonous function for designation 

of qo_PC (Fig. 9) the following steps were performed: 
a) for lambda values: min (1.35) and max (1.9) an ex-

trapolation based on three curve extreme points using the 
Van der Mond matrix were accepted (Fig. 10); 

b) for internal value points the calculation was based on 
interpolation (Fig. 11a) between determined measuring 
points (as illustrated in Fig. 11b). 

 

Fig. 9. Determination of the interpolated values of emission intensity 
(e.g. for THC) 

 

 
Fig. 10. Selection of points for emission intensity determination by 

extreme fuel doses qo_PC 

 

 
 

 

Fig. 11. Determination of emission values for internal fuel dose points 
qo_PC intervals: a) example of linear interpolation, b) example analy-

sis points 

 
For the extrapolated and interpolated data the optimiza-

tion procedure described in chapter 8 was performed (Fig. 
12). 
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Fig. 12. The research points table after measured value normalization 

6. Analysis of thermodynamical results 
The results of the thermodynamic analysis of the en-

gine's operating cycles indicated that the best results, main-
ly the highest values of the indicated mean effective pres-
sure (IMEP), were achieved for the engine operation using 
the H-type prechamber (PC with a double row of outflow 
channels). The maps shown in Fig. 13 indicate higher IMEP 
values for such a combustion system in the whole range 
compared to the values achieved using the P-type system 
(with a single row of outflow channels). The combustion 
system using prechambers with a single row of outflow 
channels is characterized by reaching the maximum values 
of IMEP in the range of smaller doses of fuel supplied to 
the PC. The combustion system with H-prechambers is 
characterized by an even increase of IMEP with the in-
crease of the excess air coefficient. The largest recorded 
IMEP values were obtained for the H2 prechamber. 
 
a) 

 
 
b) 

 

Fig. 13. The maps of IMEP-values measured for prechambers of type P (a) 
 and type H (b) 

 
The maps of overall engine efficiency (Fig. 14) have 

been determined similarly to those shown above. The lo-
west efficiency was found for the P1 prechamber, using 
which the test engine achieves a maximum efficiency of 
0.33. The use of the H1 prechamber allowed to achieve an 

increase in the general engine efficiency of over 7%. Simi-
larly to the value of IMEP, the efficiency analysis also 
indicates an even increase of the eta_o value based on the 
increasing lambda value in the case of using the H-type 
prechamber. PCs with single outflow channels are charac-
terized by greater sensitivity to variable prechamber fuel 
dosing conditions. 
 
a) 

 
 
b) 

 

Fig. 14. The maps of overall efficiency achieved for prechamber type P (a)  
 and type H (b) 

 
Additionally a differential analysis of the efficiency 

achieved for the prechamber H1 and H2 showed that: 
− in the range of average excess air coefficient values, the 

values for both H type prechambers are similar, 
− with small values of excess air coefficient and lower 

fuel doses to the prechamber, the H1 prechamber 
(smaller number of outflow channels) achieves higher 
efficiency, 

− for the limit values of λ > 1.6 greater efficiency is ob-
tained using the H2 prechamber. 

 

 

Fig. 15. The differential map of overall efficiency between prechambers of 
type H (H1–H2) 

7. Emission measurement results evaluation 
The measured concentrations of toxic exhaust com-

pounds are presented in the form of specific emission maps 
for comparison purposes. 
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Figure 16 shows a map of nitrogen oxides emissions. 
The prechamber type H combustion system shows lower 
NOx emission over the whole emission map range com-
pared to the type P prechamber. The most favorable result 
was obtained for the H2 prechamber, where there was the 
least discrepancy between the min and max values. The 
result depends mainly on global conditions (air excess coef-
ficient λ) and a change in the trend is visible only for very 
small doses to the prechamber. 

 

 

Fig. 16. The NOx emission maps obtained for prechamber type P (a) and  
 type H (b) 

 
Hydrocarbon emission is shown in Fig. 17. As with 

NOx, the best results were obtained for the H-prechamber, 
but the P3 and P4 prechambers have produced similar re-
sults, especially for the minimum doses of fuel for the PC. 
The global condition (lambda) has the most impact on the 
trend, but in relation to NOx, the effect of dosing to the PC 
can be observed (especially for P-type prechambers). 

 

 

Fig. 17. The THC emission maps obtained for P- and H-type prechambers 

 
As in the case of other emission factors, in the case of the 

carbon monoxide emission (Fig. 18) the H-type prechamber 
systems provided better emission results. In this case, how-
ever, the local conditions had more impact on the obtained 
values – such as the prechamber fuel dose. Global conditions 
affected the results distribution to a lesser degree. This ten-
dency is opposite in relation to the other emission factors. 

 

 
Fig. 18. The CO_L emission maps achieved for prechamber type P 

and type H 

8. Polioptimization procedure 
8.1. Methodology for determination of the best solution 

Due to the varied trends of changes in thermodynamic 
and emission factors, the polioptimization methodology 
involving three calculation variants was used: 
− 1st approach: modified selection of the „best PC”: 

• all prechambers have been taken into account, 
• all λ-values were included in the procedure, 
• values of fuel quantities and of λ were normalized 

based on interpolation and extrapolation of the near-
est values (for every indicator exist only one min-
and only one max-value), 

− 2nd approach: individualized selection of the „best PC”: 
• all λ-values were included in the procedure, 
• values of fuel quantities and of λ were normalized 

based on interpolation and extrapolation of the near-
est values (for every indicator exists only one min. 
and only one max-value) – as in the 1st approach, 

• every PC was analyzed separately – for every PC the 
„best point” (1 out of 18) has been determined based 
on the values of CO, HC, NOx, eta-o, IMEP, and 
CoV(IMEP), 

• indication of advantages of individual engine operat-
ing points (1 out of 18) for every PC separately; 
such procedure makes it possible to define operating 
points with better engine indicators (could be used-
for setting the engine control unit), 

− 3rd approach: individualized and normalized selection of 
the „best PC”: 
• all values of λ and fuel injection quantity have been 

normalized, 
• every PC was analyzed separately – for every PC the 

„best point” (1 out of 18) was selected, 
• advantages for every engine operating point (1 out 

of 18) have been selected for every PC separately, 
• each lambdavalue was analyzed separately: for eve-

ry PC and each lambda the „best PC” has been cho-
sen. 

8.2. 1
st
 approach: modified selection of the „best PC” 

The optimization procedure was performed in the fol-
lowing manner: 
− the emission results of CO, THC, NOx and for overall 

efficiency were interpolated or extrapolated respectively, 
− the following methodology was adopted (for each pre-

chamber): 
o selection of the global (for all 9 cases) min and max 

values for every component, 
o normalizing all absolute measured values to the rela-

tive values in the range <0;1>:  
• max of emission – value 0 
• min of emission – value 1 
• max of efficiency – value 1 
• min of efficiency – value 0 

− determining the quantities totals for all 18 operating 
points, 

− varying selection of the impact factors (IF) for every 
emission component and efficiency (Σ = 1); IMEP-
values were not taken into account (IF = 0), 
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− determining the products of sums and impact factors, 
− the designation of the resulting sums. 

Results of these analyzes have been summed up in Ta-
ble 5 and Fig. 19. 

 
Table 5. Selection of the best combustion system configuration 
for different impact factor values (1st approach): a) all 0.25; b) 

eta_o = 0.4, c) eta_o = 0.55 

a) 

 
 
b) 

 
 
c) 

 
 

 

Fig. 19. Results of the search for the best configuration of the combustion 
system for different impact factors assigned to different coefficients  
 (1st approach) 

 
8.4. 2

nd
 approach: individualized selection of the „best 

PC” 

In this case the following procedure has been performed: 
− all lambda values were included in the procedure; 
− values of fuel quantities and of lambda were normalized 

based on interpolation and extrapolation of the nearest 
values (for every indicator exists only one min and only 
one max-value) – as in the 1st approach, 

− every PC was analyzed separately – for every PC the 
„best point” (1 out of 18) according values of CO, HC, 
NOx, eta_o, IMEP has been selected,  
indication of advantages of individual engine operating 
points (1 out of 18) for every PC separately; such pro-
cedure makes it possible to define points with more fa-
vorable engine indicators (could be used for setting the 
engine control unit). 

 

Fig. 20. Selection of the best combustion system configuration for dif- 
 ferent impact factors assigned to different coefficients (2ndapproach) 

 
Conclusions from the2nd approach were following: 

− „Lowest emissions” for min. of qo_PC, 
− „Highest efficiency” for min. of qo_PC, 
− „Best points”: 6 (min. qo_PC & λ = 1.65), 
− PC P4: all engine indicators for min. of qo_PC, 
− PC H2: best emission indicators. 

8.5. 3
rd

 approach: individualized and normalized selec-

tion of the „best PC” 

Methodology described in chapter 8.4 was modified as 
follows: 
− all values of lambda and fuel injection quantity have 

been normalized, 
− every PC was analyzed separately – for every PC the 

„best point” (1 out of 18) was selected, 
− advantages for every engine operating point (1 out of 

18) have been selected for every PC separately, 
− each lambda value was analyzed separately: for every 

PC and for each lambda the „best PC” has been chosen. 
 

 

Fig. 21. Selection of the best combustion system configuration for dif- 
 ferent impact factors assigned to different coefficients (3rd approach) 

 
Following conclusions were reached from the 

3rd approach: 

Factor Chamber P1 P2 P3 P4 H1 H2

0.25 eCO_L 2.47 7.93 7.47 8.83 15.04 15.73

0.25 eta_o 2.72 7.83 7.68 8.92 10.87 9.98

0.25 eTHC 6.58 8.69 9.64 9.93 11.40 10.64

0.25 eNOx 7.66 9.91 8.84 7.89 12.56 13.75

0 IMEP_av 2.25 6.54 5.10 5.84 9.38 9.91

0 CoV_IMEP 7.06 9.34 7.76 10.07 11.76 12.22

Best 4.86 8.59 8.41 8.89 12.47 12.53

Factor Chamber P1 P2 P3 P4 H1 H2

0.2 eCO_L 2.47 7.93 7.47 8.83 15.04 15.73

0.4 eta_o 2.72 7.83 7.68 8.92 10.87 9.98

0.2 eTHC 6.58 8.69 9.64 9.93 11.40 10.64

0.2 eNOx 7.66 9.91 8.84 7.89 12.56 13.75

0 IMEP_av 2.25 6.54 5.10 5.84 9.38 9.91

0 CoV_IMEP 7.06 9.34 7.76 10.07 11.76 12.22

Best 4.43 8.44 8.26 8.90 12.15 12.02

Factor Chamber P1 P2 P3 P4 H1 H2

0.15 eCO_L 2.47 7.93 7.47 8.83 15.04 15.73

0.55 eta_o 2.72 7.83 7.68 8.92 10.87 9.98

0.15 eTHC 6.58 8.69 9.64 9.93 11.40 10.64

0.15 eNOx 7.66 9.91 8.84 7.89 12.56 13.75
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Best 4.00 8.29 8.12 8.90 11.83 11.51

Best chamber

Best chamber

Best chamber

H2 H1 P4
Place:       1         2         3 

Impact factors 

equal

Higher factor 

for efficiency 

(0.4)

The highest 

factor for 

efficiency 

(0.55)

H1 H2 P4

H1 H2 P4

0.183448 0.165994 0 0 0 0.80961 0 0 0.80961 0 0 0 0 0 0 0 0 0
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0.551942 0 0.966517 0 0.351493 0 0 0.351493 0 0 0 0 0 0 0 0 0 0

0 0 0 0.960871 0 0 0.960871 0 0 0 0.804576 0 0 0 0.608685 0 0 0

0.47838 0.341585 0.877977 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.633163 0.474967 0.661578 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.64529 0.340226 0.762438 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.856686 0.568728 0 0 0 0 0 0 0 0 0 0 0 0 0.757698 0 0 0

0 0 0 0 0 0 0 0 0 0 0.37251 0 0.86402 0 0 0 0 0.92346

0 0.65203 0 0 0 0 0 0 0 0.810287 0 0 0 0 0 0 0 0.725358

1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0.344367 0

1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

λ=1.65 qo_PC 

0.107372 0.477613 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.455336

0.354619 0.186257 0.482151 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.377072 0.542359 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.655929

0 0 0 0.382714 0.378938 0 0.382714 0.378938 0 0 0 0 0 0 0 0 0 0.593411

0.398206 0.599135 0.63501 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0.405179 0 0.520084 0 0 0.520084 0 0 0 0 0.641849 0 0 0 0 0 0

0.43842 0 0.584535 0 0 0 0 0.586646 0 0 0 0 0 0 0 0 0 0

0.67413 0.458889 0.584535 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0.654404 0 0 0 0 0 0 0 0 0 0 0 0 0 0.854332 0 0.821827

0 0 0 0 0 0 0 0 0 0.653861 0 0.743822 0 0.566278 0 0 0 0

0 0.617358 0 0 0 0.848789 0 0 0.848789 0 0 0 0 0 0 0.872183 0 0

0 0 0 0 0 0 0 0 0 0.535921 0 0.894031 0 0.615953 0 0 0 0

λ=1.5 qo_PC 

0.293944 0.675178 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.085513

0.184953 0.126087 0.544529 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0.779042 0 0 0 0 0 0 0 0 0 0.273121 0 0 0 0.554389 0 0

0 0.269372 0.713167 0 0 0 0 0 0 0 0 0 0 0 0 0.276781 0 0

0.582094 0.843359 0 0 0 0 0 0 0 0 0 0 0 0 0.140651 0 0 0

0.501499 0 0 0 0 0 0 0 0 0 0.244067 0.419429 0 0 0 0 0 0

0.59778 0.857852 0 0 0 0 0 0 0 0 0 0.118079 0 0 0 0 0 0

0.355077 0 0.656457 0 0.169554 0 0 0 0 0 0 0 0 0 0 0 0 0

0.8377 0 0 0 1 0 0 1 0 0 0 0 0 0 0.440583 0 0 0

0 0 0.804466 0 0 0 0 0 0 0.501615 0 0 0 0 0 0 0.41315 0

0 0 0.555083 0 0 0 0 0 0 0.883019 0.882287 0 0 0 0 0 0 0

0 0 0 0.302919 0 0 0.302919 0 0 0 0 0.64432 0 0 0 0 0.407738 0

λ=1.32 qo_PC 1.2 mg 1.6 mg 1.9 mg0.8 mg0.35 mg 0.6 mg

0.35 mg 0.6 mg 0.8 mg 1.2 mg

P1

P3

P4

H1

H2

P2

1.6 mg 1.9 mg

H1

H2

1.2 mg 1.6 mg 1.9 mg

P1

P3

0.6 mg 0.8 mg

P2

P4

0.35 mg

P4

H1

H2

P1

P2

P3

PC H1 & PC H2: big 

value of all 

minimal emissions

CO HC NOx

eta pi CoV

Legend:

PC H1 & PC H2: big 

value of all 

minimal emissions

PC H1: big value

of all minimal 

emissions
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− Best prechamber: PC H2 
− Lambda = 1.65 

• the best indicators for higher lambda values, 
• all indicators found for one operating point; 

− Lambda = 1.5 
• many maximum indicator values at one engine oper-

ating point, 
• only the maximum efficiency found for the operat-

ing point close to selected one, 
− Lambda = 1.3 

• min. CO and min. HC emission for the same operat-
ing point as above (qo_PC → min) 

• high efficiency for this point. 

9. Summary and conclusions 
The polioptimization method has been applied to the se-

lective research on the prechambers construction. The aim 
of the study was to create a comparison procedure for pre-
chamber systems having multiple variable parameters based 
on the characteristic measurement points and providing the 
configuration assessment result based on the selected crite-
ria (emissions, efficiency or combustion stability) and high-
lighting the operating points that score high on these crite-
ria. Two combustion system configurations have been test-
ed: 
− ω-type piston cavity with PFI and 4 prechamberswith-

out bottom orientated nozzles, 
− hemispherical piston cavity with Heinzmann-mixer, two 

prechambers with nozzles orientated radially and axial-
ly. 
Three different selection procedures have been analyzed 

and compared: 
− 1st modified approach, 
− 2nd individualized approach, 
− 3rd individualized and normalized approach. 

In all investigated cases the 18 real operating points 
(variable λ and q0_PC) have been normalized using the inter-
polation and extrapolation procedures, therefore ensuring 
their comparability. 

Based on the measured emissions (CO, THC, NOx) and 
efficiency, the approach-dependent matrix of beneficial 
configurations has been drawn (Table 6). 

Independently from the approach described (Table 4), 
better results were achieved for the combustion system in 
its second configuration – with hemispherical main cham-
ber, Heinzmann-mixer fuel supply system and prechambers 
providing the axial development of igniting jets – to the 

chamber’s bottom. This is the result of the better main mix-
ture homogenization and better distribution of igniting jets 
in the main combustion chamber volume.  

 
Table 6. Approach-dependent matrix of best PC configurations 

 
 

Using the first approach, and assuming similar im-
portance of emissions and efficiency, prechamber H2 indi-
cated the best results. When considering the engine overall 
efficiency as more important, the prechamber H1 achieved 
better results. This PC had a greater nozzle flow area, 
which leads to a smaller velocity of igniting jet, therefore 
smaller jet-wall effect (reducing the heat flux to the piston) 
and better distribution of the jets in the direction perpendic-
ular to the flow. Both contribute to better overall engine 
efficiency. 

