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ABSTRACT 

The research work conducted at the LCSR-CNRS on engine combustion and emissions is summarized. 
Typical results are given on the chemical kinetics of oxidation of gasoil and gasoline under engine relevant 
but controlled conditions. Gaseous and condensed particle emissions are also investigated, under various 
engine combustion modes, including HCCI. Research results on spray atomization, droplet vaporization and 
laminar and turbulent flame propagation are also highlighted. For each topic, the research methodology is 
clearly presented and the relevance of the results for engine conditions are discussed.  
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INTRODUCTION 

The research conducted at the LCSR-CNRS on 
engine combustion and emission issues aims to 
improve the knowledge on the combustion 
reaction mechanisms, on the one hand, and that 
on the dynamics of the combustion, such as spray 
formation and flame propagation, on the other 
hand. Combustion reaction mechanisms 
constitute the basis of the knowledge to build 
predictive models for combustion efficiency and 
emission characteristics. In parallel, the 
knowledge on spray atomization, droplet 
vaporization, mixture formation and flame 
propagation is also necessary for the full modeling 
and simulation of the engine combustion and 
emission performances. 

 

The research conducted at the LCSR-CNRS 
concerns both aspects of engine combustion. In 
the following sections of the paper, typical 
examples from projects on chemical kinetics and 
spray and flame dynamics of engine related 
combustion problems are highlighted. 

 

COMBUSTION KINETICS OF GASOIL 

Gasoil is the fuel used in diesel engines. It is a 
complex fuel composed of n-alkanes, iso-alkanes, 

cyclanes, aromatics and saturated and 
unsaturated polycylic compounds. The 
methodology of the research on the combustion 
kinetics of the gasoil consists of selecting simple 
hydrocarbons as model-fuel (a surrogate) to 
represent these complex fuel families. At the 
LCSR, simple hydrocarbons containing 8 to 16 
carbon atoms are investigated in a well stirred 
reactor (Figure 1) between 1 and 10 bars, in a 
large domain of temperature (900 – 1400 K) and 
equivalence ratio (0.5 – 2). Gas phase 
chromatography coupled to a mass spectrometer, 
together with flame ionization detectors (FID) and 
thermal conductivity detectors (TCD) are used to 
map the evolution profiles of the reactants, 
intermediary species and products.  
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Figure 1 A view of the LCSR jet stirred perfectly 
homogeneous high pressure reactor made of 
fused silica. 

Detailed chemical kinetic mechanisms are built to 
simulate the oxidation of these hydrocarbons. 
These mechanisms are then assembled to 
simulate the oxidation kinetics of the gasoil also 
studied experimentally using the same apparatus 
and diagnostics. 

 

Chemical kinetic models are developed and 
validated for the oxidation of n-hexadecane, iso-
octane, n-propylbenzene, -propy-cyclohexane and 
1-methylnaphtalene. When assembled these 
models are used to simulate the combustion 
kinetics of the gasoil by representing it by a 
surrogate composed of the previous compounds. 
This relatively simple model for gasoil oxidation 
kinetics permits simulating many experimental 
results but should be improved and extended to 
higher pressures up to 40 bars.  

 

COMBUSTION KINETICS OF A BIODIESEL 

ASME defines biodiesels as monoalkyl esters of 
long carbon chain fatty acids from renewable lipid. 

The depletion of energy resources, the reduced 
carbon emission, low sulphur contents and less 
PAH emissions make biodiesels environmental 
friendly as well as good alternatives to 
conventional diesel fuels. Different types of 
biodiesel fuels have been tested in different types 
of engines, but to predict their combustion 
performances and emissions, modelling the 
chemical kinetics is necessary. At the LCSR, RME 
is investigated as a typical biodiesel. As RME is a 
complex mixture of C14, C16, C18, C20 and C22 
methyl esters with highly saturated carbon chain, it 
is very difficult to propose a detailed kinetic 
scheme. Therefore, surrogate model fuels of 
simple and well characterized composition have to 
be used. In the LCSR approach n-hexadecane is 
proposed to represent RME in computations.  

