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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 are also since several 
years strong activities in the field of theoretical chemical kinetics. Within the combustion 
activities there is also work in the field of turbulent combustion & unsteady combustion. During 
the last period the Division has been able to welcome Prof Mark Linne to the staff of the 
Division, who besides bringing his knowledge also brought critical equipment from the States. 
New areas led by Prof Linne is Ballistic imaging and projects in the area of fuels cells. 

All activities as mentioned above are major parts of the Lund University Combustion Centre, 
LUCC, which is an 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 centres, 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 
considerably during the last 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 inaugurated in October 2001. The 
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 
people, an additional reason for the building was a grant to LUCC 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 and preheated air. The 
burner has been commissioned during the last two years and the first successful experiments have 
been carried out. 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 belonging to the 
Dept. of Heat and Power Eng. and Dept. of Fire and Safety Eng., respectively.  
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During the last year, 2005, the CECOST program financially supported by Swedish Energy 
Agency, and Industry, was successfully evaluated and was recently prolonged for four years. Also, 
during 2005, the Strategic Foundation, SSF, had a national call for Strategic Centres in all areas 
of Science, Engineering and Medicine. After significant national and international evaluations, 
LUCC, was one of the 18 proposals that was granted support for such a Centre. Other large 
program where the Division has been involved is in a project sponsored by MISTRA, LUCIFER, 
towards pulsating combustion 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 2006 
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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 
Fabian Mauss, Professor 
Ingemar Magnusson, Adj prof (051201-) 
 
Edward Blurock, PhD 
Joakim Bood, PhD (040303-) 
Robert Collin, PhD (050704-) 
Zhongshan Li, PhD  
Annika Lindholm, PhD 
Terese Lövås, grad. stud., PhD (-030530) 
Gladys Moréac, PhD (030601-) 
Sven-Inge Möller, PhD 
Frederik Ossler, PhD 
Megan Paciaroni, PhD (040701-) 
Mattias Richter, PhD 
Hakan Soyhan, PhD (-030718) 
Joachim Walewski, grad. stud., PhD 
(-030630) 
 
Mikael Afzelius, grad. stud. PhD (-041030) 
Syed Sayeed Ahmed, grad. stud. 
Per Amnéus, PhD (-041231) 
Andreas Arvidsson, grad. stud. (031001-) 
Boman Axelsson, PhD (-040229) 
Xiao Bai, holder of a scholarship, grad. stud. 
(-040130) 
Raffaella Bellanca, grad. stud. (-041231) 
Henrik Bladh, grad. stud. 
Christian Brackmann, PhD (-050531) 
Robert Collin, grad. stud. PhD (-041015) 
Ngozi Ebenezer, grad. stud. (030601-) 
Andreas Ehn, grad. stud. (040301-) 
Axel Franke, PhD. (-030430) 

Harry Lehtiniemi, grad. stud. 
Martin Linvin, grad. stud.  
Thomas Metz, grad. stud. PhD (-030430) 
Karl Netzell, grad. stud. (030701- 
Jenny Nygren, grad. stud. PhD (-050214) 
Jimmy Olofsson, grad. stud.  
Alaa Omrane, grad. stud. PhD (-051031) 
Per Petersson, grad. stud. (030401-) 
Fikret Saric, grad. stud.  
David Sedarsky, grad. stud. (030403-) 
Hans Seyfrid, grad. stud.  
Gustaf Särner, grad. stud. (030401-) 
Martin Tunér, grad. stud. (030112-) 
Fredrik Vestin, grad. stud. (030701-) 
Johan Zetterberg, grad. stud.  
 
Cecilia Bille, economic. adm. 
Elna Brodin, secretary (-040531) 
Anneli Nilsson, secretary (030120-) 
Marie Persson, secretary 
Aida Aregai, (040601-041231) 
 
Rutger Lorensson, engineer 
Per Malm, engineer (040701-050331) 
Jonny Nyman, engineer (-031231) 
Karin Samuelsson, (050301-050531) 
Thomas Wendel, engineer. 
 
Micheline Auge, holder of a scholarship 
(within Large Scale Facility 030901-
030930) 
Felix Barreras, holder of a scholarship 
(within Large Scale Facility 040517-
040618) 
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Frederic Chaussard, holder of a scholarship 
(within Large Scale Facility 040229-
040306) 
Jan Brübach, holder of a scholarship (within 
Large Scale Facility 040920-041015) 
Volker Gross, holder of a scholarship 
(within Large Scale Facility 041128-
041217) 
Jan Hrdlicka, holder of a scholarship 
(within Marie Curie Training Site (040902-
050620) 

Max Lackner, holder of a scholarship 
(within Large Scale Facility 040216-
040312) 
Carine Lombaert, holder of a scholarship 
(within Large Scale Facility 040109-
040214) 
Robert Schissl, holder of a scholarship 
(within Large Scale Facility) 
Erich Wachter, holder of a scholarship 
within Marie Curie Training Site (040401-
040731, 041101-) 
 

2.2 Visitors 

Gladys Moréac, University of Orléans, France 

Sandro Said, CNRS, Orléans, France 

Zeyad Alwahabi, (040628-040724) 

Johannes Kiefer, (050715-051211) 

2.3 Academic Degrees during 2003-2005 

Doctorates: 

Jenny Nygren, “Development of Multi-Dimensional Laser Techniques for In-situ Combustion 
Diagnostics”, 030128, LRCP-84 

Mikael Afzelius, “Rotational Coherent Anti-Stokes Raman Spectroscopy”, 040903, LRCP-94 

Raffaella Bellanca, “BlueBellMouse a Tool for Kinetic Model Development”, 041223, LRCP-92 

Christian Brackmann, “Development and Application of Rotational Coherent anti-Stokes 
Raman Spectroscopy and Laser-induced Fluorescence for Combustion Diagnostics”, 041015, 
LRCP-95 

Robert Collin, “Laser Diagnostics for Applications to In-Cylinder Engine Investigations”, 
040917, LRCP-91 

Greger Juhlin, “Development and Application of Laser Diagnostics for Studies of Phenomena 
Related to IC Engine Combustion”, 031212, LRCP-90 

Alaa Omrane, “Thermometry using Laser-Induced Emission from Thermographic Phosphors: 
Development and Applications in Combustion”, 050415, LRCP-105 
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Licentiates: 

Sayed Sayeed Ahmed, “A Kinetic Model for n-Heptane and iso-Octane Oxidation and its Use in 
Engineering Applications” LRCP-102 

Xiao Bai, “Investigations of Formaldehyde Spectroscopy for Combustion Diagnostics”,  
LRCP-88 

Fikret Saric, “A Detailed Kinetic Model for Calculation of the Soot Particles Size Distribution 
Function”, LRCP-98 

Gustaf Särner, “Laser-Induced Fluorescence and Thermographic Phosphorescence Applied to 
Combustion Devices”, LRCP-108 

Kalle Netzell, “Development and Application of Detailed Kinetic Models for the Soot Particle 
Size Distribution Function”, LRCP-109

 

Diploma paper: 

Johan Aspegren, “An Approach to Calibrate Laser-Induced Incandescence Using an 
Incandescent Lamp”, LRCP-93 
Anders Elmqvist, “Detection of CO in combustion flues via line-of-sight absorption by use of a 
quantum cascade distributed feedback laser”, LRCP-87 

Peter Harlid, “Developing a Data Acquisition System for Scattered X-ray Radiation and Study of 
Droplets for Spray Applications”, LRCP-96 

Rikard Heimsten, “Construction and Testing of a Picosecond LIDAR System”, LRCP-104 

Fredrik Jarl, “Enhancement of Spatial Resolution with Obscuration and Two Dimensional 
Equivalence Ratio Imaging”, LRCP-99 

Mikael Modh, “Distributed Feedback Dye Laser Wavelength fine-tuning by temperature 
regulation”, LRCP-89 

Andreas Pettersson, “Investigations of infrared chemiluminescence emission from laboratory 
flames”, LRCP-100 

Karin Samuelsson, “Development and Validation of a Fuel Injection Model for the SRM code”, 
LRCP-101 

Henrik Springfors, “Web Services and CML - Extending the reach of Chemistry Software”, 
LRCP-103 

2.4 Seminars 

Jay Keller, Sandia National Laboratories Livermore, USA, “Research Activities at the 
Combustion Research Facility”, 030220 

Gladys Moréac, University of Orléans, France, “An Experimental and modeling study of 
chemical interactions between residual burnt gases and hydrocarbon oxidation in relation to 
autoignition in piston engines”, 030424 

Vitaly Bychkov, Umeå University, “Theory of Turbulent Flames”, 030509 
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Edward S. Blurock, Combustion Physics, “Al in Combustion Physics: Automatic Detailed 
mechanism Generation”, 030512 

Brian S Haynes, University of Sydney, Australia, “Combustion of carbon: detailed kinetics 
including homogeneous and heterogeneous effects” 030613 

Werner Hentschel, Volkswagen AG, Germany, “Optical Diagnostics to Support the 
Combustion Process Development of the Volkswagen FSI Direct-Injection Gasoline Engine”, 
031211 

Ömer Gülder, University of Toronto, Canada, “Properties of Turbulent Premixed Flame 
Surface”, 040916 

Wolfgang Meier, Deutsches Zentrum für Luft- und Raumfahrt. German Aerospace Center, 
Stuttgart, Germany, “Laser Diagnostic Activities at the DLR Institute of Combustion 
Technology in Stuttgart”, 041014 

Steve Allison, Oak Ridge Gaseous Diffusion Plant, USA, “Thermometry Using Emission from 
Thermographic Phosphors”, 050414 

 

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 variability in Otto cycle engines 

MINKNOCK Improving engine performance and efficiency by 
MINimisation of KNOCK probability 

AFTUR Alternative Fuels for industrial gas TURbines 
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PARTSIZE Control of soot PARTicle SIZE by means of simulation and 
measurement 

AEROTEST Remote Sensing Technique for Aeroengine Emission 
Certification and Monitoring 

ECO-ENGINES Energy Conversion in Engines. 

INTELLECT Integrated Lean Low Emission Combustor Design 
Methodology 

ESA SOOT Investigations on Soot Concentration and Primary Particle 
Sizes by Advanced Laser-Induced Incandescence. 

ESA SPRAY Combustion Properties of Partially Premixed Spray Systems 
(CPS) 

NICE New Integrated Combustion System for future Passenger 
Car Engines. 

HERCULES High Efficiency Engine R&D on Combustion with Ultra 
low Emissions for Ships. 

CD-ADAPCO CD-ADAPCO 

LSF Large Scale Facilities 

Marie Curie Training site Marie Curie Training site 

TLC Towards Lean Combustion 

ESA CoPMSAP ESA Combustion Properties of Materials for Space 
Application Phase 2 - Additional activities 

 

2.6 Budget 

The Division’s budget for 2003 totaled 22 MSEK of which ~76% came from external sources, 
for 2004 totaled 32 MSEK of which ~82% came from external sources, for 2005 totaled 27 
MSEK of which ~82% came from external sources. 
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2.7 Courses 

The organization for the teaching at the Physics department started to reorganize during 2005, 
and the formal responsibility for courses is at moment unclear. During the last three-year period 
our division has given the following undergraduate courses: 

 

Fundamental Combustion (FBR 012) 

Optional course for students on their last two years on the programs of Engineering Physics, 
Mechanical Engineering and Chemical Engineering. The course has been given by Fabian 
Mauss. The course literature has mainly been the text book R. Borghi and M. Destriau, 
“Combustion and Flames: Chemical and Physical Principles”, Editions Technip, 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 synthesize the topics learned 
from the course. 

 

Laser-based Combustion Diagnostics (FBR 024) 

Optional course for students on their fourth year on the program of Engineering Physics. The 
course that corresponds to five 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. Important parts of the course are the laboratory exercises, the 
compulsory written exercises, and the oral presentation of a scientific paper. 

 

Molecular Physics (FBR 030) 

Optional course for students on their fourth year on the program of Engineering Physics. The 
course that corresponds to five credits was given by Frederik Ossler. The course literature was 
based on the book “Fundamentals of Molecular Spectroscopy” by Banwell and McCash, 4th Ed., 
Mc Graw-Hill 1994. The course is given every second year. 

 

In addition to the three courses mentioned above, we have taken part in several other courses as 
well. We have taught part of the project-based course in “Physics for Chemical engineering and 
biotechnology” (FAF 062). In our project the students got more insight into blackbody radiation 
from soot and its use for optical diagnostics. We have also participated in the course 
“Thermodynamics and Electronic materials” (FFF 100) for Engineering Physics students by 
giving a laboratory exercise on thermodynamics in combustion.  
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3 Laser Techniques for Combustion Diagnostics 

3.1 Technique Developments 

3.1.1 X-ray studies of nanoparticles and their precursor in flames 

 F. Ossler and J. Larsson1 

The project is aimed at in-situ characterization of molecular growth and particle inception in 
flames. Measurements have been performed in ethylene flames at atmospheric pressure using 
tunable X-ray radiation between 5 keV and 10 keV. The X-ray radiation is sent through the 
flame while a detector is rotated around the measurement point inside the flame. For details see 
reference2. Since the last report the experiments have been focused at increasing the signal-to-
noise ratio (S/N) allowing in situ-studies in flames. The experiments have produced the first in-
situ observation of graphitic stacking in gas-phase during particle inception in a flame. Figure 3.1 
below shows one example when graphitic stacking occurs. 

 

 

Figure 3.1. a). A sequence (Curves I-IV) of measurements of the angular distribution of the scattered intensity 
during particle inception inside an ethylene flame. b). Calculated scattered patterns for different structures.The 
curves in a) and b) have been subtracted by a reference intensity curve in order to enhance the structure. q is the 
momentum exchange during the scattering process. 

1 Atomic Physics Division, LTH, P.O. Box 118, S-211 00 Lund Sweden 
2 F. Ossler, J. Larsson, Chem. Phys. Letters 387 (2004) 367. 
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The project is now focused on the development of multichannel detection and improving S/N 
further. Methods for ex-situ characterization of combustion produced particles are also under 
development. 

3.1.2 Investigation of absorption and fluorescence properties of CH2O at elevated 
temperatures 

X. Bai, T. Metz, F. Ossler and M. Alden 

The absorption and fluorescence properties of gas-phase formaldehyde inside a cell were 
investigated using ultraviolet radiation involving the ro-vibronic transition 40

1. The dependence 
of the absorption spectrum to temperature and buffer gas pressure was measured using a 
Deuterium lamp as a source and a high-resolution spectrograph in combination with diode-array 
detector for detection1. Some results are shown in Figure 3.2. The measured spectra were 
compared with spectra obtained from calculations using Asyrotwin2. The comparison shows that 
the absorption efficiency of the laser radiation from the 3rd harmonic of a Nd:YAG laser is 
sensitive to the spectral properties of the laser, such as line position and shape. Promising results 
were obtained from the comparison between theoretical and measured absorption spectra1. 
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Figure 3.2. Comparison between measured and calculated absorption spectra: a) and b) show the results for the 
absorption in two different windows of 30 cm-1. The diamond symbols represent electronic transition energies for the 
Nd:YAG crystal. 

The fluorescence induced by picosecond laser excitation at the 3rd harmonic of the Nd:YAG laser 
was measured spectrally resolved and temporally resolved. The studies were performed for 
different cell temperatures and pressures3. The effective lifetime of the fluorescence decreased 
almost exponentially with temperature, whereas the decrease with respect to pressure showed a 
weaker dependence. The fluorescence spectrum changed with temperature, partially loosing 
vibration and rotational structure.  

1 X. Bai, T. Metz, F. Ossler, M. Aldén, Spectrochim. Acta A 60 (2004) 821. 
2 R.H. Judge, D.J. Clouthier, Comput. Phys. Commun. 135 (2001) 293. 
3 T. Metz, X. Bai, F. Ossler, M. Alden, Spectrochim. Acta A 60 (2004) 1043. 



3.1 TECHNIQUE DEVELOPMENTS 11

3.1.3 Rotational Coherent Anti-Stokes Raman Spectroscopy  

 M. Afzelius, J. Bood, C. Brackmann, F. Vestin, J. Bonamy1 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. It is a mature technique for 
point-wise single-shot thermometry with very high spatial and temporal resolution. Rotational 
CARS, in the dual-broadband approach, has been continuously developed at the department for 
almost two decades. This technique should be considered as a viable alternative to vibrational 
CARS in three specific situations, namely at temperatures below 1000 K, at elevated pressures, 
and in moderately sooting flames. In a recent review article by C. Brackmann et al.2 a summary 
can be found of the past years measurement campaigns in internal combustion engines, where 
the merits and limitations of the technique are discussed. Comprehensive summaries of the 
technique can also be found in two recent PhD-theses by M. Afzelius (2004) and C. Brackmann 
(2004). 

  

Figure 3.3. A typical experimental set-up is shown for 
dual-broadband rotational CARS (DB-RCARS). Three 
laser beams are focused to a common intersection point 
where the CARS signal is generated. The signal is 
generated as a laser-like beam and is directed to a 
spectrometer and a detector. 

Figure 3.4. Standard deviation of the temperature obtained 
from 200 single-shot evaluations at different pressures. Two 
measurements were made with the single-mode Nd:YAG 
laser (squares and circles) and one with the multi-mode 
Nd:YAG laser (triangles). 

A new CARS laser system consisting of a single-mode ND-YAG laser (Quantel YG:981E) and a 
dye laser (TDL 90) was bought in the beginning of 2003. The spectral resolutions of the 
experiments are therefore now better, but more important the precision of single-shot 
thermometry is better if the laser is running in a single-mode and this was shown by M. Afzelius 
and P.-E. Bengtsson3, see Figure 3.3 and Figure 3.4. In connection to those experiments a 
broadband modeless dye laser was also constructed in 2004.4  The standard deviation of the 

1 Université de Franche-Comté, France 
2 C. Brackmann, J. Bood, M. Afzelius, and P.-E. Bengtsson, Review Article: Thermometry in internal combustion 
engines via dual-broadband rotational coherent anti-Stokes Raman spectroscopy, Meas. Sci. Technol. 15, R13-R25 
(2004) 
3 M. Afzelius and P.-E. Bengtsson, Precision of single-shot dual-broadband rotational CARS thermometry with 
single-mode and multi-mode lasers, J. Raman Spectrosc. 34, 940-945 (2003) 
4 F. Vestin, M. Afzelius and P.-E. Bengtsson, Improved temperature precision in rotational coherent anti-Stokes 
Raman spectroscopy using a modeless dye laser, Appl. Opt. 45, 744-747 (2006) 
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temperature was shown to decrease an additional 50% at room temperature compared to a 
conventional dye laser. The system was shown to be limited by the finite spectral noise set by 
pulse length of the modeless dye laser, see Figure 3.5 and Figure 3.6. 
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Figure 3.5. Average noise on the rotational Raman peaks 
and corresponding standard deviation of the evaluated 
temperatures of 300 single-shots in different gases at T = 
294 K and P = 0.1 MPa. The open square (�) and the 
open triangle (�) correspond to the case of using a 
conventional dye laser with a multi-mode (MM) and 
single-mode (SM) Nd:YAG laser respectively. The square 
(�) and the triangle (�) correspond to a modeless dye 
laser with a MM and SM Nd:YAG laser respectively. 

Figure 3.6. Ten consecutive single-shot dual-broadband 
rotational CARS spectra recorded in a flow of oxygen. 
The signal is normalized to the highest peak. 

With DB-RCARS it is possible to do simultaneous thermometry and concentration 
measurements of major species. Examples of species that are possible to detect simultaneously 
and are present at relatively high concentrations in product gases of combustion are N2, O2, CO, 
and CO2. The signal from the different species is proportional to the square of the concentration 
and the square of the Raman cross section. Therefore the signal from different species can vary 
many orders of magnitude. The evaluation of a rotational CARS spectrum is normally performed 
using a least-square fitting algorithm to find the best-fit theoretical spectrum in a library of 
spectra calculated at different temperatures and relative concentrations. A general problem is that 
species with weak spectral features have minor influence on the results in the standard evaluation 
procedure. To improve the precision and accuracy of single-shot concentration measurements of 
low concentrations a species-specific weighting method that enhances the influence of weak 
spectral features has successfully been developed1, as shown in Figure 3.7 and Figure 3.8. 

Rotational CARS has previously been used for flame temperature measurements and the 
evaluated temperatures have had uncertainties because the line-broadening effects from product 
gas species have been neglected to a large extent. During 2003 these issues were investigated in 
detail. A study was made where DB-RCARS was used for flame thermometry in the product gas 
of ethylene/air flames in a wide range of equivalence ratios (0.5 < � < 2.5).  

1 F. Vestin, M. Afzelius, and P.-E. Bengtsson, Improved species concentration measurements using a species-specific 
weighting procedure on rotational CARS spectra, J. Raman. Spectrosc. 36, 95-101 (2005) 



3.1 TECHNIQUE DEVELOPMENTS 13

25 50 75 100 125 150 175
0

0.2

0.4

0.6

0.8

1

Raman Shift (cm-1)

In
te

n
s
it
y 

(a
.u

)

45 55 65 75
0

0.01

0.02

 
0 5 10 15 20 25

0

5

10

15

20

25

O2 Concentration / %

R
e
la

ti
ve

 E
rr

o
r 

/ 
%

No weighting

Species-specific weighting

Inverse weighting

 

Figure 3.7. A single-shot spectrum recorded at room 
temperature in a mixture of 2% oxygen and 98% 
nitrogen. The spectral weighting could in this case be 
applied to the weak resolved spectral lines of oxygen, 
indicated by dotted rectangles in the magnified part of 
the spectrum.  

Figure 3.8. The relative error of the averaged 
concentration, based on 300 single-shot measurements, at 
different oxygen concentrations. The precision was also 
improved and could be up to 6 times better than 
compared to when no weighting was used. 

It was shown that line-broadening effects from product gas species are highly important for 
quantitative rotational CARS thermometry in flames and the evaluated temperature was raised 
with up to 47 K when including broadening from CO2, H2O and CO on the measured nitrogen 
and oxygen lines. It was also concluded that H2O was the main contributor in all non-sooting 
flames1, see Figure 3.9 and Figure 3.10. 
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Figure 3.9. The evaluated temperature with (circle) and 
without (solid circle) taking into account line 
broadening effects.  

Figure 3.10. The difference in evaluated temperature if 
only the broadening from either CO2 (open circle), 
H2O (square) or CO (triangle) is included. 

The line-broadening investigation was possible partially because of a linewidth model for N2-CO 
that was developed by M. Afzelius in collaboration with the theoretical group of Prof. J. Bonamy 
at the University of Franche-Comté (Besancon, France). 2,3 The theoretical model was validated4 

1 F. Vestin, M. Afzelius, C. Brackmann and P.-E. Bengtsson, Dual-broadband rotational CARS thermometry in the 
product gas of hydrocarbon flames, Proceedings of the Comb. Inst. 30, 1673-1680 (2004) 
2 M. Afzelius, P.-E. Bengtsson, and J. Bonamy, Semiclassical calculations of collision line broadening in Raman 
spectra of N2 and CO mixtures, J. Chem. Phys 120, 8616-8623 (2004) 
3 M. Afzelius, J. Buldyreva and J. Bonamy, Exact treatment of classical trajectories governed by an isotropic potential 
for linewidth computations, Mol. Phys. 102,  1759-1765 (2004) 
4 M. Afzelius, C. Brackmann, F. Vestin and P.-E. Bengtsson, Pure rotational coherent anti-Stokes Raman 
spectroscopy in mixtures of CO and N2, Appl. Opt. 43,6664-6672 (2005) 
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for thermometry in the temperature range from 300 to 700 K and for concentration 
measurements at two different mixtures of CO and N2, see Figure 3.11 and Figure 3.12. 

 
 

Figure 3.11. Evaluated temperatures from spectra of pure 
nitrogen, pure carbon monoxide and of the two mixtures. 
The deviation from the thermocouple temperature is at 
most 14 K, but is usually less than 6 K. 

Figure 3.12. Evaluated carbon monoxide concentrations 
are shown at different temperatures for the 74.3 % CO 
and 25.7% N2 mixture. The deviation at higher 
temperatures is because CO becomes chemical unstable 
and converts into CO2. 
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Figure 3.13. Experimental spectrum recorded for a mixture 
of 20% acetylene and 80% nitrogen at 0.59 MPa. The 
differences between the experimental and the best-fit 
theoretical spectra are also shown for three cases: the first and 
second curves give the difference when the old linewidths are 
used and the CSRS signal is neglected or accounted for in the 
spectral modeling; the last curve corresponds to the new 
linewidth model of the present work and the CSRS signal 
included in spectra simulation. 

Figure 3.14. Rotational S-branch linewidths computed for 
pure acetylene.  

In connection with the flame temperature measurements and the developed N2-CO model, the 
species-specific weighting procedure5 was successfully tested for combustion diagnostics by 



3.1 TECHNIQUE DEVELOPMENTS 15

measuring carbon monoxide concentrations in fuel-rich flames and also for low oxygen 
concentrations in the product gas of fuel-lean flames.  

The acetylene-nitrogen system has been investigated in a combined theoretical and experimental 
effort. It was shown that the new accurately computed linewidths in combination with the 
inclusion of an interbranch interference with the coherent Stokes Raman scattering (CSRS) 
improved our spectral model for acetylene substantially, see figure 3.11 and figure 3.12.1 
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Figure 3.15. DB-RCARS spectra recorded at 0.5 MPa and 
1800 K, where each spectrum is an average of 100 laser shots 
in nitrogen, oxygen and air, respectively. The differences 
between experimental spectra and best-fit theoretical spectra 
are shown below each spectrum. The spectra have been 
evaluated to 1782 K, 1762 K and 1802 K, respectively.

Figure 3.16. (a) The standard deviation of the evaluated 
temperatures from 400 single-shot spectra of nitrogen 
recorded at 1800 K. The evaluation was done with the 
whole detected spectrum (above ~110 cm-1) (�) and when 
only the spectrum above ~178 cm-1 was used (�). The 
average intensity noise on the rotational Raman peaks are 
shown as open circles (�), with the corresponding standard 
deviation. (b) Standard deviation of the evaluated 
temperatures as function of applied spectral weight on the hot 
band of 400 single-shot spectra recorded in oxygen at 0.5 
MPa and 1800 K.  

