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modified and built in Sweden by Thulin Aircraft Factory in 1918, photo Sven-Inge Möller. 

3D-fuel iso-concentration surface corresponding to 40% of the maximum fuel tracer LIF signal 
in an HCCI engine. Background: Chemical reaction scheme 
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1 Introduction 

The Division of Combustion Physics is since 1991 a separate division within the Department of 
Physics at Lund Institute of Technology, LTH. The scientific activities have a long tradition in 
developing and applying laser techniques for combustion diagnostics. There is also a long 
tradition to work in the field of ignition and spark phenomena, mainly directed towards SI 
engines. During the last years there have also been strong activities in the field of theoretical 
chemical kinetics. Within the combustion modeling activities there is also work in the field of 
turbulent combustion and unsteady combustion. 

All activities as mentioned above are major parts in the Combustion Centre, which is a 
interdisciplinary Centre within LTH, with the aim to create links between different disciplines 
within the Institute in the area of combustion. Thanks to this Centre, the Division has during 
the last years been heavily involved in large centers, e.g. the Centre of Competence in 
Combustion Processes as well as the National Graduate School in Combustion Science and 
Technology, CECOST.  

Thanks to Centre activities above, the number of people within the Division has increased by 
almost 50 % in three years. Due to this enlargement of the activities,  it was decided by the Dean 
of the Institute to investigate for the construction of a new building located within the 
Department of Physics. This building, of about 2000 m2, was planned and constructed during 
1999-2001 and was inaugurated in October 2001. This building does, beside the Division of 
Combustion Physics, also host personnel from the Dept. of Heat and Power Eng, as well as Dept 
of Fire and Safety Eng. Besides the increase of number of persons, an additional reason for the 
building was a grant on 20 MSEK from DESS (Delegationen för Sydsveriges Energiförsörjning) 
for the construction of a burner with the possibility to study turbulent combustion phenomena 
at elevated pressure ( 16 bar) and preheated air ( ~ 900 K at a airflow rate of up to 1.3 kg/s). In 
addition to the DESS facility and 12 laboratories more or less dedicated for laser developments 
and small scale combustion experiments there are within the building also special laboratories for 
combustion engine studies as well as fire experiments. 

During the last year the CECOST program has been prolonged and is now sponsored by the 
Swedish Energy Agency, SSF and Industry. Other large programs where the Division has been 
involved is in a project sponsored by MISTRA, LUCIFER, and projects within the Centre of 
Competence. There are also several EU project running out of which the participation in the 
Large Scale Facilities, Lund University Combustion Centre, LUCC, and Lund Laser Centre, 
LLC, as well as Marie Curie Training Site should be mentioned. 

 

Lund 20/1 2003 

 

Marcus Aldén, professor 

Head, Combustion Physics 
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2 General Information 

2.1 Staff 

The staff included the following members: 
 
Marcus Aldén, professor, Head of Division 
Per-Erik Bengtsson, Professor 
Mark Linne, Professor (020901-) 
Fabian Mauss, Professor  
 
Per Amnéus, grad. stud., PhD  
Boman Axelsson, grad. stud., PhD 
Michael Balthasar, PhD (-010630) 
Edward Blurock, PhD 
Johan Engström, PhD (-010528) 
Axel Franke, grad. stud., PhD 
Shahrokh Hajireza, PhD (-010228) 
Johan Hult, grad. stud., PhD (-020831) 
Zhongshan Li, PhD  
Annika Lindholm, PhD (020601-) 
Terese Lövås, grad. stud., PhD 
Sven-Inge Möller, grad. stud., PhD 
Frederik Ossler, PhD 
Mattias Richter, grad. stud., PhD 
Hakan Soyhan, PhD 
Joachim Walewski, grad. stud., PhD 
Christer Löfström, res. eng. (-020228) 
 
Mikael Afzelius, grad. Stud. 
Syed Sayeed Ahmed, holder of a 
scholarship, grad. stud. (011001-) 
Xiao Bai, holder of a scholarship, grad. 
Stud. 
Raffaella Bellanca, grad. stud. 
Henrik Bladh, grad. stud. (010701-) 
Christian Brackmann, grad. stud.  
Robert Collin, grad. stud. 
Anne Dederichs, grad. stud. (-020831) 
Harry Lehtiniemi, grad. stud. (020501-) 
Thomas Metz, grad. stud. 
Jenny Nygren, grad. stud.  
Jimmy Olofsson, grad. stud. (010701-) 
Alaa Omrane, grad. stud. 
Martin Rupinski, grad. stud. (011201-) 

Fikret Saric, grad. stud. (010401-) 
Hans Seyfrid, grad. stud. (020701-) 
Johan Zetterberg, grad. stud. (020812-) 
 
Cecilia Bille, economic. adm. (020501-) 
Elna Brodin, secretary 
Maria Ehrnborg, secretary (010901-
021231) 
Marie Larsson, secretary 
Catrin Malmström, economic. adm. 
(011130-020501) 
Agneta Pålsson, secretary (020201-
021031) 
 
Rutger Lorensson, engineer 
Jonny Nyman, engineer 
Robert Ternemo, el. techn. (-010731) 
Thomas Wendel, el. techn. (020915-) 
 
Zeyad Alwahabi, holder of a scholarship 
(020702-021108) 
Felix Barreras, holder of a scholarship 
020304-020831 (within Large Scale Facility 
020301-020331) 
Gaelle Pengham, holder of a scholarship 
021204- (within Large Scale Facility 
021104-021203) 
Christof Schultz, holder of a scholarship 
within Large Scale Facility 
Luca Montorsi, holder of a scholarship 
within Marie Curie Training Site (010910-
020309) 
Christos Panoutsos, holder of a 
scholarship within Marie Curie Training 
Site (020419-020718)  
Thomas Zeuch, holder of a scholarship 
within Marie Curie Training Site (020215-
021231) 
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2.2 Visitors 

Zeyad Alwahabi, University of Adelaide, Adelaide, SA 5005, Australia 
Gian Marco Bianco, Univ of Bologna, Bologna, Italy 
Christian Hasse, ITM, RWTH, Aachen, Germany 
Clemens Kaminski, Adam Harvey, Paul Stonestreet, Univ of Cambridge, Cambridge, UK 

2.3 Academic Degrees During 2001-2002 

Doctorates: 

Johan Engström, “Development of a 2D Temperature Measurement Technique for 
Combustion Diagnostics using 2-Line Atomic Fluorescence”, 010330, LRCP-65 
Daniel Nilsson, “Automatic Analysis and Reduction of Reaction Mechanisms for Complex 
Fuel Combustion”, 010608, LRCP-68 
Joachim Walewski, Quantitative Spectroscopy of Gas Phase Reaction at Elevated 
Temperatures, 010615, LRCP-67 
Boman Axelsson, “Combustion Studies of Soot and Fuel Based on Use of Laser Diagnostics”, 
020125, LRCP-71 
Johan Hult, “Development of Time Resolved Laser Imaging Techniques for Studies of 
Turbulent Reacting Flows”, 020322, LRCP-74 
Mattias Richter, “Combustion Engine Characterization and Development by Means of Laser 
Diagnostics”, 020419, LRCP-75 
Sven-Inge Möller, “Numerical Simulation for Studies of Unsteady Combustion in Practical 
Combustion Devices”, 020405, LRCP-76 
Terese Lövås, “Automatic Reduction Procedures for Chemical Mechanisms in Reactive 
Systems”, 020906, LRCP-78 
Axel Franke, “Characterization of an Electrical Sensor for Combustion Diagnostics”, 021018, 
LRCP-80 
Per Amnéus, “Homogeneous Ignition – Chemical Kinetic Studies for IC-Engine Applications”, 
021212, LRCP-81 

 

Diploma paper: 

Henrik Bladh, Jimmy Olofsson, “Investigation and Development of a Laser Diagnostic 
System for Scalar Dissipation Rate Measurements”, LRCP-73 
Alaa Omrane, “Three-Dimensional Laser Diagnostics for Visualization of Turbulent Flows”, 
LRCP-77 
Harry Lehtiniemi, “A HCCI Multi-Zone Model for the Ignition Code”, LRCP-79 
Gunnar Larsson, “The C3 molecule: A Literature Study and Spectroscopic Investigations in 
Flames and on Graphite”, LRCP-82 
Susanne Stefanou, “HCCI-multizonmodellen för Ignition programmet: Vidareutveckling och 
inställning av parametrar”, LRCP-85 
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2.4 Seminars 

Giorgio Zizak, CNR-TeMPE, Milano, “2D Soot Diagnostics with a Two-Color Emission 
Technique” 010329 
Guido Zacchi, Kemisk apparatteknik, “Framställning av etanol från skogs- och jordbruksavfall”, 
010426 
Ulf Göransson, Brandteknik, ”Vad gör man på brandteknik?” 010510 
Bernd Rogg, Ruhr-Universität Bochum, ”PDF Modelling of Sprays”, 010607 
Johan Zetterberg & Mikael Otendal, ”Laser Induced Breakdown Spectroscopy”, 010614 
Sousuke Sasaki, “Partikelstudier baserade på SMPS-mätningar, 010810 
Gian Marco, DIEM, Bolobna, ”Integrated CFD Simulation Tools in Engine Design: An 
Overview of Activities at the Universities of Bologna and Modena”, 011205 
Andreas Dreizler, TU Darmstadt, “Experiments for the Development and Validation of 
Turbulent Combustion Models”, 020218 
Volker Sick, Univ of Michigan, “Fuel Mixing and Combustion Analysis in a Direct-Injection 
Engine using PLIF Imaging of Equivalence Ratios”, 020418 
Rajendra Gupta, Univ of Arkansas, “Atomic and Combustion Physics Seminar”, 020812 
Zeyad Alwahabi, Univ of Adelaide, 021105 
Bassam Dally, Univ of Adelaide, “Single-point Raman-Rayleigh-LIF Measurements of Reacting 
Jet in a Hot and Diluted Coflow”, 021107 

2.5 Participation in International and National Projects 

 

EU Program Subject 

PLANET Platform on Auto-ignition Numerical Engine simulation 
Tools 

G-LEVEL Gasoline Direct Injection-Low Emission Levels by Engine 
Modeling 

D-LEVEL Diesel Low Emission LeVels by Engine modeling 

CFD4C Computational Fluid Dynamics For Combustion 

FLAMESEEK FLAME Sensors for Efficient gas turbine Engine cycles 

LOPOCOTEP LOw POllutants COmbustor TEchnology Programme 

LESS CO2 Large Eddy Simulation techniques to Simulate and Control 
by design Cyclic variablility in Otto cycle engines 

MINKNOCK Improving engine performance and efficiency by 
MINimisation of KNOCK probability 

AFTUR Alternative Fuels for industrial gas TURbines 

PARTSIZE Control of soot PARTicle SIZE by means of simulation and 
measurement 
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EU Program Subject 

LSF Large Scale Facility 

MCT Marie Curie Training site 

 

2.6 Budget 

The Division’s budget for 2002 totaled 21.4 MSEK of which ~75% came from external sources. 

2.7 Courses 

During the last two-year period the following undergraduate courses have been given: 

Fundamental Combustion 

Optional course for students on their last two years on the programs of Engineering Physics, 
Mechanical Engineering and Chemical Engineering. The course has been givben by Fabian 
Mauss. The course literature has mainly been the text book R. Borghi and M. Destriau, 
Combustion and Flames: Chemical and Physical Principles, Éditions Techniq,1998. The course 
has been extended and now 5 credits are given to the student after course examination. The 
extension is the result of an inclusion of a project that should synthesise the topics learned from 
the course. 

Laser-based Combustion Diagnostics 

Optional course for students on their fourth year on the program of Engineering Physics. The 
course that corresponds to three credits has been given by Per-Erik Bengtsson, and the course 
literature has been Eckbreth, Laser Diagnostics for Combustion Temperature and Species, 
Gordon and Breach, 1996. The students also have a possibility to extend the course by making 
an additional project in connection with the research in laser diagnostics. This special project 
gives two additional credits to the student. 

 

Additionally a graduate course on graduate course on proper statistical data evaluation was given 
to PhD students at our division in spring 2002. The course was developed and given by Joachim 
Walewski; it is based on current research of Walewski and Metz (see Section 3.1.3) concerning 
statistical inference of measurements in the field of laser spectroscopy. The teaching consisted of 
lectures and seminary talks, the latter given by the students. This course gave two credits. 
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3 Laser Techniques for Combustion Diagnostics 

3.1 Technique Developments 

3.1.1 Absorption and Time-Resolved Fluorescence of Formaldehyde 

T. Metz, X. Bai, F. Ossler, M. Aldén 

Formaldehyde is formed as an intermediate species in the combustion of hydrocarbon fuels. 
Detection of formaldehyde in flames using laser-based methods has been demonstrated in the 
1990s in a laminar methane/air flame and has been of increasing interest ever since. Fluorescence 
from formaldehyde and OH has been used to visualize the rate of heat release in flames. Since 
formaldehyde is formed at early stages of cool flame combustion, it can be used to visualize self-
ignition, so-called “hot spots”, in engines for studying such phenomena as engine knock. The 
concentration profile of formaldehyde can be obtained from fluorescence intensities through its 
fluorescence lifetime being measured simultaneously, which has been demonstrated in a 
methane/air flame at atmospheric pressure. 

During the last two years, fluorescence lifetimes of formaldehyde were studied at temperatures up 
to 770 K and pressures up to 10 bar in a gas cell [Metz et al., to be submitted]. The molecules 

were excited using picosecond laser radiation at 355 nm, the band system of the 1
1

2
1 ~~ AXAA ←   

transition being detected 
temporally resolved by 
means of a 
photomultiplier tube 
(PMT) connected to an 
oscilloscope. The 
fluorescence was observed 
through either broadband 
filters or interference 
filters (band width 
~10 nm). Time-integrated 
fluorescence spectra were 
recorded with a variable 
delay time with respect to 
the laser pulse as well. 
Two ways of generating 
formaldehyde were 
employed: by evaporation 
from formalin and by the 
deploy-merisation of 
paraformaldehyde.  

Figure 3.1 presents a plot of the inverse lifetimes obtained from these measurements as a function 
of the total gas pressure. Nitrogen served as buffer gas. The fluorescence was observed 
broadband. The dependence was not linear, the data instead being fitted to power functions. 

 

Figure 3.1. Decay rates of formaldehyde as a function of pressure at various 
temperatures. The fitted curves are power functions with exponents around 0.2. 
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Figure 3.2 shows the dependence of the lifetimes on the gas temperature at 1 and 9 bar, which 
appears to follow exponential functions.  

Spectra were also recorded 
for different delay times 
with respect to the laser 
pulse. Although the 
intensity of the various 
vibronic bands relative to 
each other did not show 
significant changes with an 
increase in the delay time, 
the measurements using the 
PMT provided indications 
of the emission at 450 nm 
being about 1 ns shorter 
than that at other 
wavelengths. Since this 
emission corresponds to 
transitions from the 
vibrational 41 state, the 
observation indicates slightly 
shorter lifetimes for this 
level than for the 40 state. 
This result was, however, 

only significant including all data points available and eliminating the effects of pressure and 
temperature to study the wavelength effect. How this effect varies between different temperatures 
and pressures could not be concluded from such an analysis. It is thus not clear if the observed 
difference is of relevance at the higher temperatures and pressures studied. 

In addition to fluorescence, absorption spectra were measured at wavelengths close to 350 nm 

and less, involving the electronic transition 1
1

2
1 ~~ AXAA ←  [Bai et al., to be submitted]. The spectra 

were recorded using a deuterium lamp and a spectrograph, the same cell as above being 
employed. Nitrogen served  as the buffer gas. Both the vibronic structure of the band system and 
the ro-vibronic structure of the 1

04  band, which is the one excited in LIF experiments using 
355 nm-laser radiation for excitation, were recorded. 

As the gas temperature was raised from 420 to 770 K, the vibronic bands were found to broaden 
towards longer wavelengths and several features of the ro-vibronic spectra become clearly more 
pronounced than the rest of the spectral structure. At all the temperatures studied, the pressure 
was found to broaden the lines observed in the ro-vibronic spectra. 

The measurements presented here should be of value for determining the concentration of 
formaldehyde in LIF measurements at moderate temperatures, as for example in cool-flame 
combustion. Since the measurements were conducted at elevated pressures, they are of particular 
interest for engine combustion diagnostics, e.g. in homogenous-charge compression-ignition 
(HCCI) engines or for visualization of self-ignition in connection with engine knock. The 
absorption measurements should be useful for examining the effect of ambient parameters on the 
absorption of the laser radiation employed in laser-based measurements of formaldehyde. 
Absolute absorption coefficients, in particular at elevated temperatures, are still needed, however. 
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Figure 3.2. Decay rates of formaldehyde as a function of temperature at two of the 
pressures studied. The straight lines represent exponential functions. 



CHAPTER 3.  LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 8 

3.1.2 Rotational Coherent anti-Stokes Raman Spectroscopy  

M. Afzelius, H. Berger1, J. Bood2, C. Brackmann, J. Bonamy3, F. Chaussard1, and P.-E. Bengtsson 

Rotational Coherent anti-Stokes Raman Spectroscopy is a non-linear laser technique that  has a 
high capability of measuring temperatures in combustion processes. In the previous two-year 
report, the project with temperature measurements in spark-ignition engines were discussed in 
detail. However, some results have recently been published [Grandin et al., 2002a, Grandin et al., 
in press]. During the last two years, the research has been more focused towards fundamental 
studies. 

In a recent project, pure rotational CARS spectra of nitrogen were recorded in a wide pressure 
range (up to 44 MPa) at room temperature (see the two-years report 1999-2000).  The resulting 
temperature profiles as a function of pressure revealed problems in the current model for dual-
broadband rotational CARS, especially in the range of 2 – 9 MPa, which are pressures that are 
sometimes obtained in practical applications. 

The first published results of these measurements focused on the effect of different linewidth 
models. However, no model gave satisfactory temperatures in the range 2 – 9 MPa. At this time, 
a high-resolution measurement was performed at the university of Bourgogne (Dijon, France), in 
co-operation with the university of Franche-Comté (Besancon, France), with the aim of 
comparing rotational S1-branch linewidths with vibrational Q-branch linewidths. The rotational 
linewidths from Dijon were used in a second re-evaluation of the high-pressure data, and the 
results were slightly improved, but the temperature was still underestimated by more than 10 K. 

The model for rotational CARS was revised in detail and it was realized that a contribution to 
the spectral rotational CARS profile had been neglected. In the dual-broadband approach to 
CARS, one broadband dye laser is split into two beams, ω1 and ω2, which are used to excite the 
molecule from J to J+2 provided that the energy difference between ω1 and ω2 corresponds to the 
rotational energy difference between level J and J+2. As a consequence of the dual-broadband 
approach, it is also possible to de-excite the molecule from J+2 to J, and thereby is a rotational 
Coherent Stokes Raman spectrum (CSRS) generated as well. Formally, the total third-order 
susceptibility is then written as: 

 

nrCSRSCARS χωωχωωχωωχ +−+−=− )()()( 3
)3(

3
)3(

3
)3(

 
 

where 
)3(

CARSχ  and 
)3(

CSRSχ  are the resonant and nrχ  is the non-resonant contribution. Note that 
the previous model lacked the second term. The intensity of the CARS signal is finally 
depending on the expression below: 

 
2

3
)3(

3
)3( )(21)(21 nrCSRSCARSI χωωχωωχ +−+−∝

 
 

The inclusion of the CSRS term results in one additional resonant term, one cross-term with the 
non-resonant susceptibility and one cross-term with the CARS susceptibility (branch cross term). 

                                                 
1Université de Bourgogne, France 
2Sandia National Laboratories, USA 
3Université de Franche-Comté, France 
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It was found that the first of these do not add any significant intensity, but that the two cross-
terms play an important role as the pressure is increasing, which is connected to the linear 
pressure-dependence of collision linewidths [Afzelius et al., 2002a], see Figure 3.3. 

The improved rotational CARS model was used with the rotational linewidths from Dijon in a 
third evaluation of the high-pressure data [Afzelius et al., 2002b]. The evaluated temperature 
agreed very well with the measured room temperature, see Figure 3.4, and the spectral fit was 
significantly improved compared to earlier evaluations, see Figure 3.5. 

Rotational CARS thermometry relies on a detailed model in order to extract temperature 
information from experimental spectra. An important input parameter is the linewidth data set. 
Under the conditions mostly encountered in combustion diagnostics, from atmospheric pressure 
up to several MPa, the rotational Raman linewidths of nitrogen, oxygen and other related 
molecules are pressure broadened. The importance of correct linewidths is of course increasing 
with pressure, as was discussed in the previous section. 