 

The oxidation kinetics of RME is studied in the 
LCSR jet-stirred homogeneous reactor at 1-10 
bars, over the temperature range of 800 to 1400K, 
for equivalence ratios 0.25 to 1.5 for various 
residence times (0.07, 0.1 and 1s). A high degree 
of dilution (0.05% in mole of fuel) is used. The 
reacting mixtures are analyzed using a GC-MS-
TCD-FID diagnostic and a good carbon balance is 
obtained. The modelling is performed using 
Chemkin and PSR computer codes. The chemical 
reaction kinetic mechanism developed previously 
for n-hexadecane has been used assuming closed 
similitude between RME and large alkanes, based 

on the experimental results. The mechanism 
consists of 225 species and 1841 reversible 
reactions and updated with pressure 
dependencies. The input and output flow rates, 
rate constants for elementary reactions have been 
computed using modified Arrhenius equation: 

k = A Tb exp (-E/RT)  

The equation for the oxidation of RME is given as:    

C17.92 H33O2 + 25.17 O2 = 

17.92 CO2 + 16.5 H2O 

The main results are summarized in the following 
figures. 

Figures 2:  The oxidation of RME in a JSR at 1 
atm (�  = 1, 0.07 s). The data (large symbols) are 
compared to the computations (lines, small 
symbols), n-hexadecane as surrogate model-fuel, 
initial mole fractions: n-hexadecane, 0.00056; 
oxygen, 0.011; nitrogen, 0.988).  

 

The comparison between the experimental and 
computation results show the following results. 
The modelling gives a very good description of the 
experimental results from fuel-lean to fuel-rich 
conditions and also of the relative importance of 
olefins. The reactivity of RME is well predicted and 
modelling confirms that the reactivity of RME is 
high in fuel lean conditions and decreases in fuel 
rich conditions. 
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Figures 3: The oxidation of RME in a JSR at 10 
atm (�  = 1, 1 s). The data (large symbols) are 
compared to the computations (lines, small 
symbols), n-hexadecane as surrogate model-fuel, 
initial mole fractions: n-hexadecane, 0.00056; 
oxygen, 0.0126; nitrogen, 0.987).  

 

Also it was observed that RME reactivity increases 
with increasing temperature but decreases with 
decreasing equivalence ratio. The present results 
confirm the assumed strong similitude between 
oxidation of RME and large n-alkanes and also the 
efficiency of using surrogate model-fuels for 
modeling the combustion of commercial fuels. 
Finally, improvements of the kinetic modelling 
could be obtained by taking into account the 
chemistry associated with the ester chemical 
function and the carbon double bonds present in 
the fuel, but this will increase the already large 
number of chemical species and reactions.  

 

THERMOCHEMISTRY OF ESTERS OF 
VEGETABLE OILS 

The determination of chemical kinetic 
mechanisms of complex fuels such as esters of 
vegetable oils necessitates the knowledge of the 

thermodynamic parameters involved in their 
chemistry. They concern the formation enthalpies; 
the combustion enthalpies, calorific coefficients at 
constant pressures, entropies. These quantities 
are largely unknown today. We use the 
methodology ab initio B3LYP/6-31G(d,p) which 
offers the best compromise between accuracy and 
computation time. The ab initio estimated 
enthalpies of formation of 655 molecules and 
radicals show a mean deviation of 2.3 kcal/mol 
compared to their known values.  

 

This validated methodology is applied to estimate 
the formation enthalpies of several methyl and 
ethyl esters of vegetable oils. The proposed 
method allows estimating accurately and rapidly 
the thermodynamic data for long chain molecules 
such as esters of vegetable oils. The method can 
also be applied to radicals so that unstable 
species intervening during the combustion of such 
fuels can be investigated in order to propose a 
fully detailed chemical kinetic mechanism of 
biodiesel oxidation without necessarily adopting 
the surrogate fuel approach which has its 
limitations. 

