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A novel 0-D Probability Density Function (PDF) based approach for the modelling of Diesel combustion and 

emission formation using tabulated chemistry is presented. The Direct Injection Stochastic Reactor Model 

(DI-SRM) has been extended with a progress variable based framework allowing the use of a pre-calculated 

auto-ignition table including particle matter and nitrogen oxides. The auto-ignition process together with 

soot and NOx emissions are tabulated through adiabatic constant pressure reactor calculations. The 

tabulated chemistry based implementation has been assessed against the previously presented DI-SRM 

simulations by Franken et al. (2016), where chemical reactions are solved online. The chemical mechanism 

used in this work for online chemistry and table generation, is taken from Seidel et al. (2015). The tabulated 

chemistry based methodology is validated against online chemistry calculations for 10 stationary operating 

points measured for an Euro-6 passenger car Diesel engine. Multiple injections, as well as various levels of 

speed, load and exhaust gas recirculation are considered to ensure the robustness of the method.  The new 

implementation delivers reasonably good agreement with the online chemistry one. The methodology 

presented in this paper allows for the use of detailed chemistry in the DI-SRM with high computational 

efficiency and facilitates the application of DI-SRM in the engine development and calibration processes. 
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Optimization of combustion processes is essential due to fuel conversion efficiency concerns and 

increasingly strict pollutant emission regulations. Modern combustors exploit low-temperature combustion 

(LTC) concepts (such as exhaust gas recirculation) and utilize bio-derived, generally oxygenated fuels, such 

as ethanol, methanol and dimethyl ether (DME) The introduction of oxygenates as neat fuels or 

components into the fuel stream can alter the established hydrocarbon fuel oxidation chemical pathways, 

while on the other hand may induce dilution and thermal effects. Thus, the complex interactions in using 

alternative fuels with oxygenated fuel content under LTC concepts need to be resolved in a systematic way 

under controlled conditions, in order to explore the full potential of these techniques in commercial 

combustors.  

The swirl-stabilized flame configuration considered in the present work attempts to emulate the reaction 

environment of commercial combustors while allowing the versatile use of a variety of diagnostic 

techniques. Further details on the swirl flame rig and the diagnostic tools used here can be found in 

previous studies [1-2]. Here, concentration profiles of stable species have been measured using GC-TCD, 

GC-FID and by gas analyser for several gaseous (methane, propane, and commercial grade propane) and 

liquid (n-heptane and iso-octane) fuels.  

The gaseous fuels studies investigate the recent trend of maritime liquefied gas carriers to burn natural gas 

boil-off or LPG as part of their cargo as fuel, while the liquid-fuelled cases act as a baseline to emulate 

automotive engines combustion, where n-heptane and iso-octane have become the de facto surrogate 

compounds for petroleum-derived ground transportation fuels. The work analyses the changes on the 

concentration of stable combustion intermediate species formed throughout the profile of stoichiometric 

flames produced, when the oxygenated DME fuel and non-reactive diluents, typical of exhaust gas streams, 

are doped into the inlet fuel and air flows, respectively. 
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Emission regulations and requirements for increased economic operation of marine diesel engines have 

become compulsory in modern engine design. Emission and fuel consumption reductions are currently the 

primary goals in marine Diesel engine development. In order to decrease fuel consumption and emission, it 

is indispensable to optimize the combustion process. The performance of Diesel engines highly relies on the 

injection system and the spray atomization.   

Large two-stroke marine Diesel engines have special injector geometries, which differ substantially from 

the configurations used in most other Diesel engine applications. Several studies have described the 

symmetric spray formation and influence of fuel injection processes on the combustion. However, in 

marine diesel engines, it is typical for orifices to be arranged eccentrically with respect to the central bore 

axis of the injector, thus creating a highly asymmetric spray structure. A number of five orifices is 

representative for such injectors, each of a size and injection direction aiming at an optimal dispersion of 

fuel into the combustion chamber. The widely-used models in automotive sector give a good 

approximation to marine Diesel engine processes. Nevertheless, the spray dynamics in a marine 

compression-ignition engine differ substantially from automotive engines, thus the existing models cannot 

comprehensively describe the spray behavior.  The literature of modelling high pressure non-symmetric 

diesel spray and its nature is still extremely limited. 