Dual-broadband rotational CARS thermometry has been investigated at high temperature and 
high pressure in a project together with the group of H. Berger at the University of Bourgogne 
(Dijon, France). Single-shot measurements were performed in air and nitrogen at pressures up to 
1.55 MPa and in oxygen at pressures up to 0.5 MPa at 1800 K. It is shown that thermometry 
with high accuracy (1-2%) and high precision (1-2%) can be achievable at these conditions with 
DB-RCARS. The developed routine for spectral weighting was adapted for rotational CARS hot 
bands originating from thermally populated vibrational states and it was shown that it was 

1 J. Buldyreva, J. Bonamy, M.C. Weikl, F. Beyrau, T. Seeger, A. Leipertz, F. Vestin, M. Afzelius, J. Bood, P.-E. 
Bengtsson, Linewidth modeling of C2H2-N2 mixtures tested by rotational CARS measurements, J. Raman. 
Spectrosc. 37, 647-654 (2006) 

(a) 

(b) 
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possible to decrease the standard deviation of the temperature with this routine, see figure 3.15 
and figure 3. 16. 1 

A polarization approach for dual-broadband rotational CARS has  been developed and it was 
shown that with a certain arrangement of the polarizations of the laser beams, total suppression 
of the non-resonant background signal can be obtained, and thus by probing only the resonant 
CARS signal the diagnostic utility of the technique is increased. The high potential of 
polarization rotational CARS for thermometry was demonstrated in the fuel-rich region of a 
methane diffusion flame, see Figure 3.17 and Figure 3.18. 2 
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Figure 3.17. (a) The orientation of the planes of 
polarization of the three laser beams with the frequencies 
�1, �2 and �3, respectively, and the orientation of the 
polarization analyzer. (b) Intensity of the CARS signal (solid 
triangles) is plotted versus the angle (�) of the polarization of 
�3 with the polarization analyzer fixed at �=-60�. The 
theoretical CARS signal for the resonant (open circles) as well 
as the non-resonant part (solid circles) are shown for 
comparison.

Figure 3.18. Dual-broadband rotational CARS spectra 
recorded at the centre of a Wolfhard-Parker burner using 
methane as fuel, a) without and b) with suppression of the 
non-resonant background. The difference between the 
experimental spectrum and the best-fit theoretical spectrum is 
shown below each spectrum.

The group has also been involved in a project, where a dual-pump, dual-broadband CARS 
system was used for simultaneous measurements of temperature and multiple-species 
concentrations. This system will allow temperature measurements in both low- and high-
temperature regions in dynamically reacting flows along with the concentration of multiple 
species3.  

1 M. Afzelius, H. Berger, F. Chaussard, R. Saint-Loup, F. Vestin and P.-E. Bengtsson, Rotational CARS 
thermometry at high temperature (1800 K) and high pressure (0.1 - 1.55 MPa), Appl. Opt. (in preparation)
2 F. Vestin, M. Afzelius and P.-E. Bengtsson, Development of Rotational CARS for combustion diagnostics using a 
polarization approach, accepted for publication, 31th International Symposium on Combustion (2006). 
3 S. Roy, T.R. Meyer, R.P. Lucht, M. Afzelius, P.-E. Bengtsson, and J.R. Gord, Dual-Pump Dual-Broadband 
Coherent Anti-Stokes Raman Spectroscopy, Optics Letters, 29, 1843-1845 (2004) 

(a) 

(b) 
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3.1.4 Tunable Single-Mode High Power Laser System for Combustion 
Diagnostics 

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

Laser techniques have been applied for the last three decades to combustion/flow diagnostics 
with substantial success in achieving non-intrusive, in-situ and instantaneous species 
concentration, temperature and velocity measurements with high spatial and temporal resolution. 
Tunable, pulsed laser systems with high peak-power are generally required for species specific 
investigations. Multi-mode laser systems have been commonly utilized, e.g. Nd:YAG pumped 
dye lasers or optical-parametric-oscillator (OPO) lasers, which generally have a linewidth of 
about 0.1 cm-1 or broader. This linewidth is narrow enough to resolve individual rotational-
vibrational lines for most diatomic molecules and thus to avoid/minimize spectroscopic 
interferences from different molecular species in combustion environments. In order to achieve 
quantitative measurements, however, single-longitudinal-mode (SLM) lasers with narrower 
linewidth are required in many cases, e.g. in line-shape studies. A laser lab character with the 
broadly tunable, high pulse energy, SLM laser system1 was built in the Division of Combustion 
Physics. 

The SLM laser is a flash-lamp pumped, ring cavity, pulsed alexandrite laser (PAL/PRO™, Light 
Age Inc.), which produces 150-200 mJ per pulse with 80-100 ns pulse length and runs 10 Hz 
repetition rate. The fundamental output of the laser covers continuously the spectral range from 
739 nm to 785 nm. A tunable, single-frequency, external-cavity diode laser (Newport 2020A) is 
utilized as a seed source in order to narrow and continuously tune the emission frequency. Three 
different diode modules are required to cover the whole spectral region. The laser locks itself to 
the frequency of the single-mode seed source on a single-shot basis. Wavelength scans of the 
SLM laser have been realized by a programmable scan of the seed diode laser frequency with a 
LabView program developed in our laboratory. Continuous wavelength scans over 30 GHz 
without mode-hoping were achieved. The linewidth of the fundamental output is about 60 
MHz, which is mainly due to the frequency chirp caused by the change in optical length of the 
ring cavity during the laser pulse. High-resolution spectroscopic diagnostics of flow/combustion 
phenomena become feasible by using the SLM alexandrite laser, which is featured with its narrow 
linewidth, high peak-power, broad spectral coverage, mode-hop free scanability and the all-solid-
state nature.  

Different nonlinear frequency conversion processes have been applied efficiently in expending 
the frequency coverage range, which include second and third harmonic generation, stimulated 
Raman shift in H2 and D2 and all combinations. The broad tunablity together with high peak 
power and high efficient non-linear frequency conversion schemes have been proven to produce 
unique laser beam characteristics for probing most of the species of combustion interest. In Table 
3.1, we have listed some species of combustion interest, which are detectable with the SLM laser 
system. It is also shown in the table the absorption wavelength, including two-photon excitation 
schemes, the suggested conversion schemes and the estimated pulse energy and corresponding 
linewidth of the laser radiation. The information in Table 3.1 can also be used to estimate the 
possibility of achieves other laser wavelength and the corresponding pulse energy and linewidth. 

1 Z.S. Li, M. Afzelius, J. Zetterberg and M. Aldén, Single-Mode Alexandrite Laser and its Applications in 
Combustion Diagnostics, Rev. Sci. Inst. 75, 3208-3215 (2004). 
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Characterized by its high peak power, narrow linewidth, broad spectral coverage range and the 
ability of SLM scan with precise frequency control, great impacts of the application of the 
present laser system to high resolution diagnostics in harsh environments are expected, especially 
with nonlinear techniques like PS, CARS etc. 

Table 3.1. Molecular/atomic species of interest for combustion diagnostics which have an accessible frequency with the SLM 
laser system. Shown are the applied nonlinear conversion schemes together with estimated pulse energy and linewidth.  

Species Wavelength Conversion Schemea Pulse Energy Linewidthc 

NO, O 226 nm SHG + S1 (H2) + SHG 5 mJ 400 MHz 

CO 230 nm SHG + S1 (H2) + SHG 5 mJ 400 � 50 MHzd 

H2O 248 nm THG 20 mJ 100 MHz 

CHO 258 nm THG 20 mJ 100 MHz 

NH3 305 nm THG + S2 (H2) 2 mJ - 

OH 281 nm THG + S1 (H2) 5 mJ 300 MHz 

C 287 nm THG + S1 (H2) 5 mJ 300 MHz 

CN 388 nm SHG 50 mJ 80 MHz 

CH 431 nm SHG + S1 (D2) 5 mJ - 

C2 563 nm S1 (H2) + SHG 10 mJ 300 MHz  

Vibration N2 
CARS 607 nm AS1 (D2) 4 mJb - 

CO2 2 �m S2 (H2) 6 mJ - 

C2H2, CH4 3-3.5 �m S2 (D2) + S1(H2) 0.5 mJb - 

CO, NO 4-5 �m S2(H2) + S1(D2) 0.5 mJb - 
a SHG: Frequency doubling; S1: 1st Stokes; S2: 2nd Stokes; S3: 3rd Stokes; THG: Frequency tripling; AS1: 1st anti-
Stokes. 
b, c Pulse energy and linewidth are estimated based on the theory of stimulated emission. 
d Linewidth obtained by fitting the CO two-photon excited Doppler-free LIF spectrum at low pressure.  

We are have now in the process to up-graded the laser system with an extra amplifier, which gives 
a gain of a factor of two in the fundamental output beam. This improves the energy conversion 
efficiency of all the non-linear conversion processes and even further improve the possibilities for 
high quality experiments, for instance the 2D visualization in the UV/IR part of the spectrum. 
Furthermore, since the pulse length is about an order of magnitude longer than a conventional 
Nd:YAG laser with still competitive pulse energy, it is believed that the laser can be of use for 
Raman scattering and in other experiments when laser gas breakdown, window damages 
constitute limiting factors.  
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3.1.5 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 to get 
rid of 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 3.11. 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 

1 R. Miles et al., Meas. Sci. Technol. 12, 33 (2001).
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Figure 3.11. The molecular Rayleigh scattering line profile 
at 500 K, indicated by the dashed line, overlaps with the 
mercury absorption notch generating the marked area, the 
transmission profile through the filter. The narrow profile in 
the middle is the elastic scattering from surfaces and particles 
which has a linewidth as the irradiated laser. 
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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. The fundamental output from the PAL-
101 laser system at 762 nm 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. 

Filtered Rayleigh scattering has during the past two years been used in a number of different 
applications, both to measure temperature and density fluctuations. Temperature measurements 
have been conducted in “dirty” environments such as in an ignition cell. The measurements in 
the ignition cell can be found in Figure 3.12 and Figure 3.13. Here the temperature at ~5 bar 
and 23 ms after ignition is shown. The measured temperature was compared with the 
temperature simulations made with a multi-zone model, the simulation was carried out at the 
Department of Heat and Power Eng. at LTH. 
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Figure 3.12. The temperature along a line in the 
ignition cell 23 ms after ignition at � = 1.25. Due to 
heat transfer from the electrodes a temperature dip in 
the middle of the high temperature region arises. The 
temperature profile is in good agreement with both 
modeled and expected values. 

 Figure 3.13. A temperature simulation of the 
combustion event in the cell. The average 
temperature in the cell was measured with a 
thermocouple and the simulation made with a 
multi-zone model. 

As can be seen in the figures the temperatures are in good agreement. The reason for the lower 
temperature in the middle of the cell is due to heat loss through the electrodes in the cell. 

In combustion in general the temperature close to surfaces is of great interest, and very little is 
known due to the complexity to measure close to a surface. This is one issue that has been 
addressed by filtered Rayleigh scattering in collaboration with the Technische Universität 
Darmstadt. Promising results have been achieved so far. Figure 3.14 and Figure 3.15 show the 
temperature in a hot air jet close to a stainless steel plate. The temperature decreases, slowly at 
first then with a very rapid temperature decline close to the surface. In conjunction with the FRS 
close to surface measurements, surface measurements with thermographic phosphors were 
conducted and are shown as the first point (at 0 mm) at each radial position. 

The latest efforts have been concentrated to fuel distribution measurements in general and more 
specifically in a Volvo diesel engine. The aim was to measure the vaporized fuel distribution 
before ignition, where the mixture is well defined and without tracer. The diesel engine ran on a 
mixture of n-heptane and iso-octane. 
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Temperature [K]  

Figure 3.14. Average temperature distribution of the gas phase measured by filtered 
Rayleigh scattering spanning from 250 �m to 2 mm from the surface. 

 

Figure 3.15. The axial temperature profiles at six different radial positions. The 
temperature at the axial position 0 mm is taken from thermographic phosphor 
measurements. 

To measure fuel distribution most often a fuel 
tracer such as acetone is added to the fuel and 
the tracer is then detected via laser induced 
fluorescence (LIF). And in recent studies LIF on 
formaldehyde has been evaluated for the task. 
However, with both these techniques it’s hard if 
at all possible to measure the fuel/air ratio; with 
FRS on the other hand this might be possible, 
although more Rayleigh-Brillouin linewidth 
studies are inevitable to generate quantitative 
data. In Figure 3.16 a qualitative image of the 
fuel distribution in the cylinder at -7 and -6 
CAD after injection is show. Two of the five 
sprays are clearly visible. 

In summary, the FRS method used in the 
present work has the following merits. Firstly, 

 

Figure 3.16. The fuel distribution in the cylinder of a 
Volvo D5 engine after -7 and -6 CAD respectively. The 
two sprays is clearly visible. The color represents the fuel / 
air ratio. 
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mercury is an ideal choice for an atomic filter and provide very high extinction ratio even at 
room temperature. Secondly, as the Rayleigh scattering cross section is proportional to 1/�4, 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 close to surfaces combustion 
studies. 

3.1.6 Picosecond LIDAR 

J. Bood, R. Heimsten, and M. Aldén 

LIDAR stands for light detection and ranging and is a remote sensing technique, today well-
established for mapping of atmospheric pollutions. The method is the optical analog to radar. 
Pulsed laser radiation is transmitted into the atmosphere and the back-scattered light is detected 
at a certain time delay. The time-resolved signals are easily converted into spatially resolved 
information about species concentrations. For detailed information about the LIDAR technique, 
see e.g. Measures1. 

In atmospheric sensing the area to 
probe usually ranges from a couple 
of hundred meters to 

 several kilometers. Therefore, laser 
pulses from conventional lasers, 
which typically generate pulses of 
10 ns duration, are normally used 
because it results in an appropriate 
range resolution, i.e. 1.5 m for 10 
ns pulses. For combustion studies 
this resolution is of course not 
good enough because the 
measurement range is usually 
much smaller, e.g. inside an 
industrial burner or furnace. Using 
a mode-locked laser, pulses of very 
short duration can be obtained; 30 
ps is achievable with our system. This pulse duration converts into a range resolution of 5 mm. 
Since the signal is generated in the backward direction, only single-ended optical access is 
needed, which is advantageous for measurements in some practical combustion devices. Hence, 
picosecond-LIDAR (ps-LIDAR) might be an attractive, new, diagnostic tool for combustion 
studies, and we therefore aim to pursue this concept.  

So far, initial tests under fairly propitious conditions in terms of the strength of the back-
scattered radiation have been performed. The results of these experiments are reported in a 

1 R.M. Measures, Laser Remote Sensing, Wiley-Interscience, New York, NY, 1984 

Figure 3.17. Experimental setup for picosecond LIDAR measurements. In 
this case the measurement objects are two nebulizers flowing water 
aerosols at two different locations in the beam path. 
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Master thesis by Rikard Heimsten1. The experimental setup is shown in Figure 3.17. The laser 
source is a frequency-doubled mode-locked Nd:YAG laser generating pulses of 30 ps duration at 
a repetition rate of 10 Hz. All experiments presented here were performed using the same laser 
wavelength, i.e. 532 nm. Thus, the generated signals in these experiments were due to elastic 
scattering, i.e. Rayleigh and Mie scattering, from the molecules and particles along the beam 
path.  

Basically, two sets of experiments 
were carried out; measurements in 
water aerosols and measurements in 
one-dimensional (flat) flames on 
McKenna burners. In the flame 
experiments one premixed laminar 
flame and one turbulent diffusion 
flame were used at the same time. 
The fuel was ethylene in both 
flames. Both flames were made very 
fuel-rich in order to generate high 
concentrations of scattering soot 
particles. The premixed flame had 
an equivalence ratio of � = 2.6.  

Figure 3.18 shows a result from a 
measurement in these flames. The 
signal peak to the left corresponds to 
the signal from the flame closest to the detector, i.e. the premixed flame, and the peak to the 
right corresponds to the flame further away from the detector, i.e. the diffusion flame. For 
comparison a curve scaling as 1/R2, where R is distance from the detector, is plotted as well. As 
can be seen, the peak heights follow this curve rather well, which means that the scattering 
intensities from the two flames are approximately equally high. The error bars corresponds to one 
standard deviation of the signal intensity based on 100 averaged recordings. As expected the error 
bar is bigger for the peak corresponding to the diffusion flame, due to the associated turbulence, 
than for the peak related to the premixed flame. 

The results of the initial tests indicate a promising potential for ps-LIDAR as a diagnostic for 
measurements of particle/molecule distribution in combustion environments. Future 
developments of the concept will be directed towards species-specific detection by extending the 
LIDAR method into differential absorption LIDAR, DIAL for short. In DIAL two slightly 
different laser wavelengths are used, one tuned to the center of an absorption line belonging to 
the molecule to be measured, and the other wavelength tuned to a nearby spectral position that is 
off the absorption line, i.e. to an absorption minimum. The concentration of the molecules as a 
function of range is then calculated from the relative strengths of the backscattered signal at the 
two wavelengths, as follows: 

 

1R. Heimsten, Construction and Testing of a Picosecond LIDAR System, Master Thesis (LRCP-104), Div. of 
Combustion Physics, Lund Institute of Technology, 2004 

Figure 3.18. LIDAR curve of 100 averaged single-shot measurements in 
two flames. The flame located 95 cm from the detector was laminar and 
the flame at 140 cm distance was turbulent. 
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where R is range, N is number density (concentration) of absorbing molecules, �on and �off are 
absorption cross sections at the absorption maxima and minima, respectively, Ion is the received 
intensity at the absorption peak and Ioff is the received intensity at the absorption minimum. It is 
clear from the equation, and from common sense, that strong backscatter signals are required to 
make measurements of low concentrations and/or species with low differential absorption cross 
sections. Hence the laser pulse energy must be as high as practically possible. Therefore, a new 
mode-locked Nd:YAG laser with at least twice as high pulse energy compared to the laser we are 
currently using will soon be purchased. The new Nd:YAG laser will pump a distributed feed 
back dye laser (DFDL) for generation of tunable radiation. Furthermore, we are about to 
purchase a new streak camera which would open up for two-dimensional imaging experiments. 

3.1.7 Investigation of CO2 infrared chemiluminescence emission and LIF 
detection for combustion diagnostics applications 

Z. S. Li, J. Zetterberg, P. Malm and M. Aldén 

With the advances of infrared laser sources and the improved performance of infrared CCD 
cameras, two dimensional species-specified diagnostics with IRLIF become possible. In this work 
we investigate the infrared chemiluminescence emission from flames and demonstrate the use of 
infrared laser-induced fluorescence (IRLIF) for the detection of CO2 molecules. 

Shown in Figure 3.19 is a partial energy level diagram of the low-lying vibration levels of CO2. 
Different excitation schemes are indicated in the figure. Infrared fluorescence from the radiative 
de-excitation of the �3 mode at 4.26 μm are observed for all the cases. The excitation of the 
(1000)�(0001) transition with 10.6 μm CO2 laser was adopted by Kirby et al.1. This excitation 
scheme is good only for hot CO2 detection as substantial thermal populations of the (1000) level 
are required. The excitation of the (0000)�(1201) transition with a 2 μm laser beam has also 
been performed23 and two dimensional LIF was obtained. However, due to the weakness of this 
transition, achievable detection sensitivities are limited. The transition (0000)�(1001) is about 
45 times stronger. In this paper the excitation of (0000)�(1001) with 2.7 μm infrared laser beam 
was investigated. 

As a common knowledge, flames emit heat, thermal radiation. This is mostly due to the 
blackbody radiation of the heated soot particles. It would be very interesting to know the spectral 
structure of infrared emission of the lean flames. The infrared radiative background of the flame 

1 B. J. Kirby, R. K. Hanson, Planar laser-induced fluorescence imaging of carbon monoxide using vibrational 
(infrared) transitions, Appl. Phys. B 69 (1999), 505-507. 
2 B. J. Kirby, R. K. Hanson, Linear excitation schemes for IR planar-induced fluorescence imaging of CO and CO2, 
Appl. Opt. 41 (2002), 1190-1201 
3 Z.S. Li, J. Zetterberg, Z. T. Alwahabi and M. Aldén, Infrared LIF and Polarization Spectroscopy Detection of CO2 
by Probing Ro-Vibration, European Combustion Meeting 2003. 
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chemiluminescence is also of great concern regarding the planar LIF detection of CO2. The flame 
infrared radiation was investigated in this work with high spectral resolution. 
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Figure 3.19. Partial 
vibrational energy level 
diagram of CO2 molecules. 
The thick arrows indicate 
the three possible laser 
excitation transitions, and 
the swing lines indicate the 
fluorescence transitions. 

 

 

 
Figure 3.20. IR emission from the burned region of a methane/air premixed flame on a McKenna burner at atmospheric 
pressure. 

Spectral-resolved flame infrared emission of different lean flat flames on top of a McKenna 
burner was investigated. The burned region of the flat flame was focused with a CaF2 lens onto 
the entrance slit of a 320 mm spectrometer (TRIAX320, 300g/mm or 100g/mm grating). The 
dispersed light was imaged at the output slip with an infrared camera (Santa Barbara Focal-plane, 
SBF L134). Shown in Figure 3.20 is an example of the flame emission1 from a premixed 
methane/air flame. No efforts were put in purging to remove the water vapor and CO2 in the 

1 Andreas Pettersson, Master Thesis, Lund Report on Combustion physics, LRP 100, Division of Combustion 
physics, Lund University. 
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ambient air, so the absorptions of this two species were included in the recorded flame emission 
spectrum. 

The major infrared emitters in the burned region of a lean methane/air flame are water and 
carbon dioxide molecules, which has a 2:1 ratio in molecular number density. One can see from 
Figure 3.20 that the water emission line at ~ 3 μm and ~ 5.5 μm, and the carbon dioxide 
emission line at ~ 4.5 μm are shown in the flame emission spectrum. Similar structures have been 
seen in flame infrared absorption spectrum1, but with the CO2 line at 4.3 μm more dominant in 
the emission spectrum. This is because that the de-excitation of the carbon dioxide (0001) � 
(0000) band and hot bands e.g. (1001) � (1000) provide the strongest fluorescence emission 
channel. Besides, the thermally excited N2 molecules in the hot flame environment are infrared 
un-active and form a vibrational energy reservoir for CO2. From the flame chemiluminescence 
measurements, one can notice that the nascent CO2 emission form a strong infrared background, 
which overlap very much with the infrared LIF, so this may block infrared LIF detection in 
combustion environments. Looking carefully on Figure 3.20, one may find that the CO2 flame 
emission band is centre on 4.5 μm, which is slightly shifted from the band center 4.26 μm. This 
is due to the cold ambient air CO2 absorption, which is distributed mostly in the low angular 
momentum levels and the hot rotational line emissions in the P-branch direction experience less 
absorption. 

The experiments employed an injection-seeded single-longitudinal-mode Nd:YAG laser (Spectra 
Physics, PRO 290-10) operating at a repetition rate of 10 Hz and pulse length of 8 ns. The 
second harmonic at 532 nm from the Nd:YAG laser was used to pump a tunable dye laser (Sirah, 
PRSC-D-18) operating with LDS 765 dye. The residual fundamental beam after frequency 
doubling at 1.064 μm was difference frequency mixed in a LiNbO3 crystal with the dye laser 
output centered at 765 nm, and a tunable IR laser beam was generated at 2.7 μm with a pulse 
energy of approximately 5 mJ. The bandwidth of the IR laser beam was measured to be 0.025 
cm-1 by an excitation scan of an IR LIF spectrum of CO2 P (24) at 10 mbar. 

The CO2 (AGA, 99.99%), N2 (AGA, 99.99%) and Ar (AGA, 99.99%) gases used in the present 
experiment were controlled separately by mass flow controllers (Bronkhorst HIGH-TECH). The 
complete  mixing of the two gases was ensured by sending the gases through a more than 10 m 
long 6 mm diameter plastic tube from the flow meters to the optical interrogating region. The 
gas inlet of the mixed CO2 with N2 or Ar flow was connected to a 5 mm jet. 

In the acquisition of the IRLIF spectra, the mixed CO2 gas jet was crossed by the 2.7 μm infrared 
beam. The IRLIF was collected perpendicular to the excitation beam with two CaF2 spherical 
lenses (f = 250 mm) and filtered with a narrow band interference filter (centred at 4.26 μm) 
before being detected by a 77 K InSb infrared photovoltaic detector (Judson, J10D). The LIF 
signal from the InSb was first amplified in a preamplifier (Judson, PA-9) and then integrated in a 
boxcar integrator. The data were transferred and stored in a PC for further analysis. An excitation 
scan LIF spectrum, as shown in Figure 3.21, was obtained by scanning the laser across the (0000) 
� (1001) band.  

1 D. K Ottesen, D. A Stephenson: Fourier transform infrared (FT-IR) measurements in sooting flames, Combustion 
and flame 46, 1982, pp. 95-104. 
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A stimulated absorption spectrum of the CO2, calculated at room temperature and ambient 
environments based on the Hitran database1, is also shown in Figure 3.21. The missed lines in 
the measurement spectrum are due to the strong absorption of the excitation laser by ambient 
water vapour. 

In the acquisition of the IRLIF images, a vertically polarized infrared laser sheet of 10 mm height 
was formed with about 1 mJ per pulse through an optical system made of CaF2 optics. The laser 
sheet was sent through the middle of an atmospheric pressure gas jet with CO2 diluted in Ar 
from a 5 mm diameter nozzle. 

Figure 3.21. LIF excitation-
scan with 2.7 micrometer IR 
laser excitation. The spectrum 
was taken in an atmospheric 
pressure gas jet with 5% 
carbon dioxide diluted in Ar. 

 

 

A planar laser–induced fluorescence (PLIF) image was obtained by imaging perpendicularly to 
the laser sheet from the intersection region with the infrared camera. Shown in Figure 3.22 are 
two single-shot CO2 PLIF images taken with different CO2 concentrations. The good signal-to-
noise ratio with as low as 0.26% CO2 concentration indicates the feasibility of the PLIF imaging 
with this method. By comparing with the previous published PLIF images obtained the 2 μm 
infrared laser beams2, one can find that the detection sensitivity with the 2.7 μm is much more 
improved. 

