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Mechanisms of Self-induced Oscillations in 

Spray Combustion – pressure scaling 

Project C9 

 
E. Bärow, R. Koch, H.-J. Bauer 

Institute for Thermal Turbomachinery 

Karlsruhe Institute of Technology 
 

Abstract 

 

A preferred way to reduce combustion emissions, especially those of NOx, is to burn fuel 

under lean conditions. These lean flames are very sensitive to pressure, velocity and 

equivalence ratio fluctuations and may exhibit combustion oscillations. These fluctuations 

may lead to an increased heat release within short time periods, which facilitates the 

formation of NOx. On the other hand the flame tends to extinguish temporarily. 

  

The goal of the project SFB 606/C9 is to study the driving mechanisms of such thermo-

acoustic oscillations of spray flames under lean conditions. The experiments will help to 

clarify the interaction of atomization and flame oscillations. The second goal is to derive 

scaling laws for the pressure dependence of the thermo-acoustic instabilities of spray flames. 

 

A test rig will be built which allows combustion experiments at pressures up to 10 bar. It is 

also possible to preheat the air up to 850°C. The spray of kerosene Jet-A1 is generated by a 

prefilming airblast-atomizer. The atomizer is fed with air through two plena. To study the 

Helmholtz mode of the oscillations, the volume of these plena can be adjusted seperately. 

 

The rectangular combustion chamber has a full optical access via four windows. This enables 

optical flow field investigations via high speed PIV and CH/OH LIF measurements to detect 

the flame position. In addition, the pressure waves are captured by an array of pressure 

transducers in the combustion chamber as well as in both plena. The complete diagnostics 

allow the determination of the spray flame transfer matrix. 

 

The exposed poster will summarize the motivation and goals of the project. The planned high 

pressure test rig for combustion research up to 300kW and the applied airblast atomizer are 

presented and also the planned measurement techniques are figured out. 
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Project A5: Hierarchical Modelling of Turbulent Premixed Combustion 
 

C. Bruzzese1, A.G. Class1, V. Bykov2, R. Schießl2, U. Maas2

1 Institute for Nuclear and Energy Technologies,  
2 Institut für Technische Thermodynamik, 

Karlsruhe Institute of Technology, Germany,  
andreas.class@kit.edu 

 
In a turbulent flow field, a premixed flame is perturbed on a wide range of temporal and spatial scales. At 
typical operating conditions of practical combustion systems, such as gas turbines, the resolution needed for a 
detailed and local description of the interaction between chemical reactions, transport processes and turbulence 
is extremely high. Detailed numerical simulations resolving all the involved temporal and spatial scales are 
computationally prohibitive. Therefore, effective combustion models are needed for simulation. 
 
Within the project A5, a hierarchical model of premixed flames consisting of 4 levels of hierarchy (H1-H4) is 
developed. The main approach consists in separating the chemical and physical processes in a premixed flame 
according to their characteristic length and time scale within the combustion process.  
 
The most abstract modelling level H1 in the hierarchy describes flames as gasdynamic discontinuities with jump 
conditions that reflect the integral influence of the flame structure on the inert flow field. It is valid as long as 
the flames remain thin compared to the hydrodynamic length scales. With increasing turbulence intensity, the 
thin reaction zones regime is reached where the scales of turbulent eddies become of the same order of 
magnitude as the scales of the convective-diffusive preheat zone. In that case, hierarchy level H3 applies, where 
only the inner reaction zone (fuel consumption layer) is replaced by its integral contribution and the preheat 
zone is resolved. The level H2 is an intermediate level between H1 and H3 where jump conditions are 
formulated for the preheat zone and the inner reaction zone while the broad oxidation layer is resolved. When 
turbulent scales directly interact with scales of the inner reaction zone, instead of an integral representation 
which is used in H1-H3, a local model is used in hierarchy level H4. In H4, fast and slow chemical processes are 
separated according to the concept of Intrinsic Low Dimensional Manifolds (ILDM). The coupling of transport 
processes with the slow chemical reactions is described by the method of Reaction-Diffusion Manifolds 
(REDIM). 
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Jump conditions of the hierarchy levels H1-H3 are shown as broken lines and the resolved trajectories are 
represented by solid lines. The quantities on the axes are mass fractions divided by molar masses. 

 
 
On the poster, representative modelling and simulation results concerning the 4 hierarchy levels H1-H4 are 
presented and discussed. 
 
We acknowledge the DFG for supporting this work by grant SFB-606. 
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Project C3: Process Analysis of Gasoline Engine Combustion 
 

S. Buri, H. Kubach, U. Spicher 
Institut für Kolbenmaschinen 

Karlsruhe Institute of Technologie 

 

 

The gasoline direct injection engine with spray guided combustion is one of the most 

promising strategies to reduce the fuel consumption and CO2-emissions of spark-ignition 

engines. This benefit results primarily from lean operation, which is realized with a highly 

stratified mixture at part load.  

At the upper load limit of stratified charge operation, charge stratification is insufficient to 

realize substantial fuel economy benefits, especially when using multihole injectors. This is 

due to a lower injector flow rate than is available from outward-opening piezo injectors. One 

measure to increase the flow rate is to increase the injection pressure. Therewith, a higher 

stratification gradient can be achieved, which leads to combustion at richer air-fuel ratios. As 

a result, combustion duration and hydrocarbon emissions decrease. The enhanced evaporation 

due to the increased injection pressure reduces soot emissions. 

 

The poster presents the results of optical investigations at the upper load limit of stratified 

charge operation in a spray guided direct injection engine. At this stability limit of stratified 

combustion the injection pressure was varied between 200 and 1000 bar using a modified 

common rail diesel injector. In order to investigate soot formation and oxidation behavior, 

soot concentrations and temperatures inside the combustion chamber were measured with the 

extended 2-color-method. To determine the areas inside the combustion chamber, where soot 

is formed, a high-speed intensified CMOS camera was used. A Engine Exhaust Particle Sizer 

was applied for measuring particle number concentration and particle size distribution from 

the engine-out exhaust gases. 
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Thermal Decomposition of NCN: Shock-Tube Study and Master-
Equation Modelling 

Anna Busch, Núria González-García, Matthias Olzmann 
Institut für Physikalische Chemie, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany 

The emission of NOx from combustion processes is of general environmental concern. Whereas the 
mechanism and kinetics of NO formation under fuel-lean conditions is well known (so called 
thermal NO, Zeldovich mechanism [1, 2]), NO formation under fuel-rich conditions (prompt NO, 
Fenimore mechanism [1, 3]) is much less well characterized. Within the Fenimore mechanism, the 
reaction CH + N2 → NCN + H was recently shown to be the major initial step [4, 5], and 
consequently, NCN is an important intermediate in the formation of prompt NO. NCN could be 
detected in methane flames and an obvious correlation between the CH and the NCN concentration 
was found [6-10]. But kinetic data of NCN reactions, especially experimental data, are still 
scarce [11]. 