Second approach indicates the best operating points in-
dividually for each prechamber and separately for each 
criteria. When taking into account all assessment criteria 
combined – emissions, efficiency, achieved IMEP and 
combustion stability– the best results distribution has been 
achieved for the prechamber H2 (second combustion sys-
tem configuration). However, with focus on emissions, 
more beneficial operating points have been found for pre-
chamber H1. 

Based on the results from the third approach, it is stated, 
that measurements done with prechamber H1 resulted in the 
biggest spread of minimal values (in combination with their 
beneficial values) over the investigated range of λ and q0_PC. 

The investigation results from all proposed approaches 
suggest that the total best results have been achieved for the 
second configuration of combustion system with precham-
ber H1. 
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Nomenclature 

A area 
AI heat release angle (10% – SOC or 90% – EOC) 
CoV coefficient of variation 
CR compression ratio 
qo fuel dose 
CI compression ignition 
CNG compressed natural gas 
CoC centre of combustion (AI50) 
CO_L carbon monoxide (low value) 
EOC end of combustion 

HRR heat release rate 
IF impact factor 
IMEP indicated mean effective pressure 
n engine speed 
NOx nitrogen oxides 
p pressure 
rv total combustion chamber volume 
SOC start of combustion 
TDC top dead centre 
THC total hydrocarbons (HC) 

1st approach
(extrapolated data 

– one „best” PC)

Best:   PC H2 (overall) & PC H1 (efficiency)

2st approach
(individual „best” PC 

– all researach point)

Best:   PC H2 (overall) & PC H1 (emission)

3st approach
(individual „best” PC & 

for each lambda value)

Best:   PC H1 (best for all lambda-value)
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TJI  turbulent jet ignition 
V volume  
WOT wide open throttle 

λ lambda value 
η efficiency 
Ø diameter 

 
Indexes 

air air 
ch chamber 
exh exhaust 
MC main chamber 

o overall 
PC prechamber 
t thermal  
V  volume 
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Experimental comparison of efficiency and emission levels of four-cylinder  

lean-burn passenger car-sized CNG engines with different ignition concepts 
 

Today’s passenger car CNG engines are based on petrol engines which typically have restrictions preventing the exploitation of the 
full potential of methane based fuels, especially if they have to be operated also on petrol as a second fuel. Additionally, the use of three-
way-catalysis limits the engine operation to λ = 1. Here, we present the efficiency potential and the raw emission characteristics for a 
dedicated four cylinder passenger car CNG engine without sticking to the usual combustion peak pressure and λ limitations. Lean com-
bustion reduces the knocking tendency but, because of the higher pressure levels, increases the ignition energy demand. Therefore, dif-
ferent ignition systems (spark plug, prechamber, Diesel pilot) have been used.  

Keywords: dual-fuel, diesel pilot, spark ignition, prechamber 
  
 
1. Introduction 

Natural gas offers distinct CO2 advantages over classi-
cal liquid fuels and it is therefore of interest in the mobility 
sector [12, 14]. Additionally, renewable methane is chemi-
cally identical with the natural gas’ main component me-
thane and can be therefore blended in any ratio without 
need to change engine hardware or calibration. Hydrogen 
can also be added to Methane which leads to additional 
advantages, especially if engine control parameters are 
adapted [16]. All this gives compressed natural gas (CNG) 
an ecologic and economic long-term perspective in the 
mobility sector. Consequently, natural gas is one of the 
attractive fuel options for the automotive industry which is 
facing worldwide continuously tightening CO2 emission 
regulations [17]. 

Today’s mass-produced natural gas engines for passen-
ger cars are typically based on petrol engines, mostly with 
some adaptations such as increased compression ratio, 
increased boost pressure, adapted valves and valve seats, or 
high-temperature-capable turbine materials. Such adapta-
tions do not fully take the advantageous properties of natu-
ral gas into account as for example the peak combustion 
pressure limitation of typically around 100 bar remains 
from the basic petrol engine. Passenger car natural gas 
engines are nowadays operated stoichiometrically which 
leads, in combination with three-way-catalysis, to very low 
emissions not only in legislative cycled but also in real-
world operation [1]. Also, natural gas engines have the 
potential for practically zero emissions [2]. However, it is 
well-known that stoichiometric operation leads to reduced 
efficiencies compared to lean operation, especially due to 
higher pumping losses and heat transfer [5]. 

In the project described here, limitation regarding com-
bustion peak pressure levels and stoichiometric operation 
are omitted to find the potentials and constraints for natural 
gas combustion in passenger-car-sized engines. A Diesel 
engine is used as an experimental basis as modern Diesel 
engines can cope with considerably higher peak pressures 
than gasoline engines. High combustion pressures, especial-
ly at lean conditions, need high ignition energies and  

a special focus is therefore put on the ignition systems. 
Three distinctly different ignition systems are used: An 
inductive ignition system using a well-insulated spark plug 
(engine 1), an inductive ignition system in prechambers of 
different geometries which could be used with or without 
prechamber gas injection (engine 2), and a Diesel pilot 
injection system (engine 3).  

2. Engines 
The engines for the spark ignited versions had gone 

through the following modifications: 
− inserts for spark plugs (engine 1) or prechambers (en-

gine 2) instead of the Diesel injectors, 
− modified valve seats (engines 1 and 2), 
− reduced swirl level (engines 1 and 2), 
− modified pistons / modified piston rings (engines 1 and 2), 
− wastegate instead of VTG turbocharger  (engines 1 and 2). 

The Diesel pilot engine is only slightly modified by im-
plementing a PFI CNG supply system; all other details are 
identical from the serial production Diesel engine. The 
engines are operated with rapid prototyping ECUs and in all 
engines, closed-loop center of combustion (COC) control is 
implemented. The main characteristics of the engines dis-
cussed here are listed in Table 1 and additional information 
is given in the following subsections. 

 
Table 1. Main characteristics of the used engines 

 

Engine 1 

Spark Plug 

Engine 

Engine 2 

Prechamber 

Engine 

Engine 3 

Diesel Pilot 

Engine 

Base engine 
Volkswagen 

EA 288 
Volkswagen 

EA 288 
Volkswagen 

EA189 

# of cylinders / 
valves per cylinder 

4 / 4 4 / 4 4 / 4 

Displacement 
[cm3] 

1968 1968 1968 

Bore/stroke [mm] 81 / 95.5 81 / 95.5 81 / 95.5 
Compression ratio 14.5 14.5 16.5 
Ignition system Inductive Inductive – 

Spark plugs 
NGK M12 

in open 
chamber 

NGK M10 
in prechamber 

– 
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Table 1 cont. 

Diesel injection 
system 

– – 

Common 
Rail with 

Piezo  
Injectors 

Gas port fuel 
injectors 

Bosch NGI2 Bosch NGI2 Bosch NGI2 

Prechamber injec-
tors 

– Bosch NGI2 – 

Turbocharger Wastegate Wastegate VTG 

EGR Not installed Not installed 
Present, not 

used 

ECU 
Rapid proto-
typing unit 
(dSPACE) 

Rapid proto-
typing unit 
(dSPACE) 

Rapid proto-
typing unit 
(dSPACE) 

Cylinder pressure 
indication 

All 4 cylin-
ders using 

Kistler 
sensors 

All 4 cylinders 
using Kistler 

sensors 

All 4 cylin-
ders using 

Kistler 
sensors 

Prechamber pres-
sure indication 

– 
One precham-

ber using 
Kistler sensor 

– 

2.1. Spark plug engine (Engine 1) 

The cylinder head is redesigned to hold an insert with  
a spark plug instead of a Diesel injector. To achieve 
good combustion chamber geometry for premixed com-
bustion, pistons with hemispherical bowls with a distinct 
squich-area are used. Figure 1 shows a cross-cut where 
the combustion chamber geometry can be seen. It shows 
also the flush-mounted water-cooled cylinder pressure 
sensor. 

 

 

Fig. 1. CAD visualisation of the combustion chamber of the spark plug  
 engine 

 
Figure 2 depicts the intake manifold with the upstream 

throttle and gas mixer. A gas mixer enables a nearly perfect  
 

 

Fig. 2. CAD visualisation of gas mixer, throttle and intake manifold 

mixing of methane and air. The injection timing was syn-
chronized to the crankshaft signal and the injectors were 
activated alternatively over 720 °CA with the lowest possi-
ble rail pressure in order to enable injection durations as 
close as possible to 180 °CA. In comparison to a setup with 
the gas injectors mounted closer to the cylinder intake 
valves, the present setup is suited for transient operation 
only to a limited extent. However, this is not an issue since 
the focus of the work presented here lies on steady-state 
operation only. 

2.2. Prechamber engine (Engine 2) 
The prechamber engine is built on the same basis as the 

spark plug engine with the difference, that the cylinder head 
is equipped with specifically designed prechambers, see 
Fig. 3. Prechamber parts are shown in Fig. 4. Prechamber 
operation can be passive (i.e. without gas injection to the 
prechamber) or scavenged (i.e. with gas supply to the pre-
chamber). A higly insulated M10 spark plug is used for 
ignition. A check valve at the prechamber entrance enables 
the use of a recessed dosing valve. Additionally, a small 
uncooled piezoelectric pressure sensor is implemented in 
the upper part of the prechamber. The prechamber insert are 
placed in cooling water channels and sealed with gasket 
rings. 

 

 

Fig. 3. CAD visualisation of the combustion chamber of the prechamber  
 engine 

 

 

Fig. 4. Prechamber assembly, including the prechamber pressure sensor  
 and the gas supply cannula 

 
The air/fuel equivalence ratio (λ) of the mixture inside 

the prechamber at time of ignition is crucial for the opera-
tion of the scavenged prechamber. The goal is to achieve a 
mixture inside the prechamber when ignition is applied 
which is close to stoichiometric condition. This is not a 
trivial task as during compression a lean mixture with a 
certain λ is pushed back into the prechamber if the engine is 
run lean. Therefore, the resulting λ at spark timing depends 
on the λ in the main chamber, on the amount of gas injected 
to the prechamber and on the spark timing itself. A dedicat-
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ed prechamber controller adapts the injection and ignition 
timing based on the estimated prechamber λ accordingly 
[6]. Finally, we optimized for best efficiency and lowest 
THC emissions which turned out to occur at early injection 
with the start of prechamber injection around 300 °CA 
before TDC. 

Prechamber geometries are designed and optimized us-
ing CFD tools by Volkswagen Konzernforschung, Ricardo 
Software and ETH Zürich [3, 4, 10, 11, 15]. The perfor-
mance of different prechamber designs was tested on a 
rapid compression and expansion machine at ETH Zürich 
and on a single cylinder engine at Poznan University of 
Technology with focus on prechamber performance [9, 13]. 
A selection of prechambers was then implemented on the 
full engine described here where the behavior of the overall 
combustion system is addressed and engine efficiency and 
emission levels are assessed. In this article, we focus on 
two prechamber geometries which show a distinct different 
performance, both with identical volume but with a differ-
ent channel configuration. Figure 5 shows a picture of the 
two prechambers and Table 2 lists the main characteristics. 

 

 

Fig. 5. Used prechambers (jet exit sides) 

 
Table 2. Main characteristics of the prechambers compared in this study 

 Prechamber 1 Prechamber 2 

Prechamber volume 1.826 cm3 1.826 cm3 
Number x diameter  
of horizontal nozzles 

7 x 1.5 mm 12 x 0.9 mm 

Number x diameter  
of vertical nozzles 

3 x 1.4 mm 5 x 0.9 mm 

2.3. Diesel pilot engine (Engine 3) 

The Diesel pilot engine is only slightly modified for 
Diesel pilot operation: Four gas injectors are added to the 
swirl flap adapter just before the engine’s intake channels 
(Fig. 6). The Diesel fuel is directly injected into the cylin-
ders using the standard Diesel injection system. Once com-
pression ignited, the Diesel provides ignition centres for the 
premixed natural gas. The amount of Diesel defines the 
level of energy that is available for the ignition of the 
gas/air mixture. The point in time at which the Diesel is 
injected, influences the type of combustion significantly. 
Very early injections allow for much better mixing of the 
Diesel with the gas/air mixture than it is the case with late 
injections. According to this, different injection strategies 
can result in combustions with the same combustion phas-
ing but different CO2 emission, thermal efficiency and 
pollutant emissions. In this study, the Diesel injection pa-
rameters, i.e. the start and duration of injection, are chosen 
such that the desired combustion phasing is achieved using 

the least amount of Diesel possible [18]. In general, this 
“Minimal Diesel Control” minimizes the CO2 emissions of 
the engine as the substitution rate is maximized. In addition, 
when operated with a fixed total fuel/air mixture, fewer 
Diesel leads to less excess oxygen in the air/gas mixture. 
This favors flame propagation since laminar flame speed is 
increased. At high loads, the mechanical limitation on the 
maximum cylinder pressure prohibited the air/fuel ratios to 
exceed a λ of about 1.4. 

 

 
Fig. 6. Four PFI gas injectors mounted on the swirl flap adapter of the  
 original Diesel engine 

3. Fuel 
For all experiments, natural gas from the local grid is 

compressed in bottles and fed to the engine’s pressure regu-
lators. The gas composition is analyzed from time to time 
using a process gas chromatograph. A stable gas composi-
tion was observed. Table 3 shows the main components. 
The resulting lower heating value is 48.6 MJ/kg (standard 
deviation 0.2 MJ/kg) and the methane number is 87 (stand-
ard deviation 0.7).  

 
Table 3: Composition of the used gas (values of 7 gas analyses) 

 Methane Ethane CO2 Nitrogen Propane 

Mean 94.5 Mole% 3.5 Mole% 0.8 Mole% 0.5 Mole% 0.4 Mole% 

Standard 
deviation 

0.4 Mole% 0.2 Mole% 0.1 Mole% 0.1 Mole% 0.1 Mole% 

4. Results 
For the discussion of efficiency, emissions and tempera-

ture levels, we concentrate here on the following two oper-
ating points: 
− Operating point 1 (low load): Engine speed 1400 min–1, 

brake torque 50 Nm (bmep = 3.2 bar), 
− Operating point 2 (higher load): Engine speed 2000 min–1, 

brake torque 220 Nm (bmep = 14.0 bar). 
Those two operating points cover all the dominant ef-

fects seen across the engine map. It has to be noted that the 
turbochargers are not able to cover all possible operating 
conditions from λ = 1 until the lean limits at all engine 
speed/torque combinations. Especially at very lean condi-
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tions and in combination with high load operation and 
comparably low engine speed, boost pressure limitations 
occur which lead to a power loss since the desired λ cannot 
be met. Such operating conditions are marked in the follow-
ing Figures with a grey background. 

4.1. Brake engine efficiencies 

The base Diesel engine for the Diesel pilot experiments 
is not the same as the base engine for the spark ignited 
versions, also the turbocharges are different (VTG versus 
wastegate). Therefore, the direct comparison of absolute 
numbers can be misleading as the gas exchange losses and 
friction can be different. However, the main objective in 
engine design is generally to maximize the efficiency while 
meeting pollutant emission limits and keeping the engine in 
safe operation for all setups. In this section, we discuss the 
influence of different parameters on efficiency. Brake en-
gine efficiencies depend on: 
− The properties of the working fluid, which are influ-

enced by the air-to-fuel ratio. 
− The combustion duration, which is influenced by the 

air-to-fuel ratio, the in-cylinder charge motion and the 
ignition characteristics. 

− The combustion phasing, whereas it was experimentally 
confirmed that the center of combustion at 8 °CA gives 
best efficiency for all cases so that this phasing was 
fixed for all experiments presented here (with exception 
of retarded combustion phasing for cases where knock 
occurred at COC = 8 °CA). 

− The completeness of combustion, which is influenced 
by the global air-to-fuel ratio, by the in-cylinder charge 
motion and by crevice volumes. 
Figure 7 shows the measured brake engine efficiencies 

versus λ for the lower load operating point. Best efficien-
cies occur in the λ range of 1.5 … 1.7 for all concepts.  The 
spark plug engine shows efficiencies very similar to the 
engine equipped with prechamber 2, but prechamber 2 
allowed keeping a high efficiency up to leaner mixtures.  
 

 

Fig. 7. Brake engine efficiencies for the operating point 1 (1400 rpm/ 
 50 Nm/bmep 3.2 bar) 

 
The Diesel pilot engine shows a clear disadvantage in 

terms of efficiency which results from an impaired Diesel 
ignition. Since the fresh air is throttled under such load 
conditions, the pressure after compression diminishes and, 
in turn, the ignition delay is prolonged. Consequently, the 
Diesel mass for proper ignition has to be strongly increased, 

see section 3.3 and [7]. Prechamber 1 shows the best effi-
ciency of all combustion concepts; it performs clearly better 
than prechamber 2, which points out the importance of the 
prechamber channel configuration. 