The linewidths used for nitrogen and oxygen have so far been deduced from vibrational Q-
branch linewidths, except for the room-temperature S1-branch linewidths mentioned in relation 
to the high-pressure work. It is thus interesting to study the difference between rotational and 
vibrational linewidths, and the processes causing the broadening in order to better describe the 
line shapes in a rotational CARS model. 

In order to strengthen our knowledge at the department in this subject, we have had deep and 
continuous cooperation with the theoretical group at the university of Franche-Comté 
(Besancon, France) since two years. The purpose has been twofold; to transfer knowledge on the 
broadening processes and the various models used to calculate linewidths in general, and to work 
more deeply with a semiclassical ab initio model (RB model) proposed at the laboratory of 
Besancon in 1979. The strength of an ab-initio model is that linewidths can be calculated from a 
given intermolecular potential, and thus in principle, does not need experimental data on the 
linewidths provided that an intermolecular potential exists. However, the proper procedure is to 
compare experimental data when such are available and evaluate the accuracy of the 
intermolecular potentials available and of the model itself. Unfortunately, high-resolution 
linewidths are rarely accessible for a specific molecule, and in most cases the data is not extensive 
enough for our purposes, thus the possibility to calculate such linewidths when there is a 
molecular potential available is a clear advantage. The focus so far has been at mixtures of 
nitrogen and carbon monoxide, which will be reviewed below. 
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Figure 3.3. A calculated spectrum decomposed in the CARS 
contribution (solid line – old model), the CSRS resonant 
term (dashdot line), the CSRS cross term (dashed line) and 
the branch cross term between CARS and CSRS (dotted 
line). The spectrum is calculated at 5 MPa and 295 K. 

Figure 3.4. Temperature as a function of pressure, 
evaluated with three different models. (diamante) Old 
model (CARS lines), (circle) new model (CARS and CSRS 
lines) and old linewidths, and (square) new model with 
experimental S1-branch linewidths from Dijon. 
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Figure 3.6. Semi-classically calculated rotational S-branch line 
broadening coefficients for CO-CO (down-triangle), CO-N2 
(circle), N2-CO (up-triangle) and N2-N2 (square), at 
temperatures of 295 and 1000 K (the upper and lower sets of 
lines respectively). 
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Figure 3.5. Experimental rotational CARS spectra of pure 
nitrogen (solid lines), plotted together with best-fitted 
theoretical spectra (dotted lines), and residual spectra 
(bottom solid line), using the three different models 
mentioned in Figure 3.4. The comparison is done at 3.0 
MPa. In each graph the evaluated temperature from the 
best fits are indicated. 

Figure 3.7. Example of an experimental spectrum of the 
mixture 75 % CO and 25 % N2. The spectrum is an average 
over 200 laser shots. The spectral fit gave the temperature 601 
K and the relative CO concentration 26.9 %. The residuals of 
the fit are also displayed (lower curve). The temperature as 
measured by thermocouples was about 602 K and the relative 
concentration was 25.7 according to the supplier of the 
mixture. 

During 2003 we have worked on a rotational CARS model for carbon monoxide. Carbon 
monoxide can have high concentrations in fuel-rich regions of flames, which is in regions where 
theoretically there is an excess of fuel for a complete combustion to carbon dioxide and water. 
For instance in sooting regions of flames, the carbon monoxide mole fraction can be as high as 
0.10-0.15. Although the anisotropic polarisability and thus the signal strength is lower than for 
nitrogen, spectral contribution from carbon monoxide may be so high that it need to be 
accounted for. Moreover, carbon monoxide can act as a fuel itself and be used for detailed 
laboratory flame studies. Therefore we have developed a rotational CARS model for pure carbon 
monoxide and in mixture with nitrogen. 

Experimental linewidths of the Q-branch exist for pure CO and N2, but no data was available on 
the line broadening of N2 caused by CO and vice-verse. Therefore a thorough study of the 
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complete set of linewidths for the system N2-CO was performed within the frame of semiclassical 
RB calculations, for all the populated rotational levels and in temperature range of 300 – 1000 K, 
see Figure 3.6. 

A set of rotational CARS measurements was done in the range of 300 to 700 K, which was the 
upper limit of the measurement cell used. Spectra of pure nitrogen and carbon monoxide, and of 
two mixtures, 75% CO - 25% N2 and 40% CO - 60% N2, were recorded by averaging 200 laser 
shots. A typical result is displayed in Figure 3.7. The present results will be published in 2003. 

3.1.3 Proper Statistical Evaluation of (Spectroscopic) Experiments 

J. Walewski, T. Metz, and C. F. Kaminski1 

Data evaluation is a recurrent task in experimental physics, especially when seeking to quantify 
measurands as, e.g., temperature and gas velocity, from measurement data. Since the 
measurement process, and in some circumstances even the measurands sought, are subject to 
random variation, the experimenter has to apply statistical evaluation schemes in order to 
estimate the true value of the measurands sought and the precision of the estimate itself. 

There exist copious statistical evaluation schemes, but some experimenters are not aware of the 
fact, that these schemes usually only are valid for certain types of statistical variations and 
measurement situations. In the end of the prior biennial period we launched a project in which 
this topic has been addressed. First, we reviewed the concepts and methods available from the 
field of statistical inference and investigated then, if evaluation schemes commonly applied to 
laser-spectroscopic experiments actually are valid for these types of experiments. 

In laser-based combustion diagnostics the most common excitation source is a pulsed laser. The 
output energy from this type of lasers is subject to intrinsic pulse-to-pulse fluctuations, which 
induce a correlated variation of signals induced by the laser light. Our investigations showed, that 
many of the commonly applied evaluation schemes, e.g. simple least-squares fitting, do not 
consider this fluctuation, and they result thus in estimates of poor precisions and in some cases 
even of poor accuracy. We demonstrated both effects in two independent studies. 

In the first investigation we applied the evaluation scheme recommended by the International 
Union of Pure and Applied Physics2 to a temperature measurement with two-line atomic 
fluorescence [Nygren et al., 2001a]. This evaluation scheme accounts for the fluctuations 
described above, and it yielded an up to two times higher precision than commonly applied 
evaluation schemes. The precision was also found to be close to the upper theoretical limit. The 
evaluation scheme applied is numerically very simple and no computation-immersive data 
treatment is necessary. 

The aforementioned fluctuations of the laser pulse energy are of even greater concern in non-
linear spectroscopy. Here the fluctuations result in an amplified variation of the signal, and due 
to the nonlinear dependence on the pulse energy, the distribution of the signal is distorted 
compared to the laser fluctuation. Common curve fitting procedures do not consider this effect. 
We developed therefore a fitting scheme that is based on a realistic measurement model 
comprising this effect of laser fluctuations. We succeeded in deriving a fitting scheme for which 
standard least-squares software may be utilized, applying a linear transformation to the data 
during the fitting [Metz et al., 2002a]. A synthetic power dependence scan from a simulated 
polarisation spectroscopy experiment is shown to the left in Figure 3.8. This curve mimics 
recorded ones in an experiment described elsewhere [Walewski et al., 2001]. We generated 1000 

                                                 
1Department of Chemical Engineering, University of Cambridge, U.K. 
2International Organization for Standardization, ‘Guide to Expression of Uncertainty in Measurement’, 2nd edition, 
Geneva, Switzerland, 1995. 
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similar data sets being object to random variation of the laser energy and to detector noise (see 
[Metz et al., 2002b] for a detailed discussion). To the right in Figure 3.8 the outcome of fitting a 
phenomenological model to these curves is shown. Several least-squares fitting schemes and our 
novel method where applied to all data sets and the scatter of an estimated parameter — the so-
called polarisation spectroscopy saturation intensity Isat — is depicted as error bars in terms of the 
deviation of the estimate from the true value. This example demonstrates clearly, that common 
fitting schemes may yield systematically biased estimates when applied to nonlinear experiments. 
Additionally, our scheme features a superior precision close to the theoretical limit. 
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Figure 3.8. Left: Synthetic power dependence scan for a polarisation spectroscopy experiment (see [Walewski st. al., 
2001] for a detailed description of the experiment). Right: Several fitting schemes were applied for the fitting of a 
model function to 1000 of such curves, all curves being subject to random laser fluctuations and detector noise. LSQ: 
Simple least-squares fitting; WLSQ: weighted least-squares fitting; cov WLSQ: weighted least-squares fitting in which 
the statistical correlation of signal and laser energy is considered; bias corr WLSQ: our novel fitting scheme. The 
yielded estimates are depicted as deviations from the known true value. Notice the different precision of the fitting 
schemes and the significant bias of the  common ones (LSQ,WLSQ and covWLSQ). 

The above work was also presented at conferences [Metz et al., 2002a; Walewski et al., 2001a], in 
lectures and additionally a PhD course was developed and given to graduate students at our 
division in order to effectively circulate the findings of our investigations. Additionally we 
developed a program interface in MATLAB, with which one may carry out weighted and 
covariant weighted least-squares fitting and even our novel fitting scheme. The interface is 
provided as a open-source package on http://www.mathworks.com/matlabcentral/fileexchange/ and 
has experienced over 1500 downloads within the last three years. 

Investigations to come are planned to encompass long-term non-stationary laser fluctuations, and 
we will also continue with our critical screening of common data evaluation schemes in laser 
spectroscopy. 

3.1.4 Phenomenological Model of Polarization Spectroscopy 

J. Walewski, C. F. Kaminski1, S. F. Hanna,2 and R. P. Lucht2 

One of the main impediments for turning polarisation spectroscopy into a quantitative tool for 
combustion diagnostics is the lack of a both realistic and general, but yet practical theory of this 
method. Established theoretical models of polarisation spectroscopy can be divided in analytical 
and numerical ones. The analytical models are commonly only valid for non-saturating 

                                                 
1Department of Chemical Engineering, University of Cambridge, U.K. 
2Department of Mechanical Engineering, Texas A&M University, USA. 
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excitation intensities and predict erroneous spectral lineshapes. Furthermore, they do not 
quantify the susceptibility of polarisation spectroscopy signals to collisions in the probe volume; 
these theories do in other words not allow to deduce number densities of probed constituents 
from recorded signals. The hitherto only existing numerical model, developed by Lucht and co-
workers,1 overcomes these shortcomings, but it relies on an a-priori knowledge of a wealth of 
physical quantities, e.g., the constituent’s number density, which may be the very same quantities 
one seeks to determine from signals recorded. This approach is also computationally onerous, 
resulting in days of computation for rather simple experiments. 

To bridge this gap between ‘user-friendliness’ (analytical model) and correctness of the theory 
(numerical approach), we presented a phenomenological model of the signal generation process 
in polarisation spectroscopy [Walewski et al., 2001a,b, 2002]. This model is based on a simple 
two-level approach and describes properly polarisation spectroscopy saturation line shapes as well 
as spectral lineshapes. The model was successfully compared with the aforementioned numerical 
model and with measurements. Although this model predicts that saturated polarisation 
spectroscopy will allow to measure species number densities without any need to correct for local 
collision rates [Walewski et al., 2002], it fails, unfortunately, in describing saturated polarisation 
spectroscopy signals from homogeneously broadened lines. This broadening type is 
predominating for light combustion species (e.g. OH) and visible/UV excitation at moderate and 
subatmospheric pressures. Future work in this field will focus on the development of our 
phenomenological model in order to cover the inhomogeneous line broadening, too. We are also 
planning a measurement campaign with which we strive to proof, that in saturated polarisation 
spectroscopy recorded signals do not depend on local quenching and collision rates. This would 
make polarisation spectroscopy an attractive diagnostic tool compared to the popular but 
collision-sensitive LIF technique. 

3.1.5 Polarisation Spectroscopy in Sooting Combustion 

J. Walewski, M. Rupinski, Z. Alwahabi2 and Z.S. Li 

Coherent, resonant spectroscopy in sooty environments has been our interest since the late 
1990s. In the activity report for 1997–1998 we reported on successful mapping of OH in 
sooting flames by use of polarisation spectroscopy. We demonstrated, that, although the 
polarisation spectroscopy signal resides at the same wavelength as scattering from soot, OH may 
be detected with but minor inference from the scattered light. This attractive feature stems from 
the coherent nature of the polarisation spectroscopy signal, which stays in contrast to the 
incoherent nature of the spurious scatter. 

During this biennial period we concluded our study on coherent spectroscopy in sooty 
environments by conducting two measurement campaigns. The aim of the first campaign was to 
investigate, whether polarisation spectroscopy may be applied not only for imaging flame 
radicals, but also for imaging soot volume fractions. This relies on a approach developed by 
Bengtsson et al.3 The general idea is to fragmentise soot by irradiating it with intense laser light. 
Amongst others, C2 molecules emerge as fragments and any kind of species-sensitive spectroscopy 
technique may then be applied to measure the number density of C2. This number density has 
been shown to be proportional to the soot volume fraction. Hitherto LIF has been applied for 
this step. 

                                                 
1T. A. Reichardt and R. P. Lucht, J. Chem. Phys., 109(14):5830–5842, 1998; Giancola et al., J. Opt. Soc. Am. B, 
17(10):1781–1793, 2000. 
2School of Chemical Engineering, The University of Adelaide, Australia. 
3P.-E. Bengtsson and M. Aldén, Comb. Sci. Technol.,77(4–6):307–318, 1991. 
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We varied this approach by inducing polarisation spectroscopy signals in the photo-induced C2. 
Soot volume fractions were successfully imaged in fuel-rich acetylene/oxygen flames. 

Figure 3.9 shows an example for the pure diffusion case ( ∞=OC / ). The photo-induced C2 was 
mapped at four heights over the weldingtype nozzle. The signal maps shown in the second 
column of Figure 3.9 clearly track the formation of soot at lower heights and the growth and 
agglomeration of the soot particles at larger heights. 

 

  

Figure 3.9. First column: Pure acetylene-diffusion flame on a welding-torch nozzle. Four circular cross 
sections of 6mm diameter and a height scale (right) are shown. Second column: Polarisation spectroscopy 
signal form C2 for the corresponding cross sections. All signal maps including column three are normalised on 
the largest prevailing signal (3.6 cm). The signal at the lowest height is fairly weak, since the soot volume 
fraction is rather low. For the three lower heights the cylindrical structure of the flame (air / flame front / fuel 
/ flame front / air) is readily resolved. For the largest height the soot-containing zones merge together. Third 
column: Scatter for the same cross sections. This background stems mainly from particulate scattering of the 
pump beam at the soot particles. Notice the pronounced dependence on the height. 

Column three in Figure 3.9 shows that this detection scheme is prone to spurious scatter. In our 
second campaign we addressed therefore the inference of soot with polarisation spectroscopy. 
First, we investigated the origin of the scattering seen in Figure 3.9. We found that the scattering 
is induced by the polarization spectroscopy pump beam and not by the intense evaporation 
beam. It turned out, that this interference actually stems from elastic, particulate scatter, which 
tends to propagate in the same direction as the perturbing beam. The crossing angle of pump 
and probe beam was only 5° in our experiment. When increasing this angle the scattering 
observed decreases rapidly, unfortunately at expense of a weaker polarisation spectroscopy signal 
from C2. 

Soot is known to alter the polarisation state of light. We investigated therefore also, whether and 
how soot may limit the sensitivity of polarisation spectroscopy. It was found that soot indeed 
turns the linearly polarised probe beam slightly elliptical. This process alters the beam in the 
same way as the polarisation spectroscopy process, and soot limits hence the lower detection limit 
for polarization spectroscopy. 

The evaluation of these measurements is in progress and the results will be reported in 2003. 
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3.1.6 Tunable Single-Mode High Power Laser System for Combustion 
Diagnostics 

Z.S. Li, M. Afzelius and M. Aldén 

In order to perform quantitative spectroscopic measurements in laser combustion diagnostics, 
tunable, narrow-bandwidth and high peak-power lasers are frequently required. A new laboratory 
based on a single mode high-peak power Alexandrite laser PAL 101 (Light Age) has been set-up 
within Combustion Physics Division during the last two years. 

The new laser is a 10 Hz pulsed system, which is composed of a ring-cavity laser and a narrow-
bandwidth continues-wave seeded diode laser. Single-mode operation is achieved by the seeder 
injection and a special Q-switch system1. Some important characteristics are listed in the table 
below. 

Pulse energy 150 – 200 mJ 

Pulse duration ~ 90 ns 

Peak power 1 MW 

Tunable wavelength region 739 – 785 nm 

Single-mode scanning range > 30 GHz 

Line width < 60 MHz 

Because of the high peak power, conventional non-linear frequency conversion schemes can be 
adopted with high conversion efficiency. By stimulated Raman scattering in H2 and D2 (70% 
energy conversion efficiency to the first Stokes component in H2 has been observed), frequency 
doubling (typical energy conversion efficiency 20%) and frequency tripling (typical energy 
conversion efficiency 10%) in nonlinear crystals. The wavelength can be tuned from 220 nm in 
the deep UV to 2.2 microns in the near infrared with pulse energies larger than 5 mJ in the 
whole spectral region. 

                                                 

1 P. Bakule et al., Appl. Phys. B 70, 1 (2000). 
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For instance, a highly resolved 
CO Q-branch spectrum 
achieved by Doppler-free two-
photon laser-induced 
fluorescence in a low-pressure 
CO cell is shown in Figure 
3.10. The 230 nm (>5 
mJ/pulse) excitation laser 
beam was obtained by firstly 
frequency doubling the 
fundamental output 772 nm 
to 386 nm, then by Raman 
shifting to the first Stokes 
component in H2 at 460 nm 
and finally frequency double 
this to 230 nm. 

A laser-frequency diagnostic 
system has been built to 
monitor and record the 
relative frequency change and 
the absolute frequencies 
during an automatic scan. The system is composed of a 300 MHz free spectral range confocal 
etalon and an I2 LIF measurement system. The etalon transmission curve provides a relative 
frequency marker by which a relative frequency scale can be calculated with a typical accuracy of 
±50 MHz. In most experimental set-ups it is possible to generate a beam at the strong absorption 
wavelengths of Iodine (we have worked between 550 and 610 nm). With the dense I2 spectrum 
the relative frequency scale can be calibrated to yield absolute frequencies with a typical accuracy 
of ±100 MHz and the free spectral range of the etalon can also be calibrated by comparing the 
relative peak positions of the I2 spectrum. An example is shown in Figure 3.11. 

Applications of the new laser 
system will be discussed in 
the following three sections. 
Several different kinds of 
projects have been scheduled 
in the future with this 
unique laser system. For 
instance, two-dimensional 
velocity measurements1, 
high-resolution line shape 
and line shift measurements 
of intermediate radicals in 
combustion (CN, HCO, 
H2CO etc.) employing 
different spectroscopic 
techniques (LIF, PS, 
DWFM, etc.). 

                                                 
1 U. Westblom and M. Aldén, Opt. Lett. 14, 9 (1989). 
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Figure 3.10. Doppler-free CO Q-branch spectrum obtained by two-photon 
laser-induced fluorescence in a cell with 10 mbar CO. 
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Figure 3.11. An example of an Iodine absorption spectrum (upper curve) and a 
transmission spectrum of the etalon (lower curve). The etalon curve gives the 
relative frequency scale and the absolute scale in the figure has been calibrated 
with the I2 spectrum. 
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3.1.7 Filtered Rayleigh Scattering for Temperature Imaging in Combustion 
Environments 

J. Zetterberg, Z.S. Li, M. Afzelius and M. Aldén 

Laser-induced Rayleigh scattering is a powerful diagnostic tool for the study of gases in 
combustion environments. A good review paper was published by Miles et al. in 20011, see also 
references there in. Due to its ‘simple’ mechanism and relatively strong scattering cross-section 
(which is generally 1000 times stronger then Raman scattering), laser- induced Rayleigh 
scattering is one of the most promising methods for quantitative two-dimensional gas density or 
temperature (the density measurement can be converted to temperature with the pressure 
known) measurements. However, for its elastic nature, spectral filtering has to be applied avoid 
background interference. 

In a gas-phase sample, elastically scattered light from molecules will be shifted from the 
wavelength of the irradiating laser line due to the translational motion of the molecules. This 
Doppler shift will cause the temperature 
broadening and collisional shift will cause 
the pressure broadening. These broadenings 
can be used to separate part of the gas-phase 
scattering from other contributions, for 
example, the scattering from optical 
windows. The soot particles in a sooting 
flame move much slower compared with 
molecules, so the scattered light from those 
particles will not be shifted from the 
irradiating laser line.  

The basic idea of the Filtered Rayleigh 
Scattering (FRS) is shown schematically in 
Figure 3.12. By using a super narrow filter, 
the scattering light from slowly moving 
particles (Mie scattering) and multi-scattering from optical windows will be blocked and part of 
the broadened scattering from molecules will be transmitted and then detected by the ICCD 
camera behind the filter. As a result, a ‘clean’ image can be obtained for the temperature analysis. 