In our contribution, we report on the first experimental study of the thermal decomposition of NCN 
together with a theoretical analysis. The experiments were performed behind reflected shock waves 
in the temperature range 1800–2950 K at pressures around 1.4 and 4.1 bar. NCN was generated by 
the thermal decomposition of cyanogen azide (NCN3) in Ar as a bath gas. Concentration-time 
profiles of N and C atoms were monitored by atomic resonance absorption spectroscopy, and the 
reaction was found to essentially proceed via NCN + M → C + N2, which is in agreement with 
theoretical predictions [12]; the channel leading to CN + N is less important.  

The rate coefficient determined for the main reaction channel exhibits a positive temperature 
dependence and a significant pressure dependence. It has been analyzed in terms of a master 
equation with molecular and energetic parameters from quantum chemical calculations. A 
complication arises from the necessary incorporation of a singlet-triplet crossing. Whereas NCN 
from NCN3 is likely to be produced in the singlet state, the carbon atoms produced are detected in 
their 3PJ manifold, indicating a fast singlet-triplet crossing. A parameterization for the use in 
combustion modeling is given, and consequences of the non-adiabatic effects are discussed.  

References: 
[1] I. Glassman, Combustion, 3rd ed., Academic Press, San Diego 1996. 
[2] Y. B. Zeldovich, Acta Physicochim. USSR 21, 577 (1946). 
[3] C. P. Fenimore, Proc. Combust. Inst. 13, 373 (1971). 
[4] L. V. Moskaleva, M. C. Lin, Proc. Combust. Inst. 28, 2392 (2000). 
[5] V. Vasudevan, R. K. Hanson, C. T. Bowman, D. M. Golden, D. F. Davidson, J. Phys. Chem. 

A 111, 11818 (2007). 
[6] G. P. Smith, Chem. Phys. Lett. 367, 541 (2003). 
[7] J. A. Sutton, B. A. Williams, J. W. Fleming, Combust. Flame 153, 465 (2008). 
[8] N. Lamoureux, X. Mercier, C. Western, J. Pauwels, P. Desgroux, Proc. Comb. Inst. 32, 

937(2009). 
[9] R. J. H. Klein-Douwel, N. J. Dam, J. ter Meulen, Opt. Lett. 33, 2620 (2008). 
[10] Z. W. Sun, N. J. Dam, Z. S. Li, M. Aldén, Combust. Flame 157,834 (2010). 
[11] P. Dagaut, P. Glarborg, M. U. Alzueta, Prog. Energy Combust. Sci. 34, 1 (2008). 
[12] L. V. Moskaleva, M. C. Lin, J. Phys. Chem. A 105, 4156 (2001) (there are misprints in Table 

7, the correct expression for the rate coefficient of the C + N2 channel at 1 atm should read 
as: 3.26 · 1027 (T/K)–4.76 exp(–41742 K/T) s-1, L. Moskaleva, private communication). 
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Chemiluminescence species and temperature profiles in 
cylindrical counter-flow diffusion flames: comparison with 

model results 
 

B. Prabasena1, M. Röder1, T. Dreier1, C. Schulz1, T. Kathrotia2, U. Riedel2 
 

1IVG, Universität Duisburg-Essen, Lotharstr. 1, Duisburg, Germany, e-mail: thomas.dreier@uni-due.de 
2
Institute for Combustion Technology, German Aerospace Center (DLR) and University of Stuttgart, Stuttgart, 

Germany 
 
 

Counter-flow diffusion flames were stabilized below a 10 cm long porous sintered 

fuel delivery cylinder placed inside an optically accessible air flow channel with a 

cross section of 10 × 10 cm2. The burner was operated with pure methane or mixtures 

of hydrogen in methane (0 – 30% by volume), respectively. For the pure methane 

flames strain rates between 100 and 350 s–1 were realized by varying the fan speed, 

while the CH4/H2 flames strain rate was fixed at 200 s–1. Four quartz windows on each 

side of the combustion chamber enabled optical access to the flame front region. 

Temperature profiles were calculated with an energy balance assumption and used as 

input data for flame modeling. Spectrograms (i.e., chemiluminescence (CL) 

intensities as a function of wavelength and position from the porous cylinder) of the 

two flame types were acquired by imaging the flame CL from OH*, CH* and C2* 

emitted along the flame front onto a spectrograph coupled to a CCD camera with 

electron multiplication. From the CL spectra integrated band intensities for each CL-

species were evaluated as a function of distance from the porous cylinder. With 

increasing strain rate the CL profile peak intensity for all species increases and their 

position moves closer to the cylinder, whereas with increasing hydrogen content in 

the fuel, peak intensities decrease by 25% (OH*) and 20% (CH*), respectively. 

Starting from the porous cylinder surface the C2* profile peaks first, followed by CH* 

and OH* peaks. For each strain rate all CL-intensity profiles are located on the air 

side of the temperature maximum. Comparisons will be presented between 

experimental data and a strained flame code coupled with a full chemical kinetics 

mechanism including pathways for the production and consumption of all 

participating chemiluminescent species. 
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Shock-tube study of the thermal decomposition of 2,5-dimethylfuran 

Philipp Friese, Tobias Bentz, Matthias Olzmann 

Institut für Physikalische Chemie, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany 

 
 

Among the candidates for so called second generation biofuels, which are produced from residual or 
non-food biomass, 2,5-dimethylfuran (DMF) plays a prominent role. It has a high energy density (40% 
higher than ethanol), is insoluble in water, and has other advantages like a high boiling point and a 
good octane rating [1,2]. DMF can be produced from fructose and glucose, which can be obtained 
from starch and cellulose [1–3]. So the production is comparatively inexpensive and can be performed 
on a large scale.  
 