Following the preparation of the CO2 to the (1001) state, several inter and intra energy transfer 
processes may take place due to collisions with buffer gases. Furthermore the small fraction of the 
excited CO2 at (1001) will also suffer collision with the majority of the unexcited CO2 at (0000) 
states. The important vibrational energy transfer processes are those which involve minimum 
quantum number change in the deactivation of (1001) vibrational state. In our IRLIF 

1 HITRAN database, based on: L. S. Rothman et al., J. Quant. Spectrosc. Radiat. Transfer 82, 5 (2003). 
2 Z.S. Li, J. Zetterberg, Z. Alwahabi and M. Aldén, Infrared LIF and Polarization Spectroscopy Detection of CO2 
by Probing Ro-Vibration, European Combustion Meeting 2003. 
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experiment, we collected the total emission at ~ 2349 cm-1 and therefore the collected emission 
may result from CO2 (1001), CO2 (0201) and CO2 (0001) states. In order to study the behaviour 
of IRLIF as a function of CO2 concentration, an investigation of the dependence of the IRLIF 
signal intensity on different CO2 mole fractions was performed. Time-resolved IRLIF was also 
recorded at ~ 2349 cm-1. The decay plots showed complex profile with fast and slow decays. This 
indicated also the substantial contributions of the cascading to the IR fluorescence measured. 
Unless the rate constants for all the processes above are available, it is difficult to obtain 
quantitative IRLIF. A thorough investigation of the CO2 line will be reported in another paper, 
which includes collision-induced line broadening and shifts, LIF depolarization ratio, radiative 
lifetimes, saturation effects and stimulated emissions.  

 
a 

 
b 

Figure 3.22. Single shot LIF images of carbon dioxide in free gas jets with about 1 mJ per pulse the 2.7 μm 
infrared laser in the excitation laser sheet. a: 0.26% CO2 in Ar, Signal-background = 69 counts; b: 4.50% 
CO2 in Ar, Signal-background = 810 counts. 

Stimulated emission from CO2 by pumping the (0000) � (1001) transition with 2.7 μm laser 
beam was observed in our IRLIF measurements. Super radiant or stimulated emission in the 
mid-infrared from molecular ro-vibration transitions, which was produced by pumping some 
overtone or combination band of infrared active molecules e.g. C2H2, CO2, N2O, has been 
proposed as a method in obtaining mid-infrared laser radiation1. The stimulated emission from 
pumping the molecular electronic transitions has also been used as a diagnostic technique2. 
However, the aim of the investigation of stimulated emission from CO2 infrared transitions was 
to explore the potential interference to the IRLIF measurements. In our investigation, stimulated 
emission being observed only at a pressure lower than 500 mbar. This indicates that stimulated 
emission from (1001) will not be a problem in case of a pressure higher than 500 mbar, which is 
mostly the case where this technique is being applied. As the pressure increase, the LIF signal 
starts to decrease. The IRLIF signal was detectable with our IR camera until the pressure 
increased to ~10 bar. 

1 H. C. Tapalian, C. A. Michaels and G. W. Flynn, Appl. Phys. Lett. 70, 17 (1997). 
2 N. Georgiev, K Nyholm, r. Fritzon and M. Adén, Optic. Comm. 108, 71 (1994). 
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Inside a combustion engine, applicability of IRLIF and the properties of the infrared emission 
from the nascent CO2 were investigated. A single-cylinder, side-valve engine modified with 
optical accesses was adopted in this measurement. Isooctane was used as fuel. The sapphire 
windows were utilized to enable the transmission of both the 2.7 μm laser beam and the 4.3 μm 
fluorescence light. The predicted IRLIF was not observed in the present setup due to the strong 
infrared emission both from the wall thermal radiation and CO2 chemi-luminescence. Shown in 
Figure 3.23 are infrared images taken from the top window at different crank angles with a 
narrow filter centred at 4.3 μm placed in front of the infrared camera. Figure 3.23(a) shows the 
normal view through the top window, where the intake valve (left) and the exhaust valve (right) 
are visualized. Shown in Figure 3.23(b) is the IR emission from the top window at a crank angle 
of 160 degree before the top-dead-centre (TDC), where the exhaust valve looks brighter due to 
its high temperature. The image in Figure 3.23(c) is taken at the TDC, where the CO2 in the 
exhaust gas emits due to the thermal population of its vibrational excited states. The image in 
Figure 3.23(d) is taken at 20 degree after TDC, where the strong infrared chemiluminescence 
from nascent CO2 dominates the illustration. The preliminary investigation shows the possibility 
of direct visualization into the combustion engine in the mid-infrared spectral region, which 
indicates subsequently the possibility of inner surface temperature measurements, the possibility 
of nascent CO2 chemiluminescence measurements etc.. Besides, hot surface as background has to 
be avoided in IRLIF measurements. 

a

c

b

d

 

Figure 3.23. IR emission from engine. The hot exhaust valve is clearly visible. 

The IRLIF technique was presented for the detection of CO2 by probing the combination band 
(1001) � (0000). The feasibility of planar imaging of CO2 with IRLIF was demonstrated. 
Although the results indicate the challenge in quantifying IRLIF images, this excitation scheme 
holds great potential for sensitive instantaneous gas diagnostics in general. This is especially 
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important for molecules that do not posses an accessible optical transition such as CO, CO2 and 
N2O. Spectral resolved infrared chemiluminescence emission from flames was studied and the 
emission from CO2 at 4.3 μm was found dominated. IR emission from a combustion engine was 
successfully observed through sapphire windows, which opens the possibility of direct surface 
temperature measurements, CO2 chemiluminescence studied etc. This work is supported by the 
Swedish Science Council (VR) and the Swedish Energy Administration (STEM). 

3.1.8 IRPS detection of Nascent CO2 and H2O in atmospheric pressure flames 

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

Laser diagnostics provide powerful tools for exploring molecular composition and detailed 
physical properties of reactive gas flows. Polarization spectroscopy (PS) is among the most 
sensitive techniques for probing molecules and radicals. In the past, PS has only been applied to 
electronic transitions in molecules. The possibility to access molecules via IR transitions offers 
great advantage for detection of molecules that can not be accessed via their electronic transition, 
such as CO2, CH4 and water. The aim of the present work is to investigate the potential 
application of IRPS for diagnostics of reactive flows in the presence of strong IR emission, 
especially for the interesting polyatomic species which pose no convenient electronic transitions. 
Quantum state-specific detection of polyatomic molecules at high temperature is always difficult 
due to both the relatively low line intensity from the broad thermal population distribution and 
the spectral interference from dense spectral lines. In this work, we report quantum state-specific 
detection of CO2 and H2O in atmospheric pressure flames by probing ro-vibrational states in the 
mid-IR spectral range. 

A schematic view of the experimental setup is shown in Figure 3.24. The required tunable 2.7 �m 
laser beam was produced by difference frequency generation in a LiNbO3 crystal pumped by a 
Nd:YAG (Spectra Physics, PRO 290-10) and dye laser (Sirah, PRSC-D-18) system and the 
generated IR beam has a pulse energy of approximately 5 mJ. The linewidth of the IR laser was 
measured using an excitation scan of IR laser-induced fluorescence (LIF) of CO2 over the P(24) 
line in a 10 mbar gas cell. A full-width-half-maximum (FWHM) laser linewidth was estimated to 
be 0.025 cm-1 by fitting the LIF spectrum, taking into account both Doppler broadening ( ≈ 
0.0067cm-1 FWHM) and collisional broadening ( < 0.002cm-1 FWHM). 

1School of Chemical Engineering, University of Adelaide, Australia. 
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Figure 3.24. Schematic diagram of 
the experimental set-up used for 
infrared polarization spectroscopy. 
WP, half wave-plate; BS, CaF2 
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A spatial filter made up of two CaF2 lenses and a pin hole was utilized to manipulate the IR beam 
to a 3 mm collimated diameter. A HeNe laser beam was overlapped with the horizontally 
polarized IR beam through a CaF2 plate to visualize the IR beam. A half-wave plate was utilized 
to rotate the IR laser polarization to vertical. The co-propagating geometry PS setup was adopted 
in this experiment as the Doppler broadening is negligible. The probe beam, a 7% reflection 
from a CaF2 plate, was focused with a 50 cm focal length CaF2 lens. The transmitted part of the 
IR beam was reflected by a gold mirror and focused with another 50 cm focal length CaF2 lens to 
serve as the pump beam. The pump and probe beams were crossed in the middle of the 
interrogation region at an angle of 6.5°. A quarter-wave or half-wave plate was placed before the 
focusing lens in the pump beam to manipulate the pump beam polarization, either circular or 
linear (45º relative the probe beam polarization). Two YVO4 infrared polarizers (Newphotons, 
PGL0312) were crossed with each other across the interrogation region of the probe beam. The 
extinction ratio of the IR polarizer pair was measured to be 6�10-8 with a previously published 
method1. The PS signal beam was focused with a 30 cm CaF2 lens through an aperture to a 
liquid N2 cooled InSb photovoltaic infrared detector (Judson, J10D). All IR laser beams were 
transferred in the open air, no effort was made to purge the ambient CO2 and H2O from the beam 
paths. The transient signals from the IR detector were collected, time integrated and stored in a 3 
GHz bandwidth digital oscilloscope (Lecroy, WaveMaster 8300). 

In the case of cold flow measurements, gas mixtures of CO2 and Ar were prepared in a 10 mm 
diameter atmospheric pressure gas jet. Flow speeds of different gas lines were controlled 
separately by different mass flow controllers (Bronkhorst, El-Flow). Complete mixing of the 
gases was ensured by sending them through a more than 10 meter long, 6 mm diameter plastic 
tube from the flow meters to the optical interrogating region. The mole fractions of CO2 in the 
gas jet were varied by changing the relative flow speed with the mass flow meters while the total 
flow speed kept constant. In the case of CO2 detection in flames, a 60 mm diameter McKenna 
burner was utilized to provide flat stoichiometric premixed CO/H2/air flames. 

The water molecule has a strong absorption in the spectral region around 2.7 μm. Both for the 
purpose of investigating a potential sensitive hot water detection method and for avoiding 
spectral interference for CO2 detection, IRPS spectra of hot water were studied in the spectral 
range 3692-3700 μm. The reason for the choice of this spectral range was to avoid absorption of 
the IR laser beams by cold water in the ambient air. The hot water molecules were produced in a 
stoichiometric H2/air flame using the 60 mm diameter McKenna burner. IRPS excitation scans 
of hot water lines in the chosen spectral range are shown in Figure 3.25, where the thick solid 
lines represent the measured spectra and the thin dash lines represent the simulations. The 
spectra in Figure 3.25 (a) and (b) were obtained with linear pumping geometry. A filter with 2% 
transmission was placed in front of InSb detector to prevent saturation while recording the 
spectrum shown in Figure 3.25(a) and the filter was removed in 3.25(b) to visualize details of the 
weak lines. The spectrum in Figure 3.25(c) was obtained with the circular pumping geometry. In 
order to understand the features of the spectra shown in Figure 3.26, a simulation of the IRPS 
spectra was performed based on Teets’ theory2. All molecular data, which include line intensity, 
position and assignment, were taken from the HITRAN3 database with an assumption of 1800 

1 Z.T. Alwahabi, Z.S. Li, J. Zetterberg and M. Aldén, Opt. Commun. 233, 373-381 (2004). 
2 R. Teets, R. Feinberg, T. W. Hänsch and A. L. Schawlow, Phys. Rev. Lett. 37, 683 (1976). 
3 HITRAN database, based on: L. S. Rothman et al., J. Quant. Spectrosc. Radiat. Transfer 82, 5 (2003). 
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K as the best estimation of the flame temperature of the probed volume. A geometry factor, 
which describes the unique sensitivity of PS signal to pumping geometry, was included in the 
simulation, the value of which was calculated using equations derived by Teets et al. Twenty-five 
rotational lines belonging to different hot water bands were selected from the HITRAN database 
and used in the simulation. A Lorentzian line-shape with a FWHM of 0.05 cm-1 was adopted 
for all the lines. By comparing the measured and simulated spectra, one can find that not only 
the strong features in 3.25(a) but also the weak lines in 3.25(b) were reproduced in the simulated 
curves. We believe that the dips on the center of strong lines in the measured spectrum in 3.25(a) 
are due to the strong absorption as about 35% H2O is expected in the burned region. All the 
strong Q branch lines, except the P(2) line marked with an opened circle, shown in 3.25(b) 
disappeared in 3.25(c) when circular pumping was applied. The small residual from the Q lines 
in the measured spectrum around 3697 cm-1 and 3699 cm-1 might be due to the non perfect 
circular polarization state of the circular pumping beam. Almost all structures of the measured 
spectra shown in Figure 3.25 were reproduced in the simulated curves. This indicated that only 
hot water lines contribute to the measured IRPS spectra. From spectra in Figure 3.25, we chose 
the spectral range 3695-3696 cm-1 for the detection of hot CO2, as neither IRPS interference nor 
strong absorption from water molecules exists there. The ambient CO2 absorptions are also 
avoided in this spectral range. 
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Figure 3.25. IRPS spectra of H2O from a stoichiometric 
H2/air flame on a McKenna burner. The thick solid lines 
represent the measured spectra and the thin dash lines 
represent the simulations of water molecules at 1800 K. (a) 
with linear polarized pump beam and a 2% transmission 
filter in front of the InSb detector to prevent saturation; (b) 
without the filter to visualize weaker lines, the simulated 
curve was zoomed out to show small lines; (c) with circular 
polarized pump beam 
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Figure 3.26. Part of the CO2 IRPS excitation spectrum 
obtained from a CO/H2/air flame. A Lorienzian shape and 
1800 K temperature was assumed in the calculation. 
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In the flame CO2 measurements, a saturated pump beam with a pulse energy of 0.9 mJ, which 
was more than 7 times the saturation pulse energy, was used to ensure a saturated pumping. The 
probe beam had a pulse energy of 25 �J. Both the IR laser beam pulse energies were measured 
with a sensitive power meter (Laser Probe, RjP-636 and Rm-3700). Stoichiometric CO/H2/air 
flames with different CO mole fractions (varied from 0 to 5.9%) are adopted. As CO was only a 
small portion in the fuel, it is reasonable to assume a constant temperature over all the flames. 
The CO2 number densities for different flames were estimated using equilibrium calculations 
with the assumption that all CO was converted to CO2 and the temperature in the burned region 
was assumed to be 1800K for all flames. Shown in Figure 3.26 is an IRPS spectrum obtained 
with about 2% CO2 in the burned region of the flat flame. The dots represent the measured data 
points and the solid curve is a simulation of the IRPS spectrum. The simulation was performed 
in the same manner as the one obtained in Figure 3.25. Sixteen rotational lines belonging to 
different hot CO2 bands were selected from the HITRAN database. Because saturated pumping 
was adopted to obtain the IRPS spectrum and homogeneous broadening dominates, a Lorentzian 
line shape was assumed in the fitting. The best fit, as shown in Figure 3.26, was obtained with a 
line width of 0.04 cm-1. The major peaks were fit well, while the small sidebands were not 
perfectly fit. This is not surprising as no J-dependent collision effect was included in the simple 
model. From this fitting, we are confident that the major features of the spectrum are from hot 
CO2 lines.  

A curve of line-integrated PS 
intensities versus CO2 number 
densities is plotted in Figure 3.27. 
The filled dots represents the 
experimental data and the solid line 
represents a fitting of quadratic 
dependence of the IRPS signal on 
the CO2 number densities. The 
background was recorded in an 
H2/air flame and subsequently 
subtracted. The good quality of fits 
indicates the quantitative nature of 
IRPS. 

In Summary, the present work 
shows that IRPS is a potential 
technique for sensitive detection of 
IR active polyatomic molecules in 
reactive flows. The successful 
detection of nascent CO2 and H2O 

in atmospheric pressure combustion environments is evidence for the strength of the method. 
The IR radiation generated from the flame has been suppressed and it did not interfere with the 
IRPS signal. The results indicate that spectral interference can be avoided, providing a proper 
spectral region is chosen. With the advent of IR lasers, application of IRPS to reactive flows, 
detailed chemical dynamics and photolysis dynamics can be achieved by quantum state-specific 
detection with high temporal and spatial resolution of species which are otherwise not accessible. 

 

Figure 3.27. Line-integrated IRPS signal versus CO2 number density. 
The probing volume was located in the burned region of stoichiometric 
CO/H2/air flames over a McKenna burner. The dots are experimental 
data and the solid line is a fitting with quadratic dependence of the PS 
signal on the CO2 number density. 
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In a following experiment, effort will be focused on spatially-resolved detection of hydrocarbon 
clusters in combustion environments. 

3.1.9 Mid-infrared PS and LIF detection of CH4 and C2H6 in flames 

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

Probing molecular ro-vibrational transitions by IR excitation schemes has always been attractive 
to the combustion diagnostic community. Many important combustion species such as CO2, 
CO, NH3, H2O, which have no conveniently accessible electronic transitions, do have strong 
absorption in the mid-IR spectral range. However, spatially resolved laser-based combustion 
diagnostic experiments in the mid-IR spectral region via ro-vibrational transitions have been 
limited by the poor availability of proper IR laser sources, low sensitivity of infrared detectors 
limited mostly by thermal background radiation and the relatively low IR fluorescence quantum 
yields. With the advent of new laser sources, e.g. IR optical parametric oscillator, new 
opportunities have appeared to provide reliable strong IR laser pulses. Absorption-based coherent 
techniques with high spatial resolution like polarization spectroscopy (PS) can be applied to solve 
the problem of the relatively low fluorescence efficiency in the IR spectral range. The strong 
coherent signal beams generated by these techniques provide also a sufficient discrimination 
against the background thermal IR radiation from hot reacting flows. Recently, detection of CO2 
via IRPS has been investigated by probing rotational lines belonging to different overtone and 
combination bands1. Successful detection of CH4 in an atmospheric pressure flow diluted with 
Ar using IRPS was first, to our knowledge, achieved and the preliminary results were recently 
presented by the author2. In this work3 we report on spatially resolved detection of hydrocarbons, 
CH4 and C2H6, in cold flows as well as in a flame using IRPS and IR laser-induced fluorescence 
(IRLIF). 

A schematic view of the experimental setup is shown in Figure 3.28. The second harmonic at 
532 nm from an injection-seeded single-longitudinal-mode Nd:YAG laser (Spectra Physics, PRO 
290-10), operating at a repetition rate of 10 Hz and a pulse length of 8 ns, was used to pump a 
tunable dye laser (Sirah, PRSC-D-18) operating with Styryl 9 as dye. The residual fundamental 
beam at 1.064 μm, after frequency doubling to 532 nm, was difference frequency mixed in a 
LiNbO3 crystal with the dye-laser output centered at 805 nm, and a tunable IR laser beam was 
generated at 3.4 μm with a pulse energy of approximately 1 mJ. The bandwidth of the IR beam 
was estimated to be less than 0.04 cm-1 from the line width of the dye laser (0.03 cm-1 from the 
manufacturer) and of the injection-seeded Nd:YAG laser (about 100 MHz). In order to visualize 
the IR beam a green laser beam from a continuous wave diode-pumped Nd:YAG laser was 
overlapped with the horizontally polarized IR beam through a CaF2 plate. 

1 S. Roy, R. P. Lucht, A. Mcilroy, Appl. Phys. B 75 (2002) 875 
Z. T. Alwahabi, Z. S. Li, J. Zetterberg, M. Aldén, Opt. Comm. 233 (2004) 373-381 
2 Z. S. Li, M. Rupinski, J. Zetterberg, Z. T. Alwahabi, M. Aldén, Detection of methane with mid-IR polarization 
spectroscopy, Appl. Phys. B. 79, (2004) 135-138 
3 Z.S. Li, M. Rupinski, J. Zetterberg, Z. Alwahabi and M. Aldén, Proceedings of Combustion Institute 30 (2005) 
1629-1636. 
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The co-propagating PS geometry setup, as shown in Figure 3.28, was utilized in this experiment. 
A reflection from a CaF2 plate was used as probe beam. The transmitted part of the IR beam, 
which served as the pump beam, was reflected by an aluminum mirror and crossed with the 
probe beam in the interrogation spot. The polarization direction of the IR laser beam was rotated 
from horizontal to vertical through a half wave-plate. The first polarizer in the probe beam was 
deliberately oriented to have the transmitted probe beam polarization direction 45º relative to 
the pump beam. This geometry was chosen to enhance the Q branch lines. Both collimated and 
focused pump and probe beams were utilized in different experiments. The crossing angle 
between the pump and probe beam was also varied for different cases to compromise the signal 
intensity and spatial resolution. Two YVO4 infrared polarizers (Newphotons, PGL0312) were 
utilized crossed with each other over the interrogation region in the probe beam. The extinction 
ratio of the IR polarizer pair was measured to be 6.6�10-7. The PS signal beam was focused with  

 

a 30 cm CaF2 lens through an aperture to a liquid N2 cooled InSb photovoltaic infrared detector 
(Judson, J10D). The transient signal from the InSb detector was collected, time integrated and 
stored in a 3 GHz digital oscilloscope (Lecroy, WaveMaster 8300). IRLIF signal from CH4 was 
simultaneously detected with a 256�256 InSb IR camera (Santa Barbara Focalplane, SBF 
LP134) perpendicular to the pump and probe beam. A simultaneous IRPS and IRLIF detection 
of methane was performed with the experimental setup depicted in Figure 1. The pump and 
probe beam was focused with a 55 cm and 90 cm lens, respectively. The pump beam, 0.5 mJ per 
pulse, was linearly polarized and crossed the probe beam, about 2 �J per pulse, at a 6.3� angle. 
The sample gas mixture, 6.3% CH4 diluted in N2, was prepared in a 10 mm diameter 
atmospheric gas jet. IRPS and IRLIF signals were simultaneously recorded with the InSb detector 
and the IR camera, respectively. 

Shown in Figure 3.29 is a single shot IRLIF image 
obtained with the IR camera, perpendicular to the 
focused pump beam over the gas jet of the CH4/N2 
mixture, through a 3-5 �m band-pass cold filter 
(inside the liquid N2 dewar) and with an exposure 
time of 10 �s. The advantages of utilizing the IR 
camera include its high sensitivity (38 
photoelectrons per count) and the sharp focus of 
IRLIF image, which provide a way to distinguish the 
signal from the thermal background radiation. The 
averaged IRLIF signal along the horizontal pixels, as 
shown in the right side of Figure 3.29, has a peak 
intensity of approximately 100 counts. The background fluctuation on single shot basis was 
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Figure 3.28. Schematic view of the experimental set-
up. WP, half wave-plate; BS, CaF2 beam splitter; P, 
polarizer; M, mirror; L, lens; F, filter 
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Figure 3.29. Single-shot CH4 IRLIF image 
detected with an IR camera equipped with a 3-5 
μm band-pass filter. The excitation laser beam was 
sent from left to right in the image. Averaging along 
the horizontal line of the image is shown in the 
right side of the figure. 
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about 30 counts. The IRLIF images were recorded for each excitation laser pulse while scanning 
the laser over the lines. The IRLIF intensity for each laser pulse was obtained by averaging a 
selected part of the IRLIF image and subtracting an averaged background. The IRLIF excitation 
spectrum was obtained by plotting the IRLIF intensity against excitation laser wavelength. 

Shown in Figure 3.30 is the simultaneously detected IRLIF (a) and IRPS (b) excitation spectrum 
of the P, R and Q branches of the �3 band of CH4. Ten laser shots were averaged for each data 
point. It is necessary to point out that a relatively high CH4 mole fraction was chosen in this 
measurement to obtain a reasonable IRLIF single intensity. Much better IRPS S/N ratio was 
obtained with a sample with smaller CH4 mole fractions (see e.g. Figure 3.32). Even though, by 
comparing the Q-branch part (the pump-probe geometry of the setup was chosen to enhance the 
Q-branch IRPS signal) of the IRLIF and IRPS spectrum in Figure 3.30, it is still evident that the 
IRPS is superior in S/N ratio and in yielding a lower background. The background in the IRLIF 
excitation spectrum probably stemmed from the residual of the background subtraction in each 
IRLIF image and the scattered excitation laser. 
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Figure 3.30. Simultaneously detected IRLIF (a) and IRPS (b) excitation spectrum of the P, 
Q and R branches of CH4. A linearly polarized pump beam was utilized and 6.3% of CH4 
was mixed with N2 in the gas sample. 

Almost all IR active C-H asymmetric stretching bands of hydrocarbon molecules are located in 
the mid-IR spectral range at around 3000 cm-1. To test the feasibility of IRPS in detection and 
discrimination of different hydrocarbon molecules, an IRPS excitation scan of a gas mixture 
containing methane and ethane was performed. Ethane is a symmetric top molecule with a 
saturated carbon-carbon bond. The RQk and PQk lines belonging to the �7 band constitute the 
strongest IR active transitions. 

In this experiment, the sample gas mixture, containing 1.93% CH4 and 0.57 % C2H6 diluted in 
97.5% Ar, was prepared in a 10 mm diameter gas jet. A co-propagating PS setup as shown in 
Figure 3.28 was adopted. Collimated pump and probe beams with a beam diameter of about 3 
mm were crossed 5 mm above the gas jet at a crossing angle of 5�. The pump beam had 600 �J 
per pulse and the probe beam had about 20 �J per pulse. Linearly polarized pump beam was 
used to enhance the Q branch lines. Shown in Figure 3.31 is an IRPS spectrum of the methane 
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and ethane mixture with 10 laser shots averaged for each data point. As shown in Figure 3.31, no 
spectral interference between methane and ethane was observed in the IRPS spectrum.  
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Figure 3.31. IRPS excitation spectrum of a gas mixture containing CH4 and C2H6 prepared in a 10 mm 
gas jet at ambient pressure and temperature. The sample gases were composed with 1.93% CH4, 0.57 % 
C2H6 and 97.5% Ar. 

The signal-to-noise ratio is better than 1:10000 in this spectrum and the background is 
negligible. With a conservative estimation, the detection limit of ethane at atmospheric pressure 
with the present setup was estimated to be lower than 50 ppm. The present experiment indicates 
that IRPS provides a sensitive hydrocarbon identification and detection technique. 
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Figure 3.32. IRPS excitation spectra of the Q-branch and partially P-branch of CH4 in a 
cold flow and a flame from a 60 mm diameter McKenna burner with CH4(11%)/H2 
(24%)/air(65%) and � = 2.4. (a) IRPS spectrum of a cold CH4 (0.75%) flow diluted with 
air. (b) IRPS spectrum in the flame at 1.98 mm above the burner surface. (c) IRPS spectrum 
recorded at 6.52 mm above the burner surface of the same flame. 