Figure 8 shows the measured brake engine efficiencies 
versus λ for the higher load operating point. Here, the spark 
plug option shows clearly the lowest efficiencies across the 
whole λ range. The Diesel pilot setup peaks its efficiency at 
λ = 1.43 where the allowed cylinder peak pressure is met. 
Prechamber 2 shows similar efficiency levels as the Diesel 
pilot setup, but was able to run leaner without hitting the 
peak pressure limit; this is mainly due to the lower com-
pression ratio of 14.5 versus 16.5 of the Diesel pilot ver-
sion. Also at this higher load point, prechamber 1 shows the 
best brake thermal efficiency level with nearly 44% at λ 
levels around 1.6 … 1.7. The gray area in the plot shows 
the λ region where the turbochrger was not able to deliver 
enough air, the resulting reducions in bmep are indicated. 

 

 

Fig. 8. Brake engine efficiencies for the operating point 2 (2000 rpm/ 
 220 Nm/bmep 14.0 bar) 

4.2. Peak cylinder pressure and center of combustion 

settings 

Figure 9 shows the peak cylinder pressures for the low 
load operating point. In all variants, the center of combus-
tion (i.e. the crank angle where 50% of the fuel is burned) is 
set to 8 °CA after TDC. For the spark ignited versions, 
especially for the spark plug version, a clear increase in 
peak pressure with increasing charge dilution can be seen. 
In the region of best efficiency, the prechambers show 
higher peak pressures than the pure spark plug ignition. The  
 

 
Fig. 9. Peak cylinder pressures for the operating point 1 (1400 rpm/50 Nm/ 
  bmep 3.2 bar) 
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Diesel pilot engine shows the highest peak pressures levels 
in general, which is attributed to it’s higher compression 
ratio. In this operating point with unfavorable conditions for 
the Diesel pilot and thus high Diesel pilot quantities, the 
peak pressure is fairly unaffected by increasing air dilution.  

Figure 10 shows the cylinder peak pressure levels for 
the higher load point and Fig. 11 shows the corresponding 
settings of the center of combustion. For λ values below 
about 1.4 ... 1.5, the combustion phasing had to be delayed 
to prevent knock. At λ = 1, the spark plug engine had the 
most delayed center of combustion setting which is at-
tributed to the comparably slow combustion and therefore 
to an increased knock tendency. The Diesel pilot engine, 
even it has an considerably higher compression ratio than 
the spark ignited versions, could keep the center of combus-
tion at a near-optimum level. This is most likely attributed 
to the fact that the Diesel pilot catches a large volume frac-
tion of the cylinder filling which reduces the time for the 
end-gas to pass through pre-reactions. In terms of peak 
cylinder pressure levels, the Diesel pilot engines shows, due 
to its higher compression ratio, the highest levels. The spark 
plug engine shows the lowest levels. However, prechamber 
ignition increases the peak pressure levels which is attribut-
ed to considerably faster combustion compared to the spark 
plug version, see section 3.5. 

 

 
Fig. 10. Peak cylinder pressures for the operating point 2 (2000 rpm/ 
 220 Nm/bmep 14.0 bar) 

 

Fig. 11. Center of combustion settings for operating point 2 (2000 rpm/ 
  220 Nm/bmep 14.0 bar) 

4.3. Energy fraction for ignition 

In addition to the air/fuel mixture the engine aspirates, 
the Diesel pilot and the prechamber versions use additional 
fuel for the ignition process. For the Diesel pilot engine, the 
amount of pilot fuel is minimized to minimize soot for-
mation and to use as little Diesel of this more carbon-

intensive fuel as possible [18]. In case of the prechaber 
variants, the amount of gas supplied to the prechamber is 
set in such a way, that the efficiency is maximised [6]. The 
resulting energetic amounts of fuel provided to the pre-
chambers and the Diesel pilot respectively are shown in 
Fig. 12 and Fig. 13 for the two discussed operating points. 
For the prechambers, the necessary amount of fuel provided 
to the prechamber increases with increasing charge dilution 
for both operating points whereas prechamber 2 needs more 
fuel than prechamber 1, in spite of the same prechamber 
volume. This points out the strong coupling of the flow and 
composition structure in the prechamber with its perfor-
mance. For the Diesel pilot engine, the energetic share for 
the Diesel pilot strongly increases at decreasing load, espe-
cially with decreasing air excess. This is because of the 
unfavourable conditions for compression ignition when 
pressure levels are decreased with intake flow throttling. At 
higher load conditions, the minimum amount of Diesel fuel 
is used which the injectors can provide. With the injectors 
used, this is the case with injection durations of around  
120 μs. 

 

 
Fig. 12. Energy fraction for Diesel pilot or prechamber fueling for operat-

ing point 1 (1400 rpm/50 Nm/bmep 3.2 bar) 

 

 

Fig. 13. Energy fraction for Diesel pilot or prechamber fueling for opera- 
 ting point 2 (2000 rpm/220 Nm/bmep 14.0 bar) 

4.4. Combustion stability 

To assess combustion stability, the coefficient of varia-
tion of the indicated mean effective pressure (CoV(IMEP), 
which is standard deviation divided by mean value) is usually 
taken as a measure. Here, we calculated the CoV(IMEP) 
based on 300 consecutively recorded in-cylinder pressure 
traces of cylinder #1. CoV(IMEP) values below about 5% are 
typically regarded as desirable as these levels of cyclic varia-
tions guarantee a smooth engine operation. 
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Figure 14 shows the cyclic variation levels for the lower 
load operating point. The spark plug and prechamber 2 
overshoot the desired CoV(IMEP) levels above a λ value of 
1.8 and reach there their lean burn limits. Prechamber 2 
does not show this behaviour at all; it enables stable com-
bustion to well above λ values of 2. The same can be ob-
served for Diesel pilot operation.  

  

 
Fig. 14. Cyclic variations for the operating point 1 (1400 rpm/50 Nm) 

 
Figure 15 shows the cyclic variation levels for the high-

er load operating point. Here, a similar behaviour can be 
observed for the spark ignited variants: the spark plug ver-
sions has its lean burn limit at a λ value of 1.8, the pre-
chamber 2 at a slightly higher λ value, prechamber 1 runs 
stable even at λ values above 2. The Diesel pilot engine 
shows a completely different behaviour than for the lower 
load operating point: CoV(IMEP) increases already at com-
parably low air dilution levels. The reason for this beha-
viour is most likely the cyclic variability of the Diesel pilot 
quantity. At high load, the Diesel quantity is very small and 
at the operating border of the Diesel injectors, see section 
4.3.  

 

Fig. 15. Cyclic variations for the operating point 2 (2000 rpm/220 Nm) 

4.5. Combustion duration 

Ignition systems affect the subsequent combustion con-
siderably. The ignition systems discussed in this paper are 
very different. A spark plug driven by a capacitive ignition 
system creates a thermal plasma which initializes flame 
propagation directly in the combustion chamber [8]. The 
flame development in case of a prechamber is protected 
from the combustion chamber and hot radicals are ejected 
[10], ignite the mixture and create turbulence. In case of  
a Diesel pilot ignition, a diffusion-controlled self-ignition 
of Diesel jets ignites the mixture. Because of these differ-

ences in the underlying physico-chemical processes it is 
clear, that the combustion characteristics have to be very 
different. 

Figure 16 shows the combustion duration, defined as the 
crank angle from 5…90% mass fraction burned, for the low 
load point. The spark plug version shows the slowest com-
bustion, whereas the prechambers lead to a much faster 
combustion. The Diesel pilot, which is energetically a large 
amount in this operating point (see section 3.3) leads to 
extremely fast combustion. 

 

 
Fig. 16. Combustion durations for the operating point 1 (1400 rpm/50 Nm) 

 
Figure 17 shows the combustion durations for the higher 

load point. In this point, the Diesel pilot engine shows simi-
lar combustion durations as the spark plug version. This is 
because at higher loads, the Diesel pilot quantities are much 
lower than at lower loads which transfers in a slower com-
bustion. The prechambers show fast combustion, whereas 
prechamber 2 leads to even faster combustion than pre-
chamber 1. However, the faster combustion of prechamber 
2 does not increase the thermal efficiency of the engine 
compared to prechamber 1, neither in the high- nor in the 
low-load operating point. This is most likely attributed to 
increased wall heat losses due to very intense flame/wall 
interactions. 

 

 
Fig. 17. Combustion durations for the operating point 2 (2000 rpm/220 Nm) 

4.6. NOx emissions 

The NOx emissions shown in Figure 18 and 19 indicate 
slight benefits for the prechamber engine concepts versus  
a simple spark plug for operation at a given λ. However, 
since the prechambers versions show best efficiencies at 
higher λ values than the spark plug versions, the precham-
bers proved to be a very good approach to maximise effi-
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ciency and minimize NOx raw emissions. At λ = 1, the 
Diesel pilot and the spark plug versions show very similar 
NOx levels for low- and high-load operation. At low load 
operation, the Diesel pilot version shows the highest NOx 
level at lean conditions. This is caused by the high amount 
of Diesel fuel used at these conditions.  

 

 

Fig. 18. Raw NOx emissions for the operating point 1 (1400 rpm/50 Nm) 

 

 
Fig. 19. Raw NOx emissions for the operating point 2 (2000 rpm/220 Nm) 

4.7. THC emissions 
The measured raw THC emissions, shown in Figs 20 

and 21, indicate clear benefits for the prechambers. At low 
load, the Diesel pilot version with its high percentage of 
Diesel used shows the highest THC levels. The THC ana-
lyzer used for the Diesel pilot experiments was not able to 
distinguish between methane- and non-methane hydrocar-
bons so it is unknown, which portion of the THC emissions 
come from the Diesel pilot. However, as the Diesel share 
decreases with increasing air excess but the THC level 
increases monotonically it is very likely that the source of 
the THC emissions is not the Diesel pilot. As this engine 
has Diesel pistons without any optimization for low-HC 
crevices a large portion of the HC emissions may be caused 
by crevice volumes. For the prechamber engines, the me-
thane- as well as the non-methane hydrocarbons were ana-
lyzed which revealed a stable methane share of 92 mole% 
This corresponds well with the methane share in the fuel. 
The THC levels at lean conditions, especially at best effi-
ciency setting at λ above 1.5, are generally high and ask for 
an efficient methane reduction technology under lean con-
ditions, which is not yet available. 

 

 

Fig. 20. Raw THC emissions for the operating point 1 (1400 rpm/50 Nm) 

 

 

Fig. 21. Raw THC emissions for the operating point 2 (2000 rpm/220 Nm) 

4.8. Exhaust temperature levels 

Figure 22 and 23 show the temperature levels of the ex-
haust gases at turbine exit. This represents a location up-
stream of a potential exhaust aftertreatment system and 
indicates the thermal range of operation which could be 
expected for such a device. Due to the increasing air excess 
at lean burn operation, temperatures drop significantly and 
the temperature levels can become challenging for catalytic 
conversion, especially for methane oxidation.  

Generally, the lowest exhaust gas temperature levels can 
be observed for the prechamber versions. This comes from 
on the one hand from the high efficiency level leading to 
less waste heat but, on the other hand, also to potentially 
increased heat losses to the cylinder walls. 

The lower temperature level for lean combustion leads 
to challenges for exhaust gas aftertreatment but it reduces 
the thermal requirements for the turbocharger so that for 
example variable turbine geometries could be used. 

 

 

Fig. 22. Temperature after turbine for the operating point 1 (1400 rpm/50 Nm) 
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Fig. 23. Temperature after turbine for the operating point 2 (2000 rpm/220 Nm) 

4.9. Examples of cylinder pressure traces 

In order to directly compare cylinder pressure traces for 
the different configuration, an operating point is chosen 
which allows stable premixed combustion in all cases. At 
low load, the Diesel pilot engine needs a high Diesel share 
and at higher loads, the Diesel pilot engine is peak-pressure 
limited. Therefore, the comparison is done on a medium-
load point at 1500 1/min and a brake torque of 100 Nm 
(bmep = 6.4 bar) and at λ = 1.7, center of combustion was 
set to 8 °CA after TDC for all configurations. Figure 24 
shows the corresponding p(V) diagrams in double-
logarithmic (left) and normal representation (right). The 
Diesel pilot version shows in this operating point the high-
est intake- and peak pressure levels. In this operating point, 
the Diesel pilot version shows also the lowest efficiency of 
all configurations (not shown here) which demands higher 
boost pressure. The very fast combustion of the prechamber 
versions, especially for prechamber 2, can nicely be seen in 
the p(V) diagrams. 

 

 

Fig. 24. Cylinder pressure versus cylinder volume for the operating point 
(1500 rpm/100 Nm), λ = 1.7 and COC = 8 °CA after TDC 

4.10. Examples of net heat release rates 

Figure 25 shows the net heat release rates for the same 
medium load operating point as discussed for the cylinder 
pressure traces. Figure 25 also shows the ignition timings 
and the start of injection (SOI) timing for the Diesel pilot, 
respectively. The spark plug version needs the earliest igni-
tion timing, the flame develops slowly and the peak heat 
release rate is comparably low. In contrast, the prechambers 
need much later ignition timing, the onset of combustion is 
very fast and the peak heat release rates are high. This is 
especially the case for prechamber 2 where the ignition 
timing is set to 7 °CA before TDC to achieve COC at 8 
°CA after TDC, i.e. only 15 °CA later. Diesel-pilot ignition 

shows in this operating point a very similar heat release 
shape as the prechamber variants. The combustion noise 
characteristics for the prechamber-equipped and for the 
Diesel-pilot engines are therefore very Diesel-like; a hard 
combustion noise is clearly audible. 

 

 
Fig. 25. Net heat release rates for operating point 1500 rpm/100 Nm  
 and λ  = 1.5 

5. Conclusions 
Among the engines considered here, the prechamber-

equipped engine showed the highest peak brake efficiency 
of nearly 44% at λ around 1.7 and higher load levels. This 
is a Diesel-like efficiency level, even if the compression 
ratio is considerably lower than for typical Diesel engines. 
At such lean combustion, the prechamber enables moderate 
NOx levels in the order of 1 g/kWh which would need a de-
NOx system such as SCR. The THC levels can be consider-
ably lowered with a prechamber and lean combustion but 
levels in the order of 5…10 g/kWh need a very efficient 
methane oxidation technology, which is currently not avail-
able. The prechamber-equipped engines showed good per-
formance and stable combustion across the whole engine 
map. 

The Diesel pilot engine showed similar efficiency levels 
as the prechamber versions but at lower λ values of around 
1.4. Stable combustion could be achieved with only small 
Diesel pilot energies of about 1% at high load conditions. 
With decreasing load, especially at throttled operation, the 
Diesel pilot quantity has to be considerably increased to 
enable stable ignition and combustion. At extremely low 
loads, which are not discussed in this article, Diesel pilot 
operation is impossible and the engine has to be operated in 
pure Diesel mode. Therefore, lean Diesel pilot combustion 
proved to be a fuel-efficient concept for mainly high load 
operation. 

The purely spark-plug equipped engine showed the 
poorest performance of all concepts. Combustion is compa-
rably slow, the lean burn limit is comparably low and THC 
emissions are high. For efficient and low raw-emission 
lean-burn gas engines, prechamber or Diesel-pilot injection 
proved to be the best solutions. However, to limit green-
house gas emissions and to meet strict on-road THC limits, 
efficient methane oxidation catalysts have to be found. 
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Acronyms 

bmep brake mean effective pressure 
CA crank angle 
CFD computational fluid dynamics 
COC center of combustion (i.e. crank angle, where 

50% of the fuel is burned) 
IMEP indicated mean effective pressure 

SCR selective catalytic reduction 
SOI start of injection 
TDC top dead center 
THC total hydrocarbons 
λ stoichiometric air-fuel-ratio 
 

 

Bibliography 

[1] BACH, C., BÜTLER. T., HUBER, M. Abgasemissionen 
von Gasfahrzeugen. Aqua&Gas. 2017, 7/8, 40-43. 

[2] BACH, C., LÄMMLE, C., BILL, R. et al. Clean engine 
vehicle a natural gas driven Euro-4/SULEV with 30% re-
duced CO2-emissions. SAE Technical Paper 2004-01-0645. 
2004. DOI:10.4271/2004-01-0645. 

[3] BARDIS, K., XU, G., KYRTATOS, P. et al. A zero dimen-
sional turbulence and heat transfer phenomenological model 
for pre-chamber gas engines. SAE Technical Paper 2018-01-
1453, 2018. DOI:10.4271/2018-01-1453. 

[4] BOLLA, M., SHAPIRO, E., KOTZAGIANNI, M. et al. 
Numerical study of fuel and turbulence distributions in an au-
tomotive-sized scavenged pre-chamber. Combustion Engines. 
2019, 176(1), 63-68. DOI: 10.19206/CE-2019-108. 

[5] CATON, J.A. A comparison of lean operation and exhaust 
gas recirculation: thermodynamic reasons for the increases 
of efficiency. SAE Technical Paper 2013-01-0266, 2013. 
DOI:10.4271/2013-01-0266. 

[6] HÄNGGI, S., HILFIKER, T., SOLTIC, P. et al. Control-
oriented analysis of a lean-burn light-duty natural gas research 
engine with scavenged pre-chamber ignition. Combustion En-
gines. 2019, 176(1), 44-55. DOI: 10.19206/CE-2019-106. 

[7] HUTTER, R., RITZMANN, J., ELBERT, P., ONDER, C. 
Low-load limit in a diesel-ignited gas engine. Energies. 
2017, 10, 1-27. DOI:10.3390/en10101450. 