A chemically interesting fact of DMF is the very high bond-dissociation energy of the ring-carbon–
hydrogen bond, which was recently calculated by Simmie and Curran [4] to be about 500 kJ mol–1. 
Since, in contrast, the allylic C–H bond of the CH3 group is rather weak (~360 kJ mol–1 [4]), the 
dissociation of this bond is likely to be a major reaction channel in the thermal decomposition of 
DMF: 

 
 
We performed a shock-tube study, using H atom resonance absorption spectroscopy as detection 
technique to determine the kinetic parameters of this reaction channel. The temperature ranged from 
1250–1450 K at pressures of ~1.6 and ~4.6 bar. Rate coefficients were obtained from the initial part of 
the H atom concentration-time profile, and a positive temperature dependence as well as a pronounced 
pressure dependence of the rate coefficient was observed. 
 

 
After a reaction time of 200 to 600 µs the signals show a decrease of the hydrogen atom concentration 
(cf. Fig. 1), which we assign to bimolecular consecutive reactions. Here the reaction with the reactant, 
DMF, 
 

C4H2O(CH3)2 + H → products 
 
is the most probable one under the experimental conditions. This assumption is confirmed by 
experiments at temperatures above 1500 K, where the decomposition of DMF is much faster than the 
bimolecular reaction with H atoms, and a nearly constant reduced concentration [H]/[DMF]0 ~ 1 is 
observed. 
 
In our poster contribution, we will present our study of the thermal decomposition of DMF and 
preliminary results for the DMF + H reaction.  
 
 
[1] Y. Román-Leshkov, C. J. Barrett, Z. Liu, J. A. Dumesic, Nature, 447, 982 (2007). 
[2] S. Zhong, R. Daniel, H. Xu, J. Zhang, D. Turner, M. L. Wyszynski, P. Richards, 

Energy Fuels, 24, 2891 (2010). 
[3] J. N. Chheda, G. W. Huber, J. A. Dumesic, Angew. Chem. Int. Ed., 46, 7164 (2007). 
[4] J. M. Simmie, H. J. Curran, J. Phys. Chem. A, 113, 5128 (2009). 
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Formaldehyde-LIF of dimethyl ether during auto ignition at 

elevated pressures (Project A3)  

H. Haessler
1
,
 
H. Bockhorn

1
, C. Pfeifer

2
, D. Kuhn

2
 

 
1 Engler-Bunte-Institute, Division of Combustion Technology, Karlsruhe Institute of Technology, Germany 

2 Institute for Nuclear and Energy Technologies, Karlsruhe Institute of Technology, Germany 

 

The present work describes the investigation of the auto ignition process of a transient open 

fuel jet with laser induced fluorescence (LIF) in a high pressure/high temperature atmosphere. 

The direct injection process in internal combustion engines is a complex phenomenon, which 

is not fully understood at present. Auto ignition of hydrocarbons is initiated by low 

temperature oxidation mechanisms which include sensitive fuel specific reactions. The 

complex chemical kinetics is coupled to the non-stationary turbulent mixing of fuel and 

oxidizer. In order to provide a fundamental understanding of individual processes which 

interact in the technical application we investigate the auto ignition of a gaseous jet of 

dimethyl ether (DME) in an idealized injection process. The experiment provides the input for 

a theoretical study which is used to predict auto ignition criteria for a prescribed 

concentration, temperature, pressure and velocity field.  

A high temperature/high speed valve expands dimethyl ether into the combustion chamber 

with an air temperature of 720 K and pressures of 2 MPa to 4 MPa. The mixing process and 

the subsequent auto ignition were investigated with laser techniques through windows. For 

the excitation of formaldehyde, which is an important intermediate species in combustion 

processes, the third harmonic of a Nd:YAG-laser with a wavelength of 355 nm was applied.  

The formation and consumption of formaldehyde during the ignition process in the regime of 

the low temperature oxidation is demonstrated with temporal and spatial resolution. 

Experiments with pressures of 3 MPa, and 4 MPa are compared to the results of experiments 

at 2 MPa to reveal the influence of the inflow velocity and the pressure dependency on the 

time scales and spatial extension of the auto ignition process. The INSFLA code [1] allows 

the calculation of instationary one-dimensional ignition processes. It provides time- and space 

resolved calculations of concentration, velocity, pressure and temperature considering a 

detailed mechanism. Calculations of the formaldehyde concentration and the temperature 

correspond to the experimental results. 

 

 
 

 

 

 

References  
[1] U. Maas, Mathematische Modellierung instationärer Verbrennungsprozesse unter 

Verwendung detaillierter Reaktionsmechanismen, Universität Heidelberg, Dissertation, 1988. 

Figure 1: Single shot images at 2 MPa at 

t = 11.1ms. Mixture ignites at several 

places simultaneously. 
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Kinetic studies of reactions of OH radicals with unsaturated hydrocarbons 
 

C. Kappler, J. Sommerer, F. Striebel, and M. Olzmann 
 

Institut für Physikalische Chemie, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany 
 
Unsaturated hydrocarbons are essential constituents of gasoline and liquefied petroleum gas. 
Additionally, they are formed in situ during the oxidation of alkanes. Though their reaction with OH 
radicals is an important loss process, the branching between H atom abstraction and addition to the 
double bond with subsequent elimination steps is not well understood in particular for combustion-like 
conditions. Moreover, highly unsaturated hydrocarbons like polyynes can be formed by pyrolytic 
reactions. These species are important intermediates in soot formation, and a proper modeling requires 
reliable kinetic parameters for their production and loss processes. Here again reactions with OH 
radicals are important. In our contribution we present results of kinetic studies of the OH + propene 
and the OH + diacetylene reactions as exemplary cases. 
All experiments were conducted in quasi-static reactors under pseudo first-order conditions with 
respect to the hydrocarbon with helium as bath gas. The OH radicals were produced by laser-flash 
photolysis of HNO3 at 248 nm and monitored by laser-induced fluorescence (LIF). The fluorescence 
was excited at 281.9 nm and detected at (308 ± 7.5) nm. 
In the case of OH + propene, biexponential intensity-time profiles were obtained in the temperature 
range 625–740 K at pressures between 10 and 50 bar. A careful kinetic analysis was performed on the 
basis of the following mechanism: 
 