First, a detailed investigation of spray primary breakup by means of state-of-the-art Computational Fluid 

Dynamic (CFD) calculations. Here, the Star-CD computational platform was used for simulations of sprays 

relevant for large two-stroke marine diesel engines. In particular, Reynolds-Averaged Navier-Stokes (RANS) 

simulations were performed, including flow within the injector, and the results were utilized to implement 

initial conditions for Large Eddy Simulations (LES). The Dynamic Smagorinsky model was used for modeling 

subgrid-scale turbulence in LES. Utilizing proper estimates, different numerical grids were generated, 

characterized by computational cell size of the order of the Taylor microscale. The influence of grid density, 

as well as of the numerical time step value, on the simulation results was assessed. The LES results were 

found to strongly depend on numerical resolution parameters and demonstrated the presence of highly 

asymmetric spray structure, in agreement with previous initial investigations. The asymmetry is the outcome 

of a strongly non-uniform velocity distribution at the orifice outlet, which affects the spray development in 

the combustion chamber. 

In the following, the asymmetric spray structures produced by the strongly non-uniform velocity 

distribution at the orifice outlet was investigated. First, based on proper processing of the LES results, the 

spray intact core is identified and its surface was analyzed by Fast Fourier Transformation. Here, the core 

surface waves were recognized and a correlation to disintegrating droplet sizes was found. Further, a new 

approach in characterizing droplet breakup is implemented, which is based on the Q-criterion introduced  



 
 

 

by Hunt et al. The droplet distribution is analyzed and compared between different atomizer layouts. The 

operational regime of the atomizer is characterized in terms of the non-dimensional numbers of the spray 

jet, which affect the spray dynamics. the spray structure, which consists of decaying intact liquid core and 

disintegrating parent droplets, was examined. A new droplet identification method was introduced to 

analyze the droplets appeared in the vicinity of core during primary breakup. β-PDFs (Probability Density 

Function) were created for droplet diameter, location, velocity and number of droplets in segments along 

the core in and circumferential directions using as an input to Lagrange simulations for spray secondary 

breakup calculations. 

Then, spray secondary breakup modelling of asymmetric spray structures in Euler-Lagrangian framework 

based on previous droplet distributions of primary breakup was executed. Firstly, the derived droplet 

distributions were assigned via user coding to RANS 3D-CFD simulation of nozzle bore geometries having 

0.0, 0.4 and 0.8 normalized eccentricity. Spray secondary breakup then calculated by using the KH-RT 

breakup model. Simulations compared to a widely used industrial methodology and validated against 

experimental measurements performed in a unique Spray Combustion Chamber. Furthermore, effects of 

nozzle eccentricity were assessed under reactive and non-reactive conditions using a computationally 

efficient combustion solver. The methodology was found to be very promising for future implementation of 

droplet mapping techniques under marine diesel engine conditions.  

As a last step, parent droplet properties originated from LES primary breakup analysis were modified based 

on measured spray properties under different rail pressure and RANS in-nozzle flow simulations. Droplet 

secondary breakup model constants were adapted to these conditions. The newly defined parent droplets 

were used in secondary breakup calculations and compared to experimental results.  

A new experimental arrangement was designed providing the possibility of investigating one hole injection 

in engine like conditions. Combustion measurement was executed under evaporating condition, where 

flame lift-off, ignition delay and spots were determined. Comparison of simulated flame and measured 

spray properties, furthermore heat release rates are currently in progress.   
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Emission reduction from marine engines can be supported by employing split injection strategies, similar to 

the ones used in automotive engines. In the present work, the effect of a three-pulse fuel injection strategy 

(pilot-main- and post-injection) on the performance and exhaust emissions of a large bore two-stroke 

marine Diesel engine at conditions of full load is investigated, by means of Computational Fluid Dynamics 

(CFD). Simulations utilize a KIVA-3 based CFD code, which is coupled with an optimization tool based on 

Evolutionary Algorithms (EAs). Multi-objective optimisation (MOO) is performed by parameterizing the fuel 

injection profile in terms of five design variables. The Specific Fuel Oil Consumption (SFOC) and the final 

concentration of nitric oxides (NOX) and soot constitute the problem three objective functions. An 

unconstrained, as well as a constrained optimization problem are considered; in the latter, a maximum 

limit is prescribed for the in-cylinder pressure. Significant reductions in pollutant emissions are attained, in 

comparison to a reference case characterized by continuous injection.  
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Abstract  
 
The increased environmental interest for reducing pollutant emissions from the marine industry has forced 

the IMO and national authorities to set strict emission control regulations in specific geographical areas 