There are two critical points in doing FRS. The first is the need of a narrow filter with a steep 
slope in its transmission curve, which can block efficiently the un-shifted scattering light while 
transmitting part of the broadened scattering light. The other is a suitable laser system, which 
need to have a line width much narrower than the Doppler broadening and a tunability to be 
tuned to the filter absorption frequency. The power of the laser is also important in getting 
reasonable strong signal. 

In the present work, a quartz cell filled with single isotope atomic mercury Hg202 has been used 
for the FRS purpose. The strong resonance absorption line of Hg atoms at 254 nm formed the 
notch filter to absorb sufficiently the un-broadened scattering. The reason of using single isotope 
is to simplify the absorption profile of the filter to a single hyperfine-structure line and thus 
simplify the modeling in data analysis. The transmission curve of the mercury filter was measured 
experimentally and then fitted with a theoretical model.  

                                                 

1 R. Miles et al., Meas. Sci. Technol. 12, 33 (2001). 

 

Figure 3.12. Schematic spectral profiles of excitation 
laser, molecular Rayleigh scattering and filter 
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The fundamental output from the PAL-101(see section 3.1.6) laser system was frequency tripled 
to obtain the required 254 nm with a line width less than 100 MHz, pulse energy 20-30 mJ and 
pulse duration about 100 ns. 

Open air flames of different air/fuel ratios have been studied using the FRS method. The 
vertically polarized 254 nm laser beam from the single-mode PAL 101 laser system was focused 
to a vertical laser sheet through the flame of a Bunsen burner. Perpendicular to the laser beam, an 
ICCD camera was utilized to image the laser sheet/flame intersection through the mercury filter. 

  

Figure 3.13. 2D temperature measurement of an acetylene/air premixed flame, Φ = 1.21 (left), and Φ = 2.98 
(right). The temperatures are given in Kelvin. 

Figure 3.13 shows the 2D temperature imaging of an acetylene/air premixed flame of two 
different stoichiometric mixtures. Tenti’s code1 has been used to model the Rayleigh scattering 
line shape. The detailed information can be found in Zetterberg’s master thesis [Zetterberg, 
2003]. 

In summary, the FRS method used in the present work has the following merits. Firstly, mercury 
is an ideal choice for an atomic filter and provide very high extinction ratio even at room 
temperature (~10-10 for a 10 cm long cell at 300 K). Secondly, as the Rayleigh scattering cross 
section is proportional to 1/λ4, the UV light is much in favor for the Rayleigh signal. The present 
investigation has indicated that this method can be readily applied to ‘dirty’ environments or 
combustion studies close to surfaces. 

3.1.8 Infrared LIF Probing of CO2 Ro-Vibration Combination Band 

Z.S. Li, J. Zetterberg, Z. Alwahabi2 and M. Aldén 

Laser-induced fluorescence has been widely applied in combustion diagnostics for its high 
detection sensitivity and ease of implementation. However, the conventional LIF has been 
limited to the detection of chemical species that have accessible low-lying electronic states. 
Probing the molecular ro-vibrational transition by infrared excitation is always attractive for the 
combustion diagnostic community, as many important combustion species such as CO2, CO, 
H2O, C2H2 etc. are accessible. Infrared imaging diagnostics have undergone rapid expansion in 
recent years due primarily to the advance of infrared laser systems and the improved performance 
of infrared CCD cameras.3  

                                                 
1 G. Tenti et al., Can. J. Phys, 52, 285 (1974). 
2School of Chemical Engineering, University of Adelaide, Australia. 
3 B. J. Kirby and R. K. Hanson, Appl. Opt. 41, 1190 (2002). 
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In the present work, infrared LIF of CO2 has been studied by probing the combinational band 
(1201) – (0000) with a 2 µm laser. Again the PAL 101 laser system (see section 3.1.6) provided 
the excitation laser beam. The fundamental output at around 752 nm was Raman shifted in a 
cell filled with high pressure H2 gas. About 5 mJ at the second Stoke component at around 2 µm 
was obtained. By fine tuning the laser frequency, the R (16) line of the above mentioned CO2 
combinational band was excited. The fluorescence from the transition (1201) – (0201) at 4.3 µm 
was detected. 

Through an optical system, a vertically polarized 
infrared laser sheet of 10 mm width was formed 
with 2 mJ per pulsed. The laser sheet was sent 
through the middle of a free CO2 jet from a 5 mm 
diameter nozzle. A planer Laser–Induced 
Fluorescence (PLIF) image was obtained by imaging 
perpendicularly to the laser sheet the fluorescence 
from the intersection region with an InSb camera 
(Santa Barbara Focal plane SBF L134) filtered with 
a 3-5 µm band pass filter. A single shot IR PLIF 
image of the CO2 jet is shown in Figure 3.14. 

In order to quantified the IR PLIF image to CO2 
concentration, many effects such as quenching, 
collisional line broadening and shifting with 
different colliding partners, radiation trapping, etc. 
have to be well taken care of. In Figure 3.15, a 
highly resolved excitation scan spectra of the R (16) line was shown. The CO2 molecules were 
prepared from an open air free jet.  

 

Figure 3.15. LIF excitation scan of CO2 (0000) → (1201) R(16) line(dot). The etalon interference fringes (FSR 
300 mHz) and I2 reference lines (solid) are also plotted. 

The fluorescence was detected with an InSb detector (Judson J10D) through a narrow band 
width (200 nm width) filter centered at 4.26 µm and recorded by a boxcar integrator (SRS SR 
250). A small portion of the 752 nm beam was sent to a 300 MHz Free Spectral Range (FSR) 

 

Figure 3.14. IR PLIF of CO2 flow from a 5 mm jet. 
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con-focal etalon (Coherent) and the periodic transmission curve as scanning the laser was 
recorded with another channel of the boxcar integrator, which served as the frequency scale 
marker. The first anti-Stokes component at around 560 nm from the Raman shifter was 
separated and directed to an I2 cell. The LIF from the I2 molecules was collected by a 
spectrometer/PMT system and recorded with the third channel of the boxcar integrator. While 
scanning the laser, an I2 excitation spectrum was obtained to serve for the frequency calibration. 
Figure 3.15 shows an example of three simultaneously recorded spectral curves. The absolute 
frequency of the detected CO2 line can be readily calibrated. 

A thoroughly investigation of the IR LIF of the CO2 line had been performed, which included 
the collisional line broadening and shifting for different colliding partners and pressures, pressure 
dependant LIF depolarization ratio, radiative lifetimes over different circumstance and saturation 
effects. Stimulated emission in the low pressure region was also observed. 

As the majority part of the experimental data of these measurements is still under analysis, more 
detailed results will be reported in 2003. 

3.1.9 Infrared Laser Polarization Spectroscopy 

Z.S. Li, J. Zetterberg, Z. Alwahabi1 and M. Aldén 

Polarization Spectroscopy (PS) is a pump-probe experiment where the pump and probe beams 
(mostly from the same laser) are crossed at the measurement location. When tuning the laser to 
the frequency of a transition of the atoms or molecules in the probe region, an optical anisotropy 
will be introduced by the strong pump beam among the magnetic sublevels of the probed 
transition. The anisotropy can be detected by the weak probe beam between two crossed 
polarizer. As a fully resonant process and involving the null background, PS holds a great 
potential for combustion diagnostics. The use of crossed, pulsed laser beams can provide high 
spatial and temporal resolution and this technique had been demonstrated for a two-dimensional 
measurement2. As the signal is contained in a coherent laser-like beam, PS can be applied for 
probing luminous environments with remote detection, which is especially important in the IR 
spectral region, where the thermal radiation is usually hard to filtered away. 

In the present work, the IR-PS has 
been investigated using the same 
CO2 transition as the one utilized 
in IR-LIF study in the previous 
section. The experimental setup is 
shown in Figure 3.16. The co-
propagating geometry was 
adopted with a 5.7 degree pump-
probe beam angle. The pump 
beam was circular polarized and 
the probe beam was horizontally 
polarized. Both beams were 
focused together in the probe 
region with 60 cm focal length 
spherical lenses. A He-Ne laser beam was spatially overlapped with the infrared beam to visualize 
the IR beam for alignment purpose. The BBO polarizers have been used to measure the 
polarization rotation of the probe beam. The extinction ratio of the polarizer pair was measured 

                                                 
1School of Chemical Engineering, University of Adelaide, Australia. 
2 K. Nyholm, et al., Opt. Lett.18, 1672 (1993). 

Figure 3.16. Partial schematic Experimental set up for IR Polarization 
spectroscopy. 
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to be 1.4⋅10-6. The IR-PS signal was detected with an InSb detector in the far field. An open air 
free gas jet provided the CO2 molecules in the probe region. An excitation scan of the PS 
spectrum of the R (14) line is shown in Figure 3.17. The laser frequency was calibrated in the 
same way as described in previous section. 

Figure 3.17. PS excitation scan of the R(14) line from CO2 (0000 - 1201) band (dot). The etalon interference 
fringes (FRS 300 MHz) and I2 reference lines (solid) is also plotted. 

In Figure 3.18, the line 
integrated intensity versus 
concentration-squared in 
atmosphere jet of CO2 
diluted with N2 is plotted. 
The linearity appeared in 
the plot is promising for a 
quantitative detection.  

More investigations have 
been performed, which 
include laser power 
dependence measurements, 
collision effects, the 
influence from laser induced 
super radiation, etc.. 

The evaluation of these 
measurements is in progress 
and the results will be reported in the near future. 
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Figure 3.18. Line integrated PS intensity against CO2 concentration. 
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3.1.10 X-ray Studies of Nano-Particles and Their Precursors in Relation to 
Combustion 

F. Ossler and J. Larsson 

The project is aimed at in-situ characterization of molecular growth and particle inception during 
combustion. In particular interest is addressed to characterizing the aromatic structure and 
content. The project is mostly carried out on beam line D611 at MAXLAB, Lund. Synchrotron 
radiation in the range between 2 and 10 keV is used as a radiation source. The project has 
reached to a point where most of the instrumentation is ready and the first measurements of the 
angular distribution of scattered intensity have been performed for a flame. X-ray radiation from 
the synchrotron source at 7 keV (1.7712 Å wavelength) energy was used to investigate molecular 
structure and the structure of particles formed during combustion. The scattered radiation was 
collected angularly resolved between 22° and 155°. Scattering patterns were collected from air 
and butane gas during combustion. A heat sink 5 cm above the burner was used to cool the flame 
and enrich soot formation. Scattering from the soot condensed on the heat sink was strong 
enough to enable an evaluation of the size of the aromatic structure inside the condensed 
material. The results can be seen in Figure 3.19. The current effort is aimed at increasing the 
signal-to noise ratio to enable hot-gas measurements. 
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10000000

100000000

1000000000

20 30 40 50 60 70 80 90 100 110 120 130 140 150

Scattering angle (deg)

In
te

ns
ity

 (a
.u

.) C1.4Å, perylene
C1.4Å, dbpp
C1.4Å, naphthalene
Condensed soot
graphite 3.4 Å inter, Bragg

Figure 3.19. Comparison of measured (Condensed soot) and calculated scattering patterns (molecular) for perylene, 
dibenzo-peropyrene and naphthalene. The carbon-carbon bond was 1.4 Å. The figure shows also the positions of the 
Bragg reflections for a system with an interplane distance of 3.4 Å between graphitic layers. 

 



3.2. TECHNIQUE APPLICATIONS 23

3.2 Technique applications 

3.2.1 Development of Laser-Induced Incandescence 

H. Bladh, B. Axelsson and P.-E. Bengtsson 

One of the major problems with the use of combustion as a power source is the emissions. For 
this reason much effort has been put into decreasing the pollutants from automotive vehicles. 
Here laser diagnostics can play a fundamental part, since it makes it possible to monitor 
pollutants in-situ, with high temporal and spatial resolution. One of the major pollutants from 
combustion is soot. Soot is formed in combustion processes where the fuel cannot be completely 
burned – a situation that for instance occurs in Diesel engines. Measurements of both the volume 
fraction and size of the soot particles may serve as an invaluable help in the quest for lowering the 
emissions from such vehicles. 

Laser-induced incandescence is a technique where soot particles are illuminated by a short laser 
pulse. The soot absorbs the radiation and transforms the energy into heat, which gives rise to 
strong thermal radiation that can be collected by a suitable detector. Measurements of the 
integrated signal yield the soot volume fraction, whereas time-resolved measurements may yield 
the soot particle size. However, this later application of the technique puts great demands on the 
interpretation of the signal. The soot particle size is related to the time it takes for the particle to 
cool after being subjected to the laser pulse and this is a rather complex process. To successfully 
interpret data from time-resolved measurements a model treating the heat and mass balance of 
the soot particles is needed. The last years work in soot diagnostics have mainly focused on 
improvements of the current LII-model [Bladh et al., 2002] and this work will be followed by 
specially designed measurements in order to validate the model.  

The spatial profile of the laser is important since it divides the measurement volume into 
essentially two spatial parts where one part consists of particles illuminated with lower intensity 
not capable of initiating vaporization, and another part illuminated with higher intensity which 
makes some of the matter vaporize. Contributions from these different regions thus result in 
time-resolved signals that can be rather hard to interpret.  

The current model calculates the time-resolved LII signal for a discrete number of laser intensities 
and adds them in portions determined from the choice of spatial profile as illustrated in Figure 
3.20. 

 

a)                                              b)                                                                c) 

Figure 3.20. The three different spatial laser profiles. The tophat profile(a), the Gaussian sheet(b) and the Gaussian 
beam(c). 
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Apart from the tophat distribution (a) the Gaussian sheet (b) and Gaussian beam (c) have been 
investigated. The integrated LII signal plotted as a function of the laser fluence shows different 
behavior for these three profiles as shown in Figures 3.21 and 3.22. 

 

Figure 3.21. Fluence curves from 100 ns gate starting 
before the laser pulse 

Figure 3.22. Fluence curves from 18 ns gate starting 20 ns 
after start of laser pulse. 

The behavior seems to be rather different between the three types of laser profile. Since the 
vaporization process decreases the particle temperature this process is counteractive to the laser 
intensity that increases the temperature. For a tophat profile where all particles are undergoing 
the same process, it is obvious that the energy loss from vaporization is large over a certain peak 
fluence. Therefore the fluence curve shows a rather sharp maximum and then decreases for 
higher fluencies. For the Gaussian beam and Gaussian sheet where only a fraction of the particles 
undergoes vaporization, this process have a smaller impact on the fluence curve. For the Gaussian 
sheet there seems to be a large range of fluencies at which the signal is constant. This has been 
observed experimentally and is often called the plateau region.  

The model has also been extended to take particle size distributions into account. As for the laser 
intensity, weighted results from the previous model is used to form the overall signal 
contribution. Assuming a monodisperse distribution when the real distribution in fact is a 
Gaussian, will give rise to an overestimated particle size. The relative errors can be as large as 
18% between the monodisperse size and the mean particle size for Gaussian distributions with a 
FWHM of 60% of the mean size – a distribution that rather well can serve as an approximation 
of the real case. 

3.2.2 Investigations of Knock in Spark-Ignition Engines 

P.-E. Bengtsson, C. Brackmann and H. Bladh 

The project dealing with laser diagnostics for studies of engine knock in engines is part of a larger 
national project. In the first phase of the project, rotational CARS for temperature measurements 
was developed and applied in spark-ignition engines. Most of this work has been published in 
previous biannual reports, but some papers were published during this period [Grandin et al., 
2002b, Grandin et al., in press]. In the second phase of the knock project the focus has been on 
the development of laser techniques to non-intrusively visualise different parameters, mainly 
flame front propagation and exothermic centres in the combustion chamber. Two measurement 
series have been conducted in an AVL optical engine – shown in Figure 3.23 – at the 
Department of Thermo and Fluid Dynamics (TFD) at Chalmers University of Technology. The 
first campaign took place in the fall of 2001, and the second in the fall of 2002. 
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In the first campaign methods for visualisation of unburned regions were investigated. One was 
to excite the fuel tracer 3-pentanone at 266 nm, and the second was to excite naturally produced 
formaldehyde at 355 nm. It was concluded that the concept of using 355 nm gave higher signal 
levels and thereby showed more distinct contrast between burned and unburned regions 
[Brackmann et al., submitted]. The spectrally resolved fluorescence signal from formaldehyde at 
two conditions is shown in Figure 3.24. The similarity between the peaks in both spectra shows 
that we monitor formaldehyde in the engine.  

 

Figure 3.23. The optical AVL engine together with the 
optical detection setup. 

Figure 3.24. Fluorescence spectrum from formaldehyde at 
atmospheric pressure (grey) and from the measurements in 
the engine (black).  

In the second measurement series during the fall of 2002, the concept from the measurement 
series in 2001 was further developed. Now two lasers at the wavelength 355 nm (for excitation of 
formaldehyde) was used together with two CCD-cameras. It was now possible to adjust the time 
between the two laser/CCD-detector systems in such a way that distinct flame propagation was 
observed between the images. An example of a result from a measurement is shown in Figure 
3.25 and Figure 3.26.  

The intense areas show the location of formaldehyde formed by the ignition chemistry in the 
unburned gas. This type of measurement was then also performed for a large number of cycles, 
for different stoichiometries, and different amounts of pre-heating of the inlet air.  

  

Figure 3.25. Laser-induced fluorescence measurements of 
formaldehyde at –2 CAD BTDC. Areas with high intensity 
show the formaldehyde distribution, and indicate unburned 
fuel/air mixtures. 

Figure 3.26. Laser-induced fluorescence measurements of 
formaldehyde at –0.5 CAD BTDC. In comparison with 
Figure. 3.25 (taken in the same cycle), it is seen that the 
flame front has propagated. 
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3.2.3 Experimental Studies of the Pyrolysis Gas of Wood Particles 

C. Brackmann, P.-E. Bengtsson, M. Aldén, K. Davidsson1 and J. Pettersson1 

Experimental studies of the pyrolysis of biomass particles have been performed with different 
optical measurement techniques in a co-operation between the Division of Combustion Physics 
at Lund Institute of Technology and the Division of Physical Chemistry at Göteborg University. 
The Division of Physical Chemistry has designed and constructed a reactor for experimental 
studies of the pyrolysis of single wood particles and investigated the process by mass spectrometry 
of the gas emitted from the particle and by measurements of the weight loss of the particle by 
thermogravimetrical analysis. Recently, studies using molecular beam mass spectroscopy have 
started. 

The optical investigations performed by the Division of Combustion Physics were made as an 
effort to provide additional information about the pyrolysis process. The gas emitted from the 
wood particles during pyrolysis was investigated by absorption measurements and different laser-
induced fluorescence experiments. Optical measurements have been performed at the Division of 
Physical Chemistry in Göteborg simultaneously with the previously mentioned weigth and mass 
spectrometry measurements. As a preparation and a follow up to these combined measurements 
additional optical studies have also been carried out in an experimental apparatus for pyrolysis at 
Lund Institute of Technology. 

a) b)
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Figure 3.27. a) Reactor for studies of pyrolysis of biomass particles. 1. Fall tube for particle. 2. Holder for particle. 3. Mass 
balance. 4. Heater. 5. Indication of argon gas flow. 6. Mass spectrometry probe. b) Experimental apparatus used for 
pyrolysis studies at Lund Institute of Technology. 1. Heat pipe. 2. Openings for nitrogen flow. 3. Biomass particle on 
holder. 4. Beam path for optical measurements. 5. Detection window for optical measurements. 

Results from these studies have been presented in a paper accepted for publication in Applied 
Spectroscopy 57, 2003. More detailed information about the optical measurements can be found 
in this paper together with additional information about mass spectrometry and weight loss 
measurements. 

Figure 3.27 illustrates the two experimental apparatus used for pyrolysis of wood particles. Figure 
3.27a illustrates the reactor designed at Göteborg University. The particles are let into the heated 
environment of the reactor through a fall tube (1) and falls on a balance (2, 3). A probe (6) 
connected to the masspectrometry unit is located in the vicinity of the particle. The apparatus 
used for pyrolysis experiments at Lund Institute of Technology is illustrated in  

                                                 

1Department of Chemistry, Physical Chemistry, Göteborg University 
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Figure 3.27b. It consists of a T-shaped heat pipe (1) flushed with nitrogen to keep an inert 
environment as well as clean window surfaces. The particle is mounted on a holder (3) and 
inserted into the reactor. 