Hydrocarbons constitute by far the major part of fuels for energy production and transportation. 
However, spatially resolved in-situ species-specific hydrocarbon detection in combustion 
environment is still a challenging task. In this experiment, attempts were made to apply IRPS for 
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detection of CH4 in a flame. A co-propagation PS setup as shown in Figure 3.28 was adopted. 
The pump beam with 600 �J per pulse and the probe beam with 20 �J per pulse were focused 
with 50 cm lenses and crossed at the interrogation region at a 7.2� crossing angle. The pump 
beam was linearly polarized to enhance the Q branch lines. A flat flame with CH4 (11%) / H2 
(24%) / air (65%), � = 2.4 was stabilized on a 60 mm diameter McKenna burner. IRPS 
excitation scans, covering from the P(4) line to the entire Q-branch of CH4, were performed in 
cold flow and in different positions of the flat flame with the same optical setup. Shown in 
Figure 3.32 (a) is the IRPS excitation scan in an ambient temperature cold-flow with 0.75% CH4 
diluted in air. Shown in Figure 3.32(b) and 3.32(c) are the IRPS excitation spectra of the same 
scan but in the flat flame at 1.98 mm and 6.52 mm above the burner surface, respectively. Ten 
laser shots were averaged for each data point. By comparing the flame measurements shown in 
Figure 3.32(b) and 3.32(c) to the cold flow measurement shown in Figure 3.32(a), one can find 
that the P(4) and P(3) lines, which are clearly shown in the cold flow spectrum, are gradually 
decreasing in intensity in the flame measurement at higher positions. As expected, it is also 
evident that the IRPS lines spread toward higher J levels at elevated temperature. Although, no 
efforts have been made to obtain temperature information, it is clear that temperature can be 
measured using the spectra shown in Figure 3.32, providing a proper IRPS model of the high 
temperature CH4 spectrum. Note that the mole fraction in Figure 3.32(a) is not the same as for 
Figure 3.32(b) and 3.32(c). 

The IRPS signal is linearly dependant on the square of the number density or the population 
density. By an integration of the square root of the IRPS signal over the entire Q-branch, all 
thermal populations of the ground rotational levels can be taken into account. Using the fact that 
the J-dependence factor of the PS signal quickly reaches a constant at J larger than 6, the J-
dependant factor can be neglected for flame measurements. 

Then the Q-branch-integrated square root of the 
IRPS signal reflects the number density of CH4 at 
different temperatures. The branch-integrated IPS

1/2 
signal plotted against the height above the burner is 
shown in Figure 3.33. The rapid decrease of the 
signal intensity in Figure 3.33 reflects the fuel 
consumption in a flat flame. The first data point is 
much lower than expected, which is due to the 
strong absorption in the unburned region where the 
methane concentration was 11%. From a simple 
simulation with HITRAN database, with 4% 
methane in a 10 mm long sample at room 
temperature, the absorption reaches 85% at the band 
head of the Q-branch. The strong absorption effect 
is also evident in Figure 3.32(b), especially in the 

band head. From Figure 3.33, it is shown that the methane number density reaches a constant 
from 3 mm above the burner surface in the burned region. Although those points in Figure 3.33 
seem close to zero, the S/N ratio in the spectrum of those points are still excellent as shown in 
Figure 3.32(c). The results shown in Figure 3.33 are encouraging for further application of IRPS 
for quantitative measurements of minor species in combustion environments.
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Figure 3.33. Integrated intensities over the entire 
Q-branch of the square root of the IRPS signal of 
methane as a function of the height above the 
burner surface. 
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Two-dimensional IRPS detection of CH4 in a Bunsen type CH4/air flame was quickly tested 
during the experiments. About 0.8 mJ in the pump beam was focused to a 5 mm wide laser sheet 
with a cylindrical lens and crossed with a collimated probe beam at 30� crossing angle. A signal 
intensity of 2000 counts was observed with background subtracted in a single-shot measurement 
with the IR camera. This is a promising result for further applications of IRPS for two 
dimensional hydrocarbon imaging in combustion environments. 

IRPS and IRLIF have been investigated for the detection of methane. IRPS was found to be 
superior in detection sensitivity and thermal background discrimination. In a cold flow 
containing CH4 and C2H6, simultaneous IRPS detection of ethane and methane was achieved, 
which demonstrated the potential of IRPS for hydrocarbon molecule detection and 
identification. To the best of our knowledge, this represents the first report of the detection of 
hydrocarbons with polarization spectroscopy in the mid-IR spectral region by probing ro-
vibrational transitions. The IRPS signal has shown an excellent S/N ratio and a good potential of 
implementation to two-dimensional visualization in both cold flows and flames at atmospheric 
pressure. The application of IRPS to other hydrocarbon fuels or combustion intermediate 
species, especially CH3 and CH2, which hardly can be detected with conventional electronic 
excitation, seems promising. The results indicate that IRPS provides a sensitive optical diagnostic 
tool for methane molecule, and it holds promise for the detection of other polyatomic molecules 
with IR active ro-vibrational transitions. 

3.1.10  Polarisation Spectroscopy in Sooting Combustion 

J. Walewski, M. Rupinski, H. Bladh, P.-E. Bengtsson, M. Aldén, Z. Alwahabi1 and Z.S. Li 

In a previous report for 1997-1998 successful mapping of OH in sooting flames was reported, 
where it was demonstrated that OH may be detected with minor interference from the scattering 
light, although the polarisation spectroscopy (PS) signal resides at the same wavelength as 
scattering from the soot. In a recent campaign a novel approach to visualisation of soot was 
presented, that relies on an approach developed by Bengtsson et al.2 Our approach combined the 
use of laser-induced soot vaporisation and consecutive polarisation spectroscopy appliance to 
map the molecular fragments (for example C2) that may serve as effective tracers of soot. 

Soot volume fractions were successfully imaged in fuel-rich acetylene/oxygen flames3. Figure 3.34 
shows an example for the pure diffusion case (C/O=∞). The photo-induced C2 was mapped at 
four heights over the welding type nozzle. The signal maps shown in the second column of 
Figure 3.34 clearly track the formation of soot at lower heights and the growth and 
agglomeration of the soot particles at larger heights. 

Further on investigations were carried out addressing how the PS signal correlate with the local 
soot volume fraction. The height profiles of C2 number densities deduced from the polarisation 
spectroscopy signal maps were compared with profiles of the soot volume fractions obtained 
from the measurements with laser-induced incandescence (LII). The profiles inferred from the 

1 School of Chemical Engineering, The University of Adelaide, Australia. 
2 P.-E. Bengtsson and M. Aldén, Comb. Sci. Technol.,77(4–6):307–318, 1991. 
3 J. Walewski, M. Rupinski, H. Bladh, Z.S. Li P.-E. Bengtsson, M. Aldén, Soot visualisation by use of laser-induced 
soot vapourisation in combination with polarisation spectroscopy, Appl. Phys. B, 77, 447 (2003) 
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PS signal maps were found to agree rather well with profiles from LII measurements for soot 
volume fractions in the 100-ppb region. A discrepancy were found for high soot volume fraction 
(~100ppm), which require further investigations. 

 

 

Figure 3.34. Picture to the left: Photograph of an ethane oxygen flame on a welding torch nozzle. Three circular 
cross-sections of roughly 6 mm diameter and a height scale (right) are shown. Middle column: PS signal from 
C2 for the corresponding cross-sections on the centre-line of the flame (background, see right column, subtracted). 
The PS signal was integrated over 25 consecutive shots. The corresponding grey scales are shown to the right of 
each map. Notice that all maps shown share the same unit (counts), i.e., they are not calibrated, but one may 
compare the recorded levels from one map to the other. The background (see below) is thus indeed weaker than 
the corresponding PS signals. The signal at the lowest height is rather weak, since the prevailing soot volume 
fractions are fairly low. For the two lower heights the cylindrical structure of the flame is readily resolved, while 
the soot-containing zones merge together in the uppermost picture. Right column: Background recorded with the 
probe beam blocked. The apparent signal stems from elastic scattering at large soot particles. Notice the 
pronounced dependence of the scatter intensity on the height. 

 

Figure 3.35. Comparison of soot volume 
fractions (�) attained from LII 

measurements with PS from photo-induced 
C2 (two consecutive measurements, � and 
•). Both are shown as functions of height 
above the burner in a pure ethane diffusion 

flame (type A, see Table 1). PS is toggled 
to the LII profile at ~4-mm height. The 
curves were smoothened with a moving 
average comprising up to ten adjacent pixels. 
Notice the systematic severe deviation of the 
profiles for heights below 10 mm. 
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The spurious background from the elastic scattering that is induced by the soot particles in the 
Rayleigh length regime (LII) and the laser-induced florescence were of no concern for PS, 
although we found the strong scattering from larger-sized particles in the Mie length regime to be 
of concern for the application. This interference was found to be induced by the PS pump beam 
and not from the intense evaporation beam. 

 

 

Figure 3.36. Single-shot maps for an ethane diffusion flame at heights over 50 mm. Left: PS signal 
from photo-induced C2. Right: Probe beam blocked, no PS signal. Notice that this map and the 
signal map to the left were not recorded for the same laser shot and flame flickering changes the 
flame structure rather substantially at the heights shown. It is suggested that the background is 
caused by scattering at large particles. Some of them are so large that their directional scattering can 
be resolved with the prevailing resolution. Smaller particles are not spatially resolved and they 
exhibit a weaker forward scattering. They contribute to a greyish homogeneous background. 

 

3.1.11 Adoption of a multi-Dye laser cluster for measurements with ultra-high 
repetition-rate requiring a tunable laser source 

J. Olofsson, M. Richter, M. Aldén 

A multi-YAG laser cluster has previously been designed for generation of eight laser pulses with 
ultra-high repetition-rate, at 532, 355 and 266 nm (see section 3.2.12). For experiments 
requiring a tunable laser source the cluster has been used for pumping a single dye laser. For 
example, this allows for high-speed OH PLIF, enabling detailed studies of turbulent combustion 
phenomena. However, such a set-up has one major disadvantage. If the time separation between 
the pump pulses is shorter than the dye solution exchange time in the dye laser cuvette (~1 ms), 
then both the laser pulse energy and intensity profile will be affected by the previous pulse. In 
order to overcome this problem a multi-Dye laser cluster was set up, see Figure 3.37. The cluster 
consists of four individual dye lasers (Sirah) which are individually pumped by the four Nd:YAG 
lasers in the multi-YAG cluster. The output beams from the dye lasers can optionally be 
frequency doubled and combined onto a common optical axis. Figure 1 shows a schematic of the 
set-up used for OH PLIF measurements with high repetition rate. The dye laser output beams at 
567 nm are frequency doubled to 283 nm and combined by means of dichroic mirrors. 
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The multi-Dye laser cluster has been utilized in for example high repetition rate OH PLIF for 
studied of turbulence in a low-swirl burner (section 3.2.5) and a high-pressure combustion rigg 
(section 4.1.1). 

 

Figure 3.37. Schematic of the multi-YAG and multi-Dye clusters combined in a set-up for OH PLIF experiments 
with high repetition rate. 
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3.2 Technique applications 

3.2.1 Soot Diagnostics 

J. Aspegren, H. Bladh, P. Desgroux1, P.-E. Bengtsson 

Soot volume fractions and soot particle sizes can be measured using a technique called laser-
induced incandescence (LII). The technique is based on the heating of soot particles to a 
temperature at which they start to sublimate. This corresponds to a laser fluence of around 0.1 
J/cm2 for nanosecond laser pulses. At this elevated soot particle temperature of around 4000 K, 
the soot particles radiate strongly with a spectral distribution according to the Planck radiation 
law. This radiation is the so-called laser-induced incandescence signal. It has previously been 
shown that the integrated LII signal is roughly proportional to the soot volume fraction. The LII-
signal decays in time mainly due to heat conduction to the surrounding gas. Since this decay is 
related to the surface-to-volume ratio, it can be used to infer particle size. 

A model for time-resolved laser-induced incandescence (TIRE-LII) has been developed. The 
model treats the heat and mass transfer between particles and their surroundings when the 
particles are heated by laser radiation, and the included terms are absorption of laser radiation, 
heat conduction, particle vaporization, and radiative heat loss. Supplied with input parameters 
such as laser pulse energy, wavelength, and temporal behavior of laser beam, the model calculates 
the time-resolved signal response of the incandescence emitted by the heated soot particles. The 
model was extended to account for differences in signal behavior due to non-uniform spatial 
distribution of laser pulse energy and polydisperse primary particle size distributions2. The spatial 
distribution of laser energy is important since the time-resolved LII signal is very dependent on 
the laser fluence. Different regimes exist, where for low fluence, the particles are only heated, 
while they for higher fluences are not only heated but also partly sublimed. The mass loss of soot 
matter occurring for high fluences will reduce the LII signal since this is proportional to the 
volume of a particle. It was shown that the spatial distribution of laser energy is very important 
for interpretation of an LII signal, and that the integrated time-resolved signal as function of laser 
fluence (often referred to as the fluence curve) was very different for different spatial profiles, 
something that has been shown experimentally in the past. Interpreting the LII signal assuming a 
monodisperse particle size distribution from a region of soot in which the particles in reality has a 
polydisperse distribution will bias the evaluated particle size to larger sizes than the mean of the 
real distribution. This is because the signal contribution from larger particles in the distribution 
will be much stronger than the contributions from the smaller for the above-mentioned reason of 
the signal being related to the particle volume. Both Gaussian and lognormal particle size 
distributions were investigated and they gave similar biases. In the case of Gaussian distribution 
of width 60% (at full width at half maximum) of the mean primary particle size, the evaluated 

1  Physico-Chimie des Processus de Combustion et de l’Atmosphère, Centre d’Etudes et de Recherches Lasers et 
Applications, Université des Sciences et Technologies de Lille, 59655 Villeneuve d’Ascq Cedex, France 
2 H. Bladh, P.-E. Bengtsson, Characteristics of laser-induced incandescence from soot in studies of a time-dependent heat 
and mass-transfer model, Appl. Phys. B 78, 241–248 (2004) 
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monodisperse particle size was found to be 18% higher than the mean of the polydisperse 
distribution. 

One of the most important issues in using laser-induced incandescence is to quantify the signals. 
An often used approach is to use a laboratory flame that has been characterized using other 
optical methods. Since long time we have used a sooting ethylene/air flame on a McKenna 
burner as calibration flame. This flame has been characterized in terms of soot volume fraction 
and soot particle size using scattering/extinction measurements. In a Masters thesis a calibration 
method was developed that is based on an incandescent lamp1. The idea was to use the 
incandescent lamp as a calibration source since it has a calibrated spectral irradiance. Despite 
elaborate analysis of the results there was a disagreement between the calibration from the 
McKenna burner flame and the incandescent lamp by a factor of 4. This question is still 
unsolved. 

An EC project called AEROTEST started in March 2004. Within this project, there is a work 
package in which LII development and application takes place as a share between Combustion 
Physics, LTH, and CNRS, Lille, France (Pascale Desgroux). While the task of the Lille group is 
more experimental, the role of our work is mainly to perform model development and validation 
of their experimental measurements. The overall task of the project is to build an instrument 
containing both FTIR and LII equipment to be able to measure soot and species concentrations 
behind aero-engines. 

The LII system mainly consists of a Nd:YAG laser at a wavelength of 1064 nm, and of an 
intensified CCD camera for collecting the LII signal in the opposite direction to the incident 
beam (backward LII) after reflection on dichroic mirrors (1) and (2), see Figure 3.38. The image 
captured by the camera represents the LII signal distribution in a cross section perpendicular to 
the laser beam propagation and spatially integrated along the depth of field in the beam 
direction. 

 

Figure 3.38. Overview of the LII system used within the EC project AEROTEST. Two configurations have been tested. 
One which uses a focused laser beam, and one where the beam is unfocussed. 

1 J. Aspegren, An approach to Calibrate Laser-Induced Incandescence Using an Incandescent Lamp, Master’s Thesis, 
Lund Institute of Technology 2004, LRCP-93 
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The initial configuration (1st config.), in which the laser is focused at around 2.50 m from the 
laser (blue arrow) using a three-lens telescope, has been thoroughly tested by comparing LII 
profiles obtained in a calibrated laboratory flame and collected backward or perpendicularly to 
the laser beam. Results were found very satisfying in terms of dynamic range, sensitivity and 
spatial resolution perpendicularly to the laser beam. However it was found that the spatial 
distribution of LII along the depth of field had a very complex behavior depending on the local 
laser energy density. This behavior could be clearly explained by the presence of both soot 
sublimation and of laser wing effects, i.e. a different LII response in the cross section of the laser 
due to the non uniform laser energy distribution. This scientifically interesting observation has 
been confirmed by the modeling. From those preliminary experiments, it was suggested that the 
LII system should be modified into an unfocused beam configuration in order to reduce the 
energy density variation along the depth of field, and thus leading to a simpler quantitative LII 
analysis. The 2nd configuration was found the most appropriate within the AEROTEST project. 

The developed LII model has been used for calculations of the signal response for different 
geometries tested experimentally by CNRS Lille using the Aerotest LII-system. The imaged 
signals were calculated both in the backward direction and in a direction orthogonal to the laser 
beam for both an unfocussed and a focused beam configuration. The agreement between the 
experimental data and the simulated data from the LII model is generally good. An example of a 
comparison between experiment and modeling for 90�-LII is shown in Figure 3.39. 

Figure 3.39. Example of comparison between experimental and modeled LII signal images from backward and right-angle 
detection in a methane diffusion flame. 
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The ability of the model to predict the signal response at a given laser fluence has been 
thoroughly investigated based on the material recorded in Lille1. Most discrepancies exists 
between model and measurements in the high fluence regime. Signs of this can be seen in Fig. 
3.38 by studying the signal decrease in the center of the backward LII images. The decrease of 
signal that occurs at higher fluences is due to the mass loss of incandescent material, i.e. soot. 
Obviously the model underpredicts this “hole-burning effect”. The same trend is evident in the 
right-angle images, where a signal decrease is evident along the centerline of the experimental 
image at 8 mJ, whereas the modeled image at the same energy only shows a plateau. Studies 
made at different gate delays also show interesting information. In Fig. 3.40 is shown radial cross 
sections through the backward LII signals at different laser fluences and gate delays.  
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Figure 3.40. Radial cross sections through the backward LII signal for different choice of delay time and a 20 ns gate. The 
profiles have been normalized to the maximum value within each plot, and the relative difference between the curves 
remains intact. The small inserts in the left column show the curve shapes being nearly identical when normalized. 

 

The signal decrease seems to start earlier in the measurements than predicted by the model. This 
can be seen in the profiles for the highest laser fluence at 0.56 J/cm2, where signal decrease in the 
center is evident in the experimental results, but not in the theoretical. Since the signal decrease is 
due to mass loss, these results implicates that a mass loss mechanism exists that is initiated earlier 
than the sublimation mechanism already implemented in the model. This additional mass loss 
mechanism may be a non-thermal photodesorption mechanism where soot fragments are 
removed from the surface by electronic excitation2.  

1 H. Bladh, P.-E. Bengtsson, J. Delhay, Y. Bouvier, E. Therssen, P. Desgroux, Experimental and theoretical 
comparison of spatially resolved laser-induced incandescence (LII) signals of soot in backward and right-angle 
configuration, Appl. Phys. B 83, 423-433 (2006). 

2 H. A. Michelsen, Understanding and predicting the temporal response of laser-induced incandescence from carbonaceous 
particles, J. Chem. Phys. 118, 7012–7045 (2003) 
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3.2.2 Investigations of Knock in Spark-Ignition Engines 

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

The experimental investigations using laser-based methods in combustion engines running 
knocking combustion are a part of a larger national project. Experiments using laser-induced 
fluorescence for studies of flame propagation were carried out at the end of 2002 and presented 
in the previous biennial report of the division. Since then the measured data have been studied 
extensively and a quantitative evaluation of flame propagation from the data was carried out in 
2003, and later presented1. In the experiments the unburnt fuel-air mixture in a SI-engine was 
visualized using planar laser-induced fluorescence. The engine was a port-injected single-cylinder 
AVL research engine with optical access through the cylinder liner and the piston. The engine 
operated on a fuel mixture of iso-octane and n-heptane with an octane number of RON 60, 
resulting in an operation mode with engine knock.  

The unburned mixture was visualized by detecting 
the fluorescence of formaldehyde. This is an 
intermediate species appearing in the first stage 
during the two-stage ignition process of many 
hydrocarbon fuels and its presence hence indicates 
the onset of combustion. Being an intermediate 
species that is consumed in the advancing 
combustion chemistry leading to a flame, the 
contour of the formaldehyde fluorescence area 
indicates the boundary between burned and 
unburned mixture, which could be regarded as an 
indicator of the flame front. To be able to study the 
propagation of the flame, two fluorescence 
measurements were made in each engine cycle using 
an experimental setup consisting of two lasers and 
CCD cameras. The formaldehyde was excited by 
use of the third harmonic of the Nd:YAG laser at 
355 nm. This alternative had the advantage of a 
simplified experimental setup using readily available 
conventional Nd:YAG lasers, and these lasers also 
provided high pulse energies at 355 nm (~60 mJ), 
which was preferable in this measurement situation. 
The pairs of formaldehyde fluorescence images 

obtained were evaluated according to a scheme that included the conversion from fluorescence 
images to binary images. From the binary images it was possible to trace contours of the signals 
and hence also the position of the flame front. The connection of the points on the identified 
contours enabled the determination of the velocity field. Figure 3.41 shows two LIF images 
detected with a separation of 210 �s (1.5 CAD at 1200 rpm), the identified signal contours and 
the calculated velocity distribution. 

1 H. Bladh, C. Brackmann, P. Dahlander, I. Denbratt, P.-E Bengtsson, Flame propagation visualization in a spark-
ignition engine using laser-induced fluorescence of cool-flame species, Publ in Meas Sci and Technol, 16, 1083 (2005) 

Figure 3.41. Example of formaldehyde LIF images 
in the SI engine. The images are recorded at -2 
CAD and -0.5 CAD respectively. 
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To evaluate the formaldehyde visualization 
technique a comparative study was also 
made, where the unburnt mixture was 
visualized simultaneously by formaldehyde 
fluorescence excited at 355 nm and the fuel 
tracer 3-pentanone excited at 266 nm. This 
test showed that the signal contours 
overlapped in the two cases, a fact that 
ensured that detection of formaldehyde could 
serve as a flame front marker. A detailed 
example from these measurements taken at -3 

CAD is shown in Figure 3.42. The laser sheet is here only 2 cm wide so comparisons between 
the top and bottom of the images is not possible. 

3.2.3 Two dimensional equivalence ratio imaging in flames 

H. Seyfried, F. Jarl, M. Richter and M. Aldén 

This technique utilize a linear dependence between OH*/CH* ratio and the equivalence ratio (�) 
of hydrocarbon flames for determination of the equivalence ratio in a combustion process. The 
2D equivalence ratio visualization was preceded by a calibration measurement, for finding a 
mathematical relationship between the equivalence ratio and the OH*/CH* ratio. Flame 
measurements were then carried out in two different Bunsen burner configurations. 

The experimental setup for the 
calibration measurement as well 
as the flame experiments is 
illustrated in Figure 3.43. A 
CCD camera equipped with a 
UV objective and a stereoscope 
was focused along the line-of-
sight of the burner. By using a 
stereoscope it was possible to 
produce two identical images of 
the same object. For the 
measurements the stereoscope 
was equipped with two narrowband interference filters, centered at 310 nm and 430 nm 
respectively. This setup allowed simultaneous imaging of the OH* and CH* emission. 

The calibration measurements were performed with a McKenna burner using a premixed 
methane/air mixture between � = 0.7 and � = 1.2. In Figure 3.44 the measured OH*/CH* 
intensity ratio as a function of the equivalence ratio is presented. The dependence of the 
OH*/CH* ratio on the equivalence ratio is approximated by a linear fit and then used to acquire 
two-dimensional images of the equivalence ratio. 

 

 

Figure 3.42. Formaldehyde LIF excited at 355 nm (left) and 
3-pentanone LIF excited at 266 nm (right) recorded 
simultaneously. 

Figure 3.43 Schematic of the experimental setup for the measurements. 
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Two dimensional imaging – 
Single burner 

A measurement of the OH* and 
CH* emission was conducted 
for a single Bunsen flame 
burning with equivalence ratios 
of 1.0 and 1.2. Figure 3.45 
depicts the equivalence ratio for 
a flame burning with 
approximately �=1.0 (left) and 
�=1.2 (right). 

The measured values of the 
equivalence ratio show good 
agreement with the actual 
running conditions. The left 
figure has approximately an 
average value of 1.1 in the 
reaction zone, and the right an 
average value of 1.3. This is a good result, since the calibration curve determines the appearance 
of the two-dimensional equivalence ratio image, and a small variation of this curve will cause 
large variation of the equivalence ratio. 

Figure 3.45 Two dimensional images of the equivalence ratio for 1.0 (left) and 1.2 (right). 

Conclusions 

It has been shown that the OH*/CH* ratio and the equivalence ratio has a nearly linear 
relationship between �=0.7 and �=1.2 for a methane/air mixture. Since this relationship is well 
known and the result is repeatable this technique has the potential of measuring equivalence ratio 
in different applications by just detecting the chemiluminescence emission from the OH*- and 
CH* radicals. The technique is advantageous compared to laser-based techniques were often 
three optical windows are needed for beam insertion and detection. 
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Figure 3.44. Chemiluminescence emission intensity ratio of OH/CH. The 
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3.2.4 Laser based and optical techniques for diagnostics of a full-size fighter-jet 
afterburner 

G. Särner, A. Omrane, H. Seyfried, M. Richter, H. Schmidt1, M. Aldén 

In the present work the feasibility of using various laser based and 
optical techniques for characterization of the afterburner of a full-
size aircraft engine have been investigated. The measurements 
have been performed on-site at Volvo Aero Corporation in 
Trollhättan. The measurements were mainly directed towards 
thermometry using thermographic phosphors and fuel 
visualization. An optical technique, based on multi-color 
visualization of chemiluminescence emission, was tested as well. 

