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The use of Life Cycle Assessment (LCA) methodology for the analysis of the environmental impacts of 

marine transportation has been presented in scientific literature and research projects, e.g. for 

calculating the carbon footprint. Existing studies typically set the system boundary of such 

assessments on-board the vessel (i.e. representing the engine operation at the sea) possibly also 

including port operations. However, in a life cycle perspective, the environmental performance of the 

vessel and its fuel system is not limited to the exhaust of the ship engines. It also depends on 

upstream processes covering supply chain operations such as the fuel extraction, production and 

distribution.  The setup and the efficiency of such processes consequently affects the environmental 

performance of the overall system. Although this holistic approach is also adopted in scientific 

literature, the upstream environmental impact is typically calculated in an aggregated manner using 

so-called “well-to-tank” emission factors, corresponding to the cumulative amount of pollutants from 

the supply chain operations. Despite its completeness, this aggregation nuances the underlying fuel 

supply assumptions, provides an unclear   fuel supply chain impact  and induces uncertainty in the 

results.  

 

This study attempts to map and quantify the impact of various fuel supply chain aspects, such as the 

source of the fuel and its transportation, on the overall environmental performance of different ship 

propulsion systems. The assessment includes two marine fuels: Heavy fuel oil (HFO) and Liquefied 

natural gas (LNG) and four different vessels: a Container vessel, an Alfamax tanker, a Ro-Pax ferry 

and a Cruise liner. Alternative fuel supply chain scenarios have been compiled, differentiated in 

terms of sources (Russia, Norway, Algeria) and means of transport (pipeline, vessel). The ship 

propulsion systems are modelled with detailed fuel consumption characteristics for different loads of 

existing propulsion engines. Additionally, realistic operational profiles of the vessel types in terms of 

power demand over a round trip have been taken into account. The higher level of detail considered 

in compiling the inventories for the present paper leads to an enhanced LCA modelling methodology, 

providing more representative results than existing studies.  

The results indicate that the fuel supply chain attributes have a significant influence on the ship’s 

carbon footprint and are important elements in capturing future uptake and impact across 

geographies, ship segments, and marine fuel types. The results for the fuel supply chains are 

compared with relevant literature, as well as with the built-in fuel supply chain scenarios of the 

widely used Ecoinvent Life Cycle Inventory (LCI) database.  
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Abstract 
 
In the direction of clean diesel combustion, new combustion techniques are investigated for their 
potential to achieve near zero particulate and NOx emissions. Their main drawbacks are increased 
level of unburned hydrocarbons (HC) and carbon monoxide (CO) emissions, control of combustion at 
high load and limited operating range and power output.  
 
In this study, combustion phenomenon is modeled via a combustion model (ECFM-3Z) developed at 
IFP within a multi-dimensional framework in 3D showed figure 1 and 1D thermodynamic model. 
Finally, a calculation on an engine configuration with compression, spray injection and early 
combustion in a Large Bore Diesel (LBE) engine with pre-combustion chamber is analyzed. 
 
Further investigation has also been performed in-cylinder design parameters in a DI diesel engine 
that result in low emissions by effect of high turbulence level. In this study, results are widely in 
agreement qualitatively with the previous experimental and computational studies in the literature. 
Study is in progress to suggest changes about in-cylinder design parameters in a LBE diesel engine 
that results in low emissions by the effect of high turbulence level and injection parameters .  

Keywords: Clean Diesel Combustion, CFD, spray, combustion. 

 

Figure 1: CFD solution domain.
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3. Optical Study of Stratification for Partially Premixed Combustion 

M. Izadi Najafabadi 
Eindhoven University of Technology 

Abstract 

Partially Premixed Combustion (PPC), a new compression ignition (CI) combustion concept, combines 

the advantages of both Homogeneous Charge Compression Ignition (HCCI) and conventional diesel 

combustion. The fuel partially premixes with the air as a consequence of earlier injection and longer 

ignition delay compared to the diffusion control combustion, resulting in lower soot and NOx 

emissions. The timing of the injection provides control over the fuel and thermal stratification and 

hence the timing of the combustion and the behavior of heat release rate. However, the 

stratification level of fuel, temperature and combustion for PPC is a challenging issue. The main 

objective of this study is to investigate different aspects of stratification for PPC to better understand 

this combustion concept. A light duty optical engine has been used and different optical diagnostic 

techniques are implemented to study this phenomenon. 