The material studied during the absorption and spectrally resolved LIF measurements made 
together with the Division of Physical Chemistry was cylindrical birch particles with a mass of 
about 70 mg. For the measurements at Lund Institute of Technology larger particles were 
studied with masses of about 400 mg. The imaging laser induced fluorescence experiments 
presented in this report was made on birch cylinder with masses of about 200 mg and a well-
defined orientation of the wood fibres along the cylinder axis. The aim of these latter 
measurements was to investigate the flow of gas out of the particle. 

 

Absorption measurements 

Continous radiation from a deuterium lamp was led through the pyrolysis reactor by a lens 
arrangement. After passing through the reactor the radiation from the lamp was spectrally 
resolved by a spectrometer and detected by an intensified CCD camera. Absorption 
measurements were made continuously during the pyrolysis process and have been performed in 
both experimental setups. 

a)       b) 

300 350 400 450 500
0

20

40

60

80

100

λ (nm)

T 
(%

)

t = 40 s

t = 22 s

t = 31 s

300 350 400 450 500
0

20

40

60

80

100

λ (nm)

T 
(%

)

t = 4 s

t = 27 s

t = 16 s

 

Figure 3.28. Transmission curves registered during pyrolysis at two different temperatures. a) T = 500 °C  b) 800 °C 

The graphs in Figure 3.28 show the transmission through the pyrolysis gas for three different 
times during the pyrolysis of a particle at two different temperatures. The results from the 
absorption measurements performed in both experimental set-ups are similar. The results 
presented in this report are from measurements in the pyrolysis reactor made at Göteborg 
University. The measurements show a broad absorption in the UV region without any distinct 
structures. This illustrates the complex multi-species composition of the pyrolysis gas. 

 

Laser-induced fluorescence 

Laser-induced fluorescence from the pyrolysis gas has been studied both spectrally resolved using 
a spectrometer and in imaging experiments. In the former case an UV laser beam was focused 
with a spherical lens to obtain the focus above the particle. The emitted fluorescence was 
collected to the spectrometer and CCD camera by a spherical lens through a window oriented at 
90-degree angle to the beam passage. This kind of experiment has been performed for four 
different UV laser wavelengths namely, 266 nm, 287 nm, 339 nm and 355 nm.  
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Figure 3.29. Spectrally resolved laser-induced fluorescence from pyrolysis gas for different excitation wavelengths a) 266 
nm, b) 287 nm, c) 339 nm, d) 355 nm 

Figure 3.29 shows LIF spectra from these measurements. Each graph contains three spectra 
corresponding to different times during the pyrolysis process. For all four excitation wavelengths 
the spectrum consists of a broad structure with a maximum located around 400 nm. This broad 
structure is the result of fluorescence from many different species, most probably hydrocarbons. 
For excitation at 355 nm a peak structure can be observed in the spectra detected early in the 
process. The positions of these peaks have been found to correspond to the emission spectrum of 
formaldehyde. Formaldehyde has also been observed in other investigations on pyrolysis of wood. 

Two-dimensional LIF measurements were performed by focusing a laserbeam at 266 nm to a 
sheet. The laser sheet was led straight across the particle and the induced fluorescence was imaged 
by the CCD 
camera, which 
was equipped 
with a Nikon 
f=105 mm lens. 
Figure 3.30 
shows two LIF 
images taken for 
two different 
orien-tations of Figure 3.30. Two LIF images of pyrolysis gas for two different orientations of the wood cylinder. 
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the wood cylinder. The cylinder orientation has been indicated in the upper right corner of the 
images. From these images it can be seen that most of the gas is emitted at the circular end of the 
cylinder.  Since the wood fibres are oriented along the cylinder axis these results indicate that the 
gas mainly flows along the fibres. 

3.2.4 Simultaneous LIF and MIE-Scattering for Studies of Fuel Vaporization 

F. Barreras1 , C. Brackmann, H. Seyfried and M. Aldén 

This project concerns the 
further development of an 
existing method for 
simultaneous studies of the 
liquid and vapour phases in a 
fuel spray. The final aim is to 
apply the method for 
measurements in the high-
pressure burner at the Lund 
University Combustion 
Centre. The method is based 
on a combination of laser-
induced fluorescence (LIF) 
and Mie scattering. An LIF 
signal is obtained by 
excitation of the fuel vapour 
by ultraviolet laser radiation 
and a Mie scattering signal 
can be obtained from 
scattering of laser radiation 
by the fuel droplets. In the initial experiments the fourth and second harmonics from a single 
Nd:YAG laser provided UV radiation at 266 nm used for LIF as well as 532 nm radiation 
utilised for the Mie scattering, see Figure 3.31. A Pellin-Broca prism separated the two beams, 
the 532 nm beam was led through a variable attenuator and then recombined with the 266 nm 
beam. The attenuator made it possible to control the intensity of the 532 nm beam and thereby 
the Mie scattering signal strength. This was necessary to achieve comparable signal strengths for 
the fluorescence and Mie scattering, since they were detected with the same detector. An 
arrangement of lenses was used to create two vertical laser sheets, which propagated through a 
fuel spray generated by a glass nebulizer. The spray was imaged by an intensified CCD camera 
via a pair of aluminium mirrors oriented at different angles. This setup resulted in two images of 
the spray on the CCD camera chip. Two different filters were used to transmit fluorescence 
(BG3 color filter) in one image and MIE scattering (532 nm interference filter) in the other 
image.  

                                                 
1Laboratory for Research in Combustion Technology (LITEC/CSIC) Maria de Luna 10, 50018 – Zaragoza, Spain 
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Figure 3.31. Experimental setup for simultaneous LIF and Mie scattering 
measurements. The components labeled in the figure are quadrupling crystal (2x), 
dichroic mirrors (DM), cylindrical lenses (CL), aluminum mirrors (AM), Schott 
color filter (BG3) and 532 nm interference filter (IF).  
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Figure 3.32 illustrates an example with a LIF 
image and a MIE image obtained 
simultaneously in a Jet A spray. The main 
purpose of these first experiments was to 
acquire knowledge about the technique 
concerning experimental parameters such as 
laser beam geometry, detection setup, laser 
pulse energies required, signal levels etc. 
Further investigations and development of the 
method included time-resolved studies of a 
spray as well as absorption characteristics of the 
fuel, Jet A. The time-resolved experiments were 
performed using a high-speed system formed by 
a multi-YAG laser cluster consisting of four 
individual lasers that can be fired in series 
within a short period of time. In these experiments the multi-YAG laser was operated in single 
pulsed mode and a sequence of four laser pulses delayed 1 ms from each other were generated. 
The signals were detected by a high-speed framing camera equipped with a stereoscope, which 
was used instead of the two-mirror system. Two HR 266 nm dichroic mirrors were included in 
the detection set-up in order to reject the Mie scattering at 266 nm. The rest of the experimental 
setup was similar to the one illustrated in Figure 3.31.  

This set up made it possible to study the temporal and spatial evolution of the droplet during the 
vaporization process, giving high-speed visualization of qualitative fuel and droplet distributions. 
Figure 3.33 illustrates an example with a LIF image and a MIE image obtained simultaneously in 
a Gasoline spray. 

  

  

Figure 3.33. Two-phase Gasoline Spray; p = 3.0 bar, ∆t= 1ms. Mie scattering (Left) and LIF (right)  
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Figure 3.32. Simultaneously detected LIF (left) and Mie 
scattering (right) images in a Jet A spray. 
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Finally some preliminary studies on the absorption spectra of the vapor phase of JetA were made. 
A deuterium lamp, with a well-known emission spectrum was used as a light source. The light 
passes a lens placed at a distance equal to its focal length from the deuterium lamp to produce a 
quasi-parallel light beam when propagating through a fuel cell. The cell, containing the vaporized 
Jet A, is temperature controllable and adjustable with a power supply. The light is then focused 
through a lens on the slit of a spectrometer and the absorption spectrum is imaged with an 
intensified CCD camera. The images were further analyzed and processed in a computer and 
resulted in graphs according to Figure 3.34.  

An absorption spectrum for liquid Jet A was also collected and is illustrated in Figure 3.35. For 
these measurements the fuel-cell was replaced by a cuvette, containing the fuel. 
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Figure 3.34. Transmission spectrum, D2 – lamp. JetA 
vapor phase, T = 280°C. 

Figure 3.35. Transmission spectrum, D2 – lamp. Jet A 
liquid phase. 

These experiments were made with the main purpose of acquiring knowledge about the 
absorption characteristics of the Jet A fuel and its temperature dependency. Even though some 
further experiments have to be made, it has shown promising results for evaluation of the fuel 
concentration, which is a measure of the efficiency of the vaporization process. In addition it 
seems possible to calculate the gas-phase temperature from the measured data. 

3.2.5 Quantum Cascade Diode Laser Measurements of CO in Exhaust Gases 

M. A. Linne, A. Elmqvist, J. Walewski and M. Aldén 

The goal of this project is to build and test a spectroscopic sensor for CO in exhaust flues, by 
accessing the fundamental vibrational band of CO near 4.6 µm. CO is an intermediate species in 
the combustion process. Oxidation of CO to CO2 is a final chemical step that generates a 
significant portion of the sensible heat release during combustion. Measurement of CO thus 
gives a direct indication of combustion efficiency, which is also linked to production of 
pollutants (primarily CO and unburned hydrocarbons). Active control of combustion systems 
over the range of loads imposed upon a furnace would improve both combustion efficiency and 
emissions, but it will require development of robust sensors. The recent, simultaneous 
developments of new diode laser sources and new photodetectors for the mid-IR have made it 
possible to develop such sensor systems. 

Quantum Cascade Distributed FeedBack (QC-DFB) diode lasers are a fairly new development1. 
They emit radiation at wavelengths from 2.3 µm to 23 µm. The fundamental vibrational 

                                                 
1J. Faist et .al , “Quantum cascade laser,” Science 264, 553–555 (1994). 
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absorption bands for most molecules of importance can therefore be detected with these lasers1. 
QC-DFB diode lasers emit much higher power than older (e.g. lead salt diode lasers) IR diode 
laser designs (up to 1 W for a QC laser), with narrow bandwidth (roughly 800 MHz in pulsed 
mode). When pulsed, these lasers can be operated with thermoelectric cooling, thus avoiding the 
complexity of cryogenics. This is a critical point for field sensing. In addition, new HgCdZnTe 
photovoltaic detectors can be thermoelectrically cooled. They have a detectivity of 5.5 x 1010 cm 
Hz1/2/W at moderate speed, which is remarkably good, especially for a non-cryogenic detector. 
For the first time it is thus possible to build a sensitive, species-specific, IR sensor system that 
does not require cryogenic cooling. 

In order to properly 
design a sensor, and to 
analyze experimental 
data, we have performed 
simulations of CO 
absorption spectra under 
characteristic conditions. 
To do this, we have 
accessed the HITRAN2 
database for IR 
transitions. An example 
simulation is shown in 
Figure 3.36. This 
simulation is for lean 
combustion (Φ = 0.9) in a lab flame but with unusually high amounts of CO, at a temperature 
of 1000 K.  An example outcome from this simulation work indicates that if the flue gas 
temperature exceeds 1000 K, CO2 spectral interference becomes a serious problem, because 
higher lying states become significantly populated at higher temperatures. It will thus be 
necessary to locate such a sensor where flue gases are less than 1000 K. Several other wavelength 
regions are also possible, but this one looks the most promising and is commonly used in 
combustion research. In order to interpret experimental spectra with this level of interference, it 
will be necessary to perform somewhat more detailed spectral fits. We have recently acquired a 
MATLAB code that sorts the HITRAN database (GENSPECT3) and are adapting that to use in 
a MATLAB fitting routine developed in the Division of Combustion Physics. 

As an initial demonstration of the potential for these systems, we are setting up tunable diode 
laser absorption measurements of carbon monoxide in the R branch of the fundamental 
vibrational band. We have ordered a 4.6 micron QC-DFB diode laser from Alpes Lasers Inc., 
and expect to receive it in the December/January time frame. Figure 3.37 shows a schematic of a 
general, lab-based experiment. The laser we have ordered will be mounted on a thermoelectric 
cooler (TEC) inside an evacuated chamber. The laser will be driven by short current pulses 
(<5ns) supplied via a low-impedance stripline at kHz pulse rates. It will be roughly wavelength 
tuned by adjusting the temperature of the TEC, and repetitively fine-tuned by a subthreshold 
current ramp. Laser emission will be collected and shaped into a near collimated beam by an off-
axis parabolic mirror and focused by a CaF2 lens onto a HgCdZnTe photovoltaic detector that 
will monitor the unattenuated laser emission [I(0) in the figure]. The beam can then pass either 

                                                 
1S. W. Sharpe et .al., “High-resolution (Doppler-limited) spectroscopy using quantum-cascade distributed-feedback lasers,” 
Optics Letters 23, 1396–1398 (1998). 
2L.S. Rothman et al., “The HITRAN Molecular Spectroscopic Database and HAWKS (HITRAN Atmospheric 
Workstation): 1996 Edition”, JQSRT 60, 665-710, (1998). 
3B.M. Quine and J.R. Drummond, “GENSPECT: a line-by-line code with selectable interpolation error tolerance”, 
JQSRT 74, 147-165, (2002). 
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Figure 3.36. Simulated transmission across a 5 cm diameter flame, assuming 
equilibrium combustion products at 1000 K, Φ= 0.9, with 100 ppm of CO. 
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through an absorption cell or a flame with absorption path length l, and it is then focused onto 
the entrance aperture of a monochromator. The monochromator will be used here as a bandpass 
filter, but in a flue gas sensor system it can be replaced by a simple optical bandpass filter. After 
exiting the monochromator, the IR radiation will be focused onto a second HgCdZnTe 
photovoltaic detector which will measure the attenuated laser irradiance I(l) in the figure. Both 
detector signals will be amplified with fast in-line preamplifiers before analog-to-digital 
conversion and averaging. The ratio I(l)/I(0) can be related to concentration using the well-
known Beer’s law. By performing these experiments, performing spectral fits and then comparing 
to models, we can appropriately design a system for a furnace flue. 

The long path length one encounters in a furnace flue will introduce a complimentary problem – 
optical depth. Preliminary calculations indicate that we do not have an optical depth problem 
with this absorption line, as long as the concentration remains below 100 ppm.  It will also be 
necessary to know temperature, in order to model the Doppler broadening correctly and because 
it is necessary to use Boltzmann statistics to infer a total number density. Temperature can be 
measured by another technique in the lab, but for a sensor we will likely access two CO 
absorption lines. Two lines will provide a volume-averaged temperature via Boltzmann statistics. 
Finally, scattering from particles could prove problematic, although scattering is fairly weak at 
these wavelengths. 
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Figure 3.37. Lab setup for absorption spectroscopy with a tunable QC-DFB laser. 

3.2.6 Studies on Laser-Induced Fluorescence of Formaldehyde 

C. Brackmann, J. Nygren, X. Bai, Z.S. Li, N. Docquier1 and M. Aldén 

Experimental studies of laser-induced fluorescence of formaldehyde (CH2O) have been 
performed. In particular the possibility of using the third harmonic from a Nd.YAG laser at 355 
nm for excitation has been investigated. The experiments included spectral investigations of the 

                                                 

1Institut Français du Pétrole, Paris, France. 
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excitation and emission spectra, studies of the signal dependence on laser intensity, the occurence 
of photochemical effects, and a combined experiment on fluorescence from formaldehyde and 
the OH radical. 

These investigations were performed in flames of a conical burner using dimethyleter (DME) as 
fuel. This fuel has the advantage of very small soot production, resulting in relatively clean 
flames. 

The overlap between the Nd:YAG third harmonic laser line and the absorption lines of the 
molecule were investigated in experiments where the laser wavelength was scanned in the 
wavelength regime around 355 nm. A combined Nd:YAG dye laser system was used for this 
purpose. The wavelength of this combined laser system was calibrated to the third harmonic of 
the Nd:YAG laser. Figure 3.38 shows two LIF spectra of formaldehyde. The left spectrum is an 
excitation scan spectrum of formaldehyde obtained by detection of the emitted fluorescence 
when scanning the laser wavelength. The right spectrum is the laser-induced fluorescence 
emission spectrum of formaldehyde with peaks corresponding to transitions between different 
vibrational states of the molecule. 
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Figure 3.38. Laser-induced fluorescence spectra of formaldehyde. Excitation scan (left) and emission (right). 

 

A result from investigations on the LIF 
signal dependence on laser intensity is 
illustarted in Figure 3.39. From the figure it 
can be observed that relatively high laser 
power can be used without achieving 
saturation of the signal. 

Figure 3.40 shows images of the flame 
chemiluminescence and the formaldehyde 
distribution in two premixed DME/air 
flames of different stoichiometries. A 
comparison between a chemiluminescence 
image and the LIF image from the same 
flame show that the formaldehyde is located 
in a thin region on the inner side of the 
flame cone. 
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Figure 3.39. Formaldehyde LIF signal versus laser intensity at 
355 nm. 
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a) b) c) d) 

Figure 3.40. Chemiluminescence images (a, c)) and LIF images of formaldehyde (b, d) in two premixed DME/air flames 
with φ=0.86 (a, b) and φ=1.5 (c, d). The contours of the formaldehyde distributions have been added to the 
chemiluminescence images with a dashed white line.  

 

It has been shown that the 
products of the densities of 
OH and formaldehyde in a 
flame not only defines the 
flame front but also reflects 
the heat release of the 
combustion.1 

Therefore two-dimensional 
simultaneous LIF images of 
OH and formaldehyde in 
flames were investigated. 
The experimental setup is 
shown in Figure 3.41. The 
Nd:YAG laser provided a 
355 nm UV laser beam 
with a pulse length of 8 ns, 
10 Hz and 650 mJ pulse 
energy. Through a beam splitter, 85% of the energy (550 mJ) was used to pump an OPO 
(Quanta-Ray MOPO 730D-10) laser, which provides a tuneable laser beam around 283 nm 
with about 4 mJ for the OH excitation. The remaining 15% (100 mJ) of the Nd:YAG laser 
energy output was used for the formaldehyde excitation. The two excitation beams were 
combined together using a diachronic beam combiner and focused to a 2 cm vertical laser sheet 
through a cylindrical lens system. The both temporally and spatially overlapped two-color laser 
sheet was sent through the flame at about 5 mm above a Bunsen burner. An ICCD (LaVision) 
camera equipped with a stereoscope was positioned perpendicular to the laser sheet for LIF 
imaging collection. 

                                                 
1 P. H. Paul et al. , Proc. Comb. Inst., Vol 27, 43, 1998. 
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Figure 3.41. Experimental setup for simultaneous LIF imaging of formaldehyde 
and OH. 
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The OH in the flames was 
excited using the Q1(8) 
transition around 283 nm in 
v”=0, v’=1 band of the A2Σ+ - 
X2Π+ system. The fluorescence 
from the decay of the excited 
OH molecules was detected in 
the (1,1) and (0,0) bands near 
309 nm. An interference filter, 
centred at 309 nm was used to 
collect the OH fluorescence and 
block the scattered light of the 
two excitation laser beams and 
fluorescence from excited 
formaldehyde molecules. The GG385 filter was utilised for the detection of the formaldehyde 
LIF. With the filters in the two independent imaging channels of the stereoscope, simultaneous 
LIF image of OH and formaldehyde was recorded in the same CCD chip. Images of a DME/air 
flame (Φ=1) are illustrated in Figure 3.42. The simultaneous OH and formaldehyde LIF images 
from the same flame can be separated and overlapped together on a pixel to pixel basis. A 
qualitative image of the heat release in the flame can be obtained by the calculating the product 
between the OH and formaldehyde LIF signals. The product image of OH and formaldehyde 
signals is shown in Figure 3.42 (right). 

3.2.7 Simultaneous Formaldehyde- and OH-LIF in an HCCI Engine 

R. Collin, J. Nygren, C. Brackmann and Z.S. Li 

The ignition and combustion phase of HCCI has 
been studied with simultaneous 2D-imaging of 
formaldehyde and the OH-radical. Formaldehyde-LIF 
was used to study the ignition phase and LIF on the 
OH-radical was used to investigate the combustion 
phase. The engine used for the study was an optically 
accessible port-injected engine run in HCCI mode. 
The engine was equipped with a quartz cylinder liner 
through which the laser beams were directed and the 
signals were collected from below via a quartz window 
in the piston, see Figure 3.43.  

 

Two laser sources were used to provide the two laser wavelengths that are needed to perform 
simultaneous formaldehyde- and OH-LIF. The two laser beams were aligned onto each other so 
that same sheet-forming optics is used for both laser beams. The signals from formaldehyde-LIF 
and OH-LIF respectively, are separated from each other with a beam-splitter consisting of a filter 
that transmits one of the signals and reflects the other. The two separated LIF signals are then 
collected on two separate detection systems. A spectral investigation of the formaldehyde-signal 
was performed to compare signals obtained from the running engine with signal obtained from 
an earlier flame study. 