[8] KAMMERMANN, T., KREUTNER, W., TROTTMANN, M. 
et al. Spark-induced breakdown spectroscopy of methane/air 
and hydrogen-enriched methane/air mixtures at engine rele-
vant conditions. Spectrochim Acta – Part B At Spectrosc. 
2018, 148, 152-164. DOI:10.1016/j.sab.2018.06.013. 

[9] KOTZAGIANNI, M., KYRTATOS, P., BOULOUCHOS, K. 
Optical investigation of prechamber combustion in an RCEM. 
Combustion Engines. 2018, 176(1), 12-17. DOI: 10.19206/ 
CE-2019-102. 

[10] KYRTATOS, P., BARDIS, K., BOLLA, M. et al. Transfer-
ability of insights from fundamental investigations into prac-
tical applications of prechamber combustion systems. Igni-
tion Syst. Gasol. Engines – 4th Int. Conf. December 6-7, 
2018, Berlin, IAV, 442-459. 

[11] LUCAS, G., TALLU, G., WEIßNER, M. CFD-based devel-
opment of an ignition chamber for a lean and high efficient 
CNG combustion. THIESEL 2018 Conf. Thermo- Fluid Dyn. 
Process. Direct Inject. Engines High-Pressure. 2018. 

[12] N/N. International Energy Agency – World Energy Outlook. 
2017. 

[13] PIELECHA, I., BUESCHKE, W., SKOWRON, M. et al. 
Prechamber optimal selection for a two stage turbulent jet ig-
nition type combustion system in CNG-fuelled engine. Com-
bustion Engines. 2019, 176(1), 18-28. DOI: 10.19206/CE-
2019-103. 

[14] SCHULLER, O., REUTER, B., HENGSTLER, J. et al. 
Greenhouse gas intensity of natural gas transport. 2017. 

[15] SHAPIRO, E., AHMED, I., TINEY, N. Advanced ignition 
modelling for pre-chamber combustion in lean burn gas en-
gines. Ignition Syst. Gasol. Engines – 4th Int. Conf. Decem-
ber 6-7, 2018, Berlin, IAV, 104-121. 

[16] THURNHEER, T, SOLTIC, P, DIMOPOULOS EG-
GENSCHWILER, P. S.I. engine fuelled with gasoline, me-
thane and methane/hydrogen blends: Heat release and loss 
analysis. Int J Hydrogen Energy. 2009, 34, 2494-2503. 
DOI:10.1016/j.ijhydene.2008.12.048. 

[17] Volkswagen. Volkswagen Konzern treibt gemeinschaft-
lichen Ausbau der Erdgas- Mobilität voran. Press Release 
from 02052017 2017. 

[18] ZURBRIGGEN, F., HUTTER, R., ONDER, C. Diesel-
minimal combustion control of a natural gas-diesel engine. 
Energies. 2016, 9. DOI:10.3390/en9010058. 

 

Patrik Soltic, DEng. – ETH, Empa, Swiss Federal 
Laboratories for Materials Science and Technology, 
Dübendorf (Switzerland). 

e-mail: Patrik.Soltic@empa.ch 

 
  
Richard Hutter, MEng. – ETH, Swiss Federal Insti-
tute of Technology, Zürich (Switzerland). 

e-mail: RiHutter@idsc.mavt.ethz.ch 

 

Thomas Hilfiker, Eng. – Empa, Swiss Federal La-
boratories for Materials Science and Technology, 
Dübendorf (Switzerland). 

e-mail: Thomas.Hilfiker@empa.ch 

 

  
Severin Hänggi, MEng. – Swiss Federal Institute of 
Technology, Zürich (Switzerland). 

e-mail: SHaenggi@idsc.mavt.ethz.ch 

 

 



 
Article citation info:  
BUESCHKE, W., SKOWRON, M., WISŁOCKI, K., SZWAJCA, F. Comparative study on combustion characteristics of lean premixed 
CH4/air mixtures in RCM using spark ignition and turbulent jet ignition in terms of orifices angular position change. Combustion  
Engines. 2019, 176(1), 36-41. DOI: 10.19206/CE-2019-105 

36 COMBUSTION ENGINES, 2019, 176(1)  

Wojciech BUESCHKE CE-2019-105 
Maciej SKOWRON 
Krzysztof WISŁOCKI 
Filip SZWAJCA 

 
 

Comparative study on combustion characteristics of lean premixed CH4/air  

mixtures in RCM using spark ignition and turbulent jet ignition in terms  

of orifices angular position change 
   

The increase in ignitability consist a main aim of implementation of the turbulent jet ignition (TJI) in relation to the combustion of 
diluted charges. Such an ignition system has been introduced to the lean-burn CNG engine in the scope of GasOn-Project (Gas Only 
Internal Combustion Engines). In this study the impact of TJI application on the main combustion indexes has been investigated using 
RCM and analyzed on the bases of the indicating and optical observations data. The images have been recorded using LaVision HSS5 
camera and post-processed with Davis software. Second part of the study based on indicating measurements consist the analysis of 
combustion regarding the variation in the geometry of pre-chamber nozzles. It has been noted, that combustion with TJI indicates signi- 
ficantly bigger flame luminescence and simultaneously – faster flame front development, than the combustion initiated with conventional 
SI. The positive impact of nozzles angular position on engine operational data has been found in the static charge movement conditions, 
regarding the combustion stability. 

Key words: CNG, turbulent jet ignition, pre-chamber, optical analysis, flame development, heat release rate 
 
 
1. Introduction 

GasOn project was aimed to develop the monovalent 
engines fuelled with CNG. Methane-rich CNG, as a low 
carbon fuel, is alternative and environment-friendly chemi-
cal energy source for automotive powertrains. Poznan Uni-
versity of Technology participated in the GasOn work 
package 5, which was focused on lean burn combustion 
system indicating potential to increase the efficiency and 
emission indexes.  

The potential in methane-based fuelling of the spark ig-
nition engines (SI) is emphasized among others with its 
high octane number (up to 120) and therefore high knock 
resistance [1]. This determines the possibility to significant 
increase the compression ratio (CR), according to various 
investigations up to 15.6, what affects positively the com-
bustion thermal efficiency and the engine brake efficiency 
[9, 10, 13]. Further increase of engine efficiency provides 
the implementation of lean-mixture combustion by means 
of excessive oxidizer content in the supplied mixture. With 
increase in dilution of the combusted mixtures, the thermal 
efficiency is being increased [22]. Also the combustion of 
lean charges generates smaller in-cylinder temperature 
resulting in smaller temperature-dependent emission of NOx 
[8]. Both effects correlate positively on increase in air-fuel 
equivalence ratio, which is however significantly limited due 
to the inflammation capability of spark ignition [2, 7].For the 
specific NOx emission, the introduction of TJI to the gas 
engine results in reduced THC and CO emission [23]. 

As mentioned, one of the biggest challenges in lean-
mixture combustion is the demand on ignition energy, 
which is rising along the λ increase. In case of methane 
combustion in model conditions, the minimal ignition ener-
gy (MIE) for stoichiometric process equals 0.35 mJ, while 

for ∅ = �

�
= 0.5 the MIE increases up to approximately  

10 mJ [11]. 

The air-fuel stoichiometry is not the only factor influ-
encing the inflammation capability, what the author of this 
paper has already studied [4], so the MIE demand in real 
engine conditions is in fact much bigger. Some studies rate 
the ignition energy generated from TJI on 104–105 bigger as 
this achieved with conventional ignition system [19], what 
makes it interesting for lean-burn applications. Also another 
ignition mechanism (multipoint type) makes the TJI benefi-
cial in terms of mixture inflammation capability [3]. 

As the studies deliver, two main approaches are known: 
jet ignition and flame ignition. In first approach the flame 
from pre-combustion is being quenched when passing the 
orifices. The main combustion process is being started with 
hot combustion products. When the orifice diameter is 
being increased, the on-ignition is tending to the second 
approach – flame ignition. 

The studies on combustion of diluted charges applied to 
the full engine confirmed positive results related to the ther-
mal efficiency [18]. The air dilution of the mixture indicated 
in another study 2% greater increase in thermal efficiency, 
than dilution with EGR, combined with 2-times better THC 
emission, however with some NOx emission drawback [20]. 
This can be covered with further mixture dilution, which 
cannot be achieved with recirculated exhaust gasses. 

The challenges of CNG fuelled engines consist both the 
conversion of unburned methane in the exhaust aftertreat-
ment systems and the low exhaust gas temperature affecting 
negatively the activity of catalyst. There are known however 
measures from the side of engine control [12] and aftertreat-
ment systems as alternative catalytic materials [15], reducing 
this issue significantly, what is the important fact intensifying 
the research activities on CNG lean combustion. 

The TJI initiated combustion is being influenced by sys-
tem constructional factors and operational parameters. The 
control strategies indicate top and bottom limitations, which 
are sourced in boarder parameters and determine ignitabi-
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lity and the flame propagation in pre-chamber [6, 21]. 
Kotzagianni et al. investigated SOI using RCM and found 
increase in cyclic variation, when ignition is being retarded 
[17]. Roethlisberger and Farvat conducted research into 
pre-chamber volume and its internal shape [24], using the 
6-cylinder CNG fuelled engine with CR = 12.0 and pre-
chamber consisting 2–3% of main chamber volume. In lean 
conditions (λ = 1.61–1.67) the ignition chamber with small-
er volume caused 2 deg CA advance in main chamber heat 
release, 0.3 bar bigger Δp and reduced concentrations of 
THC and CO for up to 100 mg/m3. Another investigations 
discovered positive correlation between the brake specific 
emission of NOx and the pre-chamber volume fraction [26]. 

Tanoue compared the single orifice prechamber to dou-
ble-nozzle system, regarding the knock combustion, based 
on the optical data recorded on RCM [25]. The shift of the 
knock source position has been noted. Double nozzle sys-
tem caused the move of knock source to the away from the 
pre-chamber tip. Kawabata noted that the larger number of 
pre-chamber orifices impacts positively HRR and promotes 
therefore faster combustion in the main chamber [16]. 

The analysis of flame propagation in terms of orifice di-
ameter has been studied by Gholamisheeri et al. [14]. The 
orifices with diameters of 2.0, 2.5 and 3.0 mm have been 
introduced to the RCM and investigated at Ø = 1.0, 0.8, 
0.67. The strict dependency of jet tip penetration speed on 
orifice diameter and fuel stoichiometry has been proven. 
The increase in orifices diameter results in the jets speed 
reduction. The same tendency is valid also for air-fuel stoi-
chiometry – increased λ causes reduced flame development 
speed. However, the calculated Reynolds numbers indicate 
the turbulent character of the flow in all investigated cases, 
which is affecting positively the mixing in the main chamber, 
heat exchange between jet and unburned fraction and, in 
consequence, promoting faster inflammation of main charge. 

This study has been conducted to complement insuffi-
cient state of knowledge regarding the prechamber nozzles 
angularity. 

2. Investigations methodology 

2.1. Test bench 

Investigations have been performed using the rapid 
compression machine (RCM) executing the single combus-
tion cycles, equipped with CNG fuelling system and 
spark/spark-jet ignition (Fig. 1). 

 

 

Fig. 1. RCM Test bench 

The RCM has pneumatic piston activation (pressure 
chamber in the bottom of piston connected to fast sole-
noids) with air pressure delivered from the compressor, 
which has been designed to driving pressure pd < 80 bars. 
However, in this study pd = 38 bars has been applied and 
provided requested piston velocity, which has also the con-
nection to the crank mechanism. The crank mechanism 
makes the piston movement independent from driving pa-
rameters. In the middle part of the piston, the flat mirror has 
been fixed to redirect the optical view from combustion 
chamber (quartz glass window with g = 50 mm assembled 
in piston crown) to the camera system – LaVision HSS5. 
The recorded images have been processed using Davis 
software. 

The ignition energy has been delivered from the dedi-
cated adjustable ignition control module with variable time 
of coil loading (regulation of ignition energy) and its phase. 
Both, for SI and for TJI, the eDIS = 34 mJ has been applied. 

The dimensional parameters of RCM used in this study 
have been collected in the Tab. 1. Methane N35 has been 
used as a fuel to the measurements. 

 
Tab. 1. Main data of the Rapid Compression Machine (RCM) 

Parameter Value Unit 
Cylinder displacement 438 cm3 
Compression ratio 15.0 (SI) / 14.2 (TJI) – 
DOA Ø48 mm 
Driving pressure < 80 bar 
Pressure sensor – main  
chamber 

AVL GM11D – 

Pressure sensor – prechamber FOS CPS 2000 – 

2.2. Investigated combustion systems 

The modular construction of used RCM provides the 
implementation of spark ignition and spark-jet ignition 
system, which are replaceable in the cylinder head (Fig. 2). 

 

 
 

 
Fig. 2. SI (a) and TJI (b) assembled in the RCM body 

a) 

b) 
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The RCM in both configurations (Fig. 2) – with SI and 
with TJI – has got the Bosch electromagnetic CNG nozzle 
(1) to direct CNG injection assembled in the cylinder head 
(5), separated with head gasket (6) from cylinder (7). The 
cylinder head consists also the pressure transducer (4) and 
ignition system fixed with adapter (3). In the SI configura-
tion (Fig. 2a) the spark plug (8) has been mounted in the 
adapter (marked with green) and fixed with sleeve (2). The 
TJI-setup (Fig. 2b) consist the pre-combustion chamber 
(marked with blue), which is fixed with adapter (dark gray) 
consisting fuel supply channel and pressure transducer. 
Abovementioned components are immobilized with sleeve 
(light gray). 

2.3. Scope of investigations 

The measurements have been divided in two campaigns: 
− comparison of SI and TJI with tangential nozzles, 
− comparison of tangential and tilted nozzles in TJI. 

Both SI and TJI systems have been compared (a) at con-
stant λ = 1.5. The λ value has been calculated according the 
equation: 

 λ = 	
��

	
���∙��
= 	
��

���_�����_���∙��
 (1) 

The air mass has been calculated based on the total vol-
ume of combustion chamber. Because of its scavenging 
with fresh charge, which is preceding the start of sequence, 
no significant residual content has been assumed. In case of 
SI application, the mfuel injected directly to the combustion 
chamber has been considered in the λ calculation, while 
with TJI it was the sum of q0_PCand q0_MC. The comparison 
of SI and TJI has been performed based on the optical sig-
nal from MC. Based on this signal share of flame exposi-
tion Af in the optically accessible part of combustion cham-
ber Aoa has been calculated: 

 r = �

��


=  ∙�

!∙"�


#  (2) 

The intensity of the flame at the defined time instances 
has been assessed relative to the maximal value: 

 c = %

%&
'
 (3) 

The combustion nozzles angularity (b) has been as-
sessed for following conditions: 
– λ = 1.5, q0tot = 20 mg/cycle, 
– λ = 1.3, q0tot = 23 mg/cycle. 

The analysis concerns: 
– maximal cylinder pressure Pmax(tpmax), 
– maximal rate of heat release HRR(tHRRmax). 

The HRR has been calculated according the formula 
presented in [27]. 

3. Comparison of spark ignition and turbulent jet 

ignition 
The combustion process (for TJI: combustion of main 

charge) indicates changes in its course, when replacing the 
conventional spark ignition system with TJI. The analysis 
contains the flame propagation investigation providing 
qualitative information about intensity distribution based on 
recorded chemiluminescent combustion signal (Fig. 3). In 
the further steps, images have been parameterized regarding 

the flame intensity and area of its exposition at the defined 
time instances (Fig. 4). 
 

 
Fig. 3. Flame propagation for λ = 1.5 for SI and TJI 

 
The images (Fig. 3) represent the flame development 

over the time for SI (top) and TJI (bottom) in the optically 
accessible part of combustion chamber (ØOA = 48 mm) at  
λ = 1.5. First pictures, marked as 0, represent the view from 
combustion chamber at the moment of ignition(SOI) and 
the spark plug discharge visible in the undivided combus-
tion chamber (Fig. 3, top, 0 ms). Further pictures captured 
for SI indicate typical premixed flame characteristic for 
well homogenized mixture with tangential development 
from the ignition source to the auxiliary regions of combus-
tion chamber. In case of combustion initiated with TJI, 2 ms 
after SOI the igniting jets already developed throughout the 
optically accessible part of combustion chamber. This, and 
also conical shape of captured jets expositions with expanded 
jets tips (generated from cylindrical nozzles) suggests signi-
ficant contribution of jets interaction with walls of combus-
tion chamber in the flame development. Next time steps 
indicate bigger flame luminescence in the auxiliary parts of 
combustion chamber, while the combustion intensity is get-
ting significantly lower, from the time of 4 ms after SOI. 
Based on the optical signal it can be stated, that TJI provides 
significant more intensive and faster combustion. 