 

PHYSICO-CHEMISTRY OF HCCI COMBUSTION 

The pollutants emission reduction potential of the 
HCCI combustion mode in engines has been 
demonstrated by engine tests. However, there is 
still few understanding of the physico-chemistry of 
HCCI combustion and of the ignition-combustion 
control mechanisms under HCCI conditions. This 
mode of combustion is largely controlled by the 
oxidation chemical kinetics of the fuel but also by 
interactions of the hydrocarbons oxidation 
chemistry and the NOx present in small 
concentrations in the recirculated end gases. 
These chemical interactions are crucial as they 
provide additional OH radicals which may 
accelerate the auto ignition of the fuel-air mixture 
and perturb the combustion control. 

 

These chemical mechanisms are not sufficiently 
known today and they need to be investigated 
under laboratory conditions before their use in 
HCCI engine modelling. LCSR conducts intensive 
research in the oxidation of several hydrocarbons 
in the absence or presence of small quantities of 
NO or NO2 for pressures between 1 and 10 bars. 
The perfectly well stirred reactor of the LCSR is 
used for this purpose.  

 

Combustion chemical kinetics of mixtures of n-
heptane / iso-octane and n-heptane / toluene have 
been studied in the well stirred reactor for 

T/K

800 900 1000 1100 1200

M
ol

e
F

ra
ct

io
n

1e-4

2e-4

0.001

0.002

0.01

0.02

T/K

800 900 1000 1100 1200

M
ol

e
F

ra
ct

io
n

1e-4

2e-4

0.001

0.002

0.01

0.02
O2

CO

CO2

H2

CH4

C2H4

T/K

800 900 1000 1100 1200

M
ol

e
F

ra
ct

io
n

10-6

10-5

10-4

10-3

T/K

800 900 1000 1100 1200

M
ol

e
F

ra
ct

io
n

10-6

10-5

10-4

10-3
C2H4

C3H6

C4H8

1C5H10

1C6H12



 4 

equivalence ratios comprised between 0.2 and 0.7 
and variable quantities of NO (0 to 1000 ppm) in a 
large temperature range comprising that of cool 
flames, negative temperature coefficient and high 
temperature oxidation. The evolution of stable 
intermediaries and product species have been 
obtained by sampling and on-line analysis or post-
analysis after storage of samples, using gas 
chromatography coupled to mass spectrometry 
and FID and TCD detection techniques. The main 
results concern the effect of NO in accelerating 
the cool flame – hot flame transition. The 
experimental results have been simulated with the 
models developed previously (Figures 4 and 5). 
The validation of these results under wider 
conditions, especially for higher pressures, is 
under progress. In addition the validated models 
will be used to model HCCI combustion in a 
transparent research engine. 

 

 

Figure 4. Initial NO concentration effect on the 
transition cool flame / negative temperature 
coefficient / normal flame for the oxidation of a 
mixture of 850 ppm iso-octane and 150 ppm n-
heptane; equivalence ratio 0.2; residence time 0.5 
s; pressure 10 bars. Experiments (diamonds iso-
octane; circles n-heptane; bold symbols without 
NO; open symbols with 200 ppm NO) are 
compared to numerical simulations (curves). 

 

 

 

 

 

 

 

Figures 5. Comparisons between experimental 
(symbols) and numerical simulations (curves) for 
the same conditions as Figure 4 but for 50 ppm 
NO concentration. 

 

In addition, similar investigations have been 
conducted to study the effect of small quantities of 
NO on the oxidation mechanisms of several 
biofuels, such as biogas, synthesis gas, methanol 
and DME. All the experiments show an activation 
of the biofuel oxidation mechanisms by the 
presence of NO. The proposed reaction 
mechanism indicates the importance of the  

NO + HO2 => OH + NO2  
 
route,  followed by the reaction of OH with the fuel.  
 