  OH + C3H6  ⇄  C3H6OH     (1, -1) 
  OH + C3H6  →  C3H5 + H2O     (2) 
  C3H6OH  →  products, loss     (3) 
  OH   →  loss      (4) 
 
It could be shown that the complicated decay curves experimentally obtained can be adequately 
reproduced by adopting rate coefficients of reactions (1) and (2) from ref. [1, 2]. These were obtained 
at lower and higher temperatures, respectively, where the decays are monoexponential and therefore 
easier to analyze. The rate coefficient of the reverse reaction (-1) was treated as an adjustable 
parameter, and the temperature-dependent values obtained were shown to reasonably agree with 
steady-state master-equation simulations performed in our own laboratory but also with solutions of 
time-dependent master equations published in ref. [3]. From k1 and k-1, the equilibrium constant K1 for 
adduct formation in reaction (1) could be obtained. An analogous study was performed for OH + 
propene-d6 reactions, and the influence of isotopic substitution will be discussed. A parameterization 
for modeling purposes will be given. 
In the case of OH + diacetylene, we determined rate coefficients for temperatures between 300 and 
700 K at total pressures ranging from 3 to 30 bar. Here, under pseudo-first order conditions, 
essentially mono-exponential decays of OH were observed, from which the second-order rate 
coefficients were deduced for given C4H2 concentrations. No pressure dependence of the rate 
coefficients was found, which is in agreement with theoretical predictions [4] and earlier experimental 
results [5]. To the best of our knowledge this is the first experimental study of the OH + C4H2 reaction 
at pressures above 1 bar. The high-pressure limiting rate coefficients obtained are crucial for a reliable 
kinetic parameterization of this important reaction. 
 
[1] C. Kappler, Investigation of complex-forming bimolecular reactions in the gas phase with laser-

spectroscopic methods and statistical rate theory, Dissertation, Karlsruhe Institute of 
Technology (KIT), 2010. 

[2] F. P. Tully, J. E. M. Goldsmith, Chem. Phys. Lett. 116, 345 (1985). 
[3] J. Zádor, A. W. Jasper, J. A. Miller, Phys. Chem. Chem. Phys. 11, 11040 (2009). 
[4] J. P. Senosiain, S. J. Klippenstein, J. A. Miller, Proc. Combust. Inst. 31, 185 (2007) 
[5] M. Bartels, P. Heinemann-Fiedler, K. Hoyermann, Z. Phys. Chem. Neue Folg. 161, 189 (1989) 
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Combustion, Instabilities and Pollutant Formation in Combustion 

Chambers with Multi-burner Arrays 

Subprojects Z02, C7 and B9 
 

A. Aleksandrov
1
, C. Kraus

1
, H. Bockhorn

1
, F. Magagnato

2
, M. Gabi

2
 

1Engler-Bunte-Institute, Division of Combustion Technology (EBI-VBT) 

 2Department of Fluid Machinery (FSM) 

Karlsruhe Institute of Technology 

 

 

Modern combustors of gas turbines work as far as possible under lean premixed (LP) 

conditions which gives the possibility to reduce thermal NOx production. However, this 

increases the risk of combustion instabilities in the high and low frequency regime. In 

partially premixed and diffusion flames the formation of soot has also to be regarded as it has 

to be oxidized before leaving the combustion chamber. 

 

To investigate the above mentioned problems, a modular combustor will be designed and 

manufactured in subproject Z02 which can be scaled up to four burners in different burner 

configurations (annular or linear arrangement). The detailed experimental and numerical 

investigations of the combustor will be executed in the subprojects B9, C7 (multi-burner) and 

C10 (single burner). 

 

The contributed poster gives an overview of the work and main goals of the subprojects Z02, 

C7 and B9 (experimental part) which will be done by EBI-VBT. Also the results of the first 

tests of the burner done at DLR Stuttgart are provided. 

 

The experimental part of the subproject B9 is focused on the investigation of low frequency 

instabilities. Optical and laser measurement techniques (OH Chemiluminescence, LDA, PIV) 

will be applied to measure velocity fluctuations and the heat release. Furthermore, 

microphone probes will be installed to determine the acoustic pressure level along with 

pressure fluctuations in the combustion chamber and the plenum.  

 

Subproject C7 is devoted to the experimental investigation and modeling of soot formation in 

technical combustion chambers. The adaption of the measuring techniques (2-Colour-TIRE-

LII) for soot particle sizing and soot detection to highly turbulent and high power combustors 

is main part of the experiments of this subproject. These measurements will be combined with 

the imaging of OH Chemiluminescence. The laser optical diagnostic techniques will be 

complemented by classical particle analysis via TEM after thermophoretic sampling of 

particles.  

 

During the first tests with the single burner a stable turbulent, but also slightly asymmetric 

flame has been observed. First improvements regarding the asymmetry have been achieved by 

using a different perforated plate which causes the flow in the air inlet of the noozle to be 

more homogenous. However, the source of the remaining asymmetry has yet to be 

determined, so further test will be done to resolve the problem before the main experimental 

and numerical investigations can be started. 
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Direct Numerical Simulations of premixed turbulent hydrogen-air 
flames in the ultra-lean limit 

 
Mickaël Lecanu, Emmerich Tempfli, Henning Bockhorn, Nikos Zarzalis 
Karlsruhe Institute of Technology, Engler-Bunte-Institute, Combustion Technology Department, 

Engler-Bunte-Ring 1, Bldg 40.13, 76131 Karlsruhe, Germany 

 
 