The parameterized optical data (Fig. 4) indicates signifi-
cant differences in the character of flame development. For 
the conventionally initiated combustion, 1.6 ms after SOI 
flame luminescence achieve approximately 50% of its ma-
ximal value, which has been reached 14 ms after SOI, and 
reduced to 80% during next 8 ms. The maximal value of 
flames intensity for TJI has been achieved much earlier, 4 ms 
after SOI, dropped intensively within next 6 ms to 23%, then 
has been slowly quenched. As the peak flame luminescence 
intensity has been achieved 4 ms after SOI, also the large 
increase in the area of flame occurs in first 4 ms, when the 
flame area covers almost entire (98%) combustion chamber. 
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Fig. 4. Share of the flame (square points) and intensity (triangular points) 
in the optically accessible part of combustion chamber for SI (red line) and  
 TJI (black line) 

 
The impact of ignition type on cylinder pressure has 

been analyzed using the indicating approach based on the 
cylinder pressure to investigate more generalized, quantita-
tive effect (Fig. 5). 

 

 

Fig. 5. Cylinder pressure (a) and HRR (b) for SI (solid line) and TJI 
(dashed line) 

 
The traces of PMC indicate smaller cylinder pressure 

during the compression stroke for TJI, what is caused with 
smaller geometrical CR due to additional volume intro-
duced to the combustion chamber. The SOI has been ad-
justed adequately to the ignition – retarded for 18 ms when 
TJI used. The pressure and HRR curves have been presen-
ted for abovementioned single operation cycle. Using the 
SI, cylinder pressure has been increased for 6 bars from the 
SOI to time instance, when maximal value has been 
achieved (time period of approximately 20 ms), while with 
use of TJI, the pressure has been increased for 16 bars with-
in 5 ms. The HRR curves show increase in HRR to the 

maximal values in 18 ms and 4 ms with magnitudes of  
25 J/ms and 75 J/ms, respectively for SI and TJI.  

Based on the results, it has been noted, that during the 
combustion of defined fuel quantity heat is being released 
much more intensive, when TJI introduced, then with use of 
conventional ignition system. The different on-ignition 
mechanism is here important. TJI generates hot jets, which 
are developing both downstream the flow from pre-
chambers nozzle and perpendicularly to the flow. This takes 
place due to the areal mixing the hot gasses with unburned 
fraction on the jets surface and makes the inflammation 
source decentralized. The combustion initiated parallel 
from the multiple hot surfaces indicates faster flame deve-
lopment, which covers bigger volume and provides bigger 
value of heat release rate. 

4. Impact of TJI nozzles angularity on combustion 
The angularity of pre-chamber nozzles has been particu-

larly investigated within the scope of another authorship 
study, using the optical measurement approach [5]. The 
combustion, at λ = 1.3 with tangential nozzles TJI and 
without introduced charge motion, indicated bigger intensi-
ty then in case of tilted nozzles. In this study, the combus-
tion in bigger λ range and using the pressure based on indi-
cating investigation approach (Fig. 6, Fig. 7). 

 

 

Fig. 6. Pmax for tangential and tilted nozzles 

 
 The Pmax values over their occurrence time at λ = 1.3 
and λ = 1.5 (red and violet color respectively) for tangential 
(rotated squares) and tilted (squares) nozzles have been 
indicated for the single combustion cycles (Fig. 6). All 
mentioned cycles have been performed for the constant 
ignition advance. It can be noted, that combustion at λ = 1.5 
indicates bigger spread of maximal pressures – an obvious 
effect of worse combustion stability, which is typically 
being found when increasing mixture dilution. When the 
charge with λ = 1.5 has been combusted, the tilted nozzles 
caused in average 7% increase in Pmax, which has been 
advanced for 1.6 ms. This increase has been caused by the 
better mixing the lean charge, what consists an critical 
factor by such a conditions to the inflammation capability. 
In contrast to this, at more rich conditions (λ = 1.3) the 
differences are very small (ca. 0.4 bar and 0.4 ms of ad-
vance) and beneficial effect achieved tangential nozzles. 
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In general, along the increase in maximal cylinder pres-
sure, the occurrence of this value is being advanced. This 
effect is better visible for more diluted mixtures. 
 

 
Fig. 7. HRRmax for tangential and tilted nozzles 

 
Based on the cylinder pressure signal, the HRR values 

over their occurrence time at λ = 1.3 and λ = 1.5 (red and 
violet color respectively) for tangential (rotated squares) 
and tilted (squares) nozzles have been indicated for the 
single combustion cycles (Fig. 7). At high load points (λ = 
= 1.3), tangential nozzles provided approximately 9% big-
ger average value of HRRmax, which has been however 
retarded for 1.2 ms. At low load points (λ = 1.5), the tilted 
nozzles caused 4% bigger HRRmax. However, for both 
investigated λ, the occurrence of HRRmax indicates much 
smaller spread, when the tilted nozzles have been used. The 
better mixing characteristic with use of tilted nozzles results 
in smaller cyclic variability of Pmax and HRRmax. 

5. Summary and conclusions 
The combined optical and indicating RCM measure-

ment approaches have been employed into the comparative 
investigation on ignition type and nozzles angularity modi-

fication of advanced ignition. The TJI has been related to 
the SI regarding the flame development in lean conditions – 
at λ = 1.5. Based on the recorded images, when the central-
ized ignition energy source applied, the flame develops 
from the source to the auxiliary chamber regions tangential-
ly, while the igniting jets generated from TJI achieved the 
walls of combustion chamber within 2 ms and intensively 
develop perpendicularly to the flow. The maximal flame 
luminescence intensity and almost complete cover of com-
bustion chamber with flame in 4 ms after SOI using the TJI. 
The flame of combustion initiated with SI reaches the opti-
cal access area in 22 ms. The cylinder pressure measure-
ments indicated faster increase, despite SOI retarded for  
8 ms and Pmax bigger for 15 bars. The calculated HRR 
indicates rapid and earlier heat release with HRRmax big-
ger for 50 J/ms. The combustion initiated with TJI is ad-
vanced in phase, intensified and faster. 

The pre-chamber consisting 7 tangential nozzles has 
been compared to the pre-chamber with 7 tilted nozzles. It 
has been noted, that combustion cycles performed at λ = 1.5 
indicate bigger cyclic variation of Pmax, regarding both 
their values and the occurrence time instance. The tangen-
tial nozzles achieved worse results in these points. For 
bigger mixture dilution, the nozzles rotation influencing the 
mixing inside pre-chamber and generating additional 
charge motion in the main combustion chamber. In contrast 
to the high load point (λ = 1.3), prechamber with tangential 
nozzles provided slightly bigger Pmax and HRRmax. Ho-
wever, the application of tilted nozzles resulted in earlier 
occurrence of HRRmax, confirming therefore improved 
prechamber mixing and positive results from introduced 
charge movement inside main combustion chamber. 
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Nomenclature 

A area 
av average point 
CNG compressed natural gas 
CR compression ratio 
D diameter 
e energy 
g thickness 
HRR heat release rate 
IMEP indicated mean effective pressure 
MC main chamber 
m mass 
n engine speed 

NOx nitrogen oxides 
p pressure 
PC pre-chamber 
qo fuel dose 
RCM rapid compression machine 
SI spark ignition 
SOI start of ignition 
TJI  turbulent jet ignition 
V volume  
λ air fuel equivalence ratio 
Ø fuel air equivalence ratio 

 
Indexes 

d driving (start) 
DIS discharge 
MC main chamber 
o overall 
OA optical access 

PC pre-chamber 
t thermal  
tot total 
V  volume 

 

HRRmax
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Control-oriented analysis of a lean-burn light-duty natural gas research engine 

with scavenged pre-chamber ignition 
   

Natural gas is well-suited as a fuel in the transport sector. Due to its excellent combustion characteristics, engines operating with 
compressed natural gas (CNG) reach high efficiency, especially if operated at lean conditions. However, CNG engine research mainly 
focusses on stoichiometric conditions in order to use a three-way catalytic converter for the exhaust gas after treatment system. 

With the objective to explore the potential of CNG engines operated at lean conditions, a turbo-charged CNG engine with high com-
pression ratio is developed and optimized for lean operation. In order to increase the ignition energy, the CNG engine is equipped with 
scavenged pre-chambers. A specific control structure is developed, which allows to operate the engine at a pre-defined (lean) air-to-fuel 
ratio. Further functionalities such as the combustion placement control and algorithms to estimate the conditions inside of the pre-
chamber are implemented. 

The first part of this paper describes this engine control structure, which is specifically developed for the lean-burn CNG engine. In 
the second part, the effects of pre-chamber scavenging on engine performance criteria such as the combustion stability, engine efficiency 
or engine emissions are analyzed. With the objective to use pre-chamber scavenging to improve engine performance, a scavenging feed-
back control strategy is proposed. In order to control the ignition delay, this strategy adapts the amount of CNG injected into the pre-
chamber with a linear controller or an extremum seeking algorithm depending on the air-to-fuel ratio of the main chamber. 

Key words: gas engine control, pre-chamber ignition, ignition delay control, extremum seeking 
 
 
1. Introduction 

Natural gas as a fuel for passenger cars is a promising 
alternative to Diesel or gasoline [8]. Due to its chemical 
composition, it has lower CO2 emissions and it can be 
blended or substituted with renewable alternatives like 
biogas or synthetic methane. It is highly knock resistant and 
can be used in engines with high compression ratio, which 
promotes the engine efficiency [7]. 

Operated at stoichiometric conditions with a three-way 
catalytic converter, natural gas engines reach very low 
emissions [2]. However, efficiency could be increased if the 
engine is operated under lean conditions due to reduced 
wall heating and pumping losses [4]. Within a research 
project with the objective to investigate the efficiency po-
tential and emission characteristics at lean operation,  
a natural gas engine is set up on a test bench. In order to 
ignite lean mixtures, the engine is equipped with scavenged 
pre-chambers, as described in [10]. 

For the operation of this research engine, a custom en-
gine control strategy is developed and implemented. It 
offers extended functionalities such as the combustion 
placement feedback control and the precise control of lean 
air-to-fuel ratios. Further it allows to set a specific CNG 
mass to be injected into the pre-chambers in order to in-
crease the ignition energy for lean mixtures. The imple-
mented engine control strategy, which is described in sec-
tion 2, is then used to investigate lean CNG combustion 
with scavenged pre-chambers. Results of this analysis are 
presented in [10]. Further, a control-oriented analysis of the 
effect of pre-chamber scavenging on engine efficiency and 
emissions is conducted and used to propose a pre-chamber 
scavenging control. This analysis is described in section 3 
and the control proposal is presented in section 4.  

Pre-chamber combustion for lean gas engine operation 
is well known in literature [1, 9]. However, to the authors 
knowledge, there is no literature about pre-chamber scav-
enging feedback control. 

2. Research engine setup and control structure 

2.1. Engine schematics with sensors & actuators 
There are two gas engine configurations to be con-

trolled, one standard version (engine 1) and one extended 
version with scavenged pre-chambers (engine 2). Except 
for the ignition system, both engines are identical. They are 
based on a four cylinder passenger car Diesel engine, which 
was adapted to run with compressed natural gas (CNG).  
A characterization of these engines can be found in [10]. 

Figure 1 shows a schematic of the research gas engine 
2. Seven actuators are used to control the engine, as they 
are labeled in the schematic. The air mass flow through the 
engine is controlled by the waste gate valve (uWG) and the 
throttle (uThr) in front of the intake. The amount of CNG, 
which is pre-mixed with the air can be controlled with the 
energizing duration of the mixer injectors in front of the 
throttle (DOEMix) and the mixer rail pressure regulator 
(uPR,Mix). The timing and the amount of CNG injected into 
the pre-chambers can be controlled by the pre-chamber 
injector control signals (SOEPC, DOEPC) as well as the pre-
chamber rail pressure regulator (uPR,PC). The combustion 
placement1 is controlled by the spark timing (CAIgn). The 
ignition coil dwell time is set to a constant value of 2 ms.  

Hence, a total of four main engine operation parameters 
are controlled by these seven actuators. However, these 
parameters are not intuitive to use as reference signals. In  
                                                        
1  Here, the combustion placement refers to the crank angle at 

which 50% of fuel is burned (CA50). 
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a quantitative control approach as is chosen here, the refer-
ence signals of interest are the engine torque and the air-to-
fuel ratio of the air-CNG gas mixture in the combustion 
chamber. For a constant air-to-fuel ratio, the engine torque 
is approximately proportional to the air mass flow. There-
fore, instead of controlling the air mass flow, the throttle 
and the waste gate are used to control the engine torque 
directly, and instead of the amount of CNG, the mixer in-
jectors and the mixer rail pressure are used to control the 
air-to-fuel ratio. However, torque and air-to-fuel ratio are 
strongly coupled variables. A change in one of them will 
act as a disturbance for the other one. These cross-coupling 
effects need to be considered in the control structure. 

Figure 2 shows a signal flow chart of the engine in its 
test bench environment. The four reference signals can be 
set by the test bench operator via the test bench operating 
system. These parameters are transmitted to the engine 

control unit (ECU) via a controller area network (CAN) bus 
connection. As illustrated in the signal flow chart, the im-
plemented feedback algorithms on the ECU use a number 
of sensor signals and combustion characteristics to derive 
all the control signals. These control signals are then trans-
mitted to a power stage (dSpace RapidPro), which trans-
lates them to analog signals, able to actuate the correspond-
ing actuators. 

For each of the four reference signals, the ECU has  
a control structure implemented. These control loops are 
described in the next subsections. The first three control 
structures (load, air-to-fuel ratio and combustion place-
ment) are identical for both engines. They are based on 
control approaches presented in [6] and are adapted to fit 
the engine setup. The additional control tasks allowing to 
manually set the pre-chamber scavenging of engine 2 are 
explained in section 2.5. 

 

 
Fig. 1. Schematic of the research gas engine with scavenged pre-chambers (engine 2). Engine actuators and their corresponding control variables (referred  
 to as actuator signals) are labeled 

 

 
Fig. 2. Test bench setup of the research engines with the main signal flows used for the engine control. The test bench operating system sets four reference 
signals and the ECU uses feedback control to operate the engine accordingly. The blue reference and actuator signals are needed additionally for engine 2  
 with scavenged pre-chambers only 
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2.2. Load control 

As depicted in Fig. 2, the test bench operating system 
controls the torque of the engine with a PI controller. The 
PI control output L is transferred to the ECU and represents 
the gas pedal signal of a car. 

With this signal, the throttle and the waste gate posi-
tion are controlled. Since we have two control outputs and 
one control input, we have one degree of freedom which 
can be used to achieve a desired engine performance. If 
we would want to optimize the dynamic behavior of the 
engine, we would have to close the waste gate at all times 
(except if the turbo charger speed increases above its limit 
and mechanical damage could occur) and control the en-
gine with the throttle only. However, this strategy would 
lead to substantial pumping losses. The most fuel efficient 
strategy is to reduce pumping losses by operating the 
engine with completely open waste gate unless the throttle 
is completely open [5]. This strategy, illustrated in Fig. 3, 
was implemented on the ECU. With the assumption that 
the engine reaches a maximum intake manifold pressure 
of 2 bar, we reach a maximum load of approximately 50% 
without charging. Therefore, below 50%, the engine load 
is controlled by the throttle with open waste gate, and 
above 50%, it is controlled by the waste gate valve with 
open throttle. 

 

 

Fig. 3. Load control strategy, which is implemented on the ECU 

 
In Figure 4 the complete load control structure is illus-

trated. The load reference signal L from the test bench op-
erating system is limited if the cylinder averaged indicated 

mean effective pressure (IMEPMean) exceeds a predefined 
maximum level. This is necessary in order to protect the 
engine against mechanical damage. The limitation algo-
rithm consists of an integral controller, which is limited to 
negative values and added to the unlimited load signal.  
A simplified version of the algorithm transfer function is 
stated in eq. (1). The algorithm implemented on the ECU 
additionally uses an anti-reset windup scheme to prevent 
integrator windup. 

 L��� = L +  min �0, �IMEP��� − IMEP����� ⋅ ��
� �  (1) 

The limited load signal LLim is used to derive a reference 
throttle and waste gate position according to the strategy 
presented in Fig. 3. The derived reference value for the 
throttle position is directly fed to a proportional-integral-
derivative (PID) controller, which adapts the duty cycle of 
the throttle uThr accordingly. For the waste gate, a further 
control algorithm is needed in order to limit the turbo 
charger speed nTC. 

r !,"�#,��� = r !,"�# −  �min �0, $n%&,��� − n%&' ⋅
��,()*

� � + max �0, $n%&,��� − n%&' ⋅ ��,(�-
� ��  (2) 

Similar to the IMEP limitation, this algorithm sets lower 
and upper bounds to the turbocharger speed in order to 
protect it from physical damage. A simplified version of the 
algorithm transfer function neglecting the anti-reset windup 
scheme is stated in eq. (2). The limited waste gate position 
reference signal rWG,Ref,Lim is fed into a PID controller, 
which controls the duty cycle uWG of the waste gate actu-
ator. 

2.3. Air-to-fuel ratio control 

The air-to-fuel ratio in the exhaust manifold λExh is con-
trolled by the CNG mass injected into the fresh air in front 
of the throttle by the CNG mixer. This mixer consists of 4 
injectors, where each of them opens once in an engine cycle 
of 720°CA. Over a cycle, all the injectors have the same 
opening duration. 