Laser-induced phosphorescence from thermographic phosphors 
was used to measure surface temperatures on the outlet nozzle of 
the afterburner, see Figure 3.46. To generate two-dimensional 
temperature data the third harmonic (355 nm) of a pulsed Nd:YAG laser was used as excitation 
source and the resulting phosphorescence was imaged using a stereoscope and an intensified 
CCD camera. The commercially available stereoscope was used for image splitting and filtering, 
allowing simultaneous visualization of two separated spectral regions. From the ratio of the two 
images the surface temperature could be calculated using a spectrally resolved calibration curve of 
the phosphor used  

Figure 3.47. Single shot images of temperature 
measurements achieved at different A/B loads. The 
right and the left figure correspond to an A/B load of 
100 % and 62%, respectively. The imaged area is 
approximately 10 x 10 cm. 

 Figure 3.48. Fuel (Jet-A) visualization. The dashed 
lines indicate the positions of the laser sheet and the 
afterburner respectively. The dark areas indicate 
unburned fuel leaving the afterburner. The afterburner 
has a diameter of approximately 0.7 m. 

 

Laser-induced fluorescence is a well established technique for fuel visualization which can provide 
valuable information of the fuel distribution. Jet-A is a commercial multi-component fuel that 

1 Volvo Aero Corporation, Sweden 

 

Figure 3.46. Afterburner at Volvo 
Aero Corporation. 
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produces a strong fluorescence signal in a broad spectral region when excited with UV light. In 
this work the fourth harmonic (266 nm) of a pulsed Nd:YAG laser was used as excitation source. 
A divergent laser sheet was created using a cylindrical lens and directed perpendicularly through 
the jet stream close to the end of the afterburner. 

Laser-induced fluorescence is a well established technique for fuel visualization which can provide 
valuable information of the fuel distribution. Jet-A is a commercial multi-component fuel that 
produces a strong fluorescence signal in a broad spectral region when excited with UV light. In 
this work the fourth harmonic (266 nm) of a pulsed Nd:YAG laser was used as excitation source. 
A divergent laser sheet was created using a cylindrical lens and directed perpendicularly through 
the jet stream close to the end of the afterburner. 

In spite of this very harsh environment prevailing close to a fighter-JET engine, running at full 
throttle with afterburner, the measurements have revealed good results. In Figure 3.47 and 
Figure 3.48 results of the 2D surface temperature measurements and the fuel visualization are 
presented. 

3.2.5 Flow field characterization and simultaneous flow field and scalar 
measurements. 

M. Linne, P. Petersson, J. Olofsson, H. Seyfried, J. Zetterberg, C. Brackman, A. Nauert11 and M. 
Aldén 

The flow field within any industrial burner or flame is one of the most significant combustion 
parameters. Both Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV) are 
available and used for flow field and turbulence characterization. To gain fundamental 
information about the flame/flow interaction simultaneous measurements of flame location and 
flow field are necessary. As an example results from simultaneous OH-radical, acting as a marker 
of the burnt region, and flow field measurements in a low-swirl burner are presented below. Flow 
field measurements are also important for determining boundary conditions for validation of 
CFD/LES models. Measurements have been made in various applications the last years e.g. in 
high- and low-swirl burners, pulse-combustors, wall fire experiments and in water sprays for fire 
extinction.  

Measurements in a low-swirl burner 

Lean-premixed low swirl flames are suitable benchmarks for testing state-of-the-art numerical 
simulations such as Large Eddy Simulation (LES). A low swirl burner, see figure 1, was studied 
during a joint effort between TU Darmstadt, LTH Lund, and Lawrence Berkeley Laboratories. 
For the LES verification, the inflow boundary condition has been mapped using PIV. In addition 
LDV has been applied at several points in the flow field in order to probe flame dynamics such as 
local velocity and turbulence intensity. Flame front location and flow-flame interaction were 
extracted from simultaneous two-dimensional Laser-Induced Fluorescence (LIF) from OH and 
PIV measurements.  

1 FG Energie- und Kraftwerkstechnik, TU Darmstadt, Petersenstr. 30, 64287 Darmstadt, Germany 
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Figure 3.49. Left: Low-swirl burner viewed from above with the surrounding perforated co-flow 
region. Right: The low-swirl flame stabilized above the nozzle.  

PIV measurements in a low-swirl burner 

During the autumn 2005 the PIV system was updated to facilitate 3D (Stereo-PIV) flow field 
measurements. By applying two CCD cameras that register the flow of interest, illuminated by a 
laser sheet, at different angles the in-plane velocity components as well as the out of plane 
component in the flow field can be determined. An overview of the in-plane and out of plane 
motion in the low-swirl-burner is given in Figure 3.50. The static swirl package in the burner has 
an outer region with eight aerodynamic shape vanes (Fig. 3.49). The high tangential (and axial) 
velocities associated with the passage of the vanes are clearly seen.  A favourable feature of the low  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.50.  Flow field out of the nozzle of a low-swirl-burner. Left: In-plane motion, the 
maximum swirl velocities 16m/s. Right: Out-of plane motion, maximum axial velocity 16m/s. 
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swirl burner is that it produces a fully developed turbulent flame freely propagating without 
experiencing enclosure or wall effects. In addition the flow slows down on exiting the central 
tube owing to expansion caused by the swirl. This slows down the core flow until it reaches what 
is almost a stagnation zone, indicated in the upper part of Figure 3.51. The flow field in the core 
creates a large region for a flame to stabilize. 

 

Figurer 3.51. Stereo (3D) PIV result. The overall flow field down 
stream a low-swirl burner. The outer blue and red (background) 
areas are regions with high swirl whereas the inner region 
experience limited swirl.  

Simultaneous measurements with PIV and of OH 

Simultaneous measurements with PIV and of OH- and/or CH-radicals using Laser Induced 
Fluorescence (LIF) can give important information about local distribution of heat release and 
how the flame interacts with the fluid flow. This understanding is of vital importance for 
developing and interpreting simulation models. In order to achieve OH-LIF images in the low-
swirl flame the multi-YAG laser cluster was used. A recently upgraded version of this instrument 
was used to acquire a group of four images of the OH distribution as it progressed through the 
flow field. For each OH-LIF sequences, a PIV recording was synchronized within 5μs to the 
second image in the sequence, for an example of resulting images see Figure 3.53. For each 
investigated flame condition 500-1500 joint PIV and OH-LIF sequences were collected in order 
to generate statistics and for evaluating conditional velocities and flame front movement. For 
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PIV measurements, MgO particles with a mean diameter of 2μm were added to the flow to serve 
as flow tracers.  

 

Figurer 3.52. The schematic experimental set up for the simultaneous PIV and OH-LIF 
measurements. 
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Figurer 3.53. The black area indicates presence of OH-radical in the burnt gas. In the centre 
of the image the flame front is propagating towards the approaching flow of premixed gas.  
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3.2.6 Enhancement of spatial resolution with obscuration for line-of-sight 
technique 

H. Seyfried, F. Jarl, M. Richter, and M. Aldén 

In this work enhancement of the spatial resolution has been made for a line-of-sight technique by 
placing an obscuration disk covering the central portions of the light-collecting lens. Both two 
dimensional and point measurements have been investigated and the results indicate that the 
spatial resolution can be enhanced for point measurements, but harder to implement in two 
dimensions. 

The disk, termed an obscuration disk is placed in front of the 
central part of the lens to block the low-angle contribution, see 
Figure 3.54. This result in that angles less than those 
subtended by the obscuration disk are completely blocked. 
The depth of field becomes narrower and higher spatial 
resolution can be achieved. 

Experimental setup 

In an attempt to increase the spatial resolution when focusing on an object, an experimental 
setup similar to Figure 3.55 was used. A white light emitting diode mounted on a translation 
stage served to simulate an isotropic scattering source. The top of the diode was cut to make the 
light more isotropic. The light collection optics was a UV-lens with 100 mm focal length. An 
ICCD camera was used for the detection and a 430 nm interference filter was placed in front of 
the camera to suppress the impact of chromatic aberrations. 

 

Figure 3.55. Schematic of the experimental setup for enhancement of the spatial resolution with an obscuration disk. 
The diode is placed on a translation stage and can be moved in and out of focus. 

The distance between the light source and the detection system for the experiment described 
above was approximately 50 cm. Experiments were also performed for a larger distance, 
approximately 3 m, because of the commercial interest of high spatially resolved point 
measurements. For this measurement, the collecting optics was replaced with a much larger lens 
to compensate for the much smaller detection angle. 

Experiments were first performed in two dimensions, i.e., the light source was considered to be 
approximately the same size as the detector. Several different approaches were made for this 
particular experiment to study how the spatial resolution was affected by moving the light source 
in- and out of focus. Figure 3.56(a) shows a comparison of the spatial resolution with and 
without an obscuration disk in two dimensions. The ratio is the diameter of the obscuration disk 

Figure 3.54. Obscuration disk in front 
of the lens. 

Obscuration

Diode
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divided by the diameter of the lens, i.e., if the ratio is 0.50 the obscuration disk covers 25% of 
the lens, which also results in a 25% lower, signal.  
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Figure 3.56. Two dimensional measurement (a) and point measurement (b) of the spatial resolution with and without 
obscuration. 

There is a slight improvement with the obscuration disk present. The FWHM is approximately 
33% smaller for a ratio of 0.50. You would expect the width to decrease for higher ratios, but a 
ratio of 0.75 does not affect the width considerably. 

Figure 3.56(b) presents a comparison of the spatial resolution with and without an obscuration 
disk for a point measurement. The FWHM in this case is approximately 40% smaller for a ratio 
of 0.50. As in the case with two dimensional measurements, there is no considerable 
improvement for higher ratios compared to the loss of signal. 

Conclusions 

Line-of-sight measurements require a high and well-defined spatial resolution. It has been shown 
that an obscuration disk placed in the central regions of a lens will increase the spatial resolution 
with over 40% for point measurements. The result in two dimensions is not equally 
overwhelming, even though the result show signs of improvement. High resolution point 
measurements are nonetheless a very attractive feature and have great commercial interest.  

3.2.7 Observation of the transmission of gas explosions through narrow gaps using 
time–resolved laser/Schlieren techniques 

H. Seyfried, J. Olofsson, M. Richter, M. Aldén, R. Sadanandan1, D. Markus1, M. Spilling1, R. 
Schiessl 2, and U. Maas1 

In this work the re-ignition of a hot exhaust gas jet impinging into unburned hydrogen/air 
mixture was investigated. The configuration studied where a jet of hot exhaust gases first 
travelling through a narrow nozzle, and then imposes into an unburned H2/air mixture, possibly 
initiating ignition and combustion. The experimental work included high-speed laser-induced 
fluorescence (LIF) visualization of the hydroxyl-radical (OH) and Schlieren measurements. The 

1 Physikalisch Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany. 
2 Universität Karlsruhe, Institut für Technische Thermodynamik, Kaiserstraße 12, D-76128 Karlsruhe, Germany 



3.2 TECHNIQUE APPLICATIONS 57

experimental results show the quenching of the flame inside the nozzle and the subsequent 
ignition of the hydrogen/air mixture by the hot free jet and reveal that the ignition and 
combustion is influenced by the mixing process, which, in turn, depends on the jet velocities. 
These findings promote the understanding of the processes involved and allow an improvement 
of the protection type flameproof enclosures. 

In the work the ignition phenomena in nearly stoichiometric hydrogen/air mixtures induced by 
hot exhaust gas jets were studied experimentally and numerically. Experiments were performed in 
an optically accessible constant-volume combustion vessel, see Figure 3.57. The vessel consisted 
of two chambers which are filled with 28% hydrogen/air mixtures at the beginning of each 
experiment. The fuel/air mixture in the first chamber was ignited by means of electrical 
discharges on the symmetrical axis of the vessel at a distance Xi from the inlet of the nozzle. The 
hot burned gases expanded into the second chamber through the nozzle. The temporal 
development of the hot jet penetration into the unburned mixture and the distribution of the 
OH–radical inside the free jet flow were observed by a combined Schlieren and planar laser 
induced fluorescence (PLIF) visualisation. The time-resolved OH-LIF images were obtained 
using the high-speed Multi-YAG laser and detection system. 

Using this setup, the influence of different jet velocities on the gas expansion and ignition 
processes were studied by repeating the experiment with different nozzle diameters and varying 
the distance from the spark plug to the nozzle inlet. The Schlieren image sequence helped in 
studying the temporal evolution of the jet structure while the LIF images of the OH radical 
identified points where combustion had occurred in time and space. Numerical simulations were 
performed using a zero–dimensional model and a detailed reaction mechanism and the results 
were compared with the experimental work. Experiments were conducted for four different 
ignition distances, Xi = 16 mm, 24mm, 32 mm, and 56 mm, and for different nozzle diameters d 
in the range between 0.7 and 1.3 mm. 

Schlieren

Free jet

Laser sheet

Transducer 1

Transducer 2

First vessel

Second vessel
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Ignition

source
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Nozzle
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Figure 3.57. Schematic of the Explosion Vessel. 

Figure 3.58 shows simultaneous Schlieren and OH-PLIF sequences for ignition of combustible 
gas by hot burned gas for Xi  = 32 mm and d = 1.0 mm. The first Schlieren image was captured 
2540 μs after ignition in the first vessel. The time interval between the different frames was 40 
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μs. The first frame of the OH-PLIF sequence was taken approximately 2 μs after the first 
Schlieren image and with a time separation between two consecutive images of 20 μs. The region 
where combustion had occurred can be seen clearly from the sudden increase in OH-LIF 
intensity at t = 2562 μs at a distance of approximately 9 mm in the PLIF sequences. It can be 
seen that the first combustion occurs well within the zone that was reached by the jet, rather than 
at the jet border. 

The simultaneous laser Schlieren and time resolved OH-PLIF images show the quenching of the 
flame inside the nozzle and the subsequent ignition of the combustible mixture by the hot 
exhaust jets. The change in the ignition behavior with changes in mass flow rate and nozzle 
diameter indicates the influence of the mixing process and mixture temperature on the ignition 
process. 

a)                      

 
b) 

 

Figure 3.58. Ignition distance Xi = 32 mm, diameter of the nozzle d = 1.0 mm (a) Sequential laser Schlieren images; 
imaged area is 41 x 37 mm2 (b) Simultaneous and time-resolved OH-PLIF images; imaged area is 39 x 58 mm2. 

3.2.8 Investigation of Fuel Cell Electrode Rate Processes  

Andreas Ehn, Mariusz Graczyk1, Lars Montelius1, Jens Høgh2, Mogens Mogensen1 and Mark Linne 

With a growing discussion about global warming, fuel cell research has taken a step forward. The 
idea of fuel cells has been known for decades, but as a commercial product it still is under 
development, struggling with high production costs and problems with degradation of the cells. 

1 Solid State Physics Department in Lund 
2 Material Science Department, Risø National Laboratory 
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There are different environments that fuel cells are considered to be working in and therefore 
different kinds of materials are used. Fuel cells are usually named after the electrolyte. For high 
temperature purposes (650°C-1000°C) the electrolyte consists of yttrium stabilized zirconium 
(YSZ), which is a well known oxide-ion conductor. The yttrium stabilizes the crystal structure of 
the zirconium oxide. A schematic picture of a fuel cell can be seen in Figure 3.59. 

The YSZ in the middle is separating two gas atmospheres, hydrogen mixed with water (on top) 
and oxygen or air (underneath). By feeding the cell with both air and fuel on each side the 
electrochemical reactions produces an electrical current. In order to get a power generating unit 
for high voltage purposes the cells are stacked on top of each other in series. Both sides of the 
YSZ are covered with catalytic material, Nickel-YSZ cermet on the anode and Sr-doped 
LaMnO3 on the cathode. The catalyst makes the reactions faster by lowering the activation 
energy of the charge transferring reaction and also it works as a current collector for the 
electrochemical process. 

 

Figure 3.59. A schematic picture of a fuel cell working. 

Present SOFC are using hydrogen as the fuel. Hydrogen can though be obtained from a number 
of hydrogen containing fuels, such as bio fuels. This can be done either by external (outside the 
cell) or internal (within the cell) reforming. The most appealing is of cause internal reforming 
when you only feed the cell with whatever fuel you are using.  

In cooperation with Lars Montelius and Mariusz Graczyk at Solid States Physics department in 
Lund a process technique of a fuel cell specialized for our purposes has been developed. With 
their process techniques of semiconductor microstructures, well defined pattern electrodes have 
been produced. The fundamental physical properties of the cell were continuously tested by heat 
treatment in hydrogen atmosphere for longer periods of time. A pattern electrode is shown in 
figure 3.60. This picture has been taken with an optical microscope after heating the electrode at 
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650°C for 90 hours. Other techniques used for analysis that are regularly made are SEM and 
AFM. 
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Figure 3.60. The darker areas in the picture are the 
YSZ-crystal and the brighter is nickel stripes. The 
sample has been heated for 90 hours at 650°C. The 
discontinuities of the stripes are introduced by the 
CCD-camera. The line width of the stripes is 20 μm 

Figure 3.61. Polarization resistance of a nickel 
pattern electrode cell is seen over time at 400°C. Seen 
here the initial degradation of the cell is raising the 
polarization resistance three times after 200 hours 
compared to the initial value. The plotted data are 
from three different types of experiments, impedance 
spectroscopy, potentiodynamic sweeps and 
potentiostatic measurements. 
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Figure 3.62a. By rotating the single 
crystal YSZ its Raman spectrum is 
changing when the signal is analyzed 
with a polarizer. 

Figure 3.62b When a sample of 
fused silica is rotated the Raman 
spectrum is unchanged when it is 
analyzed with a polarizer. 

Figure 3.62c. As a consequence of the 
difference in Raman tensors between 
the YSZ and  SiO2 and the 
structural differences the Raman 
signal from SiO2 can be detected. 

In cooperation with RISØ National Laboratory electrochemical testing of the cells are made in 
different atmospheres and gases. Degradation and the effect of shifts in gases are investigated 
using impedance spectroscopy, electrostatic and electro-dynamic measurements. After the 
measurements the samples are investigated using TOF-SIMS, SEM, EDS, EDX and optical 
microscope, with the aim to study impurities and structural changes of the patterns in order to 
understand the electrochemical results. The results have been presented at the 26th Risø 
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International Symposium on Material Science 2005 by Ehn et al., 20051. In Figure 3.61 the 
initial degradation of a SOFC-test cell is seen. 

Optical techniques are used to investigate the segregation of impurities in solid oxide fuel cells as 
well. Ellipsometry is used in order to investigate the segregation of impurities form a single 
crystal YSZ to the surface. By different heat treatment the single crystal YSZ samples an 
ellipsometer is used to estimate the thickness of the impurity layer. To investigate the segregation 
of SiO2 at the triple phase boundary solid state Raman technique is used. By analyzing the 
Raman signals from the different materials SiO2 and YSZ, Raman signals has been detected seen 
in room temperature for prior heated samples. A presentation of these result were made at the 
Gordon conference 2005 by Linne et al., 20052. In figure 3.62 examples of Raman spectra the 
different materials along with a spectra of an electrochemically tested solid oxide fuel test cell is 
seen. 

3.2.9 Ballistic imaging in transient sprays 

Mark Linne, Megan Paciaroni and David Sedarsky 

Liquid phase fuels contain much more energy per unit volume than gas phase fuels, they are easy 
to transport and store, and there is a very large liquid fuel infrastructure. Many common 
combustion devices burn liquids, and this is not expected to change. Even if energy supplies 
move away from petroleum distillates, liquid fuels based upon other sources (e.g. liquid bio-fuels) 
will be adapted for this purpose. To burn liquid fuels at an effective rate the liquid must be 
rapidly dispersed into the oxidizer (air). It is necessary first to convert a liquid stream into a vapor 
stream and mix the vapor into surrounding air using a fuel spray. This process of fuel/air mixture 
preparation is key to flame stabilization and fuel conversion efficiency and emissions formation. 
Modern engines (e.g. diesel, aircraft gas turbines, etc.) prepare the fuel/air mixture via a high 
pressure atomizing fuel spray; therefore, spray behavior is a controlling factor for engine 
performance and emissions. Primary breakup of the liquid core in the atomization regime is not 
yet completely understood. The liquid core of the spray is obscured by a dense fog of droplets; 
consequently, it is difficult to image. Recently, two techniques have shown promise in the 
imaging and characterization of the breakup process of the liquid fuel spray: x-ray imaging and 
ballistic imaging. We are applying ballistic imaging here at Lund to the application of the 
imaging of dense sprays 

Ballistic imaging is a form of optical shadowgraphy that can acquire images through turbid 
materials that are opaque to simpler imaging techniques. When a short pulse of light is 
transmitted through a highly scattering material, most of the light is multiply scattered and loses 

1 A. Ehn, J. Høgh, M. Graczyk, K. Norrman, L. Montelius, M. Linne and M. Mogensen, “Electrochemical 
Measurements made in dry CO/CO2 and H2/H2O atmospheres on single crystal YSZ using pattern electrodes”, 
Proceedings of the 26th Risø International Symposium on Material Science: Solid State Electrochemistry, Roskilde, 
Denmark, 2005. 
2 M. Linne, M Mogensen, K. Tydén, M. Pagels-Fick and A. Ehn, ”Optical diagnostics on the surface of a solid oxide 
fuel cell”, Poster at the Gordon Reaserch Conference on Laser Diagnostics in Combustion, July- August 5, Mount 
Holy Oke Collage, South Hadley, MA, USA, 2005. 
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any image information. A small component of the light propagates directly through the medium, 
retaining a completely undistorted image of any structure within the material. Due to the shorter 
path, these aptly named ballistic photons arrive at the exit plane prior to scattered photons. A 
second component of the light, snake photons, are forward scattered and may be of use in 
imaging. Acquiring high resolution images within highly scattering media requires separation of 
the unscattered or minimally scattered component of light from the multiply scattered 
component, which is essentially noise that will degrade the image. Certain characteristics of the 
early light are useful for separation and rejection of the later light. For example, directional 
orientation allows the use of spatial filters to reject later light, time gating eliminates multiply 
scattered light due to its late arrival while coherence gating can also be used to eliminate multiply 
scattered light. In our ballistic imaging system, we use a high speed optical Kerr effect time gate 
in conjunction with mild spatial filtering. 

 

Figure 3.63. Ballistic images of three types of atomizing spray. Picture a. shows a ballistic image of a high pressure water jet 
undergoing turbulent primary breakup. Picture b. shows a ballistic image of a diesel fuel jet during the relatively steady-
state period. Picture c. shows a ballistic image of a water jet in a crossflow of air with a crossflow Weber number of 212. 

We have applied ballistic imaging technology to the acquisition of images of the liquid core of a 
high pressure water jet, a jet in cross-flow, and a diesel spray at ambient conditions; a few images 
are shown in Figure 3.63. We have also recently developed a further adaptation of ballistic 
imaging to determine the velocity and acceleration of the liquid/gas interface of the liquid core in 
an atomizing spray; an example image is shown in Figure 3.64. In this work, we implement a 
method for extracting velocity information from pairs of ballistic images through the application 
of image analysis algorithms. By direct measurement of the force vectors acting upon the spray, 
this technique will be useful in describing the forces that act to break apart the liquid core in a 
spray. This method is shown to be effective for liquid phase droplet features within the resolution 

a. b. c. 
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limit of the imaging system. In light of these results, it is clear that a three- or four-image 
implementation of this technique would allow the determination of acceleration, and by 
extension, information about the forces active in spray breakup. 

Work continues on the development of a comprehensive model for the ballistic imaging system. 
The model will be useful to optimize the system for a variety of sprays and conditions. This 
model includes a Monte Carlo code, developed at the University of Cranfield in the United 
Kingdom, for modeling of the multiple scattering induced in the spray. Experiments were 
recently conducted at Lund, in collaboration with the University of Cranfield, for verification of 
the Monte Carlo code. The laser propagation and diffraction through the spray and the imaging 
system, including the time gate, will be modeled with Mathematica software.  

 

 
Figure 3.64 Droplet image with velocity vectors. Droplet diameter is on the order of 500 •m. 

The general purpose of this work is to develop a practical, versatile, and effective system for the 
imaging of sprays at extreme conditions of pressure and temperature. A second objective is the 
application of the ballistic imaging technique to a highly quantified baseline spray with the initial 
goal being verification of the model. The baseline spray components have been developed and 
calibrated and the ballistic imaging system is complete. Finally, the results of the model and 
validation experiments will be used in the application of ballistic imaging to a variety of 
industrially relevant sprays. 

A final area of importance is the analysis of the images obtained with the ballistic imaging 
system. This system is capable of acquiring a large number of images in a short amount of time. 
It is simply not feasible to manually analyze these images. Therefore, a code must be developed to 
perform quick, accurate analysis of the resultant images. This code must be able to accurately 
acquire statistics on voids and droplets as well as identify characteristic periodic frequencies. This 
code is currently being developed. 

In conclusion, ballistic imaging is a promising technique for the visualization of combustion 
sprays. We have proven the ability of this technique to acquire high-resolution images through 
turbid sprays at ambient conditions. This technique has been used successfully to study steady 
water sprays, jets in cross-flow, and diesel fuel sprays at ambient conditions. The first high 
resolution images of primary breakup of atomizing water and fuel sprays have been obtained with 
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this technique; a few of these images can be seen in Figure 1. Model development will allow 
predictions of experimental behavior, and the technique must be applied to various spray 
conditions. This technique has yet to be verified in extreme conditions of temperature and 
pressure such as one might find in a working engine. 

3.2.10 Development of temperature measurements using thermographic 
phosphors: Applications for combustion diagnostics 

A. Omrane, G. Särner, J. Engström1 and M. Aldén 

Recently temperature sensitive phosphors particles, known as thermographic phosphors, were 
developed and used for temperature measurements in different combustion applications. The 
technique was successfully applied for thermometry of burning materials, internal combustion 
engine components and recently in droplets and spray. 

Introduction 

Thermographic phosphors technique is relatively a new technique for remote thermometry of 
surfaces. It is used in scientific and industrial applications of surface thermometry to complicated 
geometries, e.g., rotor engines2, turbine engines3, and also in medicine. Other quantities such as 
heat flux through a surface have been investigated, because of its high importance to science and 
engineering community. 

During the last years, as the applications of thermographic phosphors have expanded, some 
attempts have been made in combustion environment4,5,6,7. A useful review article8 could be a 
good assistance as an introduction to the subject of phosphor thermometry. 