The ignition sensitivity of PPC to the injection timing is investigated by using high-speed 

shadowgraphy and OH* chemiluminescence imaging. Shadowgraphy is used to visualize fuel injection 

and evaporation while OH* chemiluminescence imaging is used to study the combustion 

stratification. Results confirm that Start of Injection (SOI) strongly affects the spray penetration and 

evaporation of fuel. Moreover, combustion stratification has an inverse correlation with combustion 

phasing of PPC for late injections.  

High-speed spectroscopy measurements are used to study the effects of stratification on the spectral 

signature of PPC. A method has been developed to distinguish chemiluminescence from thermal 

radiation, and different chemiluminescing species (OH*, CH* and C2*) could be identified. The results 

indicate that the spectral signature of the combustion is highly dependent on the stratification level. 

We show that the broadband chemiluminescence can serve as a proxy of equivalence ratio and the 

rate of heat release. Regarding C2* chemiluminescence, two different chemical mechanisms for 

formation of C2* are observed in the PPC regime: first during the early stage of combustion by the 

breakup of bigger molecules and the second during the late stage of combustion when soot particles 

are forming. 

In order to compare stratification levels of different PPC strategies or other combustion concepts, an 

objective and meaningful definition of ‘combustion stratification’ is proposed based on Fourier 

analysis of OH* chemiluminescence images. Two-dimensional Fourier transforms translate these 

chemiluminescence images into a range of spatial frequencies. The information in this range of 

frequencies is used to define combustion stratification, using an appropriate normalization 

procedure. The results indicate that this new definition is a promising method to compare the level 

of combustion stratification between different experiments. 

To investigate the effects of flow and turbulence on stratification, high-speed Particle Image 

Velocimetry (PIV) is used to measure fluid flow characteristics, including the flow fields, mean  



 
 

 

velocity and cycle-resolved turbulence, inside the piston bowl as well as the squish region. Two 

injectors, having 5 and 7 holes, were compared to see their effects on fluid flow and heat release 

behavior for different injection timings. Reactive and non-reactive measurements were performed to 

distinguish injection-driven and combustion-driven turbulence. Formation of vortices and higher 

turbulence levels enhance the air/fuel interaction, changing the level of fuel stratification and 

combustion duration. Results demonstrate clearly how turbulence level correlates with heat release 

behavior. 

The last part of the research deals with fuel and thermal stratification of PPC. Single-color and two-

color fuel tracer Laser Induced Fluorescence (LIF) techniques are used to measure the fuel 

distribution in the combustion chamber. A comprehensive thermodynamic model is used to estimate 

the temperature distribution for single color LIF measurements while temperature calibration 

measurements for two-color LIF results in quantified temperature distributions. Based on 

temperature distributions and LIF images, quantified results of fuel distribution are obtained and 

compared for both single-color and two-color LIF measurements. By using quantified results of fuel 

and temperature distribution, fuel and thermal stratifications are analyzed for different injection 

timings and their effects on combustion stratification are investigated. 