 
In this work 2-D direct numerical simulations of ultra-lean (Φ=0.33) hydrogen-air flames were 
investigated, using detailed chemistry and interacting with different turbulence degrees (Urms 
going from 0.27 to 2 m/s). Contrary to a decaying turbulence, continuous turbulent velocity 
fluctuations are injected through the inlet boundary. This allows simulations closer to experiment 
and the investigation of instationary phenomena pertubating the flamefront during a very long 
time period, such as hydrodynamic stretch and Markstein effect or thermal and preferential 
diffusion of species. Statistics for speed decomposition, curvature, strain rate, surface density 
function (SDF) and reaction rate have been obtained for different turbulence degrees and 
compared to a standard turbulent decaying case and to experimental values. Differences in speed 
decomposition and reaction rate are observed between decaying and continuous turbulence 
injection. Within the bounds of comparability reasonable agreements are found with experimental 
results. 
The correlations of SDF and the speed components of the displacement speed Sd with the 
curvature and tangential strain are discussed. Based on the extracted correlations, new curvature 
depending models (linear and third order) for displacement flame speed in ultra-lean conditions 
are proposed and compared to other approaches presented in literature. Due to the found 
insignificant correlations between displacement flame speed and tangential strain rate the 
advantage of the new model approach is outlined. 
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Numerical approaches for spectral simulation of small radicals
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M. Letzgus*, A. Brockhinke, K. Kohse-Höinghaus

Universität Bielefeld, Universitätsstr. 25, D-33615 Bielefeld, Germany
e-mail: mletzgus@pc1.uni-bielefeld.de

In the past few years, there has been a renewed interest to use optical emissions from 
flames for diagnostic purposes - mainly driven by industrial demand for cheap, reliable and 
non-intrusive  detectors  to  monitor  combustion  processes.  Sensors  with  a  fast-enough 
response time to be used for active control are of special interest. Chemiluminescence in 
the UV-Vis region fulfills all these requirements. Even though flame emissions have been 
studied  for  more  than  one  century,  important  facts  still  remain  unknown.  Especially,  
reaction pathways leading to chemiluminescent species such as OH*, CH*, C2* and CO2* 
are still under debate and cannot be modeled with standard codes for flame simulation. In  
several  cases,  even  the  source  species  of  spectral  features  observed  in  flames  are 
unknown. 
One  important  aspect  of  our  current  research  is  measurement  of  chemiluminescence 
spectra for different species under a wide range of experimental conditions in order to 
establish correlations with important flame parameters (stoichiometry, heat release). Due 
to the high temperature and the complex composition of flames, these spectra are very 
rich. In order to quantify the contribution of different species to the signal, interferences 
and spectral  overlaps have to be identified and compensated. This is only possible,  if 
spectra are compared with model calculations.
An almost ideal  starting point  for  the simulation of chemiluminescence spectra are the 
model and methods developed for LASKINv2. Since chemiluminescent species are formed 
in highly excited states, they are not in thermal equilibrium with the environment. In many 
cases,  non-Boltzmann distributions  will  be  observed.  The  pattern  of  vibrational  states 
populated  might  even  provide  an  insight  into  reaction  channels  leading  to  these 
intermediates.  Rotational  (RET)  and  vibrational  energy  transfer  (VET)  processes  will 
further complicate the spectra.

This  project  is  funded  by  the  DFG  within  the  collaborative  research  group  
“Chemilumineszenz und Wärmefreisetzung”.
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Heat-release rate and chemiluminescence imaging  
in turbulent swirl flames 

M. Röder, T. Dreier, C. Schulz 
Institut für Verbrennung und Gasdynamik 

Universität Duisburg-Essen 
 
 
An experimental setup and preliminary results will be presented for single-shot heat-release 
rate (HRR) imaging in technical scale turbulent swirl flames. The burner principle and setup 
will be introduced as well as recent improvements of the test facility. Heat-release rate 
imaging via planar laser-induced fluorescence (LIF) is based on the simultaneous generation 
of LIF-signals of OH and CH2O in the same probe region and product formation, such that 
HRR � ILIF(OH) × ILIF (CH2O). For excitation of OH and CH2O a Nd:YAG-pumped 
frequency-doubled dye-laser system and a frequency-tripled Nd:YAG laser were set up, 
respectively, and both UV-beams aligned collinearly. Lightsheets were formed using 
appropriate combinations of cylindrical lenses matched for each laser beam-profile. First 
images of planar OH- and CH2O-LIF created with the actual measuring setup performed in a 
lean premixed turbulent flame (� �= 1.2, Re = 9970) will be shown. Excitation of both 
molecules is accomplished via the Q1(6) transition in the A2 �+ – X2 �(1,0) band near 283 nm 
for OH and overlapping transitions of the A1A2 – X1A141

0 system near 355 nm for CH2O, 
respectively. A simulation of the absorption cross sections of CH2O for the excitation 
wavelength region will be presented for 600, 800 and 1000 K calculated with Pgopher 
software. For consistency checks Pgopher simulations were compared with results in the 
literature for 298 K which show good agreement. Initial tests for lightsheet and laser-energy 
correction were performed using fluorescence of a toluene/3-pentanone mixture in liquid      
n-heptane for simultaneous 283 and 355 nm excitation. Further considerations for combined 
HRR imaging and chemiluminescence sensor measurements will be discussed. 
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Avoiding soot emission in Diesel engines is still one of the main challenges in engine 
development. Although soot emissions have been significantly reduced by sophisticated fuel 
injection strategies, exhaust gas aftertreatment is required to meet recent emission regulations. 
In the near future, besides the soot mass, also the particle number will be limited in emission 
regulations, thus the focus is shifted towards very small particles. 
 
The soot formation and oxidation processes can be investigated using the RAYLIX 
measurement technique, a two-dimensional, laser based technique with high spatial and 
temporal resolution. It consists of the nearly simultaneous detection of Rayleigh-Scattering, 
Laser-Induced Incandescence and laser beam extinction. Using the different nonlinear 
dependencies of the LII-signal (ILII ~ r3) and the Rayleigh-scattered light (IRay ~ r6), the mean 
particle radii rm and the particle number densities NV can be obtained via the ratio of the two 
signals. 
 
The RAYLIX-technique has already been applied in the combustion chamber of a single-
cylinder direct injection spark ignition engine as well as in a rapid compression machine with 
auto-ignition of Diesel fuel. It was shown that in case of the DISI engine, wetting of the 
cylinder, spark plug or walls results in high soot formation even in late phases of the 
expansion stroke. The investigations carried out in the rapid compression machine 
demonstrated that the RAYLIX-technique is applicable even at high pressures and with 
appreciable soot concentrations. 
 