 

 
Fig. 4. Complete load control structure, implemented on the ECU 
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The mass injected by one injector is influenced by the 
CNG rail pressure (pMix) and the energizing duration of the 
injector (DOEMix). Two actuators control one reference 
signal, which means that we have one degree of freedom, 
which we can use for optimization. Here, the chosen strate-
gy is to have a continuous CNG stream into the air stream 
in order to guarantee a good mixing. Therefore, each injec-
tor should be opened for DOEMix,Ref = 180°CA per cycle1. 

The resulting control structure is illustrated in Fig. 5. It 
consists of a cascade control, with a fast and a slow control 
loop. 

The fast loop controls the air-to-fuel ratio with the open-
ing duration of the injectors. First, the CNG mass, which 
has to be injected in order to reach a desired reference air-
to-fuel ratio is calculated (mCNG,Cyl,Ref). This mass is cor-
rected by a correction factor, derived by a PI feedback con-
troller, which controls the air-to-fuel ratio to its reference. 
Together with the measured rail pressure pMix and an injec-
tor model, the corresponding duration of energizing  
(DOEMix) is calculated and applied. 

The slow cascade loop controls the rail pressure such 
that the injection duration takes values of approximately 
180°CA, depending on the precision of the CNG mass 
estimation. To reach that, an inverted injector model is used 
to calculate the mixer reference rail pressure, at which the 
opening duration reaches 180°CA for the given estimated 
CNG mass flow. A PID controller adapts the duty cycle 
(uPR,Mix) of the pressure regulator in order to reach the cor-
responding reference rail pressure. 

2.4. Combustion placement (CA50 control) 

A common combustion control approach is to place the 
combustion such that the crank angle, at which 50% of the 
combustion energy is released (CA50), appears shortly after 
the top dead center. This can be done via a PI controller. 
Over several cycles, this controller places the spark advance 

such that the measured value CA50 corresponds to the 
reference value CA50Ref. This is done for each cylinder 
individually. 

2.5. Algorithms to manually set the pre-chamber scaven-

ging 

For lean operation with λExh > 1.7, ignition of the charge 
becomes difficult, resulting in high cyclic variations and 
misfire. A possible solution to increase the provided igni-
tion energy is using a scavenged pre-chamber, as intro-
duced in engine 2. Figure 6 shows a schematic of its work-
ing principle. Instead of directly igniting the lean main-
chamber, the spark plug ignites a richer mixture, created in 
a scavenged pre-chamber. This combustion increases the 
pressure in the pre-chamber, which causes the burning gas 
mixture to exit the pre-chamber through nozzles into the 
main chamber. These high-energy flame jets ignite the main 
chamber gas mixture and introduce additional turbulence, 
which increases the main-chamber combustion speed. 

For engine operation with scavenged pre-chambers, the 
engine control unit is extended with additional functionali-
ties. 

To directly set the mass to be injected into each pre-
chamber instead of the opening duration of the injectors, 
cylinder-individual injector maps are derived. 

Further, an estimation algorithm of the air-to-fuel ratio 
inside of the pre-chamber at the time of ignition λPC is im-
plemented on the engine control unit2. This estimation helps 
to choose the reference CNG mass to be injected in order to 
reach acceptable combustion conditions inside of the pre-
chamber. Once the pre-chamber air-to-fuel ratio is known, 
the maximum energy QPC can be calculated, which would 
be released by an instantaneous combustion inside of the 
pre-chamber at the time of ignition. 

 

 

 
Fig. 5. Air-to-fuel control structure, implemented on the ECU with the according signals 

 
 

1  Here we assume that the energizing time corresponds to the 
opening duration of the injector. The error introduced due to this 
simplification is negligible. 

 

2 This approach has similarities with the pre-chamber air-to-fuel 
estimation presented in [9]. 
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Fig. 6. Schematic of engine 2 operated with scavenged pre-chambers 
 (graphics are taken from [13] and adapted) 

 
The estimation algorithm uses the following simplifica-

tions: 
− All gases are ideal, i.e. heat capacity ratios and isentrop-

ic coefficients are assumed to be independent of gas 
pressure and temperature. 

− Prior to ignition, the pressure inside of the main cham-
ber and the pre-chamber are equal. 

− Isentropic compression is assumed during the compres-
sion stroke. 
The algorithm is designed as follows: 

− Using eq. (3), the air-to-fuel ratio of the main chamber 
before the CNG injection is calculated. The two CNG 
masses can either be measured, or calculated with injec-
tor maps. Also the cylinder (and pre-chamber) pressure 
at the end of the CNG injection into the pre-chamber is 
determined. It is equal to the intake pressure if the com-
pression has not started yet, otherwise it is calculated 
assuming isentropic compression. 

− The ideal gas law is used to calculate the volume which 
is filled by the injected CNG into the pre-chamber at the 
end of the pre-chamber injection. If this volume is larger 
than the pre-chamber volume, we assume that the whole 
pre-chamber is filled and any additional CNG is re-
leased into the main chamber through the nozzles of the 
pre-chamber. If the CNG volume is lower, the rest of 
the pre-chamber volume is assumed to be filled with the 
main-chamber air-CNG mixture. 

− Assuming perfect mixing, the new air-to-fuel ratios of 
the main chamber and the pre-chamber after the CNG 
injection are calculated. 

− Assuming an isentropic compression, the cylinder pres-
sure and temperature of the gas mixture at the time of 
the ignition are calculated. At these conditions, the vo-
lume of the gas which originally filled the pre-chamber 
at the end of the CNG injection, is calculated. Subtract-
ing this volume from the total pre-chamber volume 
equals the volume of the gas that had to enter the pre-
chamber from the main chamber during the compres-
sion. 

− Assuming perfect mixing, the air-to-fuel ratio of the 
pre-chamber at the time of ignition is calculated → λPC 

− We limit the derived pre-chamber air-to-fuel ratio to 
values larger or equal to 11 and use the definition of the 
air-to-fuel ratio to calculate the total CNG mass inside 
of the pre-chamber for which enough oxygen is availa-
ble. Using this mass and the lower heating value of 
CNG, we derive the maximum possible combustion  
energy inside of the pre-chamber at the time of ignition  
→ QPC. 

 λ�& = λ/�0 ⋅ �1 234,(�*5�1 234,62
�1 234,(�*

   (3) 

The described estimation algorithm is implemented on 
the engine control unit and allows to track the estimated 
pre-chamber conditions in real time. Further, the algorithm 
is inverted, in order to be able to set a desired pre-chamber 
air-to-fuel ratio λPC,Ref, which is translated to a CNG mass 
to be injected into the pre-chamber. This feed forward con-
trol strategy is illustrated in Fig. 7. Assuming that the esti-
mation error is acceptable, this algorithm can be used to 
prepare an ignitable mixture inside of the pre-chamber at 
the time of ignition. However, having an ignitable gas mix-
ture does not guarantee a sufficient ignition energy for the 
main chamber. The desired air-to-fuel mixture λPC,Ref there-
fore still has to be adapted depending on the operating point 
and the air-to-fuel ratio inside of the main chamber. 

 
 

1 The limitation is only used for the calculation of QPC, the air-to-
fuel ratio output λPC of the algorithm is unlimited. 

 
Fig. 7. Implemented feed forward functionalities for the pre-chamber scavenging. The operator can either set the desired air-to-fuel ratio inside of the pre-
 chambers at the time of ignition, or he can set the CNG mass to be injected directly 

Main chamber ignition Intake stroke 
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The injection timing (SOEPC,i) is fixed at 300°BTDC 
just after the exhaust valve closes, in order to avoid me-
thane slip and to ensure that the injection finishes before the 
compression stroke starts. With an early injection timing, 
the injected CNG has the longest possible time to mix with 
the gas inside of the pre-chamber and the gas entering the 
pre-chamber during the compression stroke. An initial va-
riation of the injection timing has shown that this strategy 
has a positive effect on hydrocarbon emissions. 

3. Pre-chamber scavenging analysis 
With the control algorithms described in section 2, the 

engine is operated in steady-state-condition in order to 
investigate the influence of scavenging on performance 
parameters (engine efficiency, combustion stability and 
emissions). 

The objective of the conducted analysis is to understand 
the effects of scavenging, in order to extend the basic pre-
chamber injection functionalities derived in section 2.5 with 
a feedback control algorithm. In consideration of the main 
chamber air-to-fuel ratio, engine load and engine speed, this 
feedback approach would be able to set the amount of CNG 
injected into the pre-chamber such that combustion stability 
and engine efficiency as well as emissions are improved. 

3.1. Analysis of an air-to-fuel ratio variation at a con-

stant operating point 

Figure 8 shows a comparison of the spark plug engine 1, 
the un-scavenged (passive) engine 2 and the scavenged 

(CNG injection enabled) engine 2. At constant engine speed 
and torque, the main chamber air-to-fuel ratio (λMC) is var-
ied (The main chamber air-to-fuel ratio is calculated ac-
cording to equation (3)). For the scavenged case (green), 
the amount of CNG injected into the pre-chambers is 
adapted manually in order to derive a stable combustion, 
indicated by a low IMEP covariance. 

For air to fuel ratios λMC < 1.6, engine 2 has a lower ef-
ficiency with similar emission characteristics compared to 
the spark plug engine 1. Scavenging decreases efficiency 
even more while maintaining emission levels. For engine 1, 
the energy of the spark-plug is sufficient to reliably ignite 
the CNG-air mixture, and the combustion in the main 
chamber is fast already without the turbulence introduced 
by the flame jets of the pre-chamber nozzles. For engine 2, 
the pre-chamber increases the ignition energy and speeds 
up the combustion. However, the increased main-chamber 
combustion speed does not improve emissions or efficien-
cy. Also the amount of CNG-air mixture burning inside of 
the pre-chamber does not contribute to the torque genera-
tion, because a main part of its energy is lost in turbulence 
and wall heat losses. Additional CNG injected into the pre-
chambers (scavenging) further increases the energy loss in 
the pre-chambers without any positive effect on the main 
chamber combustion. We conclude that for air-to-fuel ratios 
λMC < 1.6, engine 2 with pre-chambers is outperformed by 
engine 1 with spark-plugs only. Also we see that for engine 
2, scavenging has a negative effect on engine efficiency. 

 

 
Fig. 8. Air to-fuel ratio variation at a medium load operating point with the spark-ignited engine 1, the pre-chamber engine 2 without scavenging (passive 
 PC) and engine 2 with scavenging (active PC)1. 

                                                        
1  Efficiency and emission values presented in this figure are measured with a different piston shape and pre-chamber shape compared to 

other results stated within this paper. Absolute values are not comparable to other graphics. 
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For air-to-fuel ratios λMC > 1.6, engine 2 needs pre-
chamber scavenging in order to ensure a stable combustion 
without misfire. In this region, it clearly outperforms engine 
1 regarding efficiency, combustion stability and hydrocar-
bon emissions. We conclude that for very lean operation, 
the increased ignition energy and the additional turbulence 
introduced into the main chamber have a positive effect on 
engine efficiency and emissions. The spark ignition of 
engine 1 does not provide enough energy for a fast combus-
tion anymore. 

So far we have established that for λMC < 1.6 engine 1 
performs better and scavenging has a negative effect, while 
for λMC > 1.6 engine 2 performs better and scavenging is 
necessary in order to reach acceptable combustion stability. 
Now we want to compare engine 1 with engine 2 for any 
choice of the air-to-fuel ratio with the efficiency as perfor-
mance criterion. As we can see in Fig. 8 with spark-ignition 
only, we reach highest efficiency at λMC = 1.5 while the pre-
chamber engine 2 reaches its efficiency maximum at λMC =  
= 1.7. With this air-to-fuel ratio shift, we are able to drasti-
cally reduce NOx emissions without any penalty in hydro-
carbon emissions or efficiency when switching from engine 
1 to engine 2. This fact clearly shows the advantages of 
scavenged pre-chambers for lean CNG engine operation 
and motivates further analysis of pre-chamber scavenging. 

3.2. Analysis of a pre-chamber CNG injection variation 

at a constant operating point 

For very lean operation around λ = 1.8, a variation of 
the CNG mass injected into the pre-chambers is analyzed. 
Measurement results including the estimated parameters 
described in section 2.5 are illustrated in Fig. 9. With the 
objective to study the influence of the pre-chamber com-
bustion on the main chamber combustion and the resulting 
engine efficiency and emission characteristics, two meas-
urement sets are compared. For a first measurement set 
(black), the air-to-fuel ratio in the exhaust is controlled to  
a constant value λExh = 1.8, as described in section 2.3. 
However, by increasing the amount of CNG injected into 
the pre-chamber, the amount of CNG in the main chamber 
has to be reduced in order to keep a constant overall air-to-
fuel ratio. Therefore, with increased CNG injection into the 
pre-chamber the mixture in the main chamber gets leaner, 
which influences the combustion characteristics. In order to 
study the effect of the pre-chamber combustion on the 
main-chamber combustion only, the main chamber gas 
composition has to be held constant. Hence, in a second 
(blue) measurement series, the air-to-fuel control algorithm 
described in section 2.3 is slightly adapted. An estimated 
air-to-fuel ratio of the main chamber air-to-fuel ratio λMC 
replaces the air-to-fuel ratio feedback signal λExh of the 
controller. The main chamber ratio is calculated according 
to eq. (3). 

For a constant main chamber air-to-fuel ratio (blue) we 
find that the highest efficiency occurs at the fastest combus-
tion with the lowest ignition delay and IMEP covariance. 
Also the hydrocarbon emissions are close to their mini-
mum. Hence, for such lean mixtures and constant main 
chamber air-to-fuel ratio, we have to adjust the amount of 
CNG injected into the pre-chambers such that we reach the 
fastest possible combustion in the main chamber, which is 

the case for the lowest ignition delay. For the operation 
point chosen in Fig. 9, this is the case for an injected gas 
mass of 1 mg/inj. Looking at the estimated signals de-
scribed in section 2.5, we see that for this amount of inject-
ed CNG, the pre-chamber has its highest combustion ener-
gy. Since the estimated pre-chamber air-to-fuel ratio is 
clearly below 1 at this injection rate, the pre-chamber ener-
gy depends on the amount of air inside of the pre-chamber 
only. The amount of air inside of the pre-chamber increases 
with increasing cylinder pressure. Hence for a constant 
combustion center, a shorter ignition delay leads to a later 
ignition at a higher cylinder pressure, which leads to  
a higher amount of air and therefore to a higher energy 
content QPC in the pre-chamber. 

We conclude that for a strategy where the main chamber 
air-to-fuel ratio is controlled to a constant value of λMC =  
= 1.8 (or higher) and the combustion center is controlled to  
a constant value, there exists an optimal amount of CNG to 
be injected into the pre-chamber, which leads to the shortest 
ignition delay and to the highest ignition energy for the 
main chamber. Injecting a higher amount of CNG would 
produce too rich conditions and injecting a lower amount 
would lead to a weaker pre-chamber combustion with  
a lower ignition energy for the main chamber. With highest 
ignition energy, we reach fastest main chamber combustion, 
which leads to highest efficiency, best combustion stability 
and low hydrocarbon emissions compared to other injection 
rates. 

For a constant λExh, (black) we find that the efficiency 
maximum and the hydrocarbon emission minimum do not 
occur at the fastest combustion anymore. Due to the fact 
that the main chamber gas mixture gets leaner with a higher 
amount of injected CNG into the pre-chambers, these two 
maxima occur at lower injection rates already. We conclude 
that if we control the exhaust manifold air-to-fuel ratio λExh 
to a constant value, we cannot find the optimum efficiency 
by controlling the ignition delay (or the combustion dura-
tion) to its minimum anymore. 

In Fig. 10, the variation depicted in Fig. 9 with λMC =  
= 1.8 is compared with variations measured at main cham-
ber air to fuel ratios of λMC = 1.5 (green) and λMC = 1.7 
(yellow). For all variations, the highest pre-chamber energy 
leads to the lowest ignition delay and to the fastest main 
chamber combustion. However, the strategy to control 
towards fastest combustion duration or shortest ignition 
delay is not the favorable strategy for λMC = 1.5 or λMC =  
= 1.7 anymore. 

The engine efficiency maximum as well as lowest NOx 
emissions are derived with the lowest possible CNG injec-
tion1 for λMC = 1.5. If we would inject an amount of 0.8 
mg/inj in order to reach a minimum combustion speed, we 
would increase the NOx emissions by approximately 1.2 
g/kWh and decrease the efficiency by approximately 0.75% 
compared to the lowest possible CNG pre-chamber injec-
tion. Figure 8 in section 3.1.shows that for a main-chamber 
air-to-fuel ratio of λMC = 1.5, no scavenging leads to a better 
performance than scavenging. Therefore, we assume here 
that no scavenging would further improve engine perfor-
                                                        
1 The minimum amount to inject is dependent on injector charac-

teristics and the rail pressure. 
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mance compared to the lowest possible CNG injection into 
the pre-chamber. We conclude that the combustion is al-
ready fast enough without any further CNG injection into 
the pre-chamber. A further increase of the combustion 
speed would lead to increased wall heat losses inside of the 
pre-chamber and the main chamber and therefore negatively 
influence the engine efficiency as well as the NOx emissions.  