 
 

 

4. Investigation of Partially Premixed Combustion in an Optical Engine – In-

Cylinder Flow and Combustion Characteristics 

Slavey Tanov 
LUND University  

 

The strong focus on emission reduction and improving fuel economy in the transport sector, lead 
many researchers to explore and develop various advanced combustion strategies. A novel strategy 
to face these major challenges is partially premixed combustion (PPC), which has been receiving 
increased attention. The goal of PPC process is to achieve sufficient pre-mixing between the fuel and 
air to avoid soot formation and to maintain low combustion temperatures to reduce thermal NOx 
formation, by using high EGR rates. Due to its potential for simultaneously reducing of soot and NOx 
the demand on exhaust aftertreatment systems in motorized vehicles can be reduced. Charge and 
thermal stratification have a dominant role on achieving PPC, which can be controlled by early direct 
fuel injection events, and composition of the fuel and air mixture, so that the pre-mixed charge 
promotes auto-ignition in an engine.  PPC is basically ranged, in terms of stratification levels, 
between the fully homogenous (less stratified) HCCI concept and the conventional diesel combustion 
(highly stratified). By utilizing proper fuel injection strategies, the combustion is controlled so that 
excessive heat-release rates can be avoided. The work presented in this thesis deals with 
experimental investigations on in-cylinder combustion and fuel–air mixing process under PPC 
conditions. The objective is to gain information and better understanding on the combustion 
stratification level and the in-cylinder turbulent flow fields which have a large impact on combustion 
and emission formation. Accordingly, the last stage of the research was mainly focused on the 
detailed study of different EGR settings for various air-fuel ratios over the characteristics of the 
gasoline PPC concept.  
 
The feasibility of using split injections has the advantages of reducing the maximum heat release 
rate, thus reduces the combustion noise and extending the operable ranges. However, on the other 
hand it can lead to challenges of increased uHC and CO emissions. The multiple injection strategies 
allow also some flexibility concerning the fuel distribution and used within the framework of this 
thesis to control the stratification level. Thereby it used to employ long ignition delays for enhanced 
fuel-air mixing prior to the start of combustion.  
 
In the first measurements, optical investigations were carried out for OH-chemiluminescence 
imaging to record the combustion process through the engine cycle and to analyze the degree of 
stratification. Hot residual gases were trapped by using NVO to dilute the cylinder mixture. The 
results of the optical engine experiments clarify the mechanisms controlling the PPC energy release. 
Chemiluminescence imaging shows that PPC features a high temperature reaction zone that appears 
to grow by the appearance of small auto-ignition pockets. The rate of reaction zone growth is then 
controlled by the stratification level. Going from single injection towards triple injection strategy, a 
distinct change in the stratification level has been seen corresponding to heat release rate. 
 
Turbulent flow structures within the cylinder have an essential role in the mixture preparation, 
combustion, and pollutant formation in light-duty (LD) direct-injection diesel engines. Both, the mean 
flow and turbulence significantly impact the bulk fuel stratification as well as the small-scale mixing in 
combustion systems with pre-mixed charge. In this second stage of the research, in-cylinder flow is 
characterized by adapting particle velocimetry imaging (PIV). This technique is used to explain how  
 
 



 
 

 
 
multiple injection strategies effects the flow pattern, turbulence and cyclic variation within the piston 
bowl. The PIV method enables bulk flow analysis during: compression, injection, combustion and 
expansion phases. The flow field and the associated velocity vectors where recorded in the vertical 
measurement field for both, squish region and inside the bowl-in piston region.  
 
Finally, the last part in this thesis deals with multi-cylinder engine experiments with focus on 
addressing the engine strategy to operate high RON fuels (Ron 98) using PPC approach.  Various 
strategies were applied to maintain LTC conditions adapted to operate gasoline fuel (E30, gasoline 
with 30% ethanol content) initially for a stable combustion (COVIMEP < 3%), low combustion noise 
with relatively low emission and soot. It was shown that at engine speed of 1000 rpm with double 
injection strategy, these fuels can be run reasonably well up to engine load of 8 bar BMEP. 
Combustion phasing was kept constant at 5°aTDC (±1°). This was done purposely to maintain a 
relatively low combustion noise, and to sustain the combustion while running highly diluted 
condition (~ 30% EGR). In addition to engine and emissions data, endoscope images (AVL 
VisopScope) were acquired to monitor the effect of given parameters on natural combustion 
luminosity.   