 
POLLUTANT FORMATION DURING THE 
OXYDATION OF GASOLINE CONSTITUENTS 

Gasoline is also a very complex fuel constituted of 
several compounds. To understand the propensity 
of pollutant formation during its oxidation 
necessitates investigating model fuels 
representing the various compounds families of 
the gasoline. A detailed study was conducted at 
the LCSR to establish the detailed oxidation 
chemistry mechanisms of four compounds 
representative of the important constituents of 
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gasoline. The selected species are toluene for the 
aromatics, n-hexane for the olefins, iso-octane for 
the iso-parafines and ETBE for the oxygenated 
hydrocarbons. Two approaches have been 
developed to establish the oxidation mechanisms 
of these species and of their mixtures. The 
technique based on the jet stirred reactor helped 
to validate the chemical mechanisms by adjusting 
the reaction rates, also indicating the major 
chemical routes. The technique based on shock 
tubes permits extending the validation domain to 
higher pressures and temperatures by measuring 
the ignition delay based on OH emission detection  
 

 

 

Figure 6. A global view of one of the LCSR shock 
tubes used in chemical kinetic studies 

 

The following figures show typical results for the 
ignition delays of the four species investigated and 
of their mixtures. The investigation permitted 
establishing correlations for their auto-ignition 
delays in a wide range of equivalence ratio, 
concentration, pressure and temperature. These 
correlations can be used to validate detailed 
chemical mechanisms. Comparing the results 
show that toluene is the least reactive of the four 
investigate species.    

 

 

 

Figure 7. Auto-ignition delays of hydrocarbons 
representative of the constituents of gasoline. 

 

FORMATION AND OXYDATION OF SOOT 
PARTICLES DURING COMBUSTION OF 
GASOIL AND GASOLINE 

Soot emissions are a crucial issue in engine 
combustion. To investigate it under controlled but 
engine relevant conditions, the LCSR studies use 
the shock tube technique permitting to increase 
instantaneously a gas to high temperatures and 
pressures. Coupled with a light extinction 
technique, it becomes possible to detect the 
formation of soot particles and to follow the 
variation of their volume fraction. With this 
technique it is possible to obtain information 
relevant for soot formation such as: the induction 
period for the formation of the first soot particles 
corresponding to diameters of a few nanometers; 
their growth rate; the soot yield; the diameter and 
microstructure of the soot particles.  

The principal results are shown in the figures 
below, where soot particle induction periods and 
soot yields are compared for several 
hydrocarbons constituting the gasoline. 

 

Figure 8. Comparison of the induction periods for 
soot particle formation from several hydrocarbons 

 

 

Figure 9. Soot yield efficiency for pyrolysed ETBE 
and 2methyl-2butene. Initial carbon concentration 
2.18 atomes/cm3 
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Figure 10. Soot yield efficiencies during the 
pyrolysis of isooctane/toluene/n-hexane mixtures 
compared to those of the three pure 
hydrocarbons. 

 

SPRAY ATOMIZATION STUDIES 

The formation of the reactive mixture in engines 
depends on the spray atomization and droplet 
evaporation characteristics. Spray atomization is a 
complex phenomenon depending on fuel 
properties, the thermodynamic conditions in the 
chamber and the flow conditions. In general 
primary atomization due to shear forces is 
followed by secondary atomization where 
thermodynamics play also an important role 
through essentially the surface tension of the liquid 
phase. Studies on spray atomization conducted at 
the LCSR are based on the development of 
experimentally validated models that are 
implemented in CFD codes.  

 

As an example, the Figures 11 show the 
importance of the secondary atomization or 
droplet breakup in spray formation. These are 
numerical computation results where the primary 
atomization is modeled by an analytical approach 
and the secondary atomization is modeled by 
correlations developed experimentally at the 
LCSR. The models are implemented in the MSD 
code of ONERA. The left column shows the 
formation of the spray when the droplet breakup 
model is active, and the right column shows the 
corresponding results without the droplet breakup. 
The differences are striking in terms of the droplet 
number density showing the importance of 
secondary droplet atomization. These results 
correspond to a cryogenic liquid rocket motor 
where coaxial injectors are used but are fully 
transposable to diesel engine conditions. 

 

 

Figure 11. The effect of droplet breakup on spray 
formation for a coaxial injector. Left column results 
with the breakup model activated and the right 
column results without. N is he number of the 
droplets at similar time steps of the computation.  