In order to support the development of combustion models within the scope of the SFB and to 
enable further laser optical investigations in a diesel engine, a new optically accessible diesel 
engine has been designed and built at the Institut für Kolbenmaschinen. The engine is derived 
from a production heavy duty engine and is equipped with three optical accesses. The 
production cylinder head, cylinder liner and piston have been modified to accommodate the 
accesses and to allow access into the combustion chamber even when the piston is at top dead 
center. A custom two-piece cylinder housing supports and cools the cylinder liner; it also 
houses the optical accesses. The use of flat optical accesses will enable planar laser optical 
measurements at high engine loads. 
 
Three dimensional computational models of the intake ports, cylinder and exhaust ports have 
been developed for the purpose of process modeling. As a first step, the effects of the piston 
and cylinder liner modifications on the in-cylinder flow are investigated with CFD 
simulations. Particular attention is paid to the flow conditions late during the compression 
phase. 
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Detailed experimental and numerical investigation of auto-ignition around fuel droplets: towards 
improved models for spray combustion

Pratyush Sharma, Robert Schießl, Ulrich Maas

Institut für Technische Thermodynamik - KIT, Germany

Spray combustion is used in various engineering applications like Diesel- and jet engines, gas turbines 
and  furnaces.  The  understanding  and  modeling  of  spray  combustion  is  rendered difficult  by  the 
complexities  and  coupling  of  the  various  underlying  physical  and  chemical  processes  like  fuel 
vaporization, transport and chemical kinetics. 
The long-term goal of the present study is the development of efficient, accurate, validated and generic 
models which  allow  realistic,  yet  efficient  simulations  of spray  combustion  to  be  made.  Two 
complementary  approaches are  taken to  reach this  goal.  On the  one  hand,  simulations  of  ignition 
scenarios are performed, including detailed chemistry and transport.  Starting from stationary single 
droplets,  to  2D simulations  with incident  flow,  the calculations  will  be extended to  droplet  group 
ignition with the final goal of implementing a realistic description of ignition in droplet-laden flows 
into CFD codes. On the other hand, experiments are conducted which serve to validate the simulations 
as well as to elaborate the governing parameters relevant in technical applications.  One  experiment 
studies the technically more relevant case of spray injection in a pressurised continuous hot air flow. 
The  other  experiment  investigates the  ignition  of  well-defined  droplet  groups  at  different 
thermodynamic conditions. The latter method is particularly important for the validation of numerical 
predictions.
In the present work, single droplets are simulated using detailed  treatment of  transport and chemical 
kinetics in both liquid and gas phase, taking into account the phase transition at liquid/gas boundary. 
Numerical  studies  are  performed  on  methanol  and  n-heptane  droplets  in  air  for  a  range  of  gas 
temperatures between 800-1400 K (773-923 K) and for pressures of 2-20 bar. The influence of various 
parameters  like  ambient  gas  temperature,  pressure,  droplet  temperature  and radius,  as  well  as the 
overall (global) equivalence ratio on the auto-ignition process is investigated. Further studies are made 
on the effect of droplet size on the ignition delays while keeping the global equivalence ratio constant. 
The effect of pressure variation on ignition delay times is found to be negligible. The present studies 
show a strong influence of droplet radius on the ignition delay times. This influence can be attributed to 
the evaporation process, which is rate limiting at low temperatures. The ambient gas temperature also 
exhibits a  strong  influence  on  ignition  delay  times,  as  it  can  effect  both  transport  and  chemical  
processes.
The results are used to generate libraries of ignition scenarios,  which provide an account for ignition 
delay times, evaporation times, thermo-kinetic states as a function of mixture fraction and reaction 
progress and chemical source term for reactive scalars. Further study is been made on the identification 
and simulation of extreme cases in droplet ignition, where the description of droplet ignition becomes 
particularly simple. These represent situations where the three respective time scales in droplet ignition, 
namely the  ignition,  evaporation and  mixing time scale vary significantly;  therefore, these processes 
can be decoupled and treated using simplified approaches.  
The generated libraries can be used as a look-up table by CFD codes. The existence of extreme cases 
demonstrates  the  importance  of  time  scale  analysis in  model  reduction.   The  results  of  these 
calculations will be further checked by experimental results.
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The goal of the subproject B9 is the experimental and numerical investigations of low 

frequency combustion instabilities in combustion chambers with multiple-burner arrays. The 

numerical investigations are carried out with the in-house developed flow-solver SPARC 

(Structured PArallel Research Code) by means of compressible Large-Eddy Simulation 

(LES).  

 

The “Preccinsta GT combustor model” is being chosen for the validation of the numerical 

model. This combustor model has been investigated experimentally at the DLR-Stuttgart. 

 

First calculations with constant mass flow at the inlet showed bigger pressure fluctuations in 

the combustion chamber compared to the experiment. The reason for this is that minor 

fluctuations of pressure and density are being amplified due to the constant inlet mass flow 

boundary condition (known from experimental measurements) and the compressibility of the 

combustion chamber, which in return amplifies the heat release of the flame. To resolve this 

problem the plenum has been taken into account in the calculations to enable compensation 

between the plenum and the combustion chamber through the swirl-generator. After this 

adjustment good agreement could be obtained between the numerical and experimental 

results.  

 

In cooperation with the ITT the combustion model REDIM with thickened flame expansion 

has been implemented into SPARC. The extension takes into account the turbulent-chemical-