A phosphor becomes highly fluorescent or phosphorescent when it is excited by an appropriate 
source, e.g. an electron beam or ultraviolet radiation. Typically the emission is in the visible 
region and has a lifetime of the order 10-6-10-3 s. The phosphor consists of a host material and a 
doping agent, from which the light is emitted. A large number of different phosphors are 
produced today covering a large band of temperatures from cryogenic temperatures up to 1673-

1 Volvo Technology Corporation, Sweden 
2 S. Allison, R. M. Cates, W. B. Noel, G. T. Gillies, Monitoring  permanent-Magnet Motor Heating with Phosphor 
thermometry, IEEE transaction and measurement, 37(4) (1988) 637-641. 
3 S. Alaruri, T. Bonsett, A. Brewington, E. McPheeters and M. Wilson, Mapping the surface temperature of ceramic 
and superalloy turbine engine components using laser-induced fluorescence of thermographic phosphor, Optics and 
Lasers in Engineering, 31(1999) 345-351. 
4 R. L. Van der Wal , P. A. Householder, and T. W. Wright II, Phosphor thermometry in combustion applications, 
App1ied Spectroscopy, 53(10) (1999) 1251-1258. 
5 A. Omrane, U. Goransson, F.  Ossler, G. Holmstedt, and M. Aldén, Surface temperature measurement of flame 
spread using thermographic phosphors, In the proceeding of the Seventh International Symposium on Fire Safety 
Science, 2002. 
6 A. Omrane, F. Ossler, and M. Aldén, Two-dimensional surface temperature measurements of burning materials, 
Twenty-Ninth Symposium (International) on Combustion, The Combustion Institute, 29 (2002) 2653-2659. 
7 A. Omrane, J. Svensson, J. Petterson, F. Ossler, M. Aldén, Surface temperature of decomposing construction 
materials studied by laser-induced phosphorescence, (In press in J. Fire and Materials). 
8 S.W. Allison , G.T. Gillies, Remote thermometry with thermographic phosphors: Instrumentation and 
applications,  Review of Scientific Instruments, 68(7) (1997) 2615-2650. 
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1873 K or higher, making them suitable for many applications. Each selected phosphor is very 
sensitive in a specific range of temperatures exhibiting an accuracy of the order 1-5 K. The 
lifetime of the phosphorescence decay and the emission line intensities are temperature sensitive 
and therefore used for temperature measurements. Measuring the lifetime and the correlation 
between emission line intensities are known as the temporal and spectral method, respectively. 
The temporal method is based on extracting the lifetime at a certain temperature from a simple 
exponential fit procedure. The spectral technique is on the other hand based on determining the 
proportion between two or more spectral line intensities, e.g., the ratio between two emission 
lines. 

Valves and piston thermometry in internal combustion engines 

GDI engine 

Thermographic phosphors thermometry was used to measure engine valves and transparent 
piston temperatures in two dimensions of a running, optically accessible, gasoline direct injection 
engine1. The engine, fuelled with isooctane, was operated in continuous and skip-fire mode at 
1200 and 2000 rpm. A calibration of the 
phosphorescence lifetime and spectral 
properties against temperature allowed 
temperature measurements between 25 and 
700°C. 

Results from the measurements show the 
potential of the technique for two-dimensional 
mapping of engine walls, valves and piston 
temperatures inside the cylinder. The work 
presented was performed in an optical direct-
injected stratified-charge (DISC) engine. A 
schematic experimental set-up is shown in 
Figure 3.65. 

To perform two-dimensional measurements2,3, 
a CCD-camera (Princeton Instruments IMAX with a Nikon objective lens of 50 mm) was used 
together with an imaging stereoscope. The imaging stereoscope (LaVision) allow for two-color 
operation via image doubling. The stereoscope was mounted through an adapter on the objective 
lens of the ICCD camera. After excitation, the incoming phosphorescence emission passes 
through separate filters before encountering a 45 degrees mirrors and a prism. The result is two-
identical images on the CCD ship of the same object. The reflection curve of the mirror surface 
shows a constant reflection in the wavelengths range of the incoming phosphorescence. 
Interference filters (632/657 nm, FWHM = 10 nm) were placed in front of each entrance of the 
stereoscope in order to detect phosphorescence signals at these wavelengths. For each 

1 A. Omrane, G. Juhlin, M. Aldén, G. Jossefsson, B. Timothy, J. Engstrom. Two-dimensional temperature 
characterization of valves and piston of a GDI optical engine. (SAE, 2004-01-0609) 
2 R.H. Krauss, R.G. Hellier,  J.C. McDaniel, Surface temperature imaging below 300K using La2O2S:Eu, Applied 
optics, 33(18) (1994) 3901-3904. 
3 R. Marino, B. Westring, G. Laufer, R. H. Krauss, R. Whitehurst,  Digital strain and temperature imaging 
technique, AJAA Journal, 37(9) (1999) 1097-1101. 
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Figure 3.65. The experimental setup showing the optically 
accessible engine (to the left) and the CCD camera with 
the stereoscope and filters (to the right). 
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measurement, the intensity images corresponding to each wavelength were warped using a grid 
image, and then they were subtracted from background and digitally divided by a reference 
image. 

Images (single-shot) of the temperature of the four valves are presented in Figure 3.66. Each 
image was taken at a certain time from start of the engine. As can be seen, the temperature of the 
exhaust valves started to increase earlier than the temperature of the intake valves. This is due to 
the burned gases heating the exhaust valves while leaving the combustion chamber. On the 
contrary, the intake valves were cooled by newly introduced air. From the figures, one could 
notice that the temperature started usually to rise from the edges of the valves to the center. After 
120 s, high heat conduction from the exhaust to the intake valves could be seen. In several tests 
achieved on the valves, the average temperature is stable, but the temperature distribution was 
observed to be usually higher in the surrounding edge of the valves. 

10 s
400

300

200

100

500

Deg. C

50 s 70 s 80 s

100 s 120 s 150 s 180 s

Figure 3.66. Temperature images of the valves at different times after start of the engine. Intake valves are seen in the 
upper part and exhaust valves in the lower part. The laser was fired 30 CAD BTDC. The engine was run at 2000 rpm. 

 

Diesel engine 

Piston temperature experiments were conducted in a single-cylinder heavy-duty Diesel research 
engine, based on the Volvo Trucks D12C engine both by use of optical temperature sensitive 
phosphor and of thermocouples mounted on the piston surface1. In the former case, a thin 
coating of a suitable thermographic phosphor was applied to the areas on the piston surface to be 
investigated. The optical measurements of piston temperatures made involved use of an optical  

1 T. Husberg,, S. Girja, I. Denbratt, A. Omrane, M. Aldén, J. Engström,.. Piston temperature measurement by use 
of thermographic phosphors as compared with thermocouples in a heavy-duty Diesel engine run under partly 
premixed conditions. (submitted to SAE 2005) 
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window and of an endoscope. The possibility of using optical fibres into guide light in and out of 
the engine was also investigated. Results of the optical 
and of the thermocouple measurements were compared 
and were also related to more global data with the aim of 
exploring the use of thermographic phosphors for piston- 
temperature measurements in Diesel engines. 
Thermographic phosphors thermometry was found to 
represent an attractive alternative to the thermocouple 
method since it easily can be applied to various piston 
geometries. The method was seen to have a clear 
potential for production-type engine applications, 
particularly with use of fibre optics. 

A pulsed Nd:YAG laser (Spectra physics) was used to 
excite the phosphor particles. The third harmonic from 
the laser, at 355 nm, was directed into the combustion 
chamber with the aid of optical prisms and a dichroic 
mirror, see Figure 3.67. The mirror, positioned at a 45 
degrees angle, strongly reflects the 355 nm laser light and 
transmits the visible light effectively. After excitation, the 
emission, which then occurred, was detected by a 
photomultiplier detector (Hamamatsu) and was digitised by a TDS 620 oscilloscope (Tektronix). 
The data was then stored on a PC for subsequent processing. 

To infer the temperature from the laser-induced phosphorescence (LIP) signal, the time-resolved 
signal was first fitted to an exponential decay curve to allow the lifetime to be estimated. The 
temperature could be determined then from previous calibration measurements and from the 
resulting lifetime. 

Figure 3.68 shows the results for piston 
temperature using La2O2S:Eu. Use of this 
phosphor made it possible to come closer to 
combustion, up to 350 CAD and from 400 
CAD on, making it possible to estimate the 
piston temperature close to the thermocouple 
peak temperatures of about 380 CAD. The 
highest temperature was found to be about 
263-264 oC at 400 CAD. After 400 CAD, the 
piston temperature decreased slowly to 450 
CAD. For crank angles of 270 to 350 the 
piston temperature increased due to 
compression. The standard deviation of the 
data shown in Figure 3.68 was between 0.5 
and 1.5 oC. 

Droplets and spray measurements 

One-point measurements 

 
Figure 3.67. Experimental setup: The laser 
light is directed through the optical access to 
illuminate the phosphor coating on the top of 
the piston. A photomultiplier detector registers 
the phosphorescence signal through the same 
optical access. 

 

Figure 3.68. Temperature versus crank angle using 
La2O2S:Eu. Each box plot represents the data for 50 
samples. 
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Sprays are crucial in a number of different industrial areas today, such as combustion and ink jet 
printing. In particular the development of internal combustion engines to comply with 
tightening emission legislation has led to an increased interest in sprays. To be more efficient in 
this work, modeling plays an important role. However, the models for in-cylinder spray break 
up, atomization, and vaporization are still not satisfactorily modeling situations significantly 
different from the ones used to fit the models to. To further develop the models, diagnostic tools 
are needed, e.g. for studying droplet velocity, droplet size distribution, and droplet temperature. 

Laser-induced phosphorescence from thermographic phosphors, seeded to distillate water and 
iso-octane, was used to measure temperatures of single falling droplets. The phosphors were 
excited by the fourth and third harmonics of an Nd:YAG laser, the subsequent emission was 
evaluated by spectral and temporal investigations of the thermographic phosphors 
Mg3FGeO4:Mn and La2O2S:Eu, respectively. The spectral and the temporal methods allowed 
temperature measurements of free falling droplets up to 433 K. Results from both methods are 
presented1 with an estimated accuracy of better than 1%. 

In order to demonstrate this technique, the method was applied to mono-dispersed droplets. A 
quantity of phosphors around 1% (by weight) was added to the investigated liquid.  

The experimental set-up is shown in Figure 3.69. 
A He-Ne laser was used to monitor the passage of 
the falling droplets. Whenever a droplet crossed 
the continuous beam a trigger signal was sent to 
the Nd:YAG laser. A UV beam of a diameter of 
10 mm was then sent towards the droplet at the 
correct spatial position. The laser beam was not 
focused on the droplet in order to cover the 
entire droplet with light. The diameter of the 
generated droplets at room temperature was 
approximately 4 mm, at higher temperatures, due 
to the change of the viscosity of water; the 
droplets formed were gradually decreasing down 
to approximately 3 mm at 373 K. This diameter 
is too large for spray normally used in 
combustion, e.g. engines, turbines etc. However, 
the diameter is acceptable for e.g. fire 
extinguishing or droplet investigations. 

The measured droplet temperature agrees quite well with the thermocouple in the lower 
temperature range and differs slightly at higher temperatures. This difference is due to the heat 
loss of the droplet when exchanging heat with the surrounding air after leaving the nozzle. This 

1 A. Omrane, G. Juhlin, F. Ossler, M. Aldén. Temperature measurements of single droplets using laser-induced 
phosphorescence. Applied Optics, 43 (17), (2004). 

Figure 3.69. 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. 
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difference increases when the droplet diameter decreases. To compensate for this heat loss, the 
droplet temperature, during a free fall, was modeled using a model from Kincaid and Longley1. 

For one-point temperature measurements, a 
photomultiplier detector and a spectrograph 
were used for the temporal and the spectral 
measurements, respectively. The temperature 
of the liquid could be regulated using heating 
wires around the liquid container. Inside the 
liquid container a thermocouple was 
positioned in order to measure a reference 
temperature. 

In Figure 3.70 results from two different 
measurement series using the phosphors 
Mg4FGeO6:Mn and La2O2S:Eu for the 
spectral and the temporal methods 
respectively, are presented as functions of the 
elapsed time from the start of heating the 
water container. The measured droplet 
temperature agrees quite well with the  

thermocouple in the lower temperature range 
and differs slightly at higher temperatures. 
This difference is due to the heat loss of the 
droplet when exchanging heat with the 
surrounding air after leaving the nozzle. This 
difference increases when the droplet 
diameter decreases. To compensate for this 
heat loss, the droplet temperature, during a 
free fall, was modeled using a model from Kincaid and Longley2. 

 

Two-dimensional measurements 

Laser-induced emission from thermographic phosphor seeded to the investigated liquid was 
detected by a fast framing camera see Figure 3.71. The subsequent phosphorescence images 
measured by seven consecutively gated CCD detectors allowed pixel-to-pixel lifetime evaluation 
of the phosphorescence emission. The temperature at each pixel position was evaluated using a 
calibration procedure of temperature against lifetime. These measurements were applied first to a 
free falling water-based droplet, then to a suspended droplet in an ultrasonic levitator. Finally, 
the technique was applied to sprays3. 

1 D. C. Kincaid and T. S. Longley, A water droplet evaporation and temperature model, Transactions of the ASAE.  
32, (2) (1989) 457-463. 
2 D. C. Kincaid and T. S. Longley, A water droplet evaporation and temperature model, Transactions of the ASAE.  
32, (2) (1989) 457-463. 
3 A. Omrane, G. Särner and M .Aldén. 2D-temperature imaging of single droplets and sprays using thermographic 
phosphors. Applied Physics B, 79(4) (2004) 431-434. 

 

Figure 3.70. Temperatures measured by LIP on droplets, 
as a function of time from the start of the heating process, 
compared to results from the thermocouple (TC) and the 
model. A) Results from the spectral method, B) Results 
from the temporal method. Both methods demonstrate the 
potential of the technique to measure droplet 
temperatures. 
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In Figure 3.72(a), it was seen that the 
temperature was slightly higher in the middle 
of the 

 droplet than close to the surface boundaries. 
At the lower part of the droplet the 
temperature was relatively lower than in the 
core. In several tests conducted on free falling 
droplets a total homogeneity of temperature 
was seldom noticed. This non-uniformity of 
temperature distribution could be due to the 
heat convection from the surrounding air, the 
slow thermal diffusion of the liquid and the 
effect of internal circulation occurring during 
the free fall. The inhomogeneity of the 
reservoir temperature and the effect of 
droplet velocity could also have an 
influence on the temperature of the 
droplet. 

In Figure 3.72(b), the temperature from 
water spray is shown. Since the initial 
water and the surrounding air temperature 
were equal, the spray droplets absorbed 
heat from the inner core of the spray in 
order to evaporate. This is seen by the 
temperature gradient in the same figure. 

Conclusions 

Thermographic phosphors were 
successfully used for temperature 
measurements of reactive, non-reactive 
surfaces and in droplets. 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. 

 

 

 

 

 

Fig. 3.71. The framing camera: The framing camera 
architecture, an eight-faced pyramid prism is used to split 
light equally to the eight detectors. 

a 

b 

Figure 3.72. (a) Two-dimensional temperature measurement of 
a free-falling droplet. 8(b) Water spray thermometry using 
thermographic phosphors. 
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3.2.11 Raman Scattering Measurements 

H. Seyfried, G. Särner, and M. Richter 

The Raman scattering technique has been further developed and studies have been made using 
the Multi-YAG laser system to achieve longer laser pulses. Since the Raman scattering technique 
is a very weak process it is desirable to have as high laser power as possible delivered to the 
measurement volume. However, high laser energy can cause optical breakdown in the 
measurement volume as well as window damaging. To avoid this, a laser pulse stretcher that 
temporally stretches the incoming laser pulses approximately four times has been used. The 
principle of the laser pulse stretcher is to divide the incoming laser pulse into three separate 
pulses by leading them into three different delay loops before recombining them into one pulse 
again. This allows higher laser pulse energy to be supplied to the measurement volume since the 
laser energy is delivered over a longer period of time. Instead of a single Nd:YAG laser the Multi-
YAG laser cluster was used as laser radiation source. This system has the advantage of generating 
four individual laser pulses that can be combined into one longer pulse before stretching, thus 
additional energy can be delivered to the measurement volume. 

The multi-YAG laser system, 
operating at a wavelength of 
532 nm, was used to generate 
four individual laser pulses 
with a total energy of 
approximately 1 J. The laser 
beam was focused using an 
f=200 mm spherical lens. The 
lens was placed in an angle to 
introduce larger cross-section 
in the focal point to avoid early 
optical breakdown. A high-
resolution spectrometer 
coupled to a CCD camera was 

used for detection of the Raman scattering signal. A dichroic mirror (DM) and a long-pass filter 
with a cut-off wavelength at 550 nm were placed in front of the slit to suppress the interference 
from the 532 nm laser light. A schematic of the experimental setup is presented in Figure 3.73. 

Different experimental conditions were tested including variations in pulse delay, pulse width, 
laser output energy, and optical configuration. In Figure 3.74 a single-shot Raman spectrum 
measured in air at T=298 K and p=1 atm is presented. The output beam from the Multi-
YAG/Pulse stretcher combination for this running condition had an overall pulse width of 320 
ns. 

The purpose of this feasibility study was to investigate the possibility of using the Multi-YAG 
laser system in combination with the pulse stretcher and to study the dependence on the Raman 
scattering signal for different parameters. Moreover it is of interest to find an experimental setup 
that is optimized for future engine measurements. The Raman scattering technique will be used 
for air/fuel ratio and EGR measurements in different engine applications. It was concluded that 
the technique and the experimental configuration described above seemed to work well. Future 
work is in progress. 

 

Figure 3.73. Schematic of the experimental setup. 
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Figure 3.74. Single-shot Raman spectrum measured in air, T=298 K and p=1 
atm. 

3.2.12 Development of high temporally and spatially (3D) resolved formaldehyde 
measurements in combustion environments 

J. Olofsson, M. Richter, M. Augé1 and M. Aldén 

In the late nineties a laser/detector system which consists of a cluster of four double pulse 
Nd:YAG lasers in combination with an ultra-high repetition rate framing camera was developed 
for recording eight temporally resolved PLIF images with a repetition rate up to ~ 100 MHz. 
This system has previously been applied using the second or fourth harmonic of the Nd:YAG 
lasers, at 532 and 266 nm, respectively, either for excitation of a tracer added to the fuel or for 
pumping a dye laser with the second harmonic which by frequency doubling could be used for 
excitation of the OH radical at 282 nm. 

The YAG laser cluster has now been redesigned for enabling generation of laser pulses at 355 nm 
rather than the original 532 and 266 nm. After the laser and beam combining system were 
rebuilt its performance was demonstrated by successful temporally resolved measurements of 
formaldehyde in flames and in an engine. In addition to the temporally resolved formaldehyde 
measurements, the possibility for three-dimensional visualization of this species in a flame was 
also demonstrated. 

Frequency tripling and beam combining scheme 

1 Institut Français du Pétrole, IFP, Ecole Centrale Paris, Laboratoire d'Energétique Moléculaire et Macroscopique, 
Combustion (EM2C), Paris, France 
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The laser cluster consists of four individual flash-lamp pumped, Q-switched Nd:YAG lasers 
mounted on a common base plate. Each of the Nd:YAG lasers produce pulses with a repetition 
rate of 10 Hz at the fundamental wavelength of 1064 nm with a pulse energy of ~1 J and a pulse 
duration of 7 ns. For generating laser radiation at 355 nm and for combining the four beams into 
a common optical output, a new beam combining scheme was designed, shown in Figure 3.75. 
When operating in double pulse mode, the laser cluster can produce a pulse burst with eight 
pulses with a time separation as short as 6.25 �s. 

 
 

Figure 3.75. Lay-out of the laser frequency tripling and beam combining system. 

SHG, THG; second and third harmonic generator, respectively. BD; beam dump. 

 

System performance tests 

In order to test the performance of the laser system, PLIF measurements of formaldehyde were 
performed in a laminar DME/air flame as well as in a small optical SI engine. In the engine tests, 
optical grade methanol was used as fuel and the engine was run at medium load. The capability 
of firing up to eight laser pulses in a rapid sequence was utilized to perform true cycle-resolved 
measurements. The fluorescence was detected by the framing camera. In Figure 3.76 a sequence 
of seven formaldehyde PLIF images are shown. Note that the sequence is acquired within a single 
cycle, and the time separation between the images is 80 �s. In addition to the PLIF, also 
spectroscopic measurements were made to assure that the fluorescence emission originates from 
formaldehyde. 

 

Figure 3.76. Formaldehyde can be seen in front of the propagating flame front in the small optical SI engine. The time 
separation between the images is 80 �s. Note that this image series is collected within a single engine cycle. The dotted line 
in the photograph in the lower rightmost part of the figure marks the imaged area. 
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Three-dimensional visualization 

Three-dimensional (3-D) Laser-Induced 
Fluorescence measurements can be performed by 
recording a stack of closely spaced PLIF images. By 
using a rapidly scanning mirror the laser sheet can be 
swept though the measurement volume and the 
fluorescence from each plane can be recorded by a 
CCD detector. Here it is of great importance that the 
fluorescence from all planes is recorded faster than 
the characteristic time scale of the process studied. 
Tests of this approach for 3-D formaldehyde 
visualization were performed in a premixed DME/air 
flame. The laser sheet was positioned right above the 
center of the nozzle of the burner and a sheet spacing 
of 1.1 mm was used. By converting the stack of 
images to binary images, by means of thresholding, 
and then assembling them by shape based 
interpolation between the planes, a 3-D surface of 
the formaldehyde distribution was achieved, shown 
in Figure 3.77. 

3.2.13 Optical Diagnostics for Cycle-Resolved Analysis of HCCI Combustion 

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

The multi-YAG laser system described in section 3.2.12 was utilized for high-speed, single-cycle 
resolved studies of the formaldehyde distribution in the combustion chamber of an HCCI 
engine. Bursts of up to eight pulses at 355 nm with very short time separation can be produced 
with this system, allowing capturing of LIF image series with high temporal resolution. The 
system was used together with a high-speed framing camera employing eight intensified CCD 
modules, with a frame-rate matching the laser pulse repetition rate. The diagnostic system was 
used to study the combustion in a truck-size HCCI engine, running at 1200 rpm using pure n-
heptane as fuel. By using laser pulses with time separations as short as 70 �s, cycle-resolved image 
sequences of the formaldehyde distribution were obtained. Moreover, the formaldehyde PLIF 
technique was used to study the influence of spark plug assisted and laser spark assisted ignition 
on the HCCI combustion. In this case, a mixture of 80% iso-octane and 20% n-heptane was 
used as fuel. 

High-Speed PLIF for Cycle-Resolved Formaldehyde Visualization in HCCI Combustion 

With this technique it is possible to follow the formaldehyde formation and consumption 
processes within a single cycle. The combustion evolution was studied in terms of the rate and 
spatial structure of formaldehyde formation and consumption for different engine operating 
conditions, e.g. different stoichiometries. Also, the impact on the rate of heat-release was 
investigated. 

 
Figure 3.77. Three-dimensional visualization of 
formaldehyde in a flame. 
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In Figure 3.78 a sequence of seven images showing the formaldehyde consumption within one 
cycle event for �=3.5, is presented. In the images the formaldehyde consumption can be followed 
within the main combustion process for the specific running condition. Regions where 
formaldehyde consumption has occurred appear dark, while bright regions indicate the presence 
of formaldehyde. When comparing sequences from different running conditions it becomes 
evident that the formaldehyde consumption becomes more rapid as the fuel mixture becomes 
richer. This is in agreement with traditional heat release analysis which shows an increased rate of 
heat release for richer mixtures. 

Figure 3.78. A sequence of seven single-shot PLIF images showing the formaldehyde consumption is depicted for 
�=3.5. 

For the purpose of studying the spatial distribution during formaldehyde formation and 
consumption in the engine, the surface fraction of LIF signal covering the imaged area was 
determined. Binary images were accomplished by applying a threshold to the grayscale images, 
marking image areas containing LIF signal as white, and leaving areas lacking signal as black. The 
threshold level was placed just above the noise level of the detector and equally set for all 
sequences evaluated. The binary images were integrated in order to determine the fraction of  

surface covered by formaldehyde 
signal. The cycle-resolved surface 
fraction was plotted together with the 
corresponding rate of heat release 
curve for each of the four 
stoichiometries studied. In Figure 
3.79 this is shown for the 
formaldehyde formation. As 
previously mentioned, the 
combustion phasing advances as the 
fuel/air-mixture becomes richer. As 
can be seen in the upper part of the 
figure, this yields for the 
formaldehyde formation as well. 
Figure 3.79 also shows that the rate of 
formaldehyde formation increases for 
fuel-leaner stoichimometries. A 
probable cause could be that since the cool flame has a later phasing, the cylinder has reached a 
higher temperature at the start of the low-temperature reactions, resulting in a more rapid 
formaldehyde formation. 

Optical Diagnostics of Laser-Induced and Spark Plug-Assisted HCCI Combustion 

 

Figure 3.79. The cycle-resolved surface fraction acquired at 
formaldehyde formation is shown together with the corresponding rate 
of heat release curve for each of the four stoichiometries studied. 
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HCCI (Homogeneous Charge Compression Ignition), laser-assisted HCCI and spark plug-
assisted HCCI combustion was studied experimentally in a modified single cylinder truck-size 
Scania D12 engine equipped with a quartz liner and quartz piston crown for optical access. The 
experimental setup is shown in Figure 3.80. The aim of this study was to find out how and to 
what extent the spark, generated to influence or even trigger the onset of ignition, influences the 
auto-ignition process or whether primarily normal compression-induced ignition remains 
prevailing. 

The beam of a Q-switched Nd:YAG laser (5 ns 
pulse duration, 25 mJ pulse energy) was focused 
into the centre of the cylinder to generate a plasma. 
For comparison, a conventional spark plug located 
centrally in the cylinder head was alternatively used 
to obtain sparks at a comparable location. No clear 
difference in the heat releases during combustion 
between the three different cases of ignition start 
could be seen for the fuel of 80/20 iso-octane/n-
heptane used. However, with optical diagnostic 
methods, namely PLIF (Planar Laser-Induced 
Fluorescence), Schlieren photography and 
chemiluminescence imaging, differences in the 
combustion process could be evaluated. 