 

 

Figure 3.42. Simultaneous LIF images of formaldehyde and OH(left ) and 
product of LIF images of formaldehyde and OH (right). 

 

Figure 3.43. Schematic overview of the 
experimental set-up. 
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The result is visualised in Figure 3.44 where the upper spectrum is representing the LIF signal 
obtained from the running HCCI engine. (The peak that is seen at 532 nm originates from one 
of the lasers). 

 

Figure 3.44. Spectral investigation of formaldehyde signal for running engine and flame study respectively 

 

Figure 3.45 is a simultaneous image-pair from a 
measurement series exemplified. To the left is 
the signal from formaldehyd-LIF and to the 
right is the signal from OH-LIF. The image-
pair in Figure 3.45 is obtained when running 
with a fuel consisting of 50 % n-heptanes in 
iso-octane and the measure is acquired at a +8 
crank-angle degrees. From the measurements 
acquired with this fuel composition it can be 
seen that the OH signal becomes strong when a 
larger region of formaldehyde signal has been 
consumed and the OH signal is then located in 
the middle of this region. 

3.2.8 Temperature Measurements using Laser Induced Phosphorescence  

A. Omrane, F. Ossler and M. Aldén 

In recent years, thermographic phosphors used for surface temperature measurements have been 
developed to suit combustion applications. The techniques were successfully used in a flame 
spread scenario for two-dimensional measurements of surface temperature on a low-density fiber 
board. The technique was also applied for temperature measurements of decomposing materials 
in a pyrolysis oven. The materials investigated were LDF, MDF, PB, birch and PMMA. Recent 
development of the technique has allowed investigations of other applications e.g. engine valve 
surface temperature and droplet temperature measurements. 

 

Two dimensional surface temperature measurements. 

A new technique for two-dimensional temperature measurements of burning surfaces is 
presented. Laser-induced phosphorescence from a thermographic phosphor material applied to a 
surface of investigation was measured with a fast framing camera. The phosphor was excited by 

Figure 3.45. Simultaneous 2-D imaging of formaldehyde-
LIF (left) and OH-LIF (right). 
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the 4th harmonic (266 nm wavelength) from a pulsed Nd: YAG operating at 10 Hz. The 
phosphorescence images were obtained by eight consecutively gated CCD detectors enable pixel 
by pixel-lifetime evaluation of the phosphorescence by interpolating an exponential-decay curve 
to the counts of the corresponding pixel positions of the sequential CCD images. The 
temperature at each pixel position was evaluated using a calibration procedure of temperature 
against lifetime. These measurement procedures were applied for surface temperature 
measurements of the evolution of flame spread on low-density-fiber boards. The results from 
experiments showed the possibility of measuring surface temperatures during all phases of the 
flame spread. The total time window used for each 2-D temperature measurement was 800 ms to 
obtain high accuracy and precision at high temperatures, 680-780 K, characteristic of burning 
surfaces. The best precision, better than ± 5 K, was obtained at these temperatures. In this region 
evaluation by the lifetime method shows a higher sensitivity to temperature than what can be 
expected from methods based on spectral line intensities. The results of the experiments were in 
accordance with those reported from previous one-point measurements [Omrane et al., 2002a] 
(see Figure  3.3.46). In the low temperature region close to room temperature the accuracy was 
considerably deteriorated. For more information see Ref. [Omrane et al., 2002b]. 

Figure  3.46. Two-dimensional surface temperature of Low-density fiberboard. 

 

Temperature measurement of decomposing materials 

Surface temperatures of decomposing materials along with their mass loss rates during a pyrolysis 
phase are presented. The surface temperature of individual particles was measured inside a high 
temperature reactor using thermographic phosphors which allowed remote, instantaneous 
measurements. An ultraviolet laser beam was used to excite the phosphor particles which were 
deposited on the investigated materials. The emission from the thin coating of phosphor powder 
was temporally and spectrally resolved; However, only results from the temporal investigation are 
presented because of the higher sensitivity. 
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The materials chosen were; low-
density fiber board, medium 
board, particle board and 
polymethylmethacrylate 
(PMMA). The pyrolysis of the 
materials was investigated at 
temperatures between 573 and 
873. The reactor was stabilized 
at a certain temperature before 
the particle was introduced. 
Then the surface temperature 
and mass loss measurements of 
the particle were measured. 
Results from these 
measurements are presented 
where a comparison between 
temperature and mass of 
different materials is carried 
out, see Figure 3.47. [Omrane 
et al., 2003] 

 

Droplet temperature measurements 

 A thermographic phosphor was 
used to investigate the potential of 
exploiting the temperature 
sensitivity of the phosphor materials 
for droplets temperature 
measurement. Temperature 
measurement would increase the 
understanding of the evaporation 
process of the droplets from the 
liquid phase to the gas phase. The 
potential of using these particles for 
liquid temperature measurement 
resides in the long phosphorescence 
lifetime which is usually in the 
milliseconds range. With this long 
lifetime emission one could avoid 
the background fluorescence 
emission which is in the 
nanoseconds range. The 
experimental set-up for droplet 
temperature measurements is shown 
in Figure . 
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Figure 3.47. This figure shows surface temperatures of low-density fiberboards 
along with the corresponding mass loss rate curves. 

Figure 3.48. Experimental set-up: A He-Ne laser was used to trigger the 
acquisition of the phosphorescence light due to the interaction of the UV 
laser light with the droplet. The phosphorescence signal was stored in a 
detector for subsequent processing. 



CHAPTER 3.  LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 40 

Engine valve surface temperature measurements 

The thermographic phosphor was also used for temperature measurement of internal 
components inside a simple laboratory engine. The components investigated recently were intake 
and exhaust valves. The engine was operated with gasoline fuel at around 1200 rpm. Changing 
the fuel from gasoline to iso-octane improved the signal to background ratio. Results from these 
measurements are shown in Figure  and Figure . 
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Figure 3.49. Intake valve temperature of an engine 
operated with gasoline. 

Figure 3.50. Exhaust valve temperature of an engine 
operated with gasoline. 

 

Conclusions 

Thermographic phosphors were successfully used for temperature measurements of reactive and 
non-reactive surfaces. Special interests towards the exploitation of the technique for temperature 
measurement of internal combustion engines components, gas phase and the liquid phase e.g. 
droplets, and sprays are driving the investigation further. 

3.2.9 Soot Measurements in a Direct-Injection Stratified Charged Engine 

R. Collin, B. Axelsson, M. Richter, P.-E. Bengtsson, G. Josefsson and M. Aldén 

Laser-induced incandescence (LII) is today a well-established technique to visualize soot volume 
fraction. The technique is based on the heating of particles by absorption of incident laser 
radiation. The soot particles are heated to temperatures of 4000 to 5000 K and the resulting 
blackbody radiation is detected. The induced incandescence signal has shown to be 
approximately proportional to the soot volume fraction in the probe volume. A particle with 
higher temperature will radiate stronger at shorter wavelengths according to Wien’s displacement 
law. By detection close to 400 nm, an efficient reduction of the background emission is achieved 
and the soot can then be detected. Historically, Eckbreth in 1977 observed incandescence from 
laser-heated soot particles when performing laser-based measurements and at this time the 
phenomenon was considered a problem in Raman measurements. Later, Melton showed that 
soot volume fraction is almost linear related to the LII signal for a group of soot particles and this 
observation forms the basis for the approach of using LII as a measure of this soot property. 

In this work the LII technique is introduced as a tool to image in-cylinder, soot volume fraction 
distributions during the combustion phase in a direct-injection stratified charge (DISC) engine 
[Collin et al., 2003]. In addition to this, simultaneous photographs of flame emission have been 
obtained to complement the images obtained with LII, so to acquire information of the global 
soot production in the engine. From the single-shot LII measurements it can be seen that the 
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soot volume fraction distributions show steep gradients, which reach a few ppm, similar to those 
found in a diffusion flame, see Figure 3.51. This indicates that combustion likely takes place in 
fuel rich, poorly mixed regions. When averaging the single-shot measurements, the structures 
smear out and the soot seems to be randomly distributed. However, from photographs of flame 
luminosity, obtained through the quartz liner and the pent roof, it can be seen that the most 
luminous part of the flame is situated on the exhaust side of the cylinder. 

Comparisons of total 
amount of soot per 
image obtained with 
LII, and photographs of 
flame luminosity with 
heat-release for the 
experimental condition 
have been made. When 
comparing heat-release 
with total soot amount 
detected from 
photographs of flame 
luminosity for the 
experimental condition, it can be seen that heat-release starts to increase little before an increased 
amount of soot is detected. When soot then starts to show, the amount of soot increases rapidly 
to a maximum before it fades away. When heat-release is compared with the measurement series 
containing the amount of soot measured with LII, the soot amount increases not as rapid as for 
the case where soot is obtained from flame luminosity and the amount of soot also reaches its 
maximum later in the cycle. The position of the maximum soot amount, measured with LII, is 
dependent on the combination of laser-sheet position and soot motion in the cylinder; lower 
relative position of the laser-sheet in the cylinder result in that the maximum soot amount is 
detected later in the cycle. Also, since the soot in this case has been burning for longer time, the 
absolute value of the maximum is less. 

3.2.10 Raman Scattering for Measurement of A/F-ratio in an HCCI Engine 

R. Collin and B. Axelsson 

The Raman scattering technique has been further developed and specialised for in-cylinder 
measurements of air/fuel ratio in a running optical engine run in HCCI mode. For this task a 
relatively long laser wavelength (532 nm) is selected, this because at this wavelength practically 
no interfering background from laser-induced fluorescence is present. Also, visible light is not 
absorbed by the cool-flame combustion that takes place when a fuel mixture of iso-octane and n-
heptane is used.  

The Raman scattering technique is a very weak scattering process and therefore as high laser 
power as possible should be delivered to the measurement volume in order to achieve good S/N-
ratio. In this context a laser pulse stretcher was built that temporally stretched the incoming laser 
pulses 4 times. By this procedure higher laser pulse energy can be used before window damaging 
or optical breakdown in the measurement volume occur. A schematic of the laser pulse stretcher 
is found in Figure 3.52. The principle is to divide the incoming laser pulse into four separate 
pulses then lead them into different delay routs before recombining them to one pulse again.  

Figure 3.51. Example of an LII and flame luminosity image-pair obtained during the 
combustion phase of the DISC engine. 
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The Raman technique, as 
described above, has been used 
to measure variations in 
equivalence ration inside a 
running HCCI engine. From 
this investigation it was 
concluded that the technique 
seemed to work well but the 
engine was running too lean to 
get sufficient signal from the 
fuel. Future work is in progress. 

3.2.11 Fuel and Tracer Characterization 

R. Collin 

A numerous fuel- and tracer candidates optical characteristics has been investigated in order to 
find out what fuel-tracer combination is suited to be used in an optical engine run in HCCI 
mode. The optical characteristics that have been investigated are the UV-transmission and the 
LIF-response at an exciting laser wavelength of 266 nm. The investigations were performed in a 
measurement cell equipped with quartz windows and the cell was kept at an elevated temperature 
of 100 Centigrade. The investigated specie was supplied to the cell via a temperature regulated 
cooling trap. The cell pressure was then lowered to the vapour pressure of the investigated specie 
and varying the temperature of the cooling trap consequently regulates the concentration of the 
specie. 

For the UV-transmission study UV-light from a deuterium-lamp was used. The wavelength 
interval that was used is between 215 and 450 nm. The light was collimated before directed 
through the cell and after the cell the light was collected with a cylindrical lens onto the slit of a 
spectrometer. 

For the fluorescence measurements a Nd:YAG system set at the wavelength of 266 nm was used. 
The laser beam was directed through the cell onto a laser power meter. The resulting fluorescence 
was collected, orthogonal to the laser beam, with an UV-condenser that reproduced the image of 
the laser beam on the slit of the spectrometer. 

With this method numerous species (16), mostly paraffines and ketones, has been investigated. 
Generally paraffines fluoresce very weakly while ketones fluoresce strongly in the spectral region 
between 300 and 500 nm. This makes fuel-tracer combination of a paraffin and a keton 
promising if the physical characteristics of the two candidates are similar and have the 
characteristics that is needed to work well in an engine. Two potential fuel-tracer combinations 
that seem promising are n-decane combined with 5-nonanone and n-dodecane combined with 2-
decanone. 

 

Figure 3.52. Schematic of laser pulse stretcher. Filled box=mirror, Empty 
box=beamsplitter 

10ns puls
~ 40ns puls
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3.2.12 High-Speed Imaging in HCCI and DISC Engine Investigations 

M. Richter, J. Nygren and J. Hult 

 

HCCI engine 

In a Homogeneous Charge Compression Ignition (HCCI) engine, the fuel and air are premixed 
to create a homogeneous charge. During the compression stroke, the charge is heated to obtain 
auto-ignition close to Top Dead Center (TDC). The cycle-to-cycle variations in Indicated Mean 
Effective Pressure (IMEP) of the HCCI combustion process are very small since combustion 
initiation occurs in many places simultaneously. Since ignition occurs at multiple points, the 
integrated combustion rate becomes very high. Therefore, highly diluted mixtures with an excess 
amount of air or exhaust gas recirculation (EGR) have to be used in order to limit the rate of 
combustion. With HCCI, there is no direct means to control the start of combustion as the 
ignition process relies on spontaneous auto-ignition. By adjusting the remote operating 
parameters e.g. inlet temperature or EGR rate, ignition timing can be controlled. The major 
advantages of HCCI compared to the diesel engine are low NOx emissions and, depending on 
the fuel, virtually no soot production. The benefit of HCCI compared to the Spark Ignition (SI) 
engine is the much higher part load efficiency. The toughest challenge is controlling the ignition 
timing over a wide load and speed range. Another challenge is to obtain an acceptable power 
density. The power density is limited by combustion noise and high peak pressures. At low loads, 
the rather high emissions of unburned hydrocarbons and carbon monoxide, in combination with 
low exhaust temperatures, present an additional challenge. By applying unthrottled HCCI 
combustion at part load in SI engines, efficiency can be improved by 40-100%. Emerging 
technologies for variable valve timing, with the intent of using these as a means of controlling the 
combustion timing in HCCI engines, may well lead the way for the first application of the 
HCCI combustion mode in practice. 

 

High-speed fuel tracer PLIF 

The HCCI concept features a very rapid combustion. In order to capture LIF images from the 
combustion event within one single cycle, it is necessary to have a high-speed imaging system. 
The laser system used in the these investigations consists of four individual, high power, 
Nd:YAG-lasers. Each laser unit can be run in double pulse mode, providing a total output of 
eight pulses. The overall repetition rate of the system is 10 Hz. However, by firing the four lasers 
in series, with an arbitrary delay between the shots, a rapid burst of up to eight pulses can be 
achieved. The four laser beams are combined into one single output beam using a patented beam 
combining system. In this process the beams are also frequency doubled from 1064 nm to 532 
nm. For excitation of the fuel tracer, an additional fourth harmonic crystal was mounted after the 
beam combining system, giving an output wavelength of 266 nm. 

To match the rapid pulse burst from the laser system, a framing camera was used for signal 
detection. The camera unit consists of eight independent CCD cameras mounted in a cluster. 
Each CCD is equipped with a gateable image intensifier. An 8-facet Casegrainian beam splitter 
relays the image from a single optical input to the eight CCD detectors. By gating the image 
intensifiers individually, a rapid sequence of eight images can be recorded. 

The fuel used was either pure isooctane or ethanol. As these fuels do not fluoresce by themselves, 
it is necessary to add a tracer. For this purpose acetone at a concentration of 10% was used, 
acting as a marker for the fuel and unburned regions. 
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In the beginning of the combustion process, fuel consumption starts in a number of regions in 
the cylinder, where small inhomogeneities in temperature or fuel mixture are favorable to 
reactions. Initially the fuel is gradually consumed by local reactions in these regions, and the fuel 
consumption process is completely different from that of a propagating flame. There are no sharp 
borders between burnt and unburned gases, and the fuel concentration gradually decreases 
during the cycle, with little or no expansion of the reaction region. During the entire combustion 
event, new ignition kernels appear at locations that have become favorable because of the global 
pressure and temperature rise. An example of a measurement series is shown in Figure  3.53. 
More details on these topics are presented in [Hultqvist et al., 2002]. 

 

Figure 3.53. Fuel tracer PLIF sequence recorded in a Scania D12 HCCI engine. The first image (upper left 
corner) is recorded at 2 CAD ATDC. The imaged region corresponds to 95x50 mm2, the time separation between 
images is 69 µs (=1/2 CAD at 1200 rpm). 

 

Simultaneous PLIF and chemiluminescence imaging 

Figure 3.54 shows an example of a simultaneously recorded PLIF and chemiluminescence 
sequence. In the image, bright areas correspond to high concentrations of fuel and high 
chemiluminescence intensities respectively. In prior experiments, the chemiluminescence 
intensity was found to correlate very well with the rate of heat release. Thus, a locally high 
chemiluminescence intensity means that locally, there is a high rate of fuel conversion. 

CAD 5 CAD 6 CAD 7 CAD 8

Sequence of the fuel distribution (LIF)

CAD 5 CAD 6 CAD 7 CAD 8

Simultaneous chemiluminescence sequence

 

Figure 3.54. Sequence of simultaneously recorded fuel tracer PLIF (upper row) and chemiluminescence light (lower row) in 
the HCCI engine. 

Combustion has just started in the first frame of Figure 3.54. The PLIF image at 5 CAD 
indicates that fuel has been consumed in the lower right corner. At the same time the 
chemiluminescence image shows activity in both the lower right and the lower left corner. This 
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discrepancy could be an effect of chemiluminescence imaging being a line of sight integration. 
The chemiluminescence is integrated through the 9-10 mm high combustion chamber, whereas 
PLIF visualizes a thin slice of the combustion chamber. However, it could also be an evidence of 
gradual fuel decomposition at different stages in space and time. At 6 CAD, some fuel has been 
gradually consumed in the lower left corner and at the same time the chemiluminescence image 
indicates increased activity in the same area. The burned region in the lower right corner seems 
to have expanded a bit. At 7-8 CAD the PLIF image indicates a pocket of unburned fuel in the 
center that is compressed by the burned gases. Concurrently, the chemiluminescence images 
show that increasing reaction activity is approaching the pocket of unburned fuel. At this time, 
the bright features in the PLIF image match the dark features in the chemiluminescence image 
very well.  

From these findings with simultaneous imaging of fuel concentration and chemiluminescence it 
is concluded that acetone is an appropriate marker of burned, gradually burned and unburned 
zones in HCCI [Hultqvist et al. 2002]. 

 

3D imaging of  fuel distributions in an HCCI engine 

Three-dimensional imaging 
of fuel tracer PLIF in a 
homogeneous charge com-
pression ignition engine was 
performed. The previously 
described high-speed 
multiple Nd:YAG-laser and 
detection system was used 
in combination with a 
scanning mirror to collect 
eight PLIF images, with an 
equidistant separation of 
0.5 mm. The experimental 
setup is shown in Figure 
3.55.  

 

Figure 3.56. a) 3D-fuel tracer PLIF sequence recorded at 5 CAD after TDC. b) The 3D iso-concentration surface 
corresponding to 40% of the maximum fuel tracer LIF signal.  

All data (eight images) was collected in 70 µs, corresponding to 0.5 CAD (crank angle degrees) at 
1200 rpm. During this short acquisition time the fuel consumption is nearly frozen. To verify 
this, images were recorded with same time-separation but with all eight sheets at the same 
position in the engine. Three-dimensional iso-concentration surfaces calculated from the 
collected data are visualized, see example in Figure 3.56. 

Figure 3.55. Schematic overview of the experimental set-up used for the 3D-
visualisation. 
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3D imaging offer new opportunities to study different combustion events, specifically the 
topology of flame structures. For example it is possible to distinguish if separate islands in a 
fluorescence image really are separate or if it is an effect from wrinkling in and out of the planar 
laser sheet. The PLIF images were also analyzed by identifying five intensity ranges 
corresponding to increasing degrees of reaction progress. The gradual fuel consumption and thus 
combustion was then analyzed by calculating the volumetric fraction of these intensity ranges for 
different crank angle positions. The occurrence of multiple isolated ignition spots and the 
observed gradual decrease in fuel concentration provides further proof that HCCI combustion 
relies on distributed reactions and not flame propagation. For more information on this topic, 
see [Nygren et al., 2002]. 

 

Direct Injection Stratified Charge (DISC) engine 

In a DISC engine an overall lean operation is made possible by using a stratified fuel charge, 
which provides a slightly rich and ignitable fuel mixture at the location of the spark. The 
stratified charge enables the engine to be run unthrottled at light and medium loads. This 
reduces the pump work associated with the gas exchange and thus, enhances the efficiency. 

