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Title of the 
research 
activity: 

Development of experimental methodologies for the fluid-dynamic analysis of pre-
chamber systems for spark ignition internal combustion engines. 
 

State of the 
Art: 

In the last years, in the global effort of improving internal combustion engines efficiency, 

the evolution of the spark ignition engine is moving towards the massive adoption of fuel 

direct injection technology. This technological evolution is dictated by the stringent CO2 

emission targets (95 g/km to 2021 in EU and similar goals in the main automotive 

markets). The tightening of the emission standards will continue in the future: EU has set 

the goal of 15% reduction by 2025 and 37.5% by 2030 with respect to the reference levels 

in 2021 [1]. An increasing degree of hybridization will play an important role in reducing 

fuel consumption and emissions [2]. GDI technology offers a higher thermal efficiency 

potential with respect to PFI systems, mainly due to the capability to overcome the 

efficiency drop at low loads, that represents the greatest weakness of port fuel injected 

engines. Direct fuel injection enables the adoption of stratified charge strategy and 

globally lean combustion[4], reducing fuel consumption at low loads by to 20% over 

stoichiometric, uniform charge combustion systems. A further significant step for internal 

combustion engine efficiency increase can derive from the adoption ultra-lean 

homogeneous charge mixture, but conventional spark ignition systems cannot offer and 

adequate control of this kind of combustion. In order to obtain a stable, efficient and 

clean combustion with ultra-lean mixture, the use of pre-chamber combustion systems 

has been proposed [7-10], in which a small portion  of the charge (locally in rich mixture) 

is burnt in a separate small chamber, which connected to the main combustion chamber 

by a number of small orifices. The hot gases escaping the pre-chamber ignite the lean 

charge in the main chamber, increasing significantly the flame speed and extending the 

dilution limits. As a results, the spark ignited engine can operate with =2, obtaining a 

fuel conversion efficiency levels close to 50% and extremely low NOX and particulate 

emission levels. 

 

Short 
description an
d objectives 
of the research 
activity: 

In order to fully exploit the pre-chamber combustion potential in terms of fuel conversion 

efficiency, reduced pollutant formation and combustion cycle-to-cycle stability, a deep 

knowledge of pre-chamber fluid-dynamics is required. In order to operate a pre-chamber 

system, two different strategies can be adopted: passive technology and active 

technology. With a passive pre-chamber system, one of the fuel jets emerging from the 

GDI injector spraying in the main combustion chamber is directed into the pre-chamber; 

the fuel here is mixed with air and ignited by a spark plug. In active systems, a dedicated, 

single hole GDI injector introduces a very small mass (around 1 mg/shot) of fuel directly 

in the pre-chamber where it is ignited by the spark-plug; this last technology is normally 

coupled with a port fuel injector feeding the rest of the fuel to the main combustion 

chamber.  



With both the technologies available for pre-chamber combustion systems, it is 

mandatory achieving a complete control of the fuel spray evolution as it interacts with 

the air charge and the pre-chamber in order to endure a proper mixture formation in 

space and time. One of the most promising experimental approaches to investigate the 

fuel spray/air charge interaction is spray mapping by means of the momentum flux local 

(MF) distribution. This approach is much more effective than simple visualization as from 

spray images only the spray shape evolution can be detected with no information about 

how the 2-phase flow is actually spreading in terms of mass distribution. MF is a perfect 

complement to more assessed techniques traditionally used for spray characterization 

such as Phase Doppler Anemometry. Once combustion has started in the pre-chamber, 

hot gases emerge from the micro-channel connecting it with the main chamber in order 

to ignite the rest of the mixture. Investigating these gas jets as they protrude from the 

pre-chamber is another important step in the optimization process of this kind of 

combustion system, as from the jets evolution the actual development of the overall 

combustion process is determined. 

The following steps are planned for the present research project are: 

- Pre-chamber direct injection systems analysis. GDI injectors are one of the key 

components of pre-chamber combustion systems, requiring an adequate optimization 

process in order to ensure adequate characteristics in terms of hydraulic behavior, 

atomization capability and patter control. 

- Combustion jets evolution analysis: the analysis and the control capability of the 

hot gas jets emerging is a crucial step in the development of this technology. In order to 

investigate this phenomenon, a high temperature, pressurized static combustion 

chamber will be used, using high speed imaging systems to visualize the gas jets evolution 

with different pre-chamber configurations and operating conditions.  
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