(Emission Control Areas - ECAs). To this end, the detailed study of the combustion processes that take place 

in 2-Stroke marine Diesel engines can substantially contribute both in the context of Thermo-Fluid 

Dynamics and Chemistry understanding of the production of dominant marine Diesel engines emissions, as 

well as in the context of the optimization of marine Diesel engines thermal efficiency, with the aim of the 

simultaneous reduction of fuel consumption and pollutant emissions. Currently, the comprehensive study 

of main in-cylinder processes, which include the spray breakup, evaporation, fuel-air mixing, ignition and 

combustion, requires the coupling of CFD tools with realistic (skeletal or reduced) chemical kinetic 

mechanisms. This in turn requires the development of reliable detailed kinetic mechanisms capable of 

accurately capturing the interactions in the H/C/O/N/S system. The primary objective of the present study 

is the validation of detailed chemical kinetic mechanisms in a wide range of conditions of pressure, 

temperature and equivalence ratio representative to the operating conditions of large marine Diesel 

engines. In particular, detailed chemical kinetic mechanisms related to surrogate fuel models (e.g. n-

heptane, iso-octane and n-dodecane), which are widely used for representing current transportation fuels 

are evaluated against experimental data concerning ignition delay times, laminar flame speeds and jet 

stirred reactor species profiles. Further, reduced chemical kinetic schemes are produced from the validated 

detailed chemical kinetic mechanisms, in order to directly couple enhanced chemistry with turbulent two 

phase flow utilizing an appropriate coupled CFD computational tool with a chemical computational tool. 

Finally, the model is tested with CFD simulations of reactive spray flow in a large constant volume 

combustion chamber. The present results are deemed very promising, yielding a solid basis for CFD studies 

with enhanced chemistry. 
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Conventional combustion of fossil fuels in existing power plants has already been considered as one of the 

major causes of CO2 release in the atmosphere. While natural gas is the “cleanest” of fossil fuels (e.g. coal 

and lignite) in terms of combustion, still the emitted CO2 per MWh of produced electricity remains at high 

levels (~0.3-0.4tn/MWh). Current processes for CO2 removal at post-combustion stage, include the use of 

membrane gas separation, pressure units, as well as, chemical methods such as amine absorption. While, 

all these methods feature a rather acceptable efficiency (e.g. >80% CO2 recovery and >90% purity) their 

implementation and operation cost remains at high levels due to their high energy requirements 

(significant loss in energy production efficiency).  

Chemical looping combustion (CLC) is an innovative technology that allows for the inherent CO2 capturing 

during the combustion process, rendering in this way the proposed process as a break-through technology 

towards alleviating global warming. During this process, an oxygen carrier in the form of a metal oxide 

(MexOy) is utilized, instead of air, to oxidize natural gas at 900-1000oC. In this way, fuel and air do not come 

into direct contact and the produced CO2 can easily be removed through flue gas condensation. 

Regeneration of the reduced metal oxide (MexOy-1) takes place in a subsequent and interconnected stage 

(allowing for a cycling operation mode) through the use of an oxidant (O2, Air, etc.) at similar temperature 

levels. On this end, a significantly lower C-footprint can be achieved, while heat recovery through 

exothermic and endothermic sub-processes coupling, is driven towards steam production and consequent 

electricity in respective turbines.  

Aim of the proposed work is to present a scaled-up operation of the CLC process (~200-250MWh) by 

performing steady-state simulation scenarios under Aspen Plus software. Operating objectives of these 

scenarios include the maximization of energy production by allowing for steam generation through hot-

stream exits and simultaneous CO2 recovery for sequestration. Operating temperature/pressure levels will 

be optimized along with the use of available metal oxides for a specific natural gas feed rate. Simulation 

results will be compared to a conventional power plant operating under natural gas combustion with air 

and technical issues such as reactor material design, implementation concept and operating features will 

be fully explored. Experimental data featuring the applicability of certain metal oxides along with their 

performance in different operating levels will be fully explored towards ensuring the validity of our scaled-

up results.    
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The idea of Single Fuel Policy (SFP) is simple and consist of using one military fuel on the battlefield. This 

concept was conceived after World War II, in order to simplify the logistic supply chain for petroleum 

products. In the mid-1960s two NATO nations had converted to F-34 (Jet A), in order to move in a single 

military fuel for the battlefield. NATO Air Forces, in the 1970s, agreed to change their operational fuel from 

the wide-cut F-40 to the safer, less flammable kerosene fuel, F-34. One of the main reasons for this change 

was improved flight and ground safety based largely on the experiences during the Vietnam war activities. 