interaction. Validations of the expanded code are currently being conducted. 
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Combustion in IC engines is constituted by a multitude of phenomena, including chemical 
reactions, turbulent flow (possibly multi-phase), interaction between solid walls and gas-phase, 
and the mutual interaction of these processes. For each of these different phenomena, dedicated 
computational models exist that focus on one or only a few of these aspects. Likewise, numerical 
simulations of engine processes, especially CFD-simulations, often focus only on one or a few of 
the multiple phenomena, using oversimplified models for the remaining phenomena, especially 
for chemistry. Integral simulations, in contrast, do not focus on one or a few specific effects, but 
rather aim at capturing all essential effects as realistically as possible. 
In this project, the goal is to develop an integral combustion model for use in numerical 
simulations of realistic IC engines. The focus is on physical motivation and soundness of the 
model with an accurate, efficient treatment of chemical reactions as well as of the interaction 
between chemical reactions and physical processes in engine simulations.  
To reach this goal, the model contains several different sub-models, which are used to describe 
various aspects and phenomena of Otto- and Diesel-engine combustion. In particular, the 
chemical progress and the dynamics of chemical reactions will be described by the newly 
developed REDIM-Ansatz for premixed and non-premixed combustion. To describe the 
influence of the turbulent in-cylinder flow on ignition and slow chemistry in the end-phase of 
combustion, a model based on probability density functions (PDF) is employed. This model 
makes use of the REDIM Ansatz for simplified chemistry. 
In addition to the models to be developed and coupled in this project, some already existing or 
elsewhere developed building blocks will additionally be used. These include an existing 
spray/evaporation model, which delivers quantities describing the unsteady distribution of fuel 
vapour (or, more generally, the mixture fraction) in the combustion chamber as a function of the 
surrounding gas phase properties. A flame surface density model (FSD) will additionally be used 
for turbulent flame propagation in the region where turbulent flames exist. 
To ensure a realistic description of the in-cylinder flow, the models mentioned above will be 
coupled and encapsulated into an integral model, which, in turn, will be coupled with the LES-
Code SPARC. In this way, realistic IC engine simulations become feasible.  
By systematically performing numerical simulations based on the new combustion model during 
different stages of the development process and by comparing the outcome of numerical 
simulations with already existing experimental data, a systematic validation and successive 
improvement of the model becomes possible. Experimental data for validation exist from 
previous measurements and will additionally become available from other projects (C3, C4) in 
the collaborative research centre. 
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Practical fuels such as diesel and kerosene are blends of a large number of hydrocarbons with 
many aliphatic, naphtenic, and aromatic compounds. For well-controlled experimental and 
fundamental modeling investigations, model fuels are desirable to reduce the complexitiy of the 
combustion process. Alkanes are the dominant compound in such complex fuels and among 
them there is a significant presence of mono-cyclo alkanes. Cyclohexane (cC6H12) is assumed as 
a model fuel compound in the cycloalkane fraction. Kinetic investigations on the reactions of 
these chemical species can contribute to a detailed understanding of ignition processes. For these 
processes the formation of radicals is of crucial importance. Radicals can react further via 
unimolecular bond fissions and abstraction reactions in terms of RH + H/OH/O � R + 
H2/OH2/OH respectively. Under pyrolytic conditions H-atoms can be primary chain carriers. 
Therefore the thermal decomposition of cC6H12 was recently investigated [1] and the present 
work deals with experimental investigations on bimolecular reactions of H-atoms with 
cyclohexane. Ethyl iodine (C2H5I) was used as in situ source for H-atoms in order to investigate 
the bimolecular reaction. As the reaction of cC6H12 with H-atoms yields the formation of H2 and 
cyclohexyl radicals (cC6H11), the mechanism of the thermal decomposition of cC6H11 is of 
fundamental importance for the interpretation of the experiments. Therefore we also have begun 
to investigate on the thermal decomposition of 1-hexenyl (1-C6H11), because of the assumption 
that cC6H11 almost exclusively isomerizes to 1-C6H11. 6-Iodo-1-hexene (I-C6H11) was used as a 
precursor molecule for the generation of 1-C6H11 radicals. 
The experiments were carried out in a stainless steel shock tube behind reflected shock waves. 
For the reaction of cC6H12 molecules with H atoms, the measurements were performed over a 
temperature range of 1050 � 1180 K, at pressures ranging from 1.9 and 2.5 bar; the first I-C6H11-
experiments were carried out at temperatures between 1060 and 1160 K and pressures around 2.0 
bar. The H atom concentration was monitored by ARAS at the Lyman � line (121.6 nm). To our 
point of view the experiments reveal some important aspects about the thermal dissociation of 
cyclohexyl radicals (cC6H11). The present results are compared with other results from literature 
[2]-[6]. Based on the composed reaction model a rate coefficient expression for the reaction 
cC6H12 + H � cC6H11 + H2 was derived. 
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Sensors that allow cheap, reliable and non-intrusive monitoring and subsequent active 

control of combustion processes are necessary for the development of combustors 

operating under potentially unstable operation conditions (e.g. for very lean or low-

temperature combustion). Chemiluminescence in the UV-Vis region fulfils all of these 

requirements, and it has been shown that it can be used to determine flame parameters 

quantitatively. 

Even though flame emissions have been studied for more than one century, important 

facts still remain unknown. Especially, reaction pathways leading to chemiluminescent 

species such as OH*, CH*, C2* and CO2* are still under debate and cannot be modelled 

with standard codes for flame simulation. In several cases, even the source species of 

spectral features observed in flames are unknown.  

One important aspect of our current research is the measurement of chemiluminescence 

spectra for different species under a wide range of experimental conditions in order to 

establish correlations with flame parameters such as stoichiometry and heat release. Due 

to the high temperature and the complex composition of flames, these spectra are very 

rich. To quantify the contribution of different species to the signal, interferences and 

spectral overlaps have to be identified and compensated. Additionally, flame emissions 

are strongly localized. Therefore, spatial resolution effects must be taken into account. 

We present systematic measurements obtained in low-pressure flames that have already 

been characterized by several other techniques including LIF, CRDS and TOF-MBMS. 

The results allow to establish correlations between chemiluminescence and flame 

parameters. The measured emissions are predicted by our model (developed by DLR 

Stuttgart) using a reaction mechanism which describes hydrocarbon combustion as well 

as excited-species sub-mechanism. First results from model calculations for both the 

spectral shape and the concentration of chemiluminescent species will be presented. 

This project is funded by the DFG within the collaborative research group 

„Chemilumineszenz und Wärmefreisetzung“. 
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Dynamic processes in gas turbine combustors play a key role in flame stabilization, 

extinction, combustion instabilities, and pollutant formation.  Describing and predicting such 

processes presents a difficult, but necessary challenge for the combustion community. The 

goal of projects C1 and C10 in the SFB 606 is to describe the dynamics of oscillatory 

phenomena in gas-turbine-like flames using high-speed laser diagnostics.