 

High-speed fuel PLIF in the DISC engine 

For stable engine operation it is vital that the fuel charge has arrived at the spark plug at the time 
of ignition. In Figure 3.57 the fuel injection is captured in a fuel tracer PLIF sequence, covering 
31 CAD. The fuel injection is viewed from the side, through the cylinder liner and pentroof 
window. At 55 CAD before top dead center (BTDC) the first part of the fuel charge is seen 
leaving the injector. At 45 CAD BTDC the tip of the fuel spray is approaching the bottom of the 
piston bowl. The shape of the piston crown in combination with spray momentum and 
swirl/tumble motion then guides the fuel upwards. In the last images, 25-24 CAD BTDC the 
fuel has left the piston bowl, traveling upwards in the direction of the spark plug. In the upper 
part of the image one can see that the fuel charge has arrived at the spark plug electrodes, which  

Figure 3.57. Fuel tracer PLIF sequence of fuel injection in the DISC engine, time of ignition: -23 CAD. The fuel 
distribution in a plane 1 mm behind the spark plug is viewed through a side window. The imaged region corresponds to 
61×45 mm2 and is shown to the right, the piston position is indicated by a dashed line in each image. The relative gain 
amplification factors of the individual cameras are indicated to the lower right in the images. 

are seen as dark shadows. The spark discharge begins at 23 CAD BTDC, and has a duration of 
approximately 10 CAD, so the fuel seems to have arrived at the spark-plug at the correct time. As 
the fuel concentration shows a large variation during the different phases of the injection, 
different gains have been used for the individual CCDs in the high-speed camera. For example 
the amplification in image 8 is 16 times larger than in image 3. More details can be found in 
[Hult et al., 2002]. 
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High-speed OH PLIF in DISC engine 

To convert the 532 nm output from the Nd:YAG laser cluster to other wavelengths, a dye laser 
pumped by the Nd:YAG laser cluster is used. The dye laser is narrowband (0.08 cm-1) and 
wavelength tunable, with a harmonic generation unit attached to it. 

For excitation of the OH radical, laser light with a wavelength of 283 nm was used. This 
wavelength is generated using a Rhodamine 590 dye solution in methanol, with subsequent 
frequency doubling of the dye laser output using a KDP crystal. 
An example of an OH PLIF sequence illustrating flame propagation when the engine is run in 
homogenous mode (early injection), is shown in Figure 3.58. The laser sheet was horizontally 
oriented, positioned 3 mm below the sparkplug, and the fluorescence was detected through the 
quartz piston. The first image was recorded at 10 CAD BTDC (13 CAD after the time of 
ignition) and shows the first small flame kernel. In the following images the growth of this kernel 
can be followed, as it expands in the combustion chamber. As expected the kernel develop into a 
fully turbulent flame, characterized by a corrugated flame front. The dark horizontal line is 
caused by an edge on the quartz piston, which partly blocks the laser light. Further information is 
presented in [Hult et al., 2002]. For information on similar experiments on fuel and OH 
performed in an SI engine, see [Nygren et al., 2001]. 

Figure 3.58. OH PLIF sequence recorded in the DISC engine under homogeneous charge operation. The OH 
distribution in a plane 3 mm below the spark plug is viewed through the piston, the imaged region corresponds to 50×28 
mm2, and is shown to the left. The dark line is caused by clipping of the laser sheet by the quartz piston. 

3.2.13 Evaluation of Spatial and Temporal Response of a Chemiluminescence 
Sensor 

J. Olofsson, H. Seyfried, J. Hult, M. Richter and M Aldén 

Within the frames of the EU project FLAMESEEK a Chemiluminescence sensor, to be used in 
flame studies, has been developed at Imperial College. In the collaboration between Lund 
Institute of Technology and Imperial Collage the aim has been to evaluate the spatial and 
temporal response of this sensor by performing measurements both with the sensor and more 
advanced laser diagnostic techniques, in combustion environments at atmospheric pressure as 
well as at higher pressure. The laser diagnostic techniques were used to illustrate the “true” spatial 
and temporal scales of the combustion phenomena. The laser techniques used are spatial and 
temporal resolved planar laser-induced fluorescence, PLIF, of a flame radical, OH, using a 
unique high repetition rate laser/detector system (described in previous section) and PLIF of fuel 
distributions using an excimer laser. These laser-based measurements were then compared with 
the results from the chemiluminescence sensor.  

 

Chemiluminescence sensor 

The Chemiluminescence Sensor (CS) is a light detection system, shown in Figure 3.59, comprised 
of the so-called MICRO system (Multi-colour Integrated Cassegrain Receiving Optics). The probe 
volume (or focus) of the collecting mirrors has a diameter of 200 µm and a length of 1.6 mm. 
Light collected from the probe volume is focused onto an optical fibre, which is connected to the 
Photo detector Unit. The light is split up into three parts using two dichroic mirrors. Each part is 
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directed onto appropriate interference filters, centred at 310.4 nm, 430.5 nm, 516 nm for the 
OH*, CH* and C2* radicals respectively. The collected light intensities are thereafter transformed 
into electrical signals by three photo multipliers. The purpose with this sensor is to measure the 
equivalence ratio, and this can be done by using the ratio of the CH* signal to the OH* signal. 
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Figure 3.59. The Chemiluminescence Sensor and the Photo detector Unit. 

 

Detailed studies of the spatial and temporal response using a conical Bunsen flame 

The burner used in these experiments was a conical Bunsen burner with a stable, reproducible, 
cone shaped flame with an inner nozzle diameter of 10 mm. The burner was operating on 
premixed natural gas and air. OH visualisation experiments were performed in the flame using 
the multiple-YAG/dye laser system described in section 3.2.12. A vertical dye laser sheet (λ~283 
nm) was directed through the centre of the flame. The fluorescence from the OH radicals was 
imaged on a CCD camera, perpendicular to the sheet. The average of 50 OH images is shown in 
the left part of Figure 3.60. In the image one can clearly see two separate flame fronts with fresh 
gases in between. The dotted line corresponds to a height of 5 mm above the burner nozzle, the 
height at which the sensor measurements were performed. 

The corresponding measurements using the chemiluminescence sensor were performed in two 
different ways. In the first one the probe volume of the sensor was traversed along a line 
perpendicular to the line-of-sight direction. This set of measurements is the one corresponding to 
the dotted line in the left part of Figure 3.60, and the result is plotted as a red curve (with stars) 
in the right part of the figure. As a comparison the intensity on the dotted line in the PLIF image 
is plotted as a blue curve in the same graph. It is clearly seen that the two flame fronts are 
resolved with both these techniques. The second set of measurements using the sensor was 
acquired when traversing the probe volume in the line-of-sight direction. In this case the sensor 
optics collected some chemiluminescence signal even when the probe volume is not at a flame 
front position, due to the fact that the flame is always in the line-of-sight direction of the sensor. 
It was experimentally verified that this disturbing signal is collected to such an extent that the 
two flame fronts are no longer resolved. 
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Figure 3.60. Left: The average of 50 OH PLIF images. The dotted line corresponds to a height of 5 mm above the burner 
nozzle, where the sensor measurements were performed. Right: The signal intensity from the OH PLIF images and from the 
sensor at the height 5 mm above the nozzle. 

The temporal resolution of the Chemiluminescence Sensor was also tested during the Bunsen 
burner experiments performing a very simple experiment. The probe volume was focused at a 
flame front position. Measurements of the excited species OH* and CH* were performed at this 
point, decreasing the total sampling time for each acquisition. From this experiment it could be 
seen that the mean intensity of the excited species measured is getting decreased for acquisition 
times less than 200 µs. So, for acquisition times less than this, the uncertainty of the evaluation 
of the equivalence ratio is increasing, and therefore, acquisition times shorter that 200 µs should 
not be used. In most practical applications of turbulent combustion the timescales are shorter 
than this, which leads to the conclusion that the measurement value from the sensor is time 
averaged. 

In addition to this detailed study of the sensor, some practical applications of the sensor have also 
been tested, including tests in an atmospheric pressure combustor originating from a turbine 
(described in section 5.2) as well as tests in flames at pressures up to 5 bar using the high-pressure 
burner facility (described in section 5.3). In all of these measurements laser diagnostics was used 
as a reference, and once again it was confirmed that the spatial response of the sensor is not 
sufficient for point measurements. It is, however, important to emphasis that for engineering and 
regulation purposes, information of all possible length and time scales most probably is too 
detailed. The chemiluminescence sensor should therefore, correct used, represent linear averaging 
and thus yield results that are true representatives of the real combustion situation. 

-3 -2 -1 0 1 2 3
0

2

4

6

8

10

12

14

16

18

20

r/R 

-3 -2 -1 0 1 2 3

0

0.2

0.4

0.6

0.8

1

LIF measurement and sensor measurement in the Bunsen burner

r/R (R = nossle radius)

N
o

rm
a

lis
e

d
 O

H
 i

n
te

n
s

it
y

 s
ig

n
a

l

 —   OH LIF 

—*— OH*



 50

4 Ionization Sensing 

A. Franke, P. Einewall1, B. Johansson1, N. Wickström2, A. Larsson3, R. Reinmann4 and W. Koban5 

4.1 Introduction 

Electronic engine control can improve the effciency of combustion engines. For on-line engine 
control, continuous information about the combustion process is required. The most efficient 
way to collect this information is to measure directly in the combustion chamber. Various 
options exist for this purpose, for example pressure sensors or fiber optics. The ionization sensor, 
which consists of the already present spark plug plus additional inexpensive read-out electronics, 
constitutes a cost-effective alternative to these solutions. 

The release of energy during combustion leads to the formation of ions and changes the electrical 
properties of the gas. This offers the prospect of using the conductivity of the gas as a diagnostic 
parameter for the combustion. In spark-ignition (SI) engines, the main purpose of the spark plug 
is to initiate the combustion process. However, the spark plug can also act as a sensor. This is 
accomplished by applying a voltage across the electrode gap of the spark plug after ignition of the 
mixture. This voltage is low compared to the voltage used for the flame-initiating discharge, but 
will cause a detectable current to flow. Since the conductivity of the gas is strongly influenced by 
the combustion process, the current can be used in monitoring this process. No additional 
equipment is required in the combustion chamber to obtain this functionality. This type of 
sensor, called ion probe or ionization sensor, has already found broad application in combustion 
diagnostics in internal combustion engines, helping to optimize the combustion process and thus 
to minimize fuel consumption and exhaust gas emission Thus far, much has been achieved by 
sophisticated data analysis, e. g. by correlating certain features of the current curves to other 
engine data like pressure or mixture composition. 

The work presented here focuses on the identification of the mechanisms governing the 
functioning of the ionization sensor, and their interaction. The investigations have been 
performed with the goal to obtain an extensive understanding of the sensor. A better 
understanding of the sensor will contribute to the further improvement of algorithms for engine 
feedback control based on the ion sensing technique, and will make it possible to take advantage 
of a larger portion of the information contained in the sensor signal. 

In the following section, four investigations are presented briefly. An in-depth presentation of the 
setups and results can be found in the recently published thesis [Franke, 2002] as well as in 
references [Franke, 2003a, b, c]. 

                                                 
1Division of Combustion Engines, Lund Institute of Technology 
2IDE, Halmstad University 
3Swedish Defence Research Agency, Tumba 
4SAAB Automobile AB, Södertälje 
5Heidelberg University 
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4.2 Investigations 

4.2.1 The Role of the Electrodes 

The effect of the electrodes on the early signal of the ionization sensor has been studied 
experimentally and with a model for the sensor. Experiments in a constant-volume combustion 
chamber with a generic electrode configuration allowed to investigate the role of electrode 
contact and the main path of the current. A framework for a model allowing the inclusion of 
electrode processes is introduced, and a first implementation of this model is presented. The 
results from the simulations are in good qualitative agreement with the experimental 
observations. Our conclusion is that electrode processes can limit the current during early 
combustion, and that the geometry of the electrodes, and especially the cathode, govern the 
characteristic shape of the first current peak, cf. Figure 4.1. 
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Figure 4.1. Current trace during early flame development along with flame photographs, 
demonstrating the importance of the contact area between the flame front and the electrode for the 
current magnitude.  

 

4.2.2 The Effect of Gas Flow 

The location of the peak pressure can serve as a control parameter to adjust ignition timing and 
optimize engine performance. The ionization sensor, an electrical probe for combustion 
diagnostics, can provide information about the peak pressure location. However, the reliability of 
such information is rather poor. In-cylinder gas flow at the electrodes may be one reason for this. 
We present results from an investigation of the relationship between ionization sensor current 
and pressure under various gas flow conditions. The gas flow velocity in the vicinity of the 
electrode gap was measured by LDA, see Figure 4.2. From the results one may infer how the in-
cylinder gas flow  
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affects the reliability of the prediction of pressure 
peak location from the ionization sensor signal. 
One finding is that high bulk gas flow impairs 
the precision of the prediction in certain 
configurations. 

4.2.3 Ionization Equilibrium Study 

A combined experimental and theoretical effort 
has been made to identify the most important 
contributors to equilibrium ionization in the 
post-flame gas. In the past, nitric oxide (NO) has 
always been assumed to be the main electron donor in the compressed hot post-flame gases. 
However, correlations observed between the amount of NO in the exhaust gases and the current 
amplitude may be deceiving due to the fact that both the formation of NO and the ionization 
process are strongly temperature dependent. 

The temperature-current relationship in data from various experiments in constant volume 
combustion chambers and engines was utilized to check the hypothesis that NO acts as the major 
contributor to ionization. Based on a well-motivated model for the current, the effect of 
temperature and electron donor concentration has been separated. The results indicate that 
species with much lower ionization energy than NO make a significant contribution to the 
conductivity of the gas in the post-flame zone. Assuming realistic concentrations of the most 
abundant alkali metals in air, an analysis of the ionization equilibrium has been performed. The 
results substantiate the experimental findings. 

4.2.4 The Importance of NO and OH for the Ionization Sensor Signal 

Nitric oxide (NO) and hydroxyl radicals (OH) are formed by the combustion process and are 
present in the post-flame gas. Among the combustion-related species, NO features the lowest 
ionization potential and can therefore be supposed to play an important role as an electron 
donor, thus increasing the conductivity of the burned gas. The OH radical acts as a counterpart - 
due to their relatively high electron affinity, OH molecules catch electrons and hence reduce 
conductivity. The simultaneous imaging of both species offers the prospect of a better 
understanding of their role for the ionization sensor signal. Moreover, the concentration of both 
species is dependent on gas temperature and can therefore be supposed to contain some 
information about it. Both quiescent and turbulent combustion have been investigated. While 
the NO mole fraction was measured semi-quantitatively, a qualitative approach was used for the 
OH imaging. The transport of cold gas towards the center of the cell leads to local temperature 
fluctuations that are not observable in the pressure trace, but are in the current. This may be one 
of the mechanisms which lead to an impaired pressure-current relationship in turbulent mixtures. 

The mole fraction of NO retains a constant level long after peak pressure. This assumption, 
which was made during the equilibrium calculations presented above, has now been 
substantiated with experimental evidence. 

The properties of the gas are strongly influenced by the presence of the electrodes, whether by 
cooling or flame quenching. For the development of kinetic models for combustion an inclusion 
of electrode cooling is recommended. 

 

Figure 4.2. Setup for the LDA measurements. 
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Figure 4.3. Examples of NO distributions (single-shot) taken at 60ms after ignition. The positions of the electrodes in 
the imaged area are indicated by thin lines. The imaged area amounts to 33-20mm2.  
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5 Combustion Research 

5.1 Applied Pulsating Combustion Project at LTH 

A. Lindholm and S-I. Möller 

In 1989 a research project on pulsating combustion was initiated at the Lund Institute of 
Technology, LTH, Lund University. The primary objective of the project was to expand in detail 
the knowledge and the understanding, of all aspects of pulsating combustion by theoretical and 
experimental means. The project was planned to be executed and completed in three steps; the 
three different phases of the project were succinctly identified as,  

 

(1)  an introductory phase: “mainly with the intention to identify and formulate 
the problems involved and in need of further examination”, 

(2)  an intermediate phase: “in order to be able to institute a base of knowledge 
and experience at the forefront of the research regarding theoretical 
modelling and experimental investigation of pulsating combustion”,     

(3)  the applied phase: “to apply knowledge and experience gained, to propose 
and examine new concepts and applications of pulsating combustion”.    

 

In order to obtain results of high scientific quality regarding the fundamental processes involved 
in pulsating combustion the project was set up as a collaboration between three different 
departments at Lund Institute of Technology. Interaction between theory and experiments has 
been emphasized throughout the project. Commonly the experimental activities have been 
carried out at the Department of Heat and Power Engineering and at the Division of 
Combustion Physics while the theoretical part of the project has been completed at the Division 
of Mechanics and at the Division of Combustion Physics. 

To ensure that the project held the intended scientific quality, international exchange and 
collaboration have been important parts throughout the first two stages of the project. This 
exchange and collaboration was mainly manifested through a joint program between LTH and 
CSIRO and the establishment of the NORDIC Pulse Combustion Group with members from 
Sweden, Norway, Denmark and Finland. The co-operation with CSIRO (Division of Building, 
Construction and Engineering, Melbourne, Australia) included experimental as well as 
theoretical collaboration and resulted in a number of joint publications regarding pulse 
combustors with flat combustion chambers. Further on two workshops, one in Lund and the 
other in Melbourne, were jointly arranged. The NORDIC Pulse Combustion Group, financially 
supported by the Nordic Council of Ministers and the Nordic Energy Research Comittee, gave 
the opportunity to establish important contacts and mutual exchange of ideas beneficial for the 
third and applied phase of the pulsating combustion project. As a part of the work within this 
group, a workshop on “Pulsating Combustion and its Applications” was held at the Danish Gas 
Technology Centre and a short introductory brieflet on pulsating combustion was printed. 
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The third and finishing stage of the pulsating combustion project at LTH incorporated 
collaboration with different industrial partners and was named “Applied Pulsating Combustion 
Project at LTH”. The intention was to utilize the gained knowledge in the previous two stages of 
the project, both experimentally and theoretically, and focus the interest on some chosen 
applications of pulsating combustion. These applications included development of a domestic 
natural gas fired pulse combustor together with Pulsonex Scandinavia AB and co-firing using 
pulse combustors in a waste furnace. An investigation of pulse combustors used for industrial 
liquid heating was also conducted at the Danish Gas Technology Centre. In this study a pulse 
combustor developed at LTH was used. The results showed 6-14 % higher efficiency, using the 
pulse combustor, than results from traditional burners in comparable applications. The NOX 
emissions were reported to be 8-36 ppm (at zero oxygen content), and the CO emissions 7-30 
ppm, the variation depending on the air/fuel ratio used. 

Three natural gas fired pulse combustors were developed for co-firing in the 32 MW waste 
furnace at SYSAV AB, Malmö, see Figure 5.1. The primary goal with the experiments was to 
investigate the possibility to reduce CO emissions by enhanced mixing, due to the oscillating 
high velocity jet from the pulse combustors, in the furnace. Results indicated that a reduction of 
6-20 % of the CO emissions was obtained using the three pulse combustors (each with burner 
input of approximately 30 kW). 

 

Figure 5.1. Three 
pulse combustors, used 
for co-firing, 
mounted at the 32 
MW waste-to-energy 
plant at SYSAV, 
Spillepengen, Malmö 

 

A large effort was spent throughout the project to increase the knowledge and understanding of 
the fundamental processes in pulsating combustion, particularly the interaction between the 
oscillating flow field and the periodic heat release. This has been achieved by means of detailed 
experimental studies including cycle resolved LDV measurements of the velocity field, 
chemiluminescence imaging and flue gas analysis as well as detailed numerical simulations (see 
section 5.1.1). It has been found that small changes of inlet geometry lead to significantly altered 
behavior of the combustion processes in a pulse combustor. This effect and the underlying 
interaction between the inlet flow field and the injection, ignition and combustion processes was 
investigated in detail as part of the last activities within the project, (see section 5.1.2). 
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5.1.1 Numerical Simulations for Studies of Unsteady Combustion in Practical 
Combustion Devices 

S-I. Möller 

A major problem in the design of combustion equipment is to prevent the occurrence of 
combustion instabilities. Combustion instabilities appear as periodic oscillations in pressure and 
heat release through a feedback mechanism between the fluid dynamics and the combustion 
process. These oscillations may induce e.g. mechanical vibrations and increased heat transfer, 
leading to poor performance or even total loss of the system. The characteristic features of the 
unsteady combustion process observed for combustion instabilities can also be utilized 
advantageously in certain applications, e.g. pulse combustors. In pulsating combustion, the 
oscillations are utilized to enhance the efficiency and reduce emission of pollutants. The 
interaction between fluid dynamics and the chemical reactions play an important role in 
unsteady combustion processes. The mechanisms in the feedback process in terms of injection, 
mixing and ignition are of particular importance. 