Figure 3.81 depicts a PLIF image sequence with a 
vertical laser sheet. In contrast to the corresponding 
unsupported HCCI case, a clear “flame front” 
structure can be seen, which can be attributed to be 
caused by the ignition plasma. It should be pointed 
out that this effect of the laser plasma on the onset 
of combustion was not as pronounced at all cycles. 
The PLIF pictures showed all degrees of influence 
of additional ignition from strong flame front 

Figure 3.805. Experimental setup; Schlieren / 
PLIF (vertical laser sheet): 1-Extension lens, 2-
Cylinder lens (Ignition laser), 3-Collimating 
lens, 4-Focusing lens (f=100 mm), 5-Filter 
(long pass cutoff 600 nm), 6-Cylinder lens 
(Schlieren), 7-Cylinder lens (PLIF), 8-Focusing 
lens (PLIF), 9-Beamsplitter (reflecting 400-
500 nm), 10-Beamsplitter (reflecting 670 nm), 
11-Focusing lens (Schlieren), 12-Schlieren 
aperture (Knife-edge) 

 

Figure 3.81. PLIF picture sequence; laser-assisted 
HCCI; vertical laser sheet; �= 2.8; first picture at 
11.4° CA ATDC; interval 0.5° CA; ignition time: 
-25° CA BTDC 
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propagation to no effect at all. This erratic behavior is a result of a high COV value and obscured 
the effect of laser ignition in the rate of heat release curves. Two reasons might contribute to 
these somewhat faint results: The ignition timing of the laser was too early, a fact determined by 
the limits of optical access. This problem could be overcome by using a laser entrance window in 
the cylinder head which was not available at that time. And the second feature unfavorable for 
pronounced supported ignition is the low octane number of the fuel used in these experiments. 

3.2.14 Application of advanced laser diagnostics for the characterization of the 
ionization sensor in a combustion bomb 

A. Franke, W. Koban1, J. Olofsson, C. Schulz1, W. Bessler1, R. Reinmann2, A. Larsson3, M. Aldén 

The ionization sensor is an electrical probe for diagnostics in internal combustion engines. Laser 
induced fluorescence imaging of fuel, hydroxyl (OH) and nitric oxide (NO) distributions has 
been employed to extend our knowledge about the governing processes leading to its signal. The 
experimental setup is displayed in Figure 3.82. An Excimer laser with a wavelength of 248 nm 
was used to excite NO, whereas the multiple-YAG cluster and the high-speed framing camera 
described in section 3.2.12 were used for the OH (283 nm) and fuel visualization. The fuel, 
methane, used in the experiments cannot be detected directly by laser-induced fluorescence, and 
therefore the fuel was seeded with a fluorescent tracer, acetone, excited by the frequency 
quadrupled beam (266 nm) from the multi-YAG. 

 

Figure 3.82. Setup used for the simultaneous detection of NO and OH or fuel. The optical path and the main 
elements are shown. The following abbreviations are used: QP - quartz plate, PD - photodiode, BD - beam dump, M 
- mirror, D - dye cuvette. Filters and lenses are not shown. 

By monitoring the flame propagation in quiescent and turbulent mixtures, the cycle-to-cycle 
variations in the early sensor signal was attributed to the stochastic contact between flame front 
and electrodes. Although an analysis of the relationship between gas temperature and sensor 
current in the post-flame gas suggests a dominant role of alkali traces in the ionization process, a 
correlation between the local concentration of NO and the sensor current was found. Significant 
cooling of the burned gas in the vicinity of the electrodes was observed in quiescent mixtures. 

1 Physikalisch Chemisches Institut, Im Neuenheimer Feld 253, 69120 Heidelberg, Germany 
2 Fiat-GM Powertrain, Advanced Engineering, Sodertalje, Sweden 
3 Swedish Defence Research Agency, Sweden 
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Imaging of the post-flame gas in turbulent combustion revealed moving structures with varying 
NO and OH concentrations, which were identified as sources of variation in the sensor current. 

3.2.15 Single shot CO imaging in a combustion engine with two photon laser-
induced fluorescence 

M. Ritcher, Z.S. Li and M. Aldén 

Carbon monoxide is not only a major pollutant but can also be used as an indicator of the 
combustion efficiency. It would thus be useful if this important species could be monitored in 
combustion processes. In the presented investigation CO has been measured by exciting the 

molecule from its ground state, X1�+, to the excited 
state, B1�+, via two-photon excitation at 230.1 nm 
and observing the fluorescence from the excited level 
to the lower lying A1� level. The latter was achieved 
by detecting in the spectral range between 451 nm 
(v’=0, v’’=0) and 662 nm (v’=0, v’’=5). The aim of 
the present work was to investigate the applicability 
of CO detection through use of two-photon LIF in 
combustion engines. 

The engine used in this measurement was a small 
single-cylinder four-stroke Briggs & Stratton engine1. 
The engine featured a side-valve design with the spark 
plug located above the exhaust valve. The original 
crankcase, cylinder liner and piston remained 
unaltered, while the cylinder head was modified to 
allow for optical access to the combustion chamber. A 
schematic layout of the engine is shown in Figure 
3.83. Three windows were mounted in the cylinder 
head for this purpose. Two vertical windows, one on 
the side of the combustion chamber, made it possible 
to have a horizontal laser sheet passing through it. 
The induced fluorescence was imaged through a third 
window mounted horizontally above the two valves. 
A picture taken from above, through the top window, 

is shown in Figure 3.84. In this image the intake valve can be seen to the left and the exhaust 
valve to the right. The spark plug electrodes are also visible in the lower right corner. The field of 
view for the ICCD camera is also shown in this figure, where the outer white frame illustrates the 
area covered during the flame chemiluminescence imaging and the inner frame illustrates the area 
covered during the CO LIF imaging. 

1 C. F. Kaminski, X. S. Bai, J. Hult, M. Richter, J. Nygren, A. Franke, M. Aldén, S .Lindenmaier, A. Dreizler, U. 
Maas, R. B. Williams, SAE Paper 2000-01-2833, approved for SAE Transactions – Journal of Fuels & Lubricants 
(2000) 

 

Figure 3.83. Schematic view of the optical engine. 

 

Figure 3.84. Vision of the engine chamber from 
the top window. Outer write frame indicate the 
chemi-luminescence collection area; inner write 
frame indicates the LIF imaging area. 
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Isooctane was used as the fuel for the engine measurements. Shown in Figure 3.85 are single-shot 
images of the flame chemiluminescence. These images are recorded at subsequent crank angle 

positions to cover the different parts of the engine 
cycle. The exposure time for the ICCD camera was 
set to 5 μs, which corresponded to a crank shaft 
rotation of less than 0.04 crank angle degrees 
(CAD). At Top Dead Center (TDC), a developing 
flame kernel originating from the vicinity of the 
spark plug can be seen; 5 CAD after TDC, the flame 
is more spread out from the spark plug; the flame 
then continues to expand as expected and as shown 
by the images recorded at 15 and 30 CAD after 
TDC. 

During the engine LIF experiments a 
single-mode Nd:YAG laser (Spectra 
Physics, PRO 290-10) pumping a OPO 
laser system (Spectra Physics, MOPO 
730-10) was utilized to produce the 
required 230 nm laser radiation. When 
pumped with 550 mJ per pulse at 355 
nm, the OPO delivered 75 mJ per pulse at 
460 nm. After frequency doubling in a 
BBO crystal, laser radiation at 230 nm 
with a pulse energy of 15 mJ was 
obtained. For this setup the 230 nm laser 
has an estimated linewidth of ~ 0.3 cm-1. 
The 230 nm beam was formed into a 12 
mm wide laser sheet with a thickness of 
approximately 300 �m. The laser sheet 
was sent through the combustion chamber 
right above the valves as indicated in 
Figure 3.83. An ICCD camera was used 
for detection of the LIF through the top 
window perpendicular to the laser sheet. A 
long-pass filter was used for suppressing 
the scattered laser radiation while 
transmitting the red-shifted fluorescence. The engine was run at 1200 rpm corresponding to a 
firing frequency of 10 Hz matching the repetition rate of the laser system. Setting the engine as 
master, a trigger signal for each engine cycle, locked at a selected crank angle position, was sent to 
a pulse-delay generator (Stanford, DG535), which was used to synchronize the laser system and 
the ICCD camera. This enabled LIF images to be recorded at any desired crank angles of the 
engine cycle. The integration time for the ICCD camera was set to 50 ns in order to minimize 
the flame chemiluminescence background. 
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Figure 3.85. Flame chemiluminescence emission 
taken with 5 microsecond gate time. (in color) 
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Figure 3.86. Single shot two-photon LIF images of nascent CO 
from an SI engine recorded at different crank angles. (in color) 
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Single-shot CO PLIF images from the engine were 
recorded at subsequent crank angles, examples are 
shown in Figure 3.86. At TDC just before the 
ignition, a faint CO LIF image was recorded. This 
small amount of CO originates from the exhaust gas 
of the previous cycle, remembering this is a side 
valve engine with high amounts of residuals. At 5 
and 10 CAD after TDC, the increased intensity and 
spread out CO LIF distribution reveal the flame 
location. At 20 and 30 CAD after TDC, the CO 
PLIF images show a more intense signal in the left 
part of the combustion chamber (furthest away 
from the spark plug) and only a weak signal in the 
right part indicating the fading away of the reaction 
zone of the flame. Compared with the flame 
chemiluminescence images shown in Figure 3.85, 
one can find that although a strong flame 
chemiluminescence was observed at 30 CAD after 
TDC the CO LIF had already decreased. It should 
be kept in mind that the recording of 
chemiluminescence is a line-of-sight technique 
integrating across the entire thickness of the 
combustion chamber whereas the PLIF technique 
monitors a thin slice in the middle of the 
combusting volume. The results indicate that the 
CO concentration reaches the highest value in the 
flame reaction zone in this high pressure engine 
combustion environment. This is in agreement with 
the expected scenario where CO is formed as an 
intermediate species when the fuel is decomposed 
and then consumed as the temperature increases. At 
high temperature and pressure, the interference 
from photolysis of hot CO2 molecule1 can be a 
problem in the CO LIF detection. From the fact 
that only weak CO LIF was detected at 30 TDC, 

where high temperature are revealed from the chemiluminescence measurement, one can judge 
that the hot CO2 photo-fragmentation are of little concern in this experiment. This might be due 
to the high nascent CO concentration in the engine flame. 

In order to clarify any other possible interference in the recorded CO LIF images, spectral 
investigations of the fluorescence emission from the engine were performed. The CO LIF was 
sent through a spectrometer (Acton, SpectraPro-150) and detected with the ICCD camera. 
Shown in Figure 3.87 are CO LIF spectra from the engine recorded at different crank angles. A 

1 W. G. Bessler, C. Shculz, t. Lee, J. B. Jeffries and R. K. Hanson, “Carbon Dioxide UV laser-induced fluorescence in 
high-pressure flames”, Chem. Phys. Letts. 375, 344-349 (2003). 
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Figure 3.87. Spectra of two-photon LIF of CO from 
engine chamber recorded at different crank angles. 
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spectral line at 460 nm, which is residuals from the OPO signal beam, is evident in every 
spectrum. The relative intensity of this line can be used as a measure of the CO LIF intensity. 
The emission from C2 can introduce strong interference in CO LIF measurements especially in 
fuel rich flames. In Figure 3.87(a), the strongest C2 line showed only a very small peak, which 
indicates that the C2 interference were negligible in the presented measurement. Shown in Figure 
3.87(d) is a CO spectrum recorded at 20 CAD before TDC in the exhaust stroke, hence, the 
detected CO LIF signal originates from the CO in the exhaust gases. The low temperature and 
low pressure at this crank angle may explain the relatively intense CO LIF spectrum observed 
there. One might also be encouraged to use CO LIF technique to study engine exhaust gas 
recycling (EGR) distributions by performing single-shot 2D EGR measurements. 

Two-photon LIF detection of carbon monoxide has been performed in an engine. Single-shot, 
two-dimensional CO imaging was performed. With the results from the spatially- and spectrally- 
resolved measurements, interference both from C2 and from hot CO2 photo fragmentation could 
be excluded. To the best of the authors’ knowledge, this represents the first single shot CO 
imaging in combustion engines. The authors greatly acknowledge the financial support from the 
Swedish Energy Agency and the Swedish Research Council. 

3.2.16 Fuel vaporization studies in an LPP combustor using simultaneous laser-
induced fluorescence and Mie scattering 

C. Brackmann, H. Seyfried, F. Barreras, A. Lindholm, M. Linne, and M. Aldén 

Simultaneous measurements of laser-induced fluorescence (LIF) and Mie scattering were carried 
out in order to study the fuel evaporation process of Jet-A for combustion in an LPP combustor. 
The elastic Mie scattering signal generally obtained from larger particles and droplets is used as 
an indicator of the liquid phase of the fuel. The laser-induced fluorescence signal that is obtained 
from the gaseous phase of the fuel when excited by laser radiation in the ultraviolet regime is used 
as an indicator of vaporized fuel. 

In the experimental setup for combined LIF and Mie experiments the second and fourth 
harmonics of a single Nd:YAG laser at 532 and 266 nm, were used for generation of the Mie and 
LIF signals, respectively. The 266 nm beam and an attenuated 532 nm beam were overlapped 
and sent through the combustion chamber of the test rig. Both beams were shaped into two 
horizontal laser sheets focused inside the combustion chamber in front of the center of the LPP 
nozzle. The generated signals were detected through a window mounted on top of the 
combustion chamber. The CCD camera used for detection was equipped with a dual image 
separator, a stereoscope, allowing simultaneous detection of two images of the measurement 
region through the channels of the stereoscope. Using suitable filters positioned in the detection 
channels of the stereoscope assured that the laser-induced signals were isolated from each other. 
With this configuration it was possible to obtain pairs of simultaneously detected LIF and Mie 
scattering images during the combustion. Studies of the fuel vaporization were carried out using 
this method for different running conditions of the high-pressure rig. 

Figure 3.88 shows some examples of results from these measurements. Two pairs of single-shot 
LIF and Mie images (a and b) and average images (c) detected for a global air fuel ratio of 
AFR=60 are shown 
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For the images of Figure 3.88 the 
LPP combustor is located along 
the right edge and the central axis 
is located along the middle of the 
images. The flow direction is from 
right to left in the images and is 
indicated by the arrow shown to 
the right in the figure. The strong 
signal detected at 532 nm arises 
from Mie scattering in the liquid 
phase of the fuel and the images 
visualize the fuel spray cone. 
Comparing individual single shots 
it is possible to observe 
fluctuations in the shape of the 
fuel spray. Comparing the 
fluorescence images to their 
corresponding Mie scattering 
images reveals similarities in the 
shapes of the two signals. This 
implies that a fluorescence signal 
also is obtained from the liquid 
phase of the fuel. However, the fluorescence images also show signal in regions where no Mie 
signal appears, which indicates the presence of fuel vapor in these regions. Thus with a suitable 
image analysis process it is possible to distinguish between the liquid and the gaseous phase of the 
fuel. 

3.2.17 Experimental investigations of DME-air diffusion flames in a counterflow 
burner 

C. Brackmann, G. Pengloan, J. Bood, Ö. Andersson, and M. Aldén 

Diffusion flames of dimethyl ether (DME) and air burning on a counterflow burner have been 
investigated experimentally by means of different laser-based techniques. Temperatures have 
been measured using rotational coherent anti-Stokes Raman spectroscopy (CARS) and Rayliegh 
scattering. The CARS technique has also been used for determination of the relative O2 
concentration. Furthermore, two species have been detected using laser-induced fluorescence, 
namely the OH radical and formaldehyde (CH2O). Particular efforts have been made to achieve 
quantitative concentration information from the LIF measurements. For the OH-radical this has 
been achieved by combining the fluorescence measurements with measurements of absorption, in 
a so-called bi-directional LIF technique. For formaldehyde the experimental results have been 
corrected for the influence of collisional quenching and temperature in order to obtain a valid 
qualitative profile. 

 

Figure 3.88. Pairs of simultaneously detected  LIF and Mie images 
obtained during Jet A combustion in an LPP combustor. (a) and (b) are 
single shot images and (c) are averaged images. 
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Figure 3.89 shows the geometry of the flame in the 
counterflow burner. Fuel and air are led through the 
inner tubes of two oppsitely mounted nozzles and the 
flame is established in a layer between the nozzles. 
Flows of nitrogen in the outer tubes of the nozzles 
shield the flame from surrounding air. 
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Figure 3.90. Results from laser-based measurements in a DME-air diffusion flame. a) temperature profile, b) 
OH and O2 profiles, c) formaldehyde profile, d) effective lifetimes of formaldehyde used for quenching 
correction of the LIF signal. 

 

Figure 3.90 summarizes the results from the experimental investigations of a particular DME 
flame in the counter-flow burner. Figure 3.90a shows the temperature profile, 3.90b the OH and 
O2 profiles, 3.90c formaldehyde profile, and 3.90d the formaldehyde effective lifetimes used for 
quenching correction. Figure 3.90c shows both the uncorrected formaldehyde fluorescence signal 
(the unfilled circles and the line) and the profile obtained after correction for the influence of 
temperature and quenching effects (solid circles). 

DME

AirN2 N2

N2N2  

Figure 3.89. Schematic illustration of a 
flame in the counterflow burner. 



84 CHAPTER 3. LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 

 

3.2.18 Technical developments in formaldehyde detection using LIF 

C. Brackmann, Z.S. Li, G. Pengloan, N. Docquier, M. Linvin, and M. Aldén 

Technical developments in the detection of formaldehyde (CH2O) using LIF have been 
investigated. The work includes a combination of formaldehyde measurements with 
measurements of OH using a setup with a single Nd:YAG/OPO system. In addition the 
excitation of formaldehyde using the wavelength 355 nm has been investigated in more detail by 
scanning the single-mode wavelength of the Nd:YAG laser in a small range around 355 nm. 

The experimental setup is illustrated in Figure 3.91 and is based on a single-mode Nd:YAG laser 
with an optical parametric oscillator (OPO). Two laser beams were generated by the combined 
Nd:YAG OPO laser system. One at 355 nm mainly used for pumping the OPO, but also for the 
excitation of formaldehyde. The OPO provided a beam with the wavelength 283 nm tuned to 
the Q1(8) transition of OH. This allowed combined measurements of formaldehyde and OH to 
be performed both in flames and in a small single-cylinder internal combustion engine. The 
generated LIF signals were detected with a single CCD equipped with a dual image separator 
(stereoscope) and suitable filters for spectral isolation of the two signals. 
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Figure 3.91. Experimental setup for combined measurements on formaldehyde and OH and 
high-resolution excitation scan experiments on formaldehyde. 

The fluorescence from form-aldehyde was also investigated in laboratory flames when the laser 
wavelength was tuned in a small range around 355 nm. In these experiments the second har-
monic at 532 nm was used as a wavelength marker for the laser. 

Figure 3.92 shows a result from these experiments with an excitation scan spectrum of 
formaldehyde detected in a premixed DME-air flame. 
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Figure 3.93 shows some results from the engine measurements with four pairs of LIF images of 
formaldehyde and OH detected in the engine at different crank angles during the combustion 
cycle. A photo of the combustion chamber viewed through the detection window is also included 
in the figure. 
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Figure 3.92. High-resolution excitation spectrum of formaldehyde 
obtained in a premixed DME-air flame. The upper graph shows an 
iodine spectrum obtained simultaneously with the formaldehyde 
spectrum that has been used to set a frequency scale for the formaldehyde 
spectrum.

Figure 3.93. Simultaneous formaldehyde and 
OH images detected in a spark-ignition engine 
at four different crank angles. Below the 
fluorescence image pairs a photo of the 
combustion chamber view is illustrated. The 
engine valves can be seen in the photo and the 
fluorescence measurement region is indicated by 
the dashed rectangle. Also, the spark-plug 
position in the lower right corner is indicated. 

3.2.19 High-speed flame emission measurements 

H. Seyfried and M. Richter. 

In collaboration with Sydkraft/Eon initial flame emission measurements has been done in a full-
size burner on-site at Sydkraft/Eon in Malmö. Optical diagnostics were applied with the purpose 
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of receiving valuable information about the combustion processes in a commercial burner fueled 
with natural gas. The burner of interest was equipped with quartz windows to provide for optical 
access at two different heights.  

A high-speed video camera (Phantom v7.1) was used to capture rapid sequences of the 
combustion process. Different optical filters were used in front of the camera to isolate certain 
spectral regions, e.g. thermal radiation from soot particles. Since the camera has the possibility to 
grab approximately 10 000 pictures per second with high spatial resolution it is possible to obtain 
unique information about the combustion process. Important characteristics as combustion 
oscillations and extinction phenomena can be investigated. In Figure  a snapshot from a high-
speed video sequence is presented. 

 
Figure 3.94. Snapshot from a high-speed video sequence. The imaged area has a resolution of 800*600 px, which 
corresponds to approximately 120*90 cm. The frame exposure time was 10 �s. 

Future work includes application and development of a technique for two-dimensional 
equivalence ratio, � measurements. The technique utilizes the spontaneous emission, 
chemiluminescence from flames for determination of the air/fuel ratio. An image intensified CCD 
camera will be used for measuring the OH*- and CH* chemiluminescence in the combustion. 
The camera is equipped with narrowband interference filters centered at 310 nm and 430 nm for 
imaging of the emission from OH* and CH* respectively. A linear dependence between 
OH*/CH* ratio and the equivalence ratio, extracted from calibration measurements, is used to 
calculate the air/fuel ratio in the measured volume. Measurements will be performed at different 
levels of the burner with the intention to estimate the global air/fuel ratio and identify variations 
in stoichiometry. 

3.2.20 Investigations of infrared (IR) chemiluminescence emission from laboratory 
flames 

A. Pettersson, J. Zetterberg, Z.S. Li and M. Aldén 

So far most optical combustion diagnostic techniques based on spectroscopic investigations have 
been made in the UV/visible region of the spectrum. There are, however several difficulties 
associated with measurements in this spectral region, for example non accessible species and 
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exhibition of structure less spectra from large hydrocarbons. In the infrared (IR) region many of 
these issues are avoided. Experimental investigations of IR-chemiluminescence from laboratory 
flames have been made. An IR-camera was used for detection of the spectra produced by the 
major emitters in the IR-range. Due to the rareness of the IR camera, very few similar 
measurements in this spectral region have been performed previously. 

The aim of these measurements were to try to detect and identify major species with transitions 
in the IR-range mainly CO, CO2, and H2O. Measurements were performed in laboratory flames 
with three different fuel/air mixtures. The setup used for the experiments is shown in Figure .  

 

 
Figure 3.95. Schematic of the experimental setup. Components are numbered, air flow (1), gas flow (2), cooling water (3), 
gas-flow control (4), McKenna burner (5), CaF2-lens (6), Czerny-Turner spectrometer (7), and IR camera (8). 

Emission measurements 

The measured premixed flames and their balanced stoichiometric equations are: 

 

� Methane – air: CH4 + 2O2 • CO2 + 2H2O 
� Hydrogen – air: 2H2 +O2 • 2H2O 
� Carbon monoxide – air: 2CO + O2 • 2CO2 

 

These are the major product species occurring in the flame. As can be seen from the reactions the 
CH4/air flame contains both H2O and CO2 whereas the H2/air- and CO/air flames only contains 
H2O and CO2 respectively. In this way it was possible to identify the H2O- and CO2-lines in the 
CH4/air spectrum by comparing them to the other two spectra. Measurements performed very 
close to the surface of the burner contained emission from some of the unburned gas and some of 
the intermediate species. The spectral range from 1 to 5.5 μm was scanned stepwise.  

Figure  shows a spectral image (a) and a spectrum (b) recorded in a CH4/air (• = 1.85) flame at 
approximately 2.9 μm. 
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Figure 3.96. (a) spectral image of CH4/air (� = 1.85) flame at approximately 2.9 μm (b) spectrum showing the intensity 
variation over the spectral image. 

 

Since the control device only gave a rough estimation of the absolute wavelength scale a 
calibration of the devices was done to obtain the correct absolute wavelength. Under the 
circumstances such device calibration could not be performed in the IR-range. Instead another 
method was used to get a valid absolute wavelength scale. The method involves three steps: 

� Absorption spectra are recorded using a heating wire as IR-source with the same 
experimental setup used for the emission spectra. 

� The absorption spectra can be compared with theoretically calculated spectra from the 
HITRAN database and an absolute wavelength scale can be determined. 

� This automatically generates an absolute scale for the emission spectra since they are 
recorded under the same experimental conditions and with the same setup as the 
absorption spectra. 

Results 

H2O-emission at 2.8 �m 

Figure  and Figure  show high resolved emission spectra (2.6 μm-3.1 μm) of water from the 
CH4/air and H2/air premixed flames respectively.  
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Figure 3.97. H2O emission from a premixed CH4/air flame with � = 1.16. 

 

 

 
Figure 3.98. H2O emission from a premixed H2/air flame with � = 1.20. 

CO2-emission at 4.4 �m 

In Figure  a high resolved spectrum of CO2 emission in a CH4/air flame is plotted for an 
equivalence ratio of 1.16. 
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Figure 3.99. CO2 emission from a CH4/air flame with • = 1.16. 

 

The peak at 4.4 μm is the strong CO2 emission. Due to limitations of the resolving power the 
peak can not be resolved further. The steep intensity drop at 4.5 μm is due to a gap between two 
images. However this explanation is not true for the intensity variation at 4.2 μm. It could be 
some kind of band conversion but no similar phenomena is found in other measurements. The 
two smaller peaks in the right part of the figure are probably absorption bands from CO2.  

Summary 

With the IR-camera it was possible to detect instant flame images over a very short period of 
time. This is one of the first experiments where an IR-camera is used to investigate IR 
chemiluminescence emission. Using high resolution spectrometer spectral images was produced 
of water and carbon dioxide emission.  

In the spectra presented H2O and CO2 is dominant as expected. It was also possible to identify 
some CO emission lines close to the CO2 peak at 4.41μm. Since almost no flame emission 
measurements have been performed earlier in the IR-range it is hard to identify any species with 
guidance of previous work.  

An extension of this work could be related to ongoing experiment where ratios are taken between 
the concentrations of different species for determination of equivalence ratios. Until now this has 
only been done in the visible and near UV-range for intermediate species but an interesting 
project could be to determine concentrations in the IR-range of H2O, CO2 and CO and then 
calculate the ratios between these species to see if there are similar relations. 
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4 Combustion Research 

4.1 DESS High Pressure Combustion Facility  

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

4.1.1 Laboratory facilities and measurement systems 

The new facility to perform combustion tests at high-pressure that has been built at LTH 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 an inlet pressure up to 16 bar, up 
to 100 kg/h for liquid fuel corresponding 1 MW burner input and for natural gas the capacity is 
up to 86 kg/h (	 1 MW) with a maximum pressure of 13 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.  