 

Once the droplets are formed, they start to 
vaporize under high temperature and high 
pressure conditions of the chamber. It is crucial 
the properly estimate their vaporization times. One 
important issue is the differences between single 
droplet evaporation corresponding to a dilute 
spray situation and the dense spray situation 
where droplet interactions can not be dismissed. 
This is clearly shown in the recent results from the 
LCSR where a detailed investigation compares the 
vaporization rate between a single fuel droplet (n-
decane) and that of a central droplet surrounded 
by 8 others located at the corners of a cube. 
Figure 12 shows clearly that the presence of other 
droplets influences drastically the vaporization rate 
of a single droplet. Indeed the vaporization rate is 
decreased compared to the single droplet case 
because of the thermodynamic saturation effect 
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due to the presence of the surrounding droplets. 
The reduction of the central droplet vaporization 
rate is all the more important as the group of 
droplets becomes denser, i.e. the droplets 
become closer to each other. 
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Figure 12. The vaporization rate of a n-decane 
droplet versus the droplet inter-distance. 

 

HIGH PRESSURE AND HYDROGEN ADDITION 
EFFECTS ON THE LAMINAR AND TURBULENT 
PREMIXED FLAME STRUCTURES 

In spark ignited engines the dominant combustion 
mode is turbulent premixed flame propagation in 
the chamber. Several experimental and numerical 
studies are conducted worldwide to understand 
the interactions between turbulence and flame 
parameters that make up this flame propagation 
mode and to model and predict mainly its 
propagation velocity or its burning rate. 

 

The effects of two parameters are intensively 
investigated at the LCSR: the high pressure effect 
which is obviously relevant for engine conditions; 
and the hydrogen addition effect which becomes 
relevant for alternative fuels. These two effects are 
investigated both for laminar and turbulent flames. 
The model mixture used is generally methane-air 
mixtures under lean conditions. The experiments 
are complemented by numerical simulations using 
existing codes such as Premix and Chemkin for 
laminar flame properties and CFX and Fluent for 
turbulent flame simulations.  

 

Figures 13-16 show typical results on the pressure 
and hydrogen addition effects on laminar 
methane-air flames. Figure 13 represents the 
spherical combustion facility of the LCSR from 
which laminar flame propagation velocities are 
extracted by taking into account the heat release 
and flame stretch. Figure 14 shows typical 

propagating flames to which image analysis is 
applied to obtain flame propagation velocities after 
various corrections. Figures 15 and 16 show some 
typical results of the combined effects of pressure 
and hydrogen addition on the laminar flame 
propagation velocities. It is observed that for the 
conditions investigated here, pressure effects 
dominate the hydrogen addition effect. Indeed, 
when the initial pressure in the chamber is raised 
to 5 bars, the flame propagation velocity is 
strongly decreased, almost by half. With hydrogen 
addition, the laminar flame propagation velocity 
increases but only slightly. Several other 
experiments and numerical modeling studies of 
laminar flame parameters for various mixtures at 
high pressures, also including hydrogen addition 
and dilution by CO2, are ongoing at the LCSR. 

 

 

Figure 13. A schematic view of the spherical 
combustion chamber of the CNRS for laminar 
flame propagation studies. 

 

 
 

t = 0.3 ms 

 
t = 4.7 ms 

 
t = 9.2 ms 

 
t = 13.7 ms 

 
t = 18 ms 

 
t = 22.6 ms 

 

Figure 14. Typical shadowgraphs of propagating 
flames in the spherical combustion chamber.  
CH4/Air mixture, equivalence ratio =0.8, Pini=0.1 
MPa, Tini=298 K; images taken at 11200 fps. 

 
The laminar flame properties are important to 
model basic combustion parameters and to 
validate chemical kinetic mechanisms, but in an 
engine turbulent flame propagation occurs. It is 
therefore necessary to determine the effects of 
turbulence on the flame propagation velocity or 
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more generally on the flame surface area as this 
parameter triggers the flame propagation rate or 
the burning rate.  
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Figure 15. Laminar burning velocities plotted 
against the equivalence ratio for CH4/H2/Air 
mixtures. Tini=298 K. (a) : H2 mole fraction 0.1; 
(b)  H2 mole fraction 0.2. Symbols represent the 
experimental data. Lines represent calculations 
with CHEMKIN (solid line: P=0.1 MPa, long 
dashed line: P=0.3 MPa, short dashed line: P=0.5 
MPa). 
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Figure 16. Laminar burning velocities plotted 
against the percentage of H2 in the fuel for a 
stoichiometric mixture and for different pressures. 
Tini=298 K. 
 