The objective of the theoretical part of the Pulsating Combustion Project was to utilize 
numerical simulations for studies of unsteady combustion. A general model for simulation of 
time dependent turbulent flow of chemically reacting mixtures was developed. The model is 
based upon the theory of mixtures within continuum mechanics. For numerical treatment of 
turbulent flow, the conservation and balance equations are spatially filtered according to the 
Large Eddy Simulation (LES) technique. The interaction from the small-scale fluctuations on the 
large-scale flow is modelled by Sub Grid Scale models. The Smagorinsky model is used for 
modelling of the sub-grid scale stresses and fluxes. The chemical reaction rates are estimated from 
the kinetically controlled reaction rates and the mixing rates. The equations are discretized 
according to the Finite Volume Method. Velocity field, pressure, temperature and species 
concentrations are output data from the model.  

This simulation model has been used for simulation of a test rig assimilating the jet engine after 
burner, featuring unsteady flow in terms of a fluctuating vortex street. Additionally, the unsteady 
combustion process found in pulse combustors of Helmholtz type has been simulated. Results 
from the simulations have been validated against a number of experimental data, such as time 
resolved velocity fields, chemiluminescence from OH and CH, OH-LIF, as well as pressure and 
flue gas composition. The simulation model is found able to mimic most of the characteristic 
features of the unsteady combustion processes. Numerical simulations can serve as a useful tool 
for studies of unsteady combustion. As an example, the ability of the model to predict the 
operating characteristics for different inlet geometries in a Helmholtz type pulse combustor was 
investigated. Here the pressure and heat release cycle was studied as well as tail pipe temperature 
and O2 and NO concentrations at the outlet of the pulse combustor. It was found that the 
timing between the heat release and the pressure was affected by the different inlet geometries. 
The model was found able to predict the different combustion characteristics both in terms of 
the timing of the combustion cycle as well as regarding the emission levels (see Figure 5.2). 
Further details about the simulation model can be found in the doctoral thesis [Möller, 2002]. 
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a) Power Input = 9.5 kW, operating frequency = 106 Hz and flame holder position = 7 mm. 
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b) Power Input = 11 kW, operating frequency = 103 Hz and flame holder position = 13 mm. 
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c) Power Input = 12.3 kW, operating frequency = 99 Hz and flame holder position = 25 mm. 

 

Figure 5.2. Measured averaged pressure cycle (standard deviation indicated with error bar) and simulated pressure (left). 
Averaged and normalised OH-cycle indicating the spontaneous emission from the OH-radical intensity (standard deviation 
indicated with error bar) and simulated heat release intensity (right). 



CHAPTER 5.  COMBUSTION RESEARCH 58 

5.1.2 Ignition, Flame growth and Extinction in Premixed Combustion 
Dominated by a Strongly Oscillating Flow Field 

A. Lindholm, S.-I. Möller, J. Olofsson, J. Hult  and M. Aldén 

The driving processes of combustion instabilities are closely related to the dynamics of unsteady 
flow. In most applications the induced oscillations are unwanted and may lead to unfavourable 
operation and finally failure of the combustion system. Some combustion applications, e.g. pulse 
combustors or dump-combustors for hazardous waste incineration, are designed to utilize the 
advantages, such as increased heat and mass transfer, of controlled unsteady combustion. 
Irrespective of whether the oscillations are undesired or not, the acoustic interaction with the 
flow field and the subsequent combustion is the same. Pulsating combustion, which incorporates 
a reproducible oscillating flow field, is therefore a suitable combustion process for studying the 
effect of interaction between fluid dynamics and combustion. Previous investigations show that 
the combustion characteristics in terms of frequency, input power, emissions etc. are highly 
sensitive to changes in combustion chamber inlet geometry.  

The work performed here deals with experimental and theoretical work concerning the ignition, 
combustion and extinction processes in a strongly oscillating flow field. The experimental 
investigation incorporated a high repetition rate diagnostic laser system for measuring time 
resolved Planar Laser Induced Fluorescence from OH. For the OH visualization experiment the 
laser diagnostic system shown in Figure 5.3 was used. At the upper right corner the combustion 
chamber top view indicates the location of the three different measuring planes used; A = centre 
plane, B = centre plane + 15 mm and C = centre plane + 30 mm. The excitation of OH was done 
by using a wavelength around 283 nm. For a more detailed description of the laser system see 
section 3.2.12. The high speed PLIF diagnostic system collected sequences of four images with a 
temporal resolution of 100, 150 and 350 µs between the images. 

 

Figure 5.3. Experimental set-up for the high speed diagnostic system for Laser Induced Fluorescence of OH. 

 

The measurements were carried out in a reproducible oscillating flow field generated by the 
combustion process in a Helmholtz type pulse combustor. Two different inlet geometries and 
total mass flow rates, corresponding to lean premixed combustion, were investigated. The change 
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in total mass flow rate was achieved by altering the stagnation plate position (see combustion 
chamber top view in Figure 5.3) and decreasing the supply pressure of the methane gas. This 
allows investigations of how the injection, ignition and combustion processes are affected by the 
decreased total mass flow rate through the combustor and hence the decreased velocity of the 
entraining jet of fresh air/fuel mixture into the combustion chamber. Simultaneously with the 
OH-LIF measurements the integrated chemiluminescence from the combustion process in the 
combustion chamber was measured. Numerical simulations were carried out for the two inlet 
geometries. The numerical simulations were carried out by using a general simulation model for 
the flow of a chemically reacting fluid utilising the LES technique. The combustion process was 
modelled with a two-step reaction mechanism for combustion of methane in air.  

As an example results from measured instantaneous OH-LIF and simulated Heat Release 
intensity images, corresponding to one of the operating conditions, are presented in Figure 5.4. 
The time separation between OH-intensity images was 325 µs and the time t, refers to a 
normalised operating cycle of 62 Hz. The OH-intensity images from plane B, see Figure 5.4 
(top), shows the entraining jet as it enters and partly mixes with the residual burnt gases from the 
previous cycle. Here residual OH at ground level from the previous combustion cycle serves as a 
marker between fresh reactants and burnt gases. At the interface between fresh air/fuel mixture 
and residual gases there are small flamelet like structures, indicating early ignition or pre-ignition 
along the outer edges of the entraining jet at low velocities. This flame is partly extinguished but 
partly distributed along the edges  of vortices created by the entraining jet. The numerical 
simulations, see Figure 5.4 (bottom), for this operating condition show that a major part of the 
heat release is located to the regions closer to the walls. Here the location of the measured plane 
B is indicated by the vertical lines in the images. A similar tendency can be observed in the 
experimental data. A large amount of the heat release takes place in the second half of the 
combustion chamber, no heat release occurs in the inlet region which also is supported by the 
measurements. 

 

OH 
PLIF 

HR 
Sim. 

Figure 5.4. Measured instantaneous OH-LIF (top) and simulated Heat Release (bottom) intensity images, 
corresponding to: Power Input = 14.8 kW, operating frequency = 62 Hz, Equivalence ratio = 0.55 and 
Stagnation plate position = 25 mm. 

 

The results from both experiments and simulations showed that the heat release appeared 
distinctly different depending on the inlet jet velocity which significantly affected the injection, 
mixing and ignition processes.   
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5.2  Experiments in an Atmospheric Pressure Combustor 

J. Olofsson, H. Seyfried, J. Hult, M.Richter and M. Aldén 

In collaboration with the department of Heat and Power engineering an extensive investigation 
of the combustion in a combustion chamber, originating from a Volvo turbine (VT 40), has 
been made. The combustor has been modified to atmospheric operating, and using natural gas as 
fuel. The inlet air stream can be humidified up to 20% at full load before it is entering the 
combustor chamber. 

Natural gas is supplied to the pilot burner (diffusion flame) or to the main burner (premixed 
flame). Consequently, the combustion chamber has the capability for both premixed and non-
premixed operating modes. The pilot flame can be characterized as a slightly lean diffusion flame. 
Some part of the air is entering through the primary swirl and is mixed with the fuel before it 
enters the combustion chamber, and this is shown schematically in Figure 5.5. Before the main 
flame is swirl stabilized in the combustor chamber, the fuel/air mixture is premixed. When the 
experiments were performed the atmospheric pressure burner was run both with and without 
humidified air. 

Moreover, the combustor has 
been equipped with two side 
windows and one bottom 
window, all in quarts. These 
windows allow optical access 
from the fuel/air inlet in the 
primary zone down to the 
dilution zone. The window in 
the bottom of the flue gas 
channel allows additional 
optical imaging of both the 
flame structure and the flow 
field. 

For the evaluation of the 
combustor described, several 
different laser-based measure-
ments were performed. In order 
to determine the flame front 
position in the atmospheric 
burner, OH visualisation 
measurements were performed, 
using Planar Laser-Induced Fluorescence (PLIF), using the high-speed framing camera together 
with the multiple-YAG/dye laser system (=283 nm) described in section 3.2.12.  
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Figure 5.5. Left: Flow scheme of the atmospheric combustion rig. Right: The 
combustion chamber seen from beneath. 
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Since the measure-
ments were time 
resolved an additional 
property could be 
studied, namely the 
movement of the flame 
front structures.  To 
achieve a more 
complete view of the 
combustion processes 
in the burner, fuel 
visualisation experi-
ments were also 
performed. In these 
experiments an Exci-
mer laser operating at 

248 nm was used. Since the fuel does not fluoresce by itself, the fuel flow was seeded with 
acetone vapour. From both the OH and the fuel images it is also possible to estimate the spatial 
size of flame structures. 

A laser sheet 25 mm wide was directed into the combustion chamber, through one of the side 
windows. The fluorescence from the intersection region of the laser sheet and the gases in the 
combustion chamber was imaged on a CCD camera via the bottom window. In Figure 5.6 
images of the OH distribution at three different heights is shown to the left. To the right the fuel 
distribution can be seen. The dark ring clearly seen in between the areas containing OH 
corresponds to the position at which the fresh fuel/air mixture is injected into the burner. This 
region is surrounded by the flame front, which is seen as a region of high OH concentrations. 
OH is also found behind the flame front, though at lower concentrations. This OH has been 
transported there through recirculation inside the burner. 

By comparing OH images with different time 
separations it was possible to determine at 
what time scales the flame front structures 
change. In Figure 5.7, a part of an OH image 
is enlarged and compared to the same part in 
three consecutive images. After 25 µs the 
structure of the flame front has not changed 
noticeably. However, after 75 µs the structures 
are not recognisable anymore. Thus the time 
scales in the burner for the situations studied 
are at least as short at 50 µs. Other studies in 
this burner have been made as well, including 
temperature measurements using CARS. 

 

 

Figure 5.6. This image set shows a comparison between OH distribution (left) and fuel 
distribution (right) in the three measurement planes. Note that these images are not 
recorded simultaneously and are thus showing physically uncorrelated events. 

 

Figure 5.7. Comparison of OH PLIF images with different 
time delays. 
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5.3 High Pressure Combustion Facility  

M. A. Linne, A. Lindholm and M. Aldén 

A new facility to perform combustion tests at high-pressure has been built at LTH and is 
currently undergoing shakedown tests. The main parameters for this new test rig are: up to 1.3 
kg/s air flow rate at an inlet temperature of up to 1000 K and inlet pressure up to 16 bar. The 
high-pressure test rig is designed for investigation of combustion phenomena, to provide data for 
validation of combustion models, and for development of new diagnostic methods. The scale of 
the facility ensures that experimental studies can be performed up to industrially relevant size and 

conditions. 

 

The facility occupies a corner of 
the Enoch Thulin laboratory at 
LTH (see Figure 5.8). The design 
criteria for the facility were 
developed by LTH researchers 
working both with modeling and 
with laser diagnostics, and by 
representatives from the industry. 
From the university, the Divisions 
of Combustion Physics, Fluid 
Mechanics, Heat Transfer, 
Thermal Power Engineering and 
Combustion Engines are involved. 
From the industry companies such 
as Volvo Aero Cooperation, 
Alstom, and Rolls Royce are 
involved. 

 

 

Figure 5.9 contains a schematic of the equipment associated with the rig. Air for the facility is 
compressed up to 16 bar by a large Roots blower located on the lower floor, while natural gas is 
compressed in a neighboring room (both are depicted in blue, on the first floor in Figure 5.9). 
The facility also has pumps for liquid fuels including kerosene, diesel fuel, and volatile liquids 
such as naphtha. A gas cylinder facility can be used to supply hydrogen or other bottled gases.  

The compressed air flows up to the next floor where it is introduced into the burner housing, 
which is located in the center of the flow system. This housing, which was designed and proven 
at Volvo Aero, is square in cross section with windows on all sides. There is actually an inner wall 
and an outer wall, and both sets are fitted with windows. The inner wall is designed primarily to 
deal with high temperatures while the outer wall contains the pressure. The compressed air flows 
from the center towards the right in Figure 5.9, between these two walls, cooling the inner 
window set. In fact, a small amount of inlet air is allowed to flow along the boundary layer inside 
the inner duct, to cool the inside walls of the inner windows. Most of the air, however, flows 
towards the right in Figure 5.9 (inside the annulus of the long gray horizontal cylinder) until it 
reaches the electric preheater (the vertical gray structure on the second floor), which heats the air 
up to a maximum of 1000 K. Electric preheating provides excellent control over the inlet 
temperature. The air then flows inside the inner pipe back to the left, towards the combustor. 
Combustion can occur within various ducts that are mounted inside the optically accessible, 10 

 
Figure 5.8. Photograph of house for the new high pressure facility at 
LTH, attached to the Enoch Thulin laboratory. 



5.3. HIGH PRESSURE COMBUSTION FACILITY 63

cm x 10 cm housing. Combustion products then pass through an adjustable orifice, which 
controls the chamber pressure and the pressure drop down to ~1 bar downstream (a system also 
designed and proven at Volvo Aero). Water jets cool the combustion products and they flow out 
the exhaust system mounted on the roof.  

As an alternative, jet mixing 
can be studied without 
combustion. The resulting 
mixture of fuel and air is then 
burned in the natural gas-
stabilized afterburner  (the 
thick horizontal gray housing 
to the left on the second floor).  

In addition to these facilities, 
the rig has fully automated 
control and safety systems. A 
water-cooled gas-sampling 
probe is mated to a standard 
gas analysis (O2, HC, CO, 
CO2, NO) rack. Laser 
diagnostics are performed 
through the window sets. 
Measurement of pressure 
fluctuations via piezoelectric 
transducers is also provided. 

One EU-funded experimental 
campaign, called Flameseek, 
has already been completed in 
this rig. Researchers from 
Imperial College performed measurements of spontaneous OH and CH chemilumine-scent 
emission from a small, premixed methane/air flame at up to 5 bar total pressure.  From the 
relative levels of OH and CH they deduce a local equivalence ratio in the flame. Laser 
measurements included single shot and averaged OH PLIF and they compared well with the 
emission measurements.  

We are currently preparing the rig for use in a low NOx EU program called the Low Pollutant 
Combustor Technology (LOPOCOTEP) program. This campaign will test several new lean 
premixed prevaporized (LPP) ducts designed by Rolls Royce. 

In addition, this rig has been chosen as a model validation test site within the Advanced Gas 
Turbine Modeling and Simulation Program of the International Energy Agency (IEA) subgroup 
on Energy Efficiency and Emissions Reduction in Combustion Systems. In the coming year 
plans for a new validation burner will be developed.  

 

 
 

Figure 5.9. Schematic of the new high-pressure facility at LTH. 
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5.4 Utilization of Combustion Instabilities for Reduction of 
Emissions 

S-I. Möller and A. Lindholm 

From the previous studies of pulsating combustion described in section 5.1, it has been found 
that one of the inherent advantages of combustion processes featuring controlled instabilities is 
the very low NOX formation. The main reason for this is believed to be the decreased residence 
time at high temperatures, which is a consequence of the increased reaction rates due to 
enhanced mixing. This can also be the key factor for reducing soot and PAH by limiting the 
formation due to decreased residence time at high temperatures and increased residence time at 
temperatures corresponding to the burnout stages of hydrocarbons. 

In year 2002, a new project, LUCIFER (Lund University Combustion Centre Utilizing 
Combustion Instabilities for Emissions Reduction) funded by the Foundation for Strategic 
Environmetal Research, MISTRA, was initiated with the objective to reduce emissions including 
particles and soot from small to medium sized stationary heat/power units suitable for a variety of 
fuels including biofuels. A common drawback when improving a combustion process in terms of 
reduced emissions is impaired efficiency, e.g. when NOX emissions is reduced by increasing the 
amount of excess air. The intention here is to utilize a combustion technique that has the 
potential of combining improved economy and environmental performance regarding reduced 
emissions of particles, NOX and unburnt hydrocarbons. 

In this project the previous studies of Helmholtz type pulse combustors will be extended to 
include Rijke-type pulse combustors suitable for a variety of gaseous, liquid or solid fuels 
including combinations of these. The Rijke type pulse combustor has similar benefits as pulse 
combustors of Helmholtz type and various reports have shown that pulse combustors of Rijke 
type are suitable for a number of “difficult-to-burn” fuels. This project will incorporate 
experimental and theoretical studies with continued strong intrerdisciplinary interaction. 

 

At the first stage of the project an experimental 
Rijke-type pulse combustor will be designed and 
tested regarding efficiency and environmental 
performance. Figure 5.10 shows an example of a 
simple Rijke-type pulse combustor using chopped 
wood from gardening as fuel. Later on detailed 
masurements and simulations will be used to 
investigate how the unsteady combustion process 
affects combustion efficiency, formation of soot 
particles, PAH and NOX. The results from these 
investigation will be used to identify potential 
combustor design features and operation conditions 
for improved control of soot and PAH emissions. 

 

Figure 5.10. Simple example of a Rijke-type pulse combustor using 
chopped wood from gardening as fuel. 



6. Chemical Kinetics

6.1 The Kinetics Group

The chemical kinetics group, headed by Prof. Fabian Mauss, performs detailed kinetic modeling of
complex hydrocarbons including pollutant formation such as soot and NOx. The research includes
not only automatic generation of detailed reaction mechanisms, but also their automatic reduction.
In addition, there is development of flame-flow interaction models suitable for use in more complex
combustion models including CFD engine calculations.

The main focus of the group is to develop chemical mechanisms for a wide range of reactors and
engines. The models themselves have their basis in detailed mechanisms ranging from a couple
hundred reactions to a couple thousand. Taking into account the computational demands of com-
plex physical models, it is difficult to see how full detailed kinetic mechanisms could be directly
coupled to the complex calculations of practical combustion devices within the foreseeable future.
For this reason, semi-automated procedures have been developed within the group to reduce this
detailed chemistry in such a way that the essential information of the detailed mechanism remains,
but the computational effort is reduced to the point to where it can be practically used within these
models.

Large detailed mechanisms are ’generated’ using automatic procedures based on chemical kinetic
analogies. The analogies are formed from the kinetics of ’known’ mechanisms involving smaller
species, which have been validated against experiments. The kinetics of mechanisms involving
larger species, where little to no validation experiments exist, are then extrapolated using the gener-
ation procedure.

Two techniques have been developed within the group to reduce the effective set of species of a
detailed mechanism. This, in turn, reduces the computational effort needed for that mechanism.
The first technique eliminates species according to their ’necessity’. If a species is determined to be
not necessary, then this species and all of its associated reactions can be taken completely out of the
mechanism. The second technique uses an ’importance’ measure to determine whether the species
is in steady state. A steady state species can be dealt with algebraically and thus reduces the number
of differential equations to be solved.

Another two techniques of simplification rely on parameterization. One reduces the detailed chem-
istry to a library of calculated coefficients of a descriptive function and the other represents the
chemistry as within a probability density model.

All of these reduction procedures are semi-automatic and systematic where the main input from the
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user is the set of conditions under which the reduction should be done.
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Figure 6.1. Kinetics Group: Model Mechanism Development

6.2 Detailed Reaction Mechanisms

T. Zeuch

The basis of the detailed mechanism development is the C0 through C4 chemistry, i.e. a mechanism
involving species with four or less carbons. This mechanism was originally developed by Warnatz
and has been further modified and validated by Fabian Mauss and his group. This C0-C4 chemistry
is used as the base mechanism for all the hydrocarbon combustion mechanisms, both those generated
by hand and those generated automatically.

A continuing effort is underway to improve this base mechanism and extend the validation against
more recent experimental data. Recently published rate constants and reactions path distributions
for alkyl-radical oxidation were introduced. These improvements enhanced the performance of the
mechanisms significantly. The performance of the new mechanism (soot chemistry included) for a
methane and an ethylene flame is shown in the Figure 6.2.