 
 

 

5. An experimental investigation on the effect of various emission control 
techniques using optical diagnostics in a single cylinder light duty optical 

diesel engine 

Dimitris Touloupis 
Imperial College London 

 

Stringent vehicular exhaust emission norms, along with increased demand for high performance and 
comfort levels, challenge manufacturers to develop more efficient and less polluting engines. 
Modern diesel engines exploit technologies such as common-rail systems, complex fuel injection 
control strategies and exhaust gas recirculation (EGR) in order to optimally prepare the in-cylinder 
charge. Relatively new concepts, such as Premixed Charge Compression Ignition (PCCI) based on low 
temperature combustion (LTC) modes, can allow for better control of ignition timing, avoiding the 
soot and NOx formation regimes. The present work is a comprehensive experimental campaign 
preformed in three axes, investigating different engine control techniques applied by automobile 
manufactures, through in-cylinder pressure analyses and optical and lased-based combustion 
diagnostics in optically accessible compression ignition engine configurations.  

The first axis of the experimental campaign focuses on the effect of EGR on combustion. In this 
regard, three different CO2 mass flow rates (up to 7.5% of the initial mass flow) were added in the air 
inlet stream in order to simulate the thermal capacity and dilution effects of EGR. The conditions 
considered included two injection schemes (featuring one or two pilot injections) and two injection 
pressures (250 or 400 bar) shifting the combustion towards a partially premixed mode. The engine 
used is a Ricardo Hydra optical light duty compression ignition engine, operated at the low speed 
(1200RPM) low load (1.6 bar IMEP) regime. Findings are discussed based on optical measurements, 
namely line-of-sight high speed imaging of natural flame luminosity and OH*, C2

* and CH* 
chemiluminescence and via pressure trace and apparent rate of heat transfer (ARHT) analyses. 
Results indicate that the increase of CO2 addition results in lower peak pressures and in an overall 
delay of the combustion process, while also influences the spatial characteristics of reaction and 
oxidation zones, as well as differentiates the extent of fuel-rich pockets. Multiple injections advance 
the main combustion event and an increase in injection pressure enhances fuel evaporation and 
mixing while spatially confining the observed flame structures. Overall, operation under relatively 
slightly diluted conditions with more pilot injection events at higher rail pressure appear to enhance 
mixing, proving thus an indication of lower emission levels. 

The second axis of the experimental campaign employs a combination of the aforementioned 
diagnostics with laser based techniques for the assessment of the effects of various post-injection 
schemes on the soot reduction potential in the same engine apparatus. The engine operates under a 
multiple injection scheme of two pilot and one main injections, typical of a partially premixed 
combustion (PPC) mode, at the lower end of the load and engine speed range (ca. 2.0 bar IMEP at 
1200 rpm). Experiments considering the influence of the post-injection fuel amount and the post-
injection timing within the expansion stroke, under a constant total fuel mass per cycle, have been 
conducted. Findings are analysed via means of pressure trace and ARHT analyses, as well as a series 
of optical diagnostics techniques, namely high speed flame natural luminosity imaging, CH*, C2

* and 
OH* line-of-sight chemiluminescence, as well as planar Laser Induced Incandescence (pLII) 
measurements at 31 and 50 CAD aTDC. The combination of post-injection fuel amount and timing 
has substantial effects on charge reactivity and soot oxidation potential. The analysis reveals that an 
amount of fuel (7% of the total fuel mass per cycle) injected more than 10 CAD after the main 
combustion event leads to higher levels of soot emissions, while a larger amount of fuel (15% of the 
total fuel mass) injected 5 CAD after the main combustion event appears to have a beneficial effect  



 
 

 

 

on the soot oxidation processes. Overall, results indicate that a post injection scheme close to the 
main combustion phasing, could reduce soot levels and improve engine performance, i.e. higher 
IMEP levels at the same fuel consumption rates, although it could increase engine noise. 