Turbulent premixed flame studies are conducted 
at the LCSR using the high pressure turbulent 
combustion facility. This facility uses a turbulent 
conical flame configuration where the turbulence 
parameters, the mixture composition and 
equivalence ratio are fully controlled. The chamber 
pressure can be increased up to 10 bars (Figure 
17).  

 

Figures 18 show two instantaneous images of the 
CH4/Air turbulent premixed flames obtained by 
laser tomography based on Mie scattering of oil 
droplets used to seed the cold reactants. The 
instantaneous flame contours are visualized by 

this technique. This information can then be used 
to obtained relevant information such as the flame 
surface density per unit volume of flame and the 
burning rate, by averaging several instantaneous 
images (usually about 500). The effect of pressure 
is obvious on these images; the high pressure 
flame is much more wrinkled and the typical flame 
element size is much smaller than the 
atmospheric pressure flame. This means that 
more flame elements (flamelets) can be packed in 
a unit volume so that the flame surface density 
and the burning rates strongly increase, as shown 
on Figure 19. 

 

 

 

Figure 17. High pressure combustion chamber 
(left) and schematic view of the burner (right). 
PF = pilot flame annular channel; PP = perforated 
plate; MF = main flame tube 
 

 

 

Figure 18. Instantaneous Mie scattering 
tomography images at 0.1MPa (left) and 0.9MPa 
(right); Equivalence ratio of the CH4/Air mixture is 
0.6.  
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Figure 19 presents the variation of the flame 
surface density (which is equivalent to the flame 
length in a given flame surface for 2D images as 
is the case in the present measurements) versus 
an average reaction progress variable <c>, which 
is in the present experiments a normalised 
average temperature increase from the reactants 
to the products. Therefore <c> is equal to zero in 
the reactants and to 1 in the products. 

 

 

Figure 19 : Flame surface density versus <c> at all 
pressures. 

 
 
To model properly turbulent flame propagation 
necessitates detailed knowledge on the flame 
structure and mainly on the statistical properties of 
instantaneous flame fronts, such as their wrinkling 
properties, distribution of their curvature, etc. A 
useful approach to model the burning rate in 
turbulent premixed flames is based on the fractal 
interpretation of turbulent flame images such as 
those shown on Figure 18. In this approach, the 
smaller wrinkling scale of the flame elements is an 
important parameter as it determines the 
maximum flame surface density. This scale is 
called the inner cut-off scale in the fractal 
approach. The LCSR research has focused on its 
determination under various flame composition 
and pressure conditions. The results and their 
analyses show that the inner cut-off can be scaled 
by the average radius of curvature of the flamelets 
(Figure 20), a quantity that can be easily obtained 
by flame imaging under engine conditions or even 
in a transparent optically accessible engine. The 
inner cut-off scale is then used to model the 
turbulent burning rate. 
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Figure 20. The inner cut-off scale normalized by 
the average flame radius versus u’/SL 

 

CONCLUSIONS 

The modeling and prediction of engine combustion 
and emission characteristics necessitate 
mobilizing a large research expertise spectrum 
ranging from chemical kinetics of combustion to 
spray atomization and turbulent flame 
propagation. Such research topics should be 
conducted both experimentally under engine 
relevant controlled conditions, using up to date 
laser and analytical diagnostics. Validated models 
are then constructed and implemented into CFD 
codes to simulate engine characteristics. Such 
simulations are validated by in situ optical 
measurements in the engine, using transparent or 
optically accessible engines. 

The results obtained at the LCSR-CNRS during 
the last years on engine related combustion and 
emission problems are typical examples of the 
international work done on this subject. Such 
investigations are mainly conducted within PhD 
programs in cooperation with the engine and fuel 
industry and also within the framework of national, 
European and international programs. Continuous 
effort and support are still needed to achieve 
highly efficient and fully clean car engines. 
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