Further work was done to improve the chemistry necessary for modeling soot formation. The
strategy was to add the critically validated Soot Chemistry of Frenklach and Wang, which was
originally validated to the GRI 1.2 chemistry, to the base mechanism. The motivation behind this
effort is that the GRI mechanism is very well tested only for methane and natural gas related fuels.
The authors of GRI even warned that application of the mechanisms to pure non methane fuels
may give rise to problems. Though the flame speed performance of the GRI for fuel rich Ethene
and Ethyne flames is poor, the Frenklach and Wang Soot model with the Lund base mechanism is
now validated against sooting or near sooting flames of these two fuels (Figure 6.2).

Significant changes to the mechanism were done and the new mechanism was critically tested
against species profiles for three fuel rich flames, acetylene, propene and acetylene/propene mixture.
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Figure 6.2. Performance of the new mechanism (soot chemistry included) for a methane flame and an ethylene

flame, left, and Fuel rich Ethene and Ethyne flames validated against sooting or near sooting flames, right.

The figures show the calculated concentration profiles C3H3 and C6C6, propagyl radical and
benzene, which are key species in the process of soot formation.

The work by Thomas Zeuch in chemical kinetics group has been carried out in terms of the inter-
disciplinary focus of The Marie Curie Training Site. The intension was to combine the knowledge
in gas kinetics of the Physical Chemistry in Gttingen with the numerical and modelling skills of
the Kinetics Group in Lund.

6.3 Detailed Mechanism Generation

E. S. Blurock

As mechanisms for larger hydrocarbon and aromatic species are developed, it becomes increas-
ingly difficult to keep track of the combinatorial set of reactions and species that are needed to
describe these models. Producing these complex mechanisms by traditional methods by hand be-
comes increasingly difficult and error-prone with increasing mechanism size. In addition, as the size
and complexity of the species increase, the amount of direct chemical kinetics about these species
decreases. In order to effectively and systematically accomplish this task, automatic mechanism
generation tools have been developed.

The principles and techniques used in mechanism generation are an automatization of the tradi-
tional principles and techniques used in ’smaller’ mechanism development. The techniques are
basically the same. But in mechanism generation, the techniques are formalized and automated.
A major difference is that in mechanism generation, instead of manipulating individual reactions,
reaction classes (sets of similar reactions) are optimized and manipulated. Analogies are formed for
reaction classes instead of individual reactions, reaction pathways are defined for reaction classes and
the individual reactions are generated and tuning is performed with the reaction class coefficients
instead of those for individual reactions.

In general, there is one important difference between detailed mechanism generation and traditional
development of smaller mechanisms. The size of the detailed mechanisms for the combustion of
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Figure 6.3. Calculated concentration profiles C3H3 and C6C6, propagyl radical and benzene, which are key

species in the process of soot formation

larger molecules is a factor of ten larger compared to the mechanisms developed for the smaller
hydrocarbons. The optimization procedures for 300 reactions are no longer applicable for mech-
anisms with 3000 reactions. For this reason, a generated detailed mechanism is thought of, for
example, as a collection of (on the order of ) 50 reaction classes representing the 3000 reactions.
Once again the number of parameters is ’reasonable’ and manageable. The 3000 derived reactions
are thought of as ’details’ of the computation (just as the individual loops of a complicated numerical
calculation are not thought about after they are developed). The developer, or the computational
tool the developer uses, sees (has to deal with) only these 50 reactions classes and optimizes the
coefficients and pathways created by these classes.

The major principles behind the detailed mechanism generation[Blurock, 1995, Blurock, 1996,
Blurock, 2003] procedure are:

Analogy and Extrapolation Detailed information about the most of the specific reactions for the
larger (more carbons) species is not known. Through analogies with known reactions and
physical knowledge about the behavior of functional groups, reaction information is extrap-
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Figure 6.4. The graphical representation of a generated mechanism.

olated and compiled in reaction classes.

Reaction Pathway Modularization A large detailed mechanism is modularized into specific sets
of pathways acting on seed molecules.

Optimization The detailed mechanism is ’tuned’ by refining the reaction class ’analogies’ (specifi-
cally, the reaction class coefficients) and selecting which pathways should be included.

Figure 6.5. The controlled generation of detailed mechanisms by selection of pathways and ’seed’ molecules (through

a GUI interface menu).

An important aspect of the automatic generation of mechanisms for larger hydrocarbons is that
while extensive experiments exist for smaller species, little to no validation experiments exist for
larger species. The systematic use of analogies with and extrapolation from smaller species gives
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greater confidence that the mechanisms produced for larger hydrocarbons are closer to reality. To
date, mechanisms with species as large as dodecane have been produced.

6.4 Mechanism Reduction by Elimination of Species

H. S. Soyhan

The first level of detailed mechanism reduction produces a ’skeleton’ mechanism where only species
determined to be necessary are kept within the mechanism. The non-necessary species and their
associated reaction have little effect on the mechanism, within the physical bounds provided, and
thus can be eliminated. The necessity measure, developed within the kinetics group, is based on a
combination of flow analysis and sensitivity.

Sensitivity analysis detects species that the overall combustion process is sensitive to. Changing a
sensitive species will have significant impact on the results. However, sensitivity analysis alone does
not reflect the significance of the precursor species leading to the sensitive species. For this reason,
flow analysis is introduced. Reaction flow analysis calculates the flow of atoms between reacting
species. In this way, not only are the sensitive species kept within the mechanism, but also those
leading up to these species.

Under a given model and a given range of conditions (most commonly temperature and pressure),
the species are ordered according to the necessity measure. Those with a low necessity factor can
be eliminated from the mechanism without effecting the results significantly. In practice, the max-
imum necessity measure for the desired set of models under a complete range of conditions is used.
The species are then ordered. Those species under a given value are determined to be not necessary
and are eliminated to form the ’skeletal mechanism’ involving only necessary species.

An example of applying the method is where the detailed mechanism of Warnatz (589 reactions, 53
species) is reduced up to a skeleton mechanism (291 reactions, 34 species) [Soyhan, 2002] resulting
less than 0.2 CAD error in autoignition time. Different skeleton mechanisms are generated using
different cut-off levels of relative species importance and validated against the detailed mechanism to
find the final skeleton mechanism. Gradually increasing cut-off levels results in a correspondingly
gradual increase in difference between the skeleton and detailed mechanisms. This is shown by
using the predicted crank angle degree (CAD) at which autoignition in the HCCI engine occurs.
The skeleton mechanisms are valid for the predetermined parameter ranges of initial and boundary
conditions, depending on experimental conditions to be modeled.

6.5 Steady State Mechanism Reduction

T. Løvås

A common reduction strategy, which is the foundation of the second level of mechanism reduction,
is based on the introduction of the quasi steady-state approximation (QSSA) for species. If a species
is determined to be a QSSA species, then the solving of its associated source terms can be done
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Figure 6.6. Calculated temperature profiles of an HCCI-engine: Different skeleton mechanisms are compared with

the detailed mechanism

algebraically instead of through the normal set of differential equations. The result is that the
effective set of species is reduced and the computational effort diminished.

A new selection criterion, level of importance (LOI), obtained from chemical lifetimes, diffusion
velocities and flame-zone residence times in combination with a species sensitivity measure is used
to determine whether a species can be considered to be in steady state.

Species with low LOI are selected for QSSA, and their concentrations are calculated iteratively by
solving the coupled algebraic system. Kinetic models with a varying degree of reduction are au-
tomatically generated and implemented as FORTRAN source code by setting different lower LOI
and element mass fraction limits. In Løvås et al. [Løvås et. al, 2000] an existing skeletal mechanism
for laminar premixed methane-air flames was used as a starting point for further automatic reduc-
tion using quasi-steady-state approximation (QSSA). The resulting reduced mechanisms showed a
very good agreement with the detailed mechanism. This criterion has been used and developed in
further publications and is now found to be a reliable selection parameter for steady state species.

Until now, the QSSA technique has required a skilled operator to decide, according to chemical
experience, which of the species in the original detailed mechanism are in quasi steady-state. Fol-
lowing proper selection of steady-state species, the reduction procedure is strictly mathematical.
The species in steady state are algebraically eliminated from the system of elementary reactions,
usually resulting in a small set of explicit global reactions. As a result it is common to use a couple
of previously published and well known reduced mechanisms for CFD calculations. The approach
is to develop a method where the reduced mechanism is automatically found by using a set of
a few physical selection parameters that decides which species are in steady state. The reduction
procedure itself is quick and different reduced mechanisms for a variety of physical and chemical
situations are easily developed.
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Figure 6.7. The results from reduced mechanisms with increasing level of reduction are compared with the result of

the detailed mechanism.

6.6 Reduction with Domain Splitting

T. Løvås and E. S. Blurock

The recognition that within a complete combustion process there are different zones of differing
chemistry and physics leads to a further method to reduce complex mechanisms. A reduction
criteria applied to the whole range can instead be applied to each reaction domain separately. The
relaxed criteria allows more species to be considered in the reduction process. If the technique is
applied using the LOI criteria of the previous section more species can be defined as steady state.
Steady state species are defined with respect to zones instead of the entire physical range. Previously,
the criteria had to be held for the entire process, and many species would not be defined as steady
state. However, if it is enough that the species meets the criteria in only one zone, as in this
method, then that species could be steady state at least in that one zone (even though it would not
be in steady state in the other zones).

The key to this improvement is the automatic identification of the chemical zones through cluster-
ing. Similar chemical zones are clustered into similar cluster domains along the process coordinate,
such as time in an ignition process or mixture fraction of a flame. The clustering criteria is similar
to the steady state criteria, the LOI, to ensure that the domains calculated are relevant to the QSSA
method.

The method has been applied to a simulation of an ethene-air diffusion flame [Løvås, 2003]. In Fig-
ure 6.8 the LOI parameters for some selected species are given as function of the mixture fraction.
The threshold limit of 10−4 is marked as a horizontal line, and the four domains in the calcula-
tions are marked with the vertical lines. Species like H2O lie below the threshold limit throughout
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the calculation and will consequently be treated as steady state in all domains. The fuel C2H4 has
naturally a high LOI for high mixture fractions, but has a low LOI in the lean zone. The species is
therefore treated as steady state in those domains. Other species like OH will go into steady state
as the mixture fraction increases. The remaining species are included in order to make the defined
domains more prominent.

There is a very good agreement between the reduced and the detailed mechanisms, even up to
strongly reduced mechanism with one zone having only 6 species. We found that considerably more
species could be set to steady state in some regions compared to using an overall reduced mechanism
which was limited to a 13 species mechanism. Also concentration profiles are reproduced well.

Figure 6.8. Calculated LOI as a function of the mixture fraction for a set of selected species. The horisontal line

represents a user-set cutoff value for steady state species whose LOI lies below this value. The vertical lines mark the

domains.

6.7 Automating Flamelet Library Calculations

F. Saric and H. Lehtiniemi

In order to obtain as accurate results as possible when performing simulations of the combustion
process in, for example, engines or gas turbines, it is desirable to include within a computational
fluid dynamics (CFD) code detailed chemical kinetics. This is, however, impossible if short com-
putational time is required. Both the fluid dynamics calculations and the chemical calculations
themselves are quite computationally expensive. One way of performing these simulations is by
coupling the CFD calculations with tabulated results for the chemical calculations. Using the
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flamelet model, one-dimensional detailed chemical kinetics calculations are performed for several
different combustion conditions, i.e. for a wide range of fuel and oxidizer side temperatures, pres-
sures, and fuel compositions. The results are then stored in a tabular form for use within the CFD
code.

However, for complex chemistry, computer memory and storage capacity is still limited. Searching
for data in a large data structure is still time consuming, especially if the data is stored on files.
Thus it is impractical to use completely tabulated data from chemical kinetics calculations. The
results from the chemical kinetics calculations have to be accessible in a more convenient fashion in
order to minimize the computational time and the requirements on computer memory and storage
capacity.

One solution is fitting appropriate functions, each of which can be described using a minimum of
parameters, to the results from the chemical kinetics calculations. Using this strategy, the computa-
tional cost and requirement on storage capacity is optimized and the complex chemical information
is still available

Creating a library and fitting the results to suitable functions calls for a software solution, which
is highly automated. Calculations for a multitude of different combustion conditions have to be
performed. The case generator creates input files for the different combustion conditions, the
chemical kinetics code performs the calculations, and when the calculations for all cases are ready,
the post-processor performs the fitting calculations. In order to be able to check the accuracy of the
performed fits, the fits are visualized automatically. Finally, the post-processor generates a subrou-
tine that the CFD code can use and thus access the data from the chemical kinetics calculations.

In figure 6.9 an example of a fit to the extincition scalar dissipation rate as a function of pressure
and temperature is shown.
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Figure 6.9. Fit to extinction scalar dissipation rate as function of pressure and temperature.
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6.8 HCCI Combustion Multi-Zone Modeling

H. Lehtiniemi and S. Stefanou

The HCCI (homogeneous charge compression ignition) engine can be described as a hybrid be-
tween the SI and CI engine: a homogeneous charge auto-ignites near top dead center as a result
of increased pressure and temperature as the charge is compressed by the piston. The HCCI en-
gine has very low fuel consumption, high efficiency, and low NOx (nitric oxides) emissions. The
interest for the HCCI engine concept among researchers working in the automotive industry and
at technical universities worldwide has grown rapidly during the last years.

The HCCI combustion process can be modeled using different approaches. Some examples are
zero-dimensional single-zone models with detailed chemistry, computational fluid dynamics (CFD)
models coupled to multi-zone models, and stochastic models. Each model has its benefits and draw-
backs: the zero-dimensional single-zone models use a detailed chemistry have very low computa-
tional costs. The CFD models facilitate modeling of inhomogeneties and give better information
regarding emissions when coupled to detailed chemistry. The computational cost for the latter
modeling approach is however still very high, which calls for alternative modeling approaches to
include the detailed chemistry.

One solution is an onion-shell type multi-zone model. In this model each zone is considered
as a zero-dimensional homogeneous reactor, and by using an operator-splitting technique, it is
possible to account for enthalpy and species transport (mixing) between the zones. The model
has been validated to engine experiments performed on a modified Volvo TD 100 truck diesel
engine [Christensen et. al.,1998] and compared to simulations using a stochastic model performed
at University of Cambridge [Bhave, et. al, 2002]. The results obtained with the proposed multi-
zone model using 15 zones and natural gas chemistry are in good accordance with experimental
data regarding pressure trace and emission levels.

If the simulation is performed without taking into account internal exhaust gas recirculation (EGR),
the predicted NOx level at exhaust valve open is twice as high as the experimental value. However,
with 4% internal EGR, the predicted NOx level is 0.6 ppm higher than the experimentally de-
termined NOx level. Figure 6.10 shows the predicted NOx emissions compared to experimental
data.

The predicted carbon oxide (CO) and hydrocarbon (HC) levels are twice as high as the experimen-
tal value for the same case as shown in Figure 6.10. Introducing internal EGR did not produce a
noticeable change in the predicted CO and HC levels.

The CPU time for a simulation using 15 zones and natural gas chemistry containing 73 species and
896 reactions (including NOx chemistry) is about 2 minutes on a Pentium 4 2.0 GHz workstation,
which can be compared to a simulation performed using a stochastic model with 125 particles
[Bhave, et. al, 2002], where the CPU time was 55 minutes on a Pentium III 866 MHz workstation.

Future improvements of the multi-zone model will include a coupling to a CFD code in order
to obtain better initial conditions for the mass distribution in the cylinder as well as better data
regarding the turbulence in the cylinder. Furthermore, the multi-zone model will be extended to
facilitate full cycle simulations.
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Figure 6.10. Predicted and experimental NOx,CO and HC emission levels compared to results from the stochastic

model.

6.9 Soot Production: Partially Stirred PFR

M. Balthasar

The formation of soot is of interest from two points of view. First, it is a major pollutant, formed
during many combustion processes, such as those occurring within a diesel engine. Second, it is
an important industrial product, mainly used for improving the structure of materials, but also as a
black pigment.

For the purpose of simulating soot production under turbulent conditions, it is necessary to com-
bine the modeling of the turbulent fluid flow with a model describing the formation of soot. The
two processes are strongly coupled. In this work, we use a detailed model based on the work of
Frenklach and Wang to describe the kinetics of soot formation. The model centers on keeping
track of the moments of the soot particle size distribution function (PSDF). This model, in turn
needs to be coupled to an approach describing turbulent reactive flows. In this approach the phys-
ical quantities are assumed to be random variables, the spatial and temporal changes of these are
then determined by a transport equation of their probability density function (PDF).

The purpose of this work[Balthasar et al., 2002a] is the development of a detailed model for the
formation of soot in turbulent reaction flow and to use this model to study a carbon black furnace.
The model is based on the combination of a detailed reaction mechanism to calculate the gas
phase chemistry, a detailed kinetic soot model based on the method of moments, and the joint
composition probability density function (PDF) of these scalar quantities.

A consistency study of the combined scalar-soot moment approach reveals that the molecular dif-
fusion term in the PDF-equation can be closed by the IEM and the Curl-type mixing models. An
investigation of different kernels for the collision frequency of soot particles shows that the influence
of the turbulence on particle coagulation is negligible for typical flame condition and the particle
size range considered.

The model is used as a simple tool to simulate a furnace black process, which is the most important
industrial process for the production of carbon blacks. Despite the simplifications in the modeling
of the turbulent flow, reasonable agreement between the calculation soot yield and data measured
in an industrial furnace black reactor is achieved although no adjustments were made to the kinetic
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parameters of the soot model. The effect of the mixing intensity on soot yield and different soot
formation rates is investigated. In addition the influence of different operating conditions such as
temperature and equivalence ratio in the primary zone of the reactor is studied.

6.10 Soot Particle Growth

M. Balthasar

The effect of thermal ionization on the growth of soot particles has been analyzed by detailed
kinetic modeling of a low-pressure premixed acetylene flame. The detailed kinetic model considers
the oxidation of fuel, the formation and growth of polycyclic aromatic hydrocarbons, and particle
inception, coagulation, as well as mass growth via surface reactions. A numerical method has
been developed[Balthasar et al., 2002b], which considers the production of charged particles by
thermal ionization as well as coagulation and surface reactions of these particles. The enhancement
of coagulation by collisions between charged-charged and charged-neutral particles is rigorously
accounted for in the numerical model. The particle size distribution functions for both neutral
and charged particles were solved using the method of moments. The computed relative soot
volume fractions for neutral and charged soot particles were compared to measurements and found
to be in good agreement with them. The results show also that omiting of thermal ionization of
soot particles does not lead to significant errors in the simulation of soot formation in the acetylene
flame, as long as the nature of the surface reactions between charged particles and gaseous molecules
remains the same as that for neutral particles. This result can be generalized to most laboratory
laminar premixed and counterflow diffusion flames with flame temperatures not exceeding 2100K.

6.11 Graphical Interface

Raffaella Bellanca and Edward S. Blurock

A variety of methods in chemical kinetics need to be applied to construct a reaction mechanism for
a complex fuel and reduce it to the low number of suitable species without a loss of information
that might be of importance for the combustion device under consideration.

However, this is a task that cannot be treated easily by hand any more. In this context, a JAVA
graphical user interface (GUI) for the set up, manipulation, analysis, visualization and optimization
of combustion mechanisms for several reactors and engine environments is being developed.

The interface is structured in a tree, which leaves constitute the available operations.

Three principal sections are, at present, available:

• Data Acquisition

• Calculation of Ignition processes in various reactors, including HCCI engines.

• Optimization of the original Mechanism by means of reduction and experiment fitting.
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Figure 6.11. Basic Structure of the graphical interface

The interface is provided of an information panel meant to be the guiding path for users. The
information panel is divided in three sections:

Output This part contains the standard output coming from the interface in response to operations
done by the user.

Help This part contains the standard output coming from the interface in response to operations
done by the user.

Output This part contains the standard output coming from the interface in response to operations
done by the user.

Manual This part contains in depth subjects like the description of algorithms and methods used
in the calculations in form of enclosured papers or reports.

The data treatment part consists of reading mechanisms and molecules properties from files and
checking the acquired information in the attempt to minimize the number of possible errors, from
misspelling to other more substantial ones.

The simulations part in the interface gives the possibility to describe a reactor and its working
conditions in order to perform a single or multiple calculations of ignition processes.

Simulations are used in order to modify the original mechanism in terms of reduction or optimiza-
tion.

New cases are created either from scratch or from previous ones. For each case it is possible to specify
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Figure 6.12. Menus to modify the mechanism

the case parameters, perform calculations and check the results in terms of graphs representing
species concentration, temperature and pressure.
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