The third axis of the experimental campaign focuses on the effect of the injection dwell time (i.e. the 
time between two subsequent injection events) and injection pressure on soot reduction potential. 
The same engine was operated under a double injection scheme comprising one pilot and one main 
injection under low load and low engine speed. The conducted experiments consider two different 
dwell times for three different injection pressures. The fuel quantity of the pilot injection was kept 
constant at 1 mg/cycle, whereas the fuel quantity of the main injection is adjusted to maintain the 
same IMEP value among all cases considered. Findings are analysed combining all the 
aforementioned diagnostics. The combination of dwell time and injection pressure substantially 
affects charge reactivity and soot oxidation potential. The analysis suggests that a shorter dwell time, 
combined with a higher injection pressure, can lead to an enhanced potential for engine-out 
particulate reduction, by creating an in-cylinder environment which promotes soot oxidation. 
Overall, results indicate that a close coupled pilot and main injection scheme can reduce soot levels, 
while, however, increasing specific fuel consumption by up to 12% to maintain the same engine 
performance levels. 

Finally, the latter experimental campaign is reproduced and extended in a different engine, which is a 
light duty single cylinder optical compression ignition engine, based on a Volvo D5 engine, facilitating 
better optical access and featuring more operating variables, such as real EGR and air intake boost. 
Due to higher flexibility of the engine hardware, the test matrix is extended, featuring two different 
dwell times, two levels of air intake boosting and EGR. Findings are analysed via means of pressure 
trace and apparent rate of heat transfer analyses, as well as a series of optical diagnostics 
techniques, namely high speed flame natural luminosity imaging, OH* and C2

*line-of-sight 
chemiluminescence, Formaldehyde (CH2O) planar Laser Induced Fluorescence (indicating the 
premixed combustion phase), as well as planar Laser Induced Incandescence (pLII). 

 



 
 

 

6. Development and validation of kinetic models for engine relevant fuels 

Zisis Malliotakis 
National Technical University of Athens 

 

The studies described below have been conducted in the context of further validating and enhancing 

a widely used literature model for the combustion of C1-C6 species. Since the mechanism did not 

include species higher than C6, another literature model was used in the TRF study.  

The development of chemical kinetic models able to describe the prevailing chemistry in combustion 

applications is very crucial in order to achieve improved efficiency and to reduce emissions. In 

transportation applications, Internal Combustion Engines (ICE), burn gasoline and diesel, which are 

mixtures of several hydrocarbon families, such as paraffins, napthenes and aromatics. This 

compositional complexity makes their study very difficult and calls for the use of a simplified blend 

that emulates the properties of the actual fuel. Traditionally, the mixtures used (fuel surrogates), 

consisted of n-heptane and iso-octane denoted as primary reference fuels (PRF) due to their octane 

rating values. In this context a lot of attention has been given on the study of these fuels, leading to 

the development of a large amount of chemical kinetic models describing their oxidation. Although, 

these blends succeeded in matching the desired ignition characteristics, they failed to capture the 

dependence of the ignition delay time (IDT) on a broader range of operating conditions. In order to 

facilitate this, toluene, the simplest methylated aromatic species was included in the fuel surrogates, 

creating the Toluene Reference Fuels (TRF). The respective kinetic models proved to be unreliable 

and showed great discrepancies in the low temperature regime, highlighting the need for further 

work. The inaccuracy of the models was due to the low reactivity of toluene that made it very 

challenging to measure. In this regard, a campaign was set up, where toluene was mixed with n-

heptane, a fuel very well studied and very reactive, at several ratios and measured in a High Pressure 

Shock Tube (HPST) and a Rapid Compression Machine (RCM). In this regard, a large experimental and 

computational effort has been placed in the framework of the present work in order to contribute 

with a large dataset of validation targets for the fine tuning of TRF models, allowing for the 

elucidation of the chemical pathways of toluene.  