In nowadays the definition of the SFP is to achieve equipment interoperability through single fuel for use, 

ensuring that the specification of the fuel is Standardized with its commercial equivalent in common use, 

and that the physical and chemical characteristics of the fuel are such that it can be introduced, stored, 

transported and distributed by the fuel logistic systems. The above mention policy concept was based on 

the following three different types of fuels: gasoline, kerosene, gas oil/diesel fuel.  

Based on the above mention concept this experimental work, tries to investigate the use of a kerosene 

NAVY turbine fuel (F-44) JP-5 stand alone and in mixtures with Marine Light Diesel Fuel (F-76) and its spray 

performance in two types of high speed marine engines MTU 538 and MTU 232. The mixtures which were 

used are:  

 100% F-76,  

 75% F-76 with 25% JP-5,  

 50% F-76 with 50% JP-5,  

 25% F-76 with 75% JP-5 and  

 100% JP-5.  

The finding remarks that are exported are basic the same and for the both types of injectors. There is a 

pressure drop as the blends become richer in JP-5. Injectors do not hold the pressure on the intermediate 

mixes. The time that a spray lasts increases gradually as the fuel content of JP-5 increases. It is evident that 

the blends are more volatile as the JP-5 content is increased. The scattering angle shows that the MTU 232 

injector is increased as long as the concentration of JP-5 in the mixtures increases, while for the MTU 538 

injector cannot be safely inferred. The time span between two sprays is and an increase is observed as the 

concentration of the JP-5 increases in the fuel content.    
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The environmental performance of marine and road transport applications using the novel engine systems 
investigated in the context of the ECCOMATE project will be assessed by means of Life Cycle assessment 
(LCA). The  dual goal is: a) to compare alternative fuels and novel system configurations,  also considering 
 the current reference case in the market. This allows: (a) to identify the environmentally friendlier options 
and create a benchmark to which future systems can be compared to; b) to identify the processes that are 
most impactful (“hot spots”) and have high improvement potential at low effort (“low hanging fruits”). 
Areas for action towards a lower environmental impact can then be prioritised e.g. by focusing on the 
supply chain aspects or the vessel/vehicle operation.  

 The LCAs will be conducted according to the International Reference Life Cycle Data System (ILCD) 
Handbook for LCA following the ISO 14044 standard. The functional unit, which reflects the primary 
function of the system is defined as “1 t of gross tonnage transported for 1 km”. To ensure technological 
and market representativeness, ECCOMATE project partners have provided inputs to define the 
specifications for marine (i.e. slow speed, large-sized, two-stroke engines) and road (high speed, small-to-
medium-sized, four-stroke engines) transport applications. The assessment will consider short and mid 
term (2020 and 2030) policy measures for emission limits in central Europe. 

 The transport service will be accounted from “well to wheel/propeller” (for road/marine accordingly) 
including all inbetween processes except for the capital equipment.  Alternative scenarios will be built to 
cover a) different fuels such as LNG, LPG and methanol and the corresponding typical European supply 
chains and b) alternative system configurations such as dual fuel approach, exhaust gas recirculation (EGR) 
and optimised injection strategies. Primary data e.g. for direct emissions from the different configurations 
have been collected from ECCOMATE partners. For the background processes e.g. fuel extraction, data are 
taken from the Life Cycle Inventory database Ecoinvent 3.1.  

 Dedicated environmental key design and performance indicators will be derived. Of primary focus is the 
carbon footprint (g CO2-eq/tonne km) and the total primary energy use (MJ-eq/tonne km). Based on the 
latter,  additional energy efficiency related indices such as the Energy Efficiency Design Index (EEDI) and the 
Energy Efficiency Operational Index (EEOI) will be provided, where applicable. Moreover, in order to avoid 
impact trade-offs, the consumption of resources and emission of substances and wastes will be 
characterised as of their potential contribution to all 14 environmental impact categories recommended by 
ILCD.   

 The approach can provide the scientific basis for systematic target setting in the context of environmental 
management and planning in the transport sector and facilitate comprehensive ecodesign of internal 
combustion engines. The LCA results can inform corresponding policy development and be used as a 
reference case for monitoring environmental impacts. The uptake of the results can be particularly easy in 
the automotive industry where Life Cycle Thinking is already used widely to support more sustainable 
product development and manufacturing.   

 