At a main chamber air-to-fuel ratio λMC = 1.7 we have to 
inject a minimum amount of CNG in order to guarantee  
a stable combustion without misfiring. This minimum 

amount also leads to best efficiency and lowest NOx emis-
sions. However, compared to λMC = 1.5, hydrocarbon emis-
sions and combustion stability can be slightly improved 
without substantial efficiency reduction by a small increase 
from the minimum injected amount to about 0.3 mg/inj. 
Using an amount of 1.2 mg/inj in order to reach fastest 
combustion and lowest ignition delay would decrease the 
efficiency by 0.75% and increase NOx emissions by 0.75 
g/kWh. However, hydrocarbon emissions would be de-
creased by 0.6 g/kWh. 

 

 
Fig. 9. Variation of the CNG mass injected into the pre-chambers. For the first (black) measurement series, the exhaust gas air-to-fuel ratio was controlled 
 to λExh = 1.8 and for the second (blue) measurement series, the main-chamber air-to-fuel ratio was controlled to λMC = 1.8 
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Fig. 10. Comparison of the pre-chamber injection variation depicted in Fig. 9 measured at λMC = 1.8 with injection variations measured at λMC = 1.5 and  
 λMC = 1.7 

 
A possible control strategy to compensate for changes in 

the main chamber air-to fuel ratio at a given engine speed 
and torque is to control the ignition delay to a reference 
value. Looking at Fig. 10, a PID controller with a reference 
ignition delay of 11°CA would control the injected CNG 
amount to [0.0, 0.3, 0.5] mg/inj for the main chamber air-
to-fuel ratios [1.5, 1.7, 1.8]. these injection rates would lead 
to optimal results for λMC = 1.5 and λMC = 1.7, and accepta-
ble results for λMC = 1.8. For air-to-fuel ratios higher than 
approximately λMC = 1.75, we assume to reach better results 
by controlling the ignition delay to its minimum. 

3.3. Speed and torque variation at a constant air-to-fuel 

ratio 

As derived in [10], the engine has its maximum effi-
ciency close to an air-to-fuel ratio of λExh = 1.7. At this 
ratio, an operation point variation is conducted in order to 
investigate the effects of engine speed and load on pre-
chamber scavenging. For this variation, the amount of CNG 

injected into the pre-chamber was manually adjusted to an 
optimal value, which leads to best efficiency as well as high 
combustion stability and low emissions. Results of this 
variation are illustrated in Fig. 11. We see that the amount 
of injected CNG, optimized for best efficiency, is kept 
rather small for all operation points, however, it seems to be 
dependent on engine speed and load, and not straight for-
ward to derive. 

While engine efficiency and emissions are mainly de-
pendent on engine torque, the combustion duration and the 
ignition delay are dependent on the engine speed only. 
Further we know from scavenging variations that the igni-
tion delay reacts sensitive to low amounts of injected CNG. 
Both these facts can be used for the development of a high-
level scavenging control. Concluding, an ignition delay 
control to a reference value depending on the engine speed 
only, could be a well working strategy to control the engine 
while operating around λMC = 1.7, where best engine effi-
ciency is found. 
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4. Proposal for an extended pre-chamber scaven-

ging control 
Using the knowledge gathered in section 3, we propose 

a high-level feedback control strategy for the operation of 
engine 2 with scavenged pre-chambers. This strategy de-
rives the reference values for the injected pre-chamber 

CNG mass and the pre-chamber rail pressure and therefore 
extends the functionalities presented in section 2.5. With 
this extension, the test-bench operator does not have to 
adapt these two set-values manually anymore. This extend-
ed control strategy proposal is depicted in Fig. 12. Further 
subsections explain its aspects in detail. 

 

 
Fig. 11. Engine speed and load variation at an air-to-fuel ratio of λExh = 1.7. The amount of CNG injected into the pre-chambers is adapted manually with 
 the objective to increase engine efficiency and emissions for each operating point 

 

 
Fig. 12. Extended pre-chamber scavenging control suggestion. Depending on the main chamber air-to-fuel ratio, the strategy is to either control the igni-
tion delay with the amount of CNG injected into the pre-chamber, or to minimize the ignition delay with an extremum seeking algorithm. For lower λMC,Ref  
 values, no injection is needed. Acceptable values for the strategy switching thresholds are λThresh,low = 1.6 and λThresh,high = 1.75 
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4.1. Main chamber air-to-fuel control 

For scavenged operation, we propose to control the 
main-chamber air-to-fuel ratio instead of the exhaust gas 
air-to-fuel ratio, using the estimation depicted in equation 
(3). This approach allows to keep main chamber conditions 
constant, independent of the CNG amount directly injected 
into the pre-chamber. It decouples direct injection and mix-
er injection control, and it allows to control the ignition 
delay to its minimum in order to reach the efficiency max-
imum, as depicted in Fig. 9. This main chamber air-to-fuel 
feedback control approach was successfully implemented 
on the ECU. 

4.2. Pre-chamber rail pressure control suggestion 

Similar to the rail pressure control presented in section 
2.3 and illustrated in Fig. 5, we propose to control the rail 
pressure such that the injection ends before the compression 
stroke starts. With an injection start at 300°BTDC, the 
reference duration of injection DOEPC,Ref has to be set to 
120°CA. An inverted pre-chamber injector map, then uses 
this reference injection duration and the amount of injected 
CNG to calculate the reference pre-chamber rail pressure.  
A further aspect to consider is that the pressure difference 
between rail and pre-chamber has to be at least 2 bar, in 
order to open a back pressure valve in front of the pre-
chamber (see [10]). Therefore, the intake pressure plus  
2 bar acts as a lower bound on the pre-chamber rail pressure 
reference value. 

This control strategy therefore sets the lowest possible 
pre-chamber rail pressure, which is still able to open the 
back pressure valve and ensures that the CNG pre-chamber 
injection finishes before the compression stroke starts.  
A low rail pressure is desired because it allows to inject  
a lower minimum amounts of CNG into the pre-chamber 
and it increases the control sensitivity. 

4.3. Pre-chamber injection duration control suggestion 

As depicted in Fig. 12, the control strategy for the CNG 
injection depends on the main chamber air-to-fuel ratio. 

For values lower than a threshold λThresh,low, there is no 
need of injecting any additional CNG into the pre-chamber. 
The mass entering from the main chamber during the com-
pression stroke is sufficient to cause a pre-chamber com-
bustion able to reliably ignite the main chamber and intro-
duce enough turbulence for a fast combustion. 

For air-to-fuel ratios between λThresh,low and λThresh,high we 
would like to guarantee a stable combustion without mis-
fire, which only needs a small amount of injected CNG 
mass, lower than the mass which leads to the fastest com-
bustion. The proposed strategy is to adjust the injected 
CNG mass in order to control the ignition delay to a refer-
ence value, depending on the engine speed. This control 
compensates for changes in the air-to-fuel ratio to a certain 
extent. Also, as depicted in Fig. 11, the ignition delay 
seems to be independent of the engine torque. Therefore, 
the reference value is a function of the engine speed only. 
However, this control approach can only be applied for  
a limited range of injected CNG mass. Due to the quadratic 
shape of the ignition delay, a linear controller is only stable 
as long as the gradient of the ignition does not change its 
sign. 

At main chamber air-to-fuel ratios higher than an upper 
threshold λThresh,high, we want to control the ignition delay to 
its minimum in order to minimize the combustion duration, 
which improves efficiency and hydrocarbon emissions as 
well as the combustion stability. Classic adaptive algo-
rithms capable of that are generally referred to as extremum 
seeking [11]. Applied to the control problem described 
here, an extremum seeking algorithm would use an excita-
tion signal to vary the CNG mass injected into the pre-
chamber in every cycle. By comparing the ignition delays 
of these injection masses, the algorithm derives the ignition 
delay gradient. This gradient is then controlled to zero by 
an I-controller. Algorithms of higher complexity would 
estimate the quadratic shape of the ignition delay depending 
on the injected CNG mass [3]. Using these shape parame-
ters, they would calculate the position of the shape mini-
mum and set the CNG mass accordingly. 

The minimization of the ignition delay suggested here 
has similarities to the Diesel minimal control algorithm 
proposed in [12], which is used to control the combustion 
placement of a Diesel ignited CNG engine. For this engine, 
the start of Diesel injection is set such that the amount of 
Diesel needed to derive a desired combustion center is 
minimized. For a constant operating point, this control 
increases the CNG-Diesel ratio, which reduces CO2 emis-
sions due to the higher hydrogen-carbon ratio of CNG. 
However, while for the Diesel ignited CNG engine the 
ignition energy (injected Diesel) is minimized, the extre-
mum seeking algorithm proposed here for engine 2 maxi-
mizes the ignition energy in order to derive the fastest pos-
sible combustion. 

5. Conclusions 
A detailed analysis of pre-chamber scavenging at lean 

engine operation revealed that early pre-chamber injection 
leads to an increased homogeneity of the CNG-air mixture 
inside of the pre-chamber, which leads to lower hydrocar-
bon emissions. The amount of CNG injected into the pre-
chamber affects combustion stability, engine efficiency and 
engine emissions. For air-to-fuel ratios below 1.6, scaven-
ging has a negative effect. For higher air-to-fuel ratios,  
a small amount of CNG is needed in order to guarantee 
robust combustion without misfiring. For air-to-fuel ratios 
above 1.8, there exists an optimal amount of CNG to be 
injected, which minimizes ignition delay and combustion 
duration, and optimizes efficiency and hydrocarbon emis-
sions, as well as combustion stability. An extremum seek-
ing algorithm which minimizes the ignition delay is pro-
posed to control the pre-chamber scavenging. 

Best engine efficiency is derived with a main-chamber 
air-to-fuel ratio of 1.7. For this ratio an engine speed and 
torque variation indicates that a small amount of CNG 
injected into the pre-chamber leads to best engine perfor-
mance. This amount is dependent on speed and load, how-
ever, the ignition delay is sensitive to changes of the inject-
ed CNG mass and is only dependent on engine speed. 
Hence it is a suitable parameter for the pre-chamber scav-
enging feedback control. 
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Novel thermal method for determining properties of compressed natural gas 
   

The article describes a new method for obtaining fuel properties, derived from the thermal properties of natural gas fuel mixtures. By 
measuring the thermal conductivity and the dynamic response with the help of a heated Micro Electro Mechanical System (MEMS), input 
values for a mathematical correlation are obtained which predict the calorific value of the gas. In this paper the fundamentals of the 
theoretical gas properties, the sensor operation and the first results on a gas test bench are presented.  

Key words: calorific value, methane number, heat capacitance, temperature conductance, natural gas quality 
 
 
1. Introduction 

The composition of compressed natural gas (CNG) var-
ies strongly worldwide. Even across Europe the gas blends 
differ according to the gas source location. Additional to 
the impacts of its origin, the manufacturing process plays  
a role in the content of the hydrocarbons methane, ethane, 
propane and butane as well as the inert gases carbon mon-
oxide and nitrogen, which are the main fractions of hydro-
carbons in CNG. New fuel trends like bio-methane, power 
to gas (PtG) methane and hythane (blends of hydrogen and 
natural gas) can lead to a further diversification of the gase-
ous combustion media.  

According to the big variances the quality of the natural 
gas variation, which can be classified with the calorific 
value (CV) and the methane number (MN). This issue is 
specific to natural gas and has a strong influence on the 
engine control optimization capability. For a diagnostic and 
anticipatory engine operation the methane number and 
calorific value can be relevant optimization parameter. If an 
automotive sensor which delivers CV and MN can be de-
veloped, then ignition timing can be adjusted to operate the 
engine close to the knock line. With the calorific value it is 
possible to optimize ignition angle and/or boost pressure. In 
addition, the calorific value can play an important role for 
achieving gas-only, mono-fuel-engines. A sensor signal, 
provided to the engine management system in the time 
frame of one second before engine on, would avoid rich 
mixture combustion and potential critical engine crank-up 
conditions, especially just after the gas refilling operation. 

Existing ways of measuring the quality of the natural 
gas like calorimetry can´t be used, are too complex or do 
not work in the relevant temperature and pressure range.  
A novel method with a simple microsystem chip is the 
starting point for a concept study to get information from 
natural gas blends by measuring thermal properties. The so-
derived thermal properties are the inputs for a mathematical 
correlation model which should predict the calorific value 
and methane number.  

2. Natural gas variety 
Defining the quality of fuels, oils and other complex 

fluid mixtures is a difficult topic. The presence and 
variation of single compounds affect the properties of the 
fuel in many ways. Compressed natural gas blends can 

contain hydrocarbons, inert gases, sulfur components, 
hydrogen, water and odour gases. Of course, methane is the 
dominant fraction. The hydrocarbons ethane, propane and 
butane play a role in the percentage range. The inert gases 
carbon dioxide and nitrogen with a possible content of 
several percent have also a significant impact. An example 
how the content of the main components can vary over 
different locations is given in [7].  
 
Table 1. Main components of natural gas blends at different locations [7] 

Gas 

Natural Gasoline H  
[mol%] 

Natural Gasoline L 
[mol%] 

Russia North 
Sea 

Denmark Holland Germany 

CH4 96.96 88.71 90.07 84.64 86.46 

C2H6 1.37 6.93 5.68 3.56 1.06 

C3H6 0.45 1.25 2.19 0.61 0.11 

C4H10 0.015 0.28 0.90 0.19 0.03 

larger HCs 0.03 0.07 0.28 0.13 0.01 

N2 0.86 0.82 0.28 10.21 10.24 

CO2 0.18 1.94 0.60 1.68 2.08 

 
Some other gases like hydrogen, oxygen and long 

chained hydrocarbons are in a typical range of a few 
percent or less than 1% in concentration. For the generic 
study of a thermal quality sensor this small fractions are 
neglected so far. 
 

Table 2. Selected gas species and relevant measurement ranges 

Gas compound 
Minimum range 

[vol%] 

Maximum range 

[vol%] 

Methane CH4 70 100 

Ethane C2H6 0 20 

Propane C3H8 0 15 

Butane C4H10 0 10 

Nitrogen N2 0 30 

Carbondioxid CO2 0 20 

 
To cover the worldwide variations of CNG, detecting 

the variability at fuel refilling, providing an instantaneous 
measurement before engine start, adjusting the efficiency of 
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combustion and controlling knock resistance the calorific 
value and the methane number are the desired values for 
characterization. The target for the sensor concept proof is 
to measure MN and CV as accurate as possible.  

In the quality sensor evaluation of work package 5 the 
investigations are restricted to gases which are in the per-
centage range. The physical properties used for the sensing 
of the gas mixture are dominated by the main fractions.  
A limitation on six CNG gas fractions with methane, 
ethane, propane, pentane, carbon dioxide and nitrogen seem 
to reflect the nature of the gas in an appropriate way. They 
allow adjusting a continuous composition for detailed in-
vestigations.  

3. Lower calorific value and methane number 

The lower calorific value (LCV) describes the whole 
redundant energy when a volume of gaseous fuels is 
completely burnt and water vapor leaves with the 
combustion products without being condensed. Because 
many gas burning applications cannot make use of the heat 
content of the water vapor, the lower calorific value is the 
more interesting one. It is essential for driving range 
estimation based on the calculated tank filling level [2]. 

LCV� ��x� ∙ LCV�,�
�

 (1) 

The methane number (MN) is an indicator for the 
knocking resistance of gaseous fuels, similar to the octane 
number of gasoline vehicles. The MN of a gaseous mixture 
is defined as the methane volume percentage of a pure 
combination of only methane and hydrogen, which has the 
same knocking resistance. The methane number was 
determined experimentally on test engines at AVL in the 
seventies and now standardized in DIN51624 [1]. 

4. Thermal properties as basis for gas quality 

prediction 
It is difficult to get e.g. the calorific value without 

combusting the gas and simultaniously measureing the heat 
release. A direct measurement is not possible in a simple 
way. The novel approach is now to measure the thermal 
conductivity and specific heat capacity with a micro-
machined and miniaturized sensor. The typical specific 
thermal properties of each single gas in a CNG blend allow 
to destinguish concentrations in mixtures by measuring and 
tracking the thermal properties. In combination with  
a mathematic correlation model the prediction of gas 
quality properties is possible. As signal for the calculation 
input the thermal conductivity and the specific heat 
capacity is used.  

Both physical values are temperature dependent. With  
a dedicated operation strategy of the MEMS device this 
temprature dependency can be exploited by measuring at 
different test gas temperatures. As a consequence an 
additional input parameter for the correlation modeling can 
be adapted. This widening of the input parameter is the key 
for a more detailed and accurate modeling taking the 
temperature dependencies into consideration.  

 
 

4.1. Thermal conductivity of a single gas 

Thermal conduction is the transfer of heat from hotter to 
cooler parts of a medium resulting in temperature 
equilibrium. Taking gaseous fluids into consideration, the 
thermal conductivity is the energy transfer between gas 
molecules from higher to ones with lower energy. The basic 
law of thermal conductivity is the Fourier Law which states 
that the heat flux density is proportional to the temperature 
gradient T in an isotropic medium [3]: 

q � dQ
A ∗ dt � �λdTdz (2) 

The proportional factor λ is the thermal conductivity. 
The minus indicates that the temperature decreases in the 
direction of the heat transfer [7]. The absolute temperature 
has an impact on the lambda value. An approximation for 
the temperature dependency of the thermal conductivity is 
described in the VDI Wäremeatlas [8] with an 4th polyno-
mial equation and the gas specific coefficient A, B, C, D  
and E. 