Moving down the hydrocarbons chain, n-hexane a compound often used in surrogate blends of 

aviation fuels, was studied in an unconventional modeling approach. Given the amount of available 

models and rate rules in the literature, a reaction mechanism generator, developed by Loge GmbH 

was utilized. This algorithm makes use of rate rules developed for certain reaction classes and offers 

the opportunity to create automatically chemical kinetic schemes using a base chemistry that serves 

as input to the generator. In order to assess the impact of the base chemistry on the performance of 

a mechanism, two n-hexane models were build by employing the same rate rules on different base 

chemistries. The two resulting schemes were validated against IDT and flame speed data from the 

literature. The numerical results using both mechanisms showed satisfying agreement, while 

comparison between the reaction pathways showed the importance of the lower hydrocarbon 

chemistry.  

 



 
 

 

 

The performance and the accuracy of a kinetic scheme does not only depend on the modeling of 

paraffinic hydrocarbons like n-hexane, n-heptane etc. that are related to the respective application, 

but also on the chemistry of lower species. Phenomena, such as soot are closely linked to chemical 

reactions between these lower hydrocarbons. Such is the case for the C3H4 isomers. In order to gain 

insight into these chemical pathways, the oxidation of the two isomers is investigated. In this 

context, literature experimental data from premixed laminar flames were used. The present work 

assessed various reaction rates and thermodynamic properties of related species from the literature 

and that part of the mechanism was updated. Reaction path analysis showed that the decomposition 

of these isomers might lead to the formation of propargyl radicals that recombine to form benzene, 

which then builds up to soot.  

Apart from the lower intermediate hydrocarbons, the study of lighter oxygenated species is also 

important, since the current trends in energy production dictate the use of alternative bio-derived 

fuels. Bio-derived fuels have shown to be charismatic in terms of pollutant reduction and engine 

operation. Broadening the knowledge on the combustion chemistry of oxygenates is important in 

order not only to identify their impact on engine operation and emissions, but also to scrutinize the 

synergies between these species and other important intermediates. In this framework, three C2 

oxygenates, ethanol, acetaldehyde and acetic acid were investigated as dopants of ethylene fueled 

flames, assessing their performance as possible soot inhibitors. Novel speciation measurements from 

low pressure premixed flames were utilized, indicating the impact of each dopant and providing 

useful validation targets for the model.  
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Abstract 

 

In the frame of ECCO-MATE project, Ricardo Deutschland GmbH and the project partners Winterthur 

Gas & Diesel, National Technical University of Athens (NTUA) and University of Trieste, studied new 

air management architectures, based on Exhaust Gas Recirculation (EGR) concepts, in order to 

decrease 2-stroke, low speed, marine diesel engines emissions, such as in particular NOx.  At the 

same time, however, when developing an engine, it is important to keep the performance at 

reasonable high levels, without impacting too much on the fuel consumption. For this reason, waste 

heat recovery technologies, such as Organic Rankine Cycles (ORC), have been investigated, through 

the implementation of a thermodynamic process simulation model, in order to recover engine waste 

heat with the final scope of increasing the system overall efficiency. 

In this work, a 1-D gasdynamic model of a 2-stroke, crosshead, low speed, 13.6 MW marine diesel 

engine for ship main propulsion, has been developed using Ricardo WAVE, in collaboration with the 

National Technical University of Athens (NTUA-DME). The model has been built and validated based 

on the data supplied by the project partner Winterthur Gas & Diesel (WinGD). An innovative Low 

Pressure (LP) EGR architecture has been then implemented, starting from the validated baseline 

model, in order to assess the engine performance under possible IMO Tier III operating conditions. 

The boundary conditions, regarding the engine heat rejection, in particular for the exhaust gas 

economizer, Scavenge Air Cooler (SAC) and High Temperature (HT) jacket cooling water, have been 

extracted from the 1-D models, both for the baseline case (IMO Tier II) and the case with LP EGR 

(IMO Tier III). 

The data have been used as inputs for a thermodynamic process simulation model, developed in 

Engineering Equation Solver (EES), able to assess the performance of different Organic Rankine 

Cycles (ORC) architectures and working fluids, with the scope of obtaining the maximum net power 

output and brake specific fuel consumption improvement achievable from all engine operating 

points considered. 