In this work, several important processes in confined, partially premixed, swirl-stabilized 

flames undergoing self excited thermo-acoustic oscillations are analyzed using such high-

speed diagnostics. Planar OH distributions and three-component velocity fields were 

simultaneously measured at sustained repetition rates of up to 10 kHz using laser induced 

fluorescence and stereoscopic particle image velocimetry, respectively. The measurements 

were able to capture repeatable dynamic processes affecting thermo-acoustic oscillations, 

chaotic local events such as stochastic turbulence-flame interactions, and unpredictable large-

scale phenomena such as flame blow-off. 

Examples showing the capability of high-speed diagnostics to elucidate these different classes 

of processes are presented. Short time-span dynamic events such as local extinction due to 

fluid dynamic strain were accurately captured.  Furthermore, the flame and flow dynamics 

during unpredictable transitions between thermo-acoustic states were measured. To describe 

the processes affecting thermo-acoustic oscillations, doubly-phase-resolved statistical analysis 

was performed.  This analysis resolves the instantaneous planar measurements with respect to 

both their phase in the thermo-acoustic cycle and the motion of oscillatory flow structures 

with respect to the measurement plane. Numerous important processes of both the flow and 

flame surface topography were identified.  Examples of oscillatory fluid mechanical processes 

are presented, such as longitudinal dynamics of precessing vortex cores and asymmetric 

deformations of the central recirculation zone.  The affect of these dynamics on the flame 

surface area and flame stabilization location are discussed. 
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Better understanding of the combustion process of commercial fuels is required for further 
optimisation of combustion engines operated nowadays (e.g. gas turbines). Due to the analogy 
between laminar and turbulent flames according to the flamelet approach, the laminar burning 
velocity can be considered as the most important parameter for describing a combustion 
process. Additionally, the flame stretch has significant influence on the burning velocity, 
which can be quantified by Markstein number. Thus, only unstretched laminar burning 
velocity and Markstein number together give complete information for prediction of the flame 
front propagation. Markstein number can also be considered as essential parameter for 
describing the flame front stability. Nevertheless, the experimental data of commercial liquid 
fuels regarding these parameters are scarce, especially at elevated pressure conditions, which 
are more applicable from the practical point of view. Additionally, computation of the burning 
velocity of multi-component fuels is difficult and an experimental validation of the 
computational results is necessary. 

Combustion characteristics (laminar burning velocity and Markstein number) of two different 
kerosene Jet A-1 are investigated experimentally in an explosion bomb vessel. For this 
purpose an optical laser method is employed based on the Mie-scattering of the laser light by 
smoke particles. Unlike analogous experiments conducted with the gaseous fuels, the major 
challenge connected with the present experiments arises from the liquid state of the 
investigated fuel at ambient condition. Thus, a main difficulty in the present experiments is 
pre-evaporation of the fuel and achieving the homogeneous gaseous fuel/air mixture prior to 
the ignition. This is achieved by mounting a heating system into the walls of the bomb vessel 
that provides a homogeneous temperature distribution in the vessel and therewith of the 
mixture itself. The experimental investigation is practically done through the following steps: 
heating the vessel up to the requested temperature; filling the vessel with an appropriate 
mixture by partial pressure method (providing a fuel in gaseous state through the liquid fuel 
injection and its instantaneous evaporation due to the elevated temperature); attaining the 
uniform mixture by means of fans; ignition and acquisition of the data; post-processing and 
data analyses. Within this experimental study influence of three crucial parameters, initial 
temperature, initial pressure and mixture composition, on the burning velocity and Markstein 
number are investigated. The observed results for the burning velocity and Markstein number 
follow the theoretically expected tendencies resulting from the variation of the initial 
parameters.   
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The final aim of the integrative project C8 is the simulation of cyclic variations in gasoline and 
diesel engines with direct injection. To this end, several existing models (LISA-TAB and Blob-
KH/RT for direct injection and consecutive breakup of fuel droplets, Shell and DPIK model for 
ignition) as well as models for combustion that are developed within the CRC (projects A5 and 
B11) are implemented. The simulation results eventually are compared to experimental results 
from projects C3 and C4. 
 
For the simulation of the flow of the continuous gas phase, the inhouse CFD code SPARC is 
already available. For the simulation of the motion and properties of the discrete droplets, the 
program package LADROP (developed at ITS by Rainer Koch, Angel Sinigersky, Roland 
Schmehl et al.) is used. As SPARC and LADROP were two independent programs, a new 
interface for coupling had to be programmed. The next step now is to validate the coupled 
program. 
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One goal of CRC606-B10 is to implement multiple turbulent combustion models in LESOCC2C [1], 
includes the flame surface density (FSD) model, the presumed Filtered Density Function (FDF) model, 
etc. Fig. 1 shows some results from this work. 

An MMC-REDIM algorithm is currently being developed for turbulent premixed and partially 
premixed flames. The REDIM (Reaction Diffusion Manifold) technique reduces both dimensionality 
and stiffness of the detailed chemical mechanism by accounting for the coupling of reaction and 
molecular transport processes [2]. The MMC (Multiple Mapping Conditioning) model has been 
proposed to model the molecular mixing term in the joint-PDF transport equation [3]. It provides 
high-quality modeling with modest computational cost. The new MMC-REDIM algorithm employs a 
hybrid LES/particle method to represent reaction and diffusion and their interaction with the turbulent 
flow. The principal idea underlying this model is shown on the poster. A modified Curl model is used 
to calculate mixing of a particle pair, chosen specifically via the MMC process rather than randomly. 
In the MMC model, two particles are selected to mix only if their distance in both, physical and 
reference scalar spaces, is minimal. In the present work, the mass fractions of CO2 and N2 are used as 
the reference scalars for the methane/air partially premixed flame under consideration. 

To date, the new model is fully implemented in LESOCC2C, and 1D laminar flames have been 
successfully simulated. Application to turbulent premixed flame is currently under way. 

a)            b)  
Fig. 1: Premixed combustion in a swirl burner with φ =0.75 [4] simulated by two different models. a) 
Instantaneous flame front, coloured by streamwise velocity. LES results obtained with presumed Top-hat FDF 
model [5]. b) LES with the Flame Surface Density model. Iso-surfaces of p’=p-<p>=-0.2, colored by the 
instantaneous temperature. Three lines in the figure show streamlines of the time-averaged velocity. 
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