�

W K ∙ m⁄ � A � BTK � C �TK�
�
�D�TK�

�
� E�TK�

!
 (3) 

 
The characteristics over the application temperature 

range for the CNG relevant gases is displayed in Fig. 1. 
 

 

Fig. 1. Temperature dependency of the thermal conductivity λ for different 
pure gases 

 
The overview shows the value of λ differs for each pure 

gas species at a dedicated temperature as well as the slope, 
taking the temperature influence into count.  

4.2. Specific heat capacity at constant pressure for pure 

gases 

The heat capacity of each medium tells us how much 
heat is required to raise a certain amount of it by one 
degree. For gases we can define a molar heat capacity, 
which is the heat required to increase the temperature of  
1 mole of the gas by 1 K.  

Q � nC ∙ ∆T (4) 
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The value of the heat capacity depends on, wheater the 
heat is added at constant volume or constant pressure. 
Therefore, the specific heat capacity Cp at constant pressure is: 

Cp � ∆Q
∆T (5) 

Where accoding to the first law of thermodynamics 
some of the heat energy is doing work due to constant 
pressure [5]. The value for Cp is tempeature dependent. 
Like before described in the thermal conductivity section, 
the characteristics can be similar expressed by a interpolation 
equation with the coeffcients A, B, C, D and E [8]. 

c&
J kg ∙ K⁄ � A � BTK� C�TK�

�
� D�TK�

�
� E
*T K⁄ +� (6) 

One can see in Fig. 2 the specific heat capacity of the 
inert gases carbon dioxide and nitrogen in comparsion to 
the main hydrocarbon fractions in the relevant temperature 
range. 
 

 

Fig. 2. Heat capacity at constant pressure for different gases and tempera-
tures 

 
The following content, can be derived from the data 

shown in Fig. 4. Methan has by far the highest heat 
capacity. The other hydrocarbons ethane, propane and 
butane are almost identical in value and slope. For the inert 
gases nitrogen and carbon dioxide the specific heat capacity 
values are much lower and the progression over temperatue, 
is almost constant, especially for nitrogen.  

4.2. Time dependent temperature distribution 

Another physical relation which discribes the time 
dependent temperature distribution is the so called thermal 
diffusivity. The thermal conductivity λ, the coefficient of 
heat capacity c and the density ρ of a substance can be 
summarized in absence of internal heat sources by the 
differential equation of thermal conductivity [6]: 

∂T
∂τ �

λ
ρc ∙ ∇

� ∙ T (7) 

∇� ∙ T � ∂� ∙ T
∂ ∙ x� �

∂� ∙ T
∂ ∙ y� �

∂� ∙ T
∂ ∙ z�  (8) 

With ∇ the Laplacian operator, τ the time, and x, y, z the 
cartesian coordinates. Wheras the group k = (λ/ρc) is 
known as thermal diffusivity. It characterizes the velocity 
of propagation of isothermal surfaces in a body. 

In the study the specific heat capacity is taken as 
indicator or so to say deceicive propertie for the time 
dependent temperature change. The use of the thermal 
diffusivity would also be possible, but the operation of the 
sensor described later on is in contradiction to the absence 
of an internal heat source.  

Although the pure specific heat capacity does not fully 
reflect the physical circumstances, the results achieved are 
sufficent.  

4.2. Thermal properties of gas mixtures 

The thermal properties of gas mixtures can be 
summarized by the properties of the single gases. The 
following two formulas are used for the theoretical 
calculations and the comparsion with the measurements 
achieved. 

For the thermal conductivity the mixing equations of 
Wassiljeva, Ason and Saxena can be used. The indice i and 
j representing components according to the single gase. In 
the equation x stands for the quantity and F is an own gas 
specific summary, considering the viscosity gas and molare 
weight of the gas [4]. 

�
12� �� x3 ∙ �3

∑ x5 ∙ F3553
 (9) 

For the calculation of the specfic heat capacity of an 
ideal gas only the massfraction of the heat capcity are 
summed up [8]. 

c&,12� ��x3
3

∙ c&,3 (10) 

For the calculation of the specfic heat capacity of an 
ideal gas only the mass fraction of the heat capacity are 
summed up. These two mixing formulas are used for 
theoretical approximations.  

5. Sensor properties 
Typical sensor arrangenments for measuring the thermal 

properties of gases are micromachined membranes. They 
have the required sensitivity to destinguish small changes 
of e.g. the thermal conductivity. Typical for this membranes 
are silicon nitride processed layers, made in bulk micro-
machining technology to achieve the well thermally 
isolated measurement with a measurement spot on top of 
the membrane. An even more advanced setup shown in Fig. 
3 is used for the CNG based measurement.  

In the considered implemention the membane is not  
a fully closed one, etched from the backside. In the used 
device it is in fact a membrane layer processed in surface 
micromachined technology on top of the semiconducter 
which is opened due to an underetching process on two 
sides. A suspended bridge with heater structure on top 
remains as sensitive device. This allowes an even better 
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thermal isolation of the gas sensitive bridge from the solid 
state silicon substrate. The area which is responsible for the 
heat transfer is in the range of ~ 1 mm². A specific meander 
arrangement of the nickel-chrome heater provides a homo-
genous temperature distribution on the heated bridge. This 
tiny microstructure arrangement has a response of a few 
microseconds when heated up.  

 

 
Fig. 3. Simplified setup of thermal MEMS 

 

5.1. Sensor operation 

The electrical heat source realized with nickel-chrome 
has a distinct temperature behavior of his electrical re-
sistance. By heating up the structure with current in the sub-
milliampere range, the corresponding temperature rise is 
several degrees in combination with a resistance change of 
several ~10%. A fast and highly accurate voltage measure-
ment during an applied constant heating current pulse al-
lows to derive the resistance at any time. The evaluation of 
the dynamic behavior when applying current pulses is used 
to get a feedback from the thermal properties of the gases 
tested.  

In Figure 4a the heater current pulse applied is shown. 
A swichtable precision current source is used to operate the 
heater. With the current amplitude and the pulse time  
a fixed amount of energy is feeded into the microsystem. 
The reaction of the temperature deduced by the resistance 
measurement is visualized by Fig. 4b. Depending on the 
thermal conductance of the gas as well as the specific heat 
transfer, different end values for the temperature respective 
rise time can be seen. The temperature rise is represented 
by ΔT and the rise time by τ. 4c and 4d illustrate how this 
different transient reactions are reached. With the 
assumpten that in both test gas cases the same energy is 
processed, the gas with higher thermal conductivity reaches 
a lower level of maximum temperature due to the better 
conductance of the heat in the gas. Vice versa, the 
“isolating” gas is responsible that the heat is “blocked” and 
the temperature amplitude rises. Analog to the thermal 
conductivity the specific heat capacity has a similar effect. 
The amount of heat transfered with the pulse in the 
measurement structure per time unit is identical. For a gas 
with higher specific heat capacity the rise in temperature is 
slower than for a gas with lower one. Normalizing the rise 
time to the end evalue of the temperature plateau enables to 
conclude on Cp of the gas mixture.  

 

 

Fig. 4. a) current pulse for heating; b) temperature transient for two differ-
ent gas species; temperature distribution on top of bridge structure for c) 

gas 1 and d) gas 2 

 
The heat pulse is chosen to generate only a slight 

temperature reaction to determine the thermal properties at 
the tested gas temperature. A second sequence was 
developed to raise the bridge structure to a constant 
overtemperature. This overtemperature is heating up the 
surrounding gas molecules. When the applied heating pulse 
lasts enough, a small area with permanent higher gas 
temperature is created. With a third measurement pulse, 
similar to the first one, the thermal properties of the 
overheated gas can be derived with the difference that they 
represent the gas properties at overtemperature with 
sufficent accuracy. Thermal data for different gas 
temperatures can be collected with this methode.  

5.2. Correlation model  

Of course, the calorific values can be obtained with  
a caloric measurement device by gas combustion and 
measuring the heat release. This is not possible with a sim-
ple sensor device at automotive environmental conditions. 
Besides of optical spectroscopy, a multi-parameter correla-
tion method may be expedient. By measuring other proper-
ties of the relevant gas and the use of statistical means  
a prediction of a target value can be obtained. In general, 
these properties don not necessarily have to be linked to the 
parameter of interest, like in our case the thermal properties 
to the calorific value. If the measurement value gives an 
adequate gas component distinction, a correlation algorithm 
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can achieve good results with sufficient accuracy. The op-
timization of the algorithm needs a defined set of gases.  

Figure 5 shows an overview how the signal flow is han-
dled to get a prediction of combustion relevant gas parame-
ters. Out of the main fractions of the CNG the theoretical 
values for the thermal conductivity and the specific heat 
capacity are calculated over temperature. A set of four input 
parameters was taken for dedicated CNG gas blends and 
applied to numerous equation types. The input parameters 
were joined in a virtual value SCV (sensor correlated value) 
which is a function of λ(T1), λ(T2), cp(T1) and cp(T2), 
where T1 represents the gas temperature and T2 a fixed gas 
overtemperature. The mathematic correlation with the 
smallest average deviation for LCV prediction was taken 
for further steps. In analogy to the LCV the correlation can 
be done with the methane number or the stoichiometric 
required Air Fuel Ratio for combustion.  

In the following Figure 5 the SCV as a function of 
λ(T1), λ(T2), cp(T1) and cp(T2) is shown. The good corre-
lation result can be fitted with a quadratic equation. The 
error between the calculated values and the fit of the single 
gas is shown in the deviation chart. The deviation is nor-
malized to the LCV of methane. For the investigated gases 
the theoretically achievable accuracy is better than ±2%. 

Like described in the previous section the sensor 
measures a rise time and a temperature change, derived 
from the heater resistance, representing the values of λ and 
cp. The substitution of the values with the measured values 
of ΔT and τ and some small modifications in the equation 

parameters lead to the following result, when tested with 
the same gas blends.  

With a slight modification of the equation and the in-
serted values of ΔT1, ΔT2, τ1 and τ2 the LCV prediction 
ends up in a similar good result, shown in Fig. 9. A linear 
regression of LCV based on SCV(ΔT, τ) is possible. The 
normalized deviation stayed in an error range of 2% for the 
tested gas blends.  

6. Test bench results 
After finding a promising correlation approach and stat-

ic pre testing, the quality of the correlation result was vali-
dated with a dynamic blend testing. Hydrocarbon/inert gas 
blends, mixed by flow controllers were used at a the test 
bench. Successively, five identical sensor samples per-
formed an automated test cycle over several minutes. After 
testing each of the nine test gases, a purge cycle with pure 
nitrogen and low flow was applied to get defined starting 
conditions. The result can be seen in Fig. 6.  

It can be seen, that the gas variations caused the same 
reaction on the calibrated sensor devices with a small part 
to part variation. The single raw data value showed a noise 
level of ~ 1.5%. This value can be reduced significant by 
averaging the sensor output signals. The sensors also react-
ed in the same way when changing from gas to purge se-
quence. For example, gas blend no. 1 lead instantaneously 
to a steady state, while gas blend no. 7 has a delayed mix-
ing, with a time constant of several ~10 seconds. The calcu-
lated deviation was in the range of ±4% without the averag-
ing measure. This error is higher than the pure static 
measurement, but still in an acceptable range.  

 
 

 

Fig. 4. Concept of the signal propagation of a multiple input correlation setup to predict quality values for CNG 
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Gas 

No. 

Gas compound [vol%] 

CH4 C2H6 C3H8 C4H10 CO2 N2 

1 100 0 0 0 0 0 

2 71 1 11 0 0 17 

3 83 4 1 0 1 11 

4 81 3 1 0 1 14 

5 91 6 1 1 1 0 

6 79 9 3 7 2 0 

7 84 3 1 1 1 10 

8 90 6 2 1 1 0 

9 85 4 1 0 0 10 
 

Fig. 5. Result of the theoretical correlation for the lower calorific value over a set of gas blends 

 

 

Gas 

No. 

Gas compound [vol%] 

CH4 C2H6 C3H8 C4H10 CO2 N2 

1 100 0 0 0 0 0 

2 71 1 11 0 0 17 

3 83 4 1 0 1 11 

4 81 3 1 0 1 14 

5 91 6 1 1 1 0 

6 79 9 3 7 2 0 

7 84 3 1 1 1 10 

8 90 6 2 1 1 0 

9 85 4 1 0 0 10 
 

Fig. 6. Result of the theoretical correlation for the lower calorific value over a set of gas blends 

 

 

Gas 
Gas blends [vol%] 

1 2 3 4 5 6 7 8 9 

CH4 100 71 91 79 83 81 84 90 85 

C2H6 0 1 6 9 4 3 3 6 4 

C3H8 0 11 1 3 1 1 1 2 1 

C4H10 0 0 1 7 0 0 1 1 0 

CO2 0 0 1 2 1 1 1 1 0 

N2 0 17 0 0 11 14 10 0 10 

T = 23°C, P = 1 bar abs. 
 

Fig. 7. Testing of synthetic gas blends to predict the lower calorific value 

 
7. Conclusion 

Measuring the quality of CNG gas is a difficult topic. 
Direct measurements are not possible due to environmental 
limitations or are simply to complex and costly to be able 
entering the automotive market. Therefore a concept study 
was done with a correlative method based on the thermal 
properties of the typical single gas components of CNG. 
The statistical investigations were done with a novel 
MEMS chip based on a thermal isolated bridge structure. 
Before a dedicated test cycle was developed to measure the 

thermal conductance and the specific heat capacity a set of 
equations was tried and optimised. Parameter for the opti-
misation was the minimum error level on the lower calorific 
value for the entirety of defined test blend set.  

After fixing a set of equations a comparison of the theo-
retical calculated accuracy levels was done with the corre-
sponding test bench measurement. The basic investigation 
showed for the calculated as for the measured test blends 
similar accuracy levels of less than 2%. 
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To have a first overview about the principle robustness 
and the performance spread over different samples a test 
sequence with nine test blends at low flow was done.  
A fluctuation on the signal could be observed, which can be 
optimised by signal filtering and averaging. Without this 
optimisation the error was in the range of 4%.  

For sure the measurement has some weaknesses com-
pared to a colorimeter. However the low effort for electron-

ic and the affordable miniaturized sensing element allow to 
get a solution which could fulfill the requirements of an 
automotive application. The first investigations have shown 
that a calorific value prediction with an accuracy level in 
the lower percentage range is possible. This information 
before engine start could be sufficient for a defined and 
save engine start in a monovalent CNG car. 
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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. 

Key words: scavenged pre-chamber, RANS, LES, mixture formation 
 
 
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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The original letters by Rudolf Diesel 
 

On December 7th 2018, during General Assembly of 
the Members of Polish Scientific Society of Combustion 
Engines held at the Faculty of Vehicles and Machines 
(SIMR) at Warsaw University of Technology, Professor 
Janusz Przastek D.Sc. Eng., donated to the Society two 
original letters by Rudolf Diesel from 1906 and 1907 writ-
ten to the firm Brothers Sulzer in Winterthur-Switzerland. 

Prof. J. Przastek received these incredibly interesting 
cimelia from the hands of one of the higher-ranking em-
ployees on the occasion of his stay in the Sulzer company. 
He was employed there as the specialist in the Four-Stroke 
engines Development Dept. in years 1990-1991.  

Please, find the scans of both letters together with the 
translation of their content. 

 
Letter 1 

R. Diesel       03056 
Engineer 

Munich, the 15 September (19)06. 
Maria Theresia Str(eet) 32 
C. 6  Phone 2811 
Telegramm: “ Diesel Ingenieur München“ 
 

R 
17 September

 
  

Mr.&Mr. Brothers Sulzer, 

Winterthur 
 

In the English translation our “Druckluftmachine” is more accurately named as in 

our German patent application, namely as Internal-Combustion-Compressed-Air Engine. 

Also in the French translation upon suggestion of the Patent Attorney, I propose 

the following: Motours combines a Air Comprime et a combustion. I would like to allow 

myself the suggestion to make the input with the request of the possibility of re-

placement of the term “Druckluftmaschine” with the term “Druckluft-Verbrennungs-

maschine”. 

It would not only sharpen the whole thing, but also bring consistency with our 

foreign patents. It would also be useful to make the same corrections in all foreign 

descriptions, and because the thing is new, you need to give it a new name. 
 

    Sincerely 

    Diesel 

 
Letter 2 
R. Diesel         
Engineer 

Munich, the 15 September (19)06. 
Maria Theresia Str(eet) 32 
C. 3  Phone 2811 
Telegramm: “ Diesel Ingenieur München“ 

 
Mr.&Mr. Brothers Sulzer, 

Winterthur 
 

Answer for (the letter) of the 1. March No. 12/2065/Rr.Alt. 
 

Concerns Germany S. 19944 
 

it would be useful if the other differences of opinion now patent litigations 

is also thrown into the negotiations. 

I take great note of your messages in the above-mentioned matter. 

As far as the display of the application is concerned, I would suggest to 

suspend the same until the pending affairs are done with Augsburg, which is 

likely to be the case in the next few weeks; it would be useful if the other 

differences of opinion in patent litigations are also now and again thrown 

into the negotiations. 
 

         Sincerely 

         Diesel
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