The outcome of the reported feasibility study is that, through the combined use and integration of 

innovative emissions reduction strategies, such as LP EGR, and waste heat recovery systems, such as 

ORC, it is possible to develop marine diesel engines which, at the same time, can show high efficiency 

but reduced pollutants emissions. 



 
 

 

 

8. Workflow for real-time combustion and NOX emission diagnostics in 

internal combustion engines 

Rok Vihar *, Urban Žvar Baškovič, Davor Rašić, Igor Mele, Tomaž Katrašnik 

*Faculty of Mechanical Engineering, University of Ljubljana, Aškerčeva 6, SI-1000 Ljubljana, Slovenia; urban.zvar-

baskovic@fs.uni-lj.si (U.Z.B.); davor@rasic.si (D.R.), igor.mele@fs.uni-lj.si (I.M.); tomaz.katrasnik@fs.uni-lj.si (T.K.) 

* Correspondence: rok.vihar@fs.uni-lj.si; Tel.: +386-1-4771-311 

A complete workflow for advanced control based thermodynamic and emission formation models of 

Diesel engines has been developed. This workflow is applicable in closed loop combustion control 

being one of the important contributions for the development of the future generation of 

environmentally compliant internal combustion engines. The presented scientific contributions are 

highly multi-faceted and cover the entire chain from data acquisition to model application. First an 

innovative approach for real-time pressure signal filtering has been developed. The most widely used 

methods for estimation of the FIR filter order did not prove their effectiveness in suppressing 

oscillations in the Rate-Of-Heat-Release (ROHR) trace thus hindering highly accurate combustion 

analyses and emission predictions. The proposed automated workflow is based on innovative 

approach to determine transition band frequencies and the innovative method to determine 

optimum filter order. For this purpose, analyses based on Fourier transformations were performed to 

identify contributions of motoring, combustion, pressure oscillations in the combustion chamber and 

noise to the overall pressure trace. This methodology was then used for further development of an 

innovative real-time capable version of the filtering approach, which features improved trade-off 

between filter efficiency and computational time. 

Determination of the correct top dead centre (TDC) and pressure offset represents a vital piece of 

information for calculating combustion parameters, if these parameters cannot be determined 

accurately. To tackle this challenge, an innovative computationally efficient method for the 

simultaneous determination of top dead centre (TDC) and pressure offset in fired conditions is 

presented. It is based on characteristic deviations of the rate of heat release (ROHR) that are specific 

for both offsets in compression phase and expansion phase after the end of combustion. The method 

can be applied in off-line analyses using an averaged pressure trace or in on-line analyses using a 

single pressure trace. Innovative analytic basis of the method allows for significant reduction of the 

computational times compared to the existing methods for the simultaneous determination of TDC 

offset and pressure offset in fired conditions. 

The processed pressure signal, was used as the basis for an innovative two-zone real-time capable 

thermodynamic model, which has been developed in a way that the underlying equations consider 

the variable gas properties while being formulated for solving in a closed form with in-cylinder 

pressure being an input signal. The two-zone thermodynamic combustion model in combination with 

an innovative physically based parameter, which describes air-fuel ratio during combustion, allows 

for introduction of a single parameter for calibration of a virtual NOx sensor. This confirms high level 

of predictiveness of the virtual NOx sensor combined with a low calibration effort. The model is  



 
 

 

 

suitable for real-time applications, since it takes less than a cycle to complete the entire closed cycle 

thermodynamic calculation including NOx prediction. The methodology was calibrated and validated 

using data sets recorded in two significantly different direct injection diesel engines, i.e. a light and a 

heavy-duty engine, which proves its general applicability.  

  



 
 

 

9.  Fuel Consumption and NOx Emissions of Passenger Cars under Real-World 
Driving Conditions 

 
A. Dimaratos*, G. Triantafyllopoulos, Z. Samaras 

 

*Laboratory of Applied Thermodynamics, School of Mechanical Engineering, Aristotle University of 
Thessaloniki, Greece 

 
Abstract  
 
Currently, the European type-approval procedure for new vehicles is based on the New European 

Driving Cycle (NEDC), which has been found to be unrepresentative of the actual conditions 

experienced in real-world driving. In addition, the CO2 emission and fuel economy targets for the 

automotive sector are specified according to this cycle, although that it was not originally developed 

for this purpose. This has caused a big gap between the real-world fuel consumption and nitrogen 

oxide (NOx) emissions, with the deviation reaching currently 40%, and expected to reach almost 50% 

in 2020, for the former, and up to 20 times for the latter. The established inadequacy of this cycle is 

going to be partially addressed, for the fuel consumption basically, by the introduction of the 

Worldwide harmonized Light vehicles Test Procedure (WLTP) in the type-approval process. However, 

the new procedure is still based on laboratory testing and covers only a limited area of the engine 

operating range compared to real-world conditions, although wider than the respective of NEDC. 

Therefore, it is of particular importance to consider testing under real-world conditions, including for 

example abrupt accelerations and driving at high altitude, in order to define the so-called Real 

Driving Emissions (RDE).  

The current work summarizes the activities and procedures in the direction of assessing real-world 

fuel consumption and NOx emissions of modern passenger cars, comparing them with the respective 

values of laboratory testing. Both experimental and simulation techniques are applied for the 

complete evaluation of the vehicle behavior under real driving conditions. During testing, different 

routes and driving styles are followed in order to cover a wide range of the actual situations 

experienced and affecting significantly CO2 and pollutant emissions. The activity extends to the 

development of vehicle simulation models, on the basis of RDE recordings with Portable Emission 

Measuring Systems (PEMS), for the complete characterization of fuel consumption during real-world 

driving. The results provide an insight into the actual vehicle behavior, considering the impact on 

emission control techniques as well as on fuel saving technologies. The final outcomes highlight on 

the one hand the deviations between real-world and type-approval emissions, and on the other 

constitute a good basis for the rationale that could underpin a real-world based assessment of fuel 

consumption and the development of a consistent methodology.  

 

Keywords: RDE, PEMS, NOx emissions, fuel consumption 



 
 

 

10. CFD Simulation of Natural gas injection into constant volume Chammber 

Charalambos A. Chasos 

Abstract 

The realistic modelling and prediction of flow processes and combustion phenomena in internal 

combustion engines require detailed information regarding the fuel properties, the boundary and 

initial conditions, along with the operating conditions and the combustion mechanisms involved. The 

main objective of the present work is the investigation of natural gas injection into a constant volume 

chamber, in order to characterize the injection phenomena and the associated effects on the flow 

field, as well as characterise the air-fuel mixture pattern prior to combustion, as shown in Figure 1.  A 

computer  aided design (CAD) software was employed for the design of the three-dimensional 

geometry of the assembly of the natural gas injector and the constant volume chamber into which 

the fuel methane is sprayed at increasing injection pressures. The commercial computational fluid 

dynamics (CFD) code STAR-CD was used for the generation of the computational mesh and the 

transient simulations of three test cases. Methane fuel was used for the simulations and its physical 

properties were employed from the database of the code. Three test cases for increasing injection 

pressures into atmospheric chamber conditions were investigated. From the simulations of the test 

cases, the nozzle exit velocity, the Mach number and the air/fuel mixture pattern were predicted, 

along with the prediction of subsonic and supersonic flow phenomena, the latter which take place at 

high injection pressures. The methane spray angle and penetration can be used provide the initial 

conditions for engine spray and combustion simulations. It is envisaged that the present work will 

contribute in the implementation of natural gas injection modelling, which with the use of special 

chemical kinetics mechanisms will contribute in the realistic modelling of natural gas engines 

combustion. Furthermore,  in future work the existing modelling setup will be used in combination 

with the combustion modelling methodology of STAR-CD code in order to perform test simulations of 

methane combustion in the constant volume chamber for high temperature and pressure conditions 

resembling the engine cylinder conditions towards top dead centre during compression stroke. 

 

Figure 1: Predicted air-fuel mixture field from methane injection into constant volume chamber. 