Air and fuel supply system of the DESS High pressure rig 

The schematic set-up for the air and fuel flows during can be seen in Figure 4.1. Air for the 
facility is compressed up to 16 bar by a 750 kW air compressor located in a separate module. The 
air supplied from the compressor is introduced to the test section, see Figure 4.2, in the outer 
pressure vessel and acts as cooling air for the combustion chamber. A small amount of the air is 
also used as film cooling of the inner side of the quartz windows of the combustion chamber. 
Most of the air, however, flows towards the right in Figure 4.1 (inside the annulus of the outer 
pressure vessel) towards the electric pre-heater which heats the air up to a maximum of 1000 K. 
There are two ways to control the amount of air introduced to the facility; one is to control the 
air flow by direct computer control of the compressor, which then operates depending on the 
output of the mass flow meter, the second way is to run the compressor at constant speed and let 
the computer controlled by-pass valve operate against the mass flow meter. Controlling the air 
flow according to the second alternative allows for introducing extra cooling of the combustion 
chamber, the excess air is then led out to the flue stack. All the air that enters the electric pre-
heater and subsequently (through the inner pipe) the duct is measured by a mass flow meter. 

The combustion chamber is square in cross section and equipped with quartz windows, it was 
designed primarily to deal with high temperatures. The outer wall contains the pressure and is 
also fitted with quartz windows. Laser diagnostic measurements are performed through the 
window sets. Combustion can occur within various ducts that are mounted inside the optically 
accessible, 10 cm x 10 cm housing. 
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Figure 4.1. Schematic overview of air- and liquid fuel flow in the high pressure test rig. 

There are two lines of fuel supply for the liquid and natural gas fuel; one intended for the pilot 
burner and the other for the main burner. The main and the pilot burner can be operated 
simultaneously. The amount of fuel is computer controlled via the fuel pump for the liquid fuel 
and by a pneumatic valve for natural gas. Combustion products then pass through an adjustable 
orifice, which controls the chamber pressure and the pressure drop down to ~1 bar downstream. 
Water jets cool the combustion products and they flow out the exhaust system mounted on the 
roof. In addition to these facilities, the rig has fully automated control and safety systems. 

Basic measurement techniques 

All in all the high-pressure rig is equipped with 91 different transducers (connected to a PLC) for 
control and measurements of air, fuel, cooling water, temperatures, pressures and flame 
detection. The transducers that mainly concern the performed tests are; A Type K thermocouple 
for measuring the inlet temperature (T30) to the duct situated in the plenum (see Figure 4.2), a 
piezoresistive pressure transducer for static pressure in the plenum (P30), differential pressure 
transducers for measuring the pressure drop over the duct (dp/P30) and Coriolis type mass flow 
meters for all mass flows. In addition to these transducers every experiment can be supplemented 
with additional measurement equipment. 

Dynamic pressure measurements 

The dynamic pressure in the combustion chamber has been measured with a water cooled piezo 
electric pressure transducer situated at the combustion chamber wall, see Figure 4.2. The pressure 
transducer is a Kistler 7061 originally intended for use in combustion engines. The output from 
the transducer is -77.9 pC/bar with a thermal sensitivity of 0.5 % and a linearity of 
  0.3 % 
FSO. The transducer is connected to a Kistler 5011B charge amplifier. Altogether the accuracy is 
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� 1 %. A data acquisition board controlled by a PC has been used to sample the pressure signal 
from the pressure transducer. The PC was also used for calculations of the FFT power spectra, 
pressure amplitude and Prms online with a delay of one second from real time. The data 
acquisition system is also prepared for receiving and generating trigger pulses for control of 
measurements. This system has been developed in conjunction with other projects related to 
oscillating combustion processes. 

Figure 4.2. Experimental test section and basic measurement set-up. The position of dynamic pressure and emission 
measurements are indicated. 

Emission measurements 

Measured quantities in the exhaust gases were oxygen, nitrogen oxides, carbon oxide, carbon 
dioxide and unburned hydrocarbons. A water cooled sampling probe was connected to the 
contraction part of the combustion chamber according to Figure 4.2. The exhaust gases were 
continuously sampled through an electrically heated tube and distributed to each instrument. A 
series of pressure regulators and air flow meters distribute the correct amount of cooled, dried 
flue gases to each instrument.  
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4.1.2 Projects carried out at the DESS High Pressure Combustion Facility 

LOPOCOTEP (EU-project) also incorporating one LSF project: The work included 
applications of several optical techniques for characterization of the combustion behavior of a 
LPP4 pilot burner. A combined laser-induced fluorescence/Mie scattering technique based on 
multiple wavelength excitation was used for the characterization of vaporization of Jet-A and its 
consequent mixing with air, see chapter 3.2.16. We have also applied and investigated the use of 
Laser-Induced incandescence for soot characterization. Finally, the spontaneous 
chemiluminescence emission has been measured for a general overview of the combustion. Apart 
from the laser diagnostic measurements additional measurements of pressure fluctuations in the 
combustion chamber, emissions and lean blow out have been performed. Status - finished 

OROBOROS (VINNOVA-project): This project’s aim is the evaluation of emission formation 
in a GT-combustor, using a synthetic fuel that can be manufactured from Bio-mass. Main 
industrial partner and manufacturer of the fuel is Oroboros AB. Emission measurements with 
emphases on unburned hydrocarbons was made using both atmospheric and pressurized 
combustion facilities. The main part of this work has been carried out at the Department of 
Heat- and Power Engineering. Status - finished 

FLAMELESS (EU-project, LTH subcontractor to SIEMENS): This project concerns 
experimental investigations and optimisation of FLOX® or COSTAIR combustion concept at an 
experimental plant for gas turbine combustors using gaseous fuels. At the high pressure rig the 
experiments was conducted with methane gas as fuel in a new burner from SIEMENS. Applied 
measurement techniques were Laser Induced Fluorescence of OH, emissions and dynamic 
pressure measurements. Status – finished 
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4.2 Utilization of Combustion Instabilities for Reduction of 
Emissions 

S-I. Möller, A. Lindholm, P. Petersson and. J. Hrdlicka1 

Previous work on gas fired pulse combustors of Helmholtz type has showed that one of the 
inherent advantages of combustion processes featuring controlled instabilities is the very low 
NOX emission levels in combination with efficient combustion and low levels of CO and 
unburned hydrocarbons. 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 and enhanced heat 
transfer due to enhanced mixing. The project “LUCC Utilizing Combustion Instabilities for 
Emissions Reduction” (LUCIFER) was initiated in May 2002, sponsored by the Foundation for 
Strategic Environmental Research, MISTRA. The objective of LUCIFER is to investigate if a 
combustion process with controlled instabilities as described above also is advantageous in terms 
of reduced emissions of particles, soot, PAH and UHC from small to medium sized stationary 
biofuel fired heat/power units. The idea is to prevent particle formation at the source i.e. the 
combustion process itself due to decreased residence time at high temperatures and increased 
residence time at temperatures corresponding to the burnout stages of hydrocarbons. 

The first task was to design an appropriate combustor system for solid bio fuels in the 30 kW 
range with the option to later increase the input to 50 kW. The Rijke-type pulse combustor is 
suitable for solid fuels but can also be used for liquid as well as gaseous fuels or a combination 
thereof. The Rijke burner basically consists of a vertical tube, controlled instabilities occur if the 
combustion is located to a position of approximately one quarter of the tube length from the 
bottom.  

The final combustor design is shown to the left in Figure 4.3. The combustor is built in a 
modular fashion to allow for step-by-step upgrades and modifications. The burner section is 
equipped with a number of connections allowing for a flexible set-up of combustor sub-systems 
such as ignition burner, fuel feed systems and various measurement probes. Most of these 
connections may also be equipped with windows to allow for visual observation of the flame as 
well as to give optical access for possible utilization of laser-based diagnostics. The combustor 
system is equipped for accurate control of combustion parameters such as fuel feed rate, air 
supply etc. The standard measurement systems for monitoring the combustor performance are 
schematically indicated in Figure 4.3. The measured parameters include time resolved pressure, 
average temperatures and exhaust gas composition.  

1 Institute of Chemical Technology in Prague 
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Figure 4.3. Experimental rig and basic measurement set-up. The position of pressure and temperature measurements are 
indicated as well as the relative position of the igniter and fuel feeding systems. 

The first tests using wood pellets were successful. The initial tests were performed under simplest 
possible operating conditions with the combustor in self-aspirating mode. Two photographs of 
the oscillating flame are shown in Figure 4.4. During combustion the gas temperature (T1) close 
to the combustion bed varies between 700-800 °C and the flue gas temperatures (T2) in the 
exhaust decoupler is approximately 200 °C. 
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Figure 4.4. Snap-shots from a video recording of the pulsating flame, burner input ≈ 15 kW. 

In September 2004, the Czech PhD-student, Jan Hrdlicka joined the project on a Marie Curie 
fellowship program for ten months to assist with the detailed burner characterization and 
compare the result with data from measurements on commercial burners from Jan Hrdlickas 
PhD-work. 

The behavior of the burner in terms of flue gas emissions and pressure oscillations was 
thoroughly characterized for a range of operating conditions in terms of air flow and feed rates. A 
number of different hardware modifications such as cooling and flue gas recirculation were also 
tested. As an example, Figure 4.5 shows the unburnt hydrocarbons, THC, and CO as a function 
of the air flow rate for a pellets feeding rate corresponding to a power input of approximately 20 
kW. 
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Figure 4.5 Measured THC and CO versus air flow rate when the burner operates at a input power of 20 kW. 

The planned continuation for 2006 includes measurements of particle emissions and particle size 
distribution. Depending of the outcome of these tests, suitable optical diagnostics techniques will 
be applied for more detailed investigations close to the combustion zone. 
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5 Chemical Kinetics 

5.1 Kinetics Group Activities 

Leader: Prof. Fabian Mauss 

The Kinetics Group headed by Prof. Fabian Mauss consists of 2 senior researchers and 7 Ph.D. 
students. The strength of the team is the combination of competence from different scientific 
areas. The team is composed of four physicists, two chemists (one bio-chemist), two engineers, 
and two computational scientists. Currently the Kinetics Group is involves in several national 
and international projects. 

5.1.1 Overview of Activities 

The current mission of our research team is the development of new automated tools for the 
development of reaction mechanism for combustion processes including combustion generated 
nano-particles. These tools are applied to generate reaction mechanisms for complex fuel 
molecules at different level of detail. The strategy is to develop very detailed reaction mechanisms 
and to reduce them by applying chemical lumping, removal of reactions and species with low 
importance and the reduction of mechanisms with Quasi-Steady State Approximation (QSSA). 
The team further develops optimized software for the usage of the reaction mechanisms in 
combustion applications. Optimization is done by sophisticated solver strategies, solution 
mapping and adaptive chemistry. The spin-off company “Loge” commercializes software 
developments. At this time work three former staff members from our team for Loge. In the 
future the team aims at the usage of the mechanism development toolbox in other scientific fields 
involving complex chemistry, i.e. atmospheric chemistry, nanoparticle formation, and bio-
chemistry.  

5.2 Software for Mechanism Development 

5.2.1 BlueBellMouse: A tool for kinetic model development 

R. Bellanca 

The simulation of physical phenomena occurring in chemical reactors requires the description of 
the kinetics involved in the underlying combustion process. Kinetic models are developed for this 
purpose. 

A software package, BlueBellMouse, has been created to facilitate a deeper automatization and 
ease of simulation reduction and optimization of kinetic models 
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The tool is visually structured in a navigation tree on the left side and an information panel on 
the right side. The information panel is subdivided in three tags: the Output section containing 
the feedback from the operations performed by the interface (computation output, status of I/O 
actions etc.); the Help section activated by the selection of a node and containing the node 
description; and the Manual section where more detailed explanations about physical models and 
algorithms used in the interface are presented.  

The navigation tree is guiding the user through the options available in the interface. From data 
acquisition and analysis, to reactor simulation and kinetic model reduction/optimization. 

A kinetic model is made of a list of chemical reactions and their reaction rate parameters. The 
range of application of these models is limited by the set of validation cases and physical 
parameters that have been taken into account during the compilation. Often, their use under 
different conditions demands a re-optimization. A systematic optimization technique has been 
developed in the past that consists in adjusting the reaction rate parameters in a mathematically 
rigorous way using a set of experimental data as constraints. This approach, used so far for the 
compilation of “general purpose” detailed kinetic models, applies as well to the development of 
chemical mechanisms for specific tasks, like for example engine simulations. 

Simulations

Ignition

Model Development

Optimization 

Figure 5.1 Screen Snapshots of BlueBellMouse 

One application of the optimization capabilities of the tool has been with HCCI simulations 
where the need to change fuel characteristics requires the availability of continuously updated 
kinetic models optimized under engine conditions. In an operative environment, the calculation 
speed becomes an essential feature. A key factor for the computational time is the dimension of 
the kinetic model. One way to achieve reasonable dimensions is to strongly reduce the detailed 
mechanism. Through the optimization techniques, it is feasible to over reduce the original 
mechanism and re-optimize the coefficients a posteriori to regain accuracy in the model 
predictions.  

Using BlueBellMouse a natural gas fuel reference model as developed by Warnatz et al. has been 
optimized for a set of HCCI engine experimental cases1. The model has then been reduced 
eliminating redundant species and the corresponding reactions until just the most essential 

1 Bellanca, R., Mauss, F., and Wang, H., “Automatic optimization of detailed kinetic mechanism for HCCI-engine 
simulation”, 227th ACS National meeting—Anaheim, CA, March 31, paper 718434, 2004 
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components were left and the model predictions showed high discrepancy with respect to the 
experimental data. The so obtained skeleton mechanism has then been re-optimized to regain the 
required accuracy. In addition the optimization of a gasoline fuel reference mechanism 
containing mixture of n-heptane and iso-octane, toward a set of shock tube experimental cases, 
had been carried out.  
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Figure 5.2 Optimization, Reduction and ReOptimization of a natural gas kinetic model. 

5.2.2 Automatic Mechanism Generation 

E. S. Blurock 

Through analogies with known reactions and through extrapolation of general physical 
principles, specific reactions of a large detailed combustion mechanism can be generated. As the 
need for mechanisms of larger model fuels, such as decane and hexadecane, and more extensive 
and accurate mechanisms for smaller molecules increases, automatic generation is becoming a 
necessity rather than an option. The use of automatic generators within combustion mechanisms 
of larger more complex molecules is a direct response to the unwieldiness of a complete 
mechanism. In addition, there is a recognition that there is rarely enough experimental evidence 
available and generalizations, the heart of automatic generation, must be used regardless whether 
the procedure is automated or not. 

The goal of a mechanism generation system is to simulate the procedures used for producing 
mechanisms by hand. It is, in essence, a formalization of the procedures used to generate and 
manipulate all objects associated with mechanism development. This formalization leads to the 
automation of the steps and allows the developer to operate at a higher level and to deal with 
more complex problems. The tedious details, which could be error prone if done by hand, are 
left to the system. 

The key to the generation process is the definition of a suitable set of reaction classes describing 
the essential reactions of oxidative chemistry. Reaction classes, as used here, are founded on the 
basic principle that reactivity of a molecule is based solely on the structural features around the 
reaction center, i.e. the set of bonds and atoms that change in the course of a reaction. Strong 
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structural features, such as influences of primary, secondary and tertiary centers or neighboring 
functional groups (not directly participating) are included in the structural features around the 
reactive center. Weaker influences, for example, the location of secondary hydrocarbons in a 
straight chain are not included. The specification of `weak' and `strong' is dependent on the level 
of approximation. The representation of the structural features used in this work is general 
enough to allow straight, branched, cyclic and aromatic features and any combination of hetero-
atoms and radicals. 

A complete mechanism consists of a hierarchial set of generated submechanisms produced by the 
chosen pathways and seed molecules and a non-generated 'base' mechanism, a validated 
mechanism of 'smaller' molecules (usually four or less carbons). To design a complete 
mechanism, the first task is to choose the set of pathways that are significant for the range of 
temperatures and pressures to be dealt with. The set of reaction classes needed are indirectly 
selected by the choice of pathways. In mechanisms of larger molecules, for example decane, 
sometimes two sets of pathways are used, one primary set to generate all the reactions of the 
initial reactant, in this case decane, and another secondary set which deal with the products of 
the primary and subsequent secondary submechanisms. For decane, the seed molecule for the 
primary set of pathways is decane itself and the seed molecules for the secondary pathways are 
pentane through nonane. The base mechanism takes care of the smaller molecules. Additional 
tools are available to automatically lump the mechanisms, based on reaction classes, to produce 
smaller mechanisms with essentially equivalent behavior. 

The automatic generation of mechanisms has been applied successfully to large alkane 
hydrocarbon oxidation mechanisms, including new aromatic pathways. The significance of this 
work is not only in the generation of the mechanisms themselves, but also in the development of 
a generic set of reaction classes for use on a broad range of hydrocarbons. A consistent and valid 
set of generic classes are important for the generation of oxidation mechanisms where little to no 
experimental data exists. The generated mechanisms provide a good ‘first guess’. 

The REACTION tool itself is consists of many modules written in C, C++, JAVA and UNIX 
shell scripts complete with a GUI that can be accessed locally or remotely over the network 
through a server interface using web-services making it available on both UNIX and windows 
platforms. 

5.3 Techniques for improving modeling efficiency 

5.3.1 Skeleton, lumped and reduced mechanisms 

S. S. Ahmed, A. Arvidsson, G. Moréac and E. S. Blurock 

A detailed kinetic mechanism is often too computationally expensive when used in higher order 
calculations, especially associated with Computational Fluid Dynamic (CFD) calculations. One 
general strategy for increasing the efficiency of the calculations of the reaction kinetics is to 
reduce the number of effective species solved for in the associated differential equations.  The 
systematic approach of the Kinetics Group is to derive from very detailed chemistry, equivalent 
(according to a predetermined set of conditions and parameters) mechanisms with fewer effective 
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species and hence faster computational speeds. Measures and semi-automated techniques have 
been developed and used to reduce the number of species within a mechanism without loss of 
accuracy of essential mechanism parameters. (overview of general techniques). 

One technique for reducing the number of species is to simply eliminate unnecessary species 
from the mechanism. A species is unnecessary if its elimination does not contribute significantly 
to the accuracy of the mechanism. A measure, called the necessity measure, has been developed, 
based on a combination of sensitivity analysis and reaction flow analysis. Sensitivity analysis 
provides local indicator of how necessary a species is. The introduction of flow provides non-
local influences of the species. A locally non-sensitive species may be important in the production 
of a sensitive species several reactions away. A mechanism that has been produced by reduction 
through the necessity analysis is called a skeleton mechanism. 

Another technique for reducing the number of species is to recognize that a complex reaction 
mechanism often consists of isomers of similar structure and hence similar reactivity and flow.  
For this reason, such species can be lumped into a single meta-species representing the set species.  
The reduced calculation only involves the lumped species. The concentrations of a lumped 
species should be similar to the sum of the species it represents. In automatic mechanism 
generation, the concept of lumping has been generalized and automated to be isomers consumed 
and produced by the same set of reaction classes, i.e. have similar chemistry. 

A third technique reduces the effective set of species in a mechanism by setting certain species in 
steady state. This is the quasi-steady state approximation (QSSA). The kinetic equations for the 
species in steady state can be solved for with algebraic equations instead of the full differential 
equation system. To give an indication of which species can be put in steady state, the Kinetics 
Group uses an importance measure, a combination of sensitivity and lifetime analysis, to give an 
indication of which species can be set in steady state without affecting the accuracy of the 
mechanism. 

The fully optimized mechanisms produced by the Kinetics Group usually involve a combination 
of all three of these techniques. 

5.3.2 Efficient Quasi Steady State Solver 

A. Arvidsson 

An essential task in the quasi-steady state approximation (QSSA) method is the solving of the 
associated set of algebraic equations. The technique makes use of the fact that the reaction rate 
matrix representing the chemical scheme is typically sparse. An improved Gauss-elimination 
procedure results in a significant speed up of the overall computation achieved. 

The solver for each time step is produced automatically using an in-house developed software. It 
solves the set of ordinary differential equations governing the time evolution of the species 
simultaneously with solving algebraic expressions for species that can be considered to be in 
steady state. In the produced code for the algebraic equations, an optimized, in terms of the 
ordering of species, Gauss-Elimination procedure is implemented. The chemical mechanism is 
reduced by means of a lifetime analysis, which identifies the species that are candidates for steady 
state.  
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For example, a detailed mechanism for a mixture of n-heptane and iso-octane consisting of 97 
species is reduced down to 42 effective species. Pure n-heptane or iso-octane cases can be 
significantly more reduced. The resulting mechanisms are applied to simulations of auto ignition 
at constant volume under typical internal combustion engine conditions for HCCI engine 
systems. The predicted species profiles are very well produced when employing the reduced 
scheme even for short lived radicals, which are important for the prediction of polluting 
emissions. Furthermore, the new solver for reduced chemistry is found to be up to 50% more 
efficient in CPU time usage than the detailed scheme without significant loss of accuracy in 
prediction of ignition timing. The internal solver time steps are found to increase with increasing 
level of reductions, hence indicating that stiffness is removed from the numerical system through 
the reduction procedure, resulting in the observed speed-up in computational time.   

5.3.3 APTab: Adaptive Polynomial Tabulation 

N. Ebenezer, H. Lehtiniemi and E. S. Blurock 

One technique for improving the computational efficiency of the chemical source terms is to 
approximate a local region by a polynomial approximation. Two known techniques in the 
literature are ISAT, which approximates the space with a first degree polynomial, and PRISM 
which uses a second degree polynomial1. During the calculation a library of these local 
approximations are accumulated. During the calculation, the first time a local region is entered, 
the polynomial approximation is set up. Subsequent calculations of points within these local 
regions use the polynomial approximation instead of solving the differential equation. This 
results in a potential for considerable computational speed-up. The amount of speed up is 
determined by the number of times the same local region is used, reuse, and how expensive 
setting up the polynomial equations is. 

Within the kinetics group, an improved method, APTab, Adaptive Polynomial Tabulation2,3 is 
being developed which combines both the ISAT and PRISM principles. APTab is based on a 
modification of PRISM which, instead of using factorial design to produce points for calculating 
the local polynomial approximations, accumulates local points until an approximation can be 
calculated. During this accumulation, local first degree approximations around the accumulated 
points, as in ISAT are used. This enhances not only reuse, but also accuracy of the second degree 
polynomial through broader spread of points. 

The code was tested for a stochastic reactor model (SRM) simulating hydrogen /air fuel in a 
spark ignition engine. The tests performed with this tool predict auto-ignition in the end gas as 
the chemical ordinary differential equation (ODE) solver and provides computational speed up. 

1 Blurock, E.S., Lehtiniemi, H., Mauss, F., and Gogan, A., “Speed-up of a stochastic reactor model for a hydrogen 
fueled SI-engine by PRISM”, Berichte der Energie und Verfahrenstechnik, Schriftenreihe Heft 5.1, Leipertz, A. 
(Ed.), p. 345, 2005 
2 Ebenezer, Ngozi, Blurock, Edward S., Mauss, Fabian, APTab> A new fast tool for modeling combustion 
chemistry, 4th Mediterranean Combustion Symposium, Lisbon, Portugal, October 6/10, 2005. 
3 Ebenezer, E.,  Blurock, E.S. and Mauss, F., Adaptive Polynomial Tabulation (APTab): Improved Computational 
Efficiency Through ISAT and PRISM Combination, submitted 31st Combustion Symposium, 2006 
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Computational gain of the order of 2 were obtained with APTab compared to calculations with 
the chemical  (ODE) solver. The temperature, pressure and radical species profiles of APTab 
were in very good agreement with those from SRM calculations using the chemical ODE solver. 
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Figure 5.4 The temperature and pressure profiles of SRM calculations using APTab and the chemical ODE solver for 
calculations with 3500 computational particles. In this figure APTab (T) and APTab (P) are the temperature and 
pressure profiles when APTab was used, while ODE Solver (T) and ODE solver (P) are the temperature profiles when the 
chemical ODE solver was used. The figure on the right shows the relative error in temperature and pressure against time in 
crank angle degree for SRM simulations with 3500 particles using APTab. 

5.3.4 POSM: Phase Optimized Skeletal Mechanisms 

E. S. Blurock and M. Tunér 

The technique of phase optimized skeletal mechanisms1,2 (POSM) recognizes that a combustion 
process proceeds through different phases where different sets of molecules and reactions are 
necessary. Within the POSM technique, these phases are automatically identified and recognized 

1 Tunér, M., Blurock, E.S., and Mauss, F., “Phase Optimized Skeleton Mechanisms for Stochastic Reactor Models for 
Engine Simulation”, submitted 31st Combustion Symposium, 2006. 
2 Tunér, M., Blurock, E.S., and Mauss, F., “Phase Optimized Skeleton Mechanisms for Stochastic Reactor Models for 
Engine Simulation”, SAE 2005-01-3813 
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through machine learning techniques. The computational efficiency is derived by reducing the 
number of species within each phase by representing each phase by a skeletal mechanism. 

Within the POSM method machine learning algorithms are used to automatically determine and 
recognize the major phases of a combustion process1,2. A combustion phase is a region of similar 
chemistry. Similar chemistry is defined by having the same set of significant species as specified 
by the necessity parameter. Reduction is achieved by keeping only the significant species with 
respect to each phase, also determined by necessity. The optimality of the phases is facilitated by 
the use of necessity in both the determination of the phase and its reduction. Each phase has a 
different mechanism, derived from the standard and each is smaller than the standard.  This 
novel approach was implemented into a two-zone zero-dimensional stochastic reactor model 
(SRM) for an SI-Engine with a 96 species n-heptane – iso-octane mechanism and showed that 
calculation speed was increased by a factor of 10 with almost no loss in accuracy. Further time 
savings and accuracy improvements from these preliminary results are expected from further 
reduction of the phase mechanisms 

Creating a mechanism under the POSM strategy consists of the following five steps: 

Discovery: The set of time step vectors is then used as input to the clustering algorithm to 
determine the phases. The clustering is based on a fuzzy logic predicate describing whether the 
necessity value is above or below a given cutoff. The result is the set of time step vectors 
supplemented with its phase assignment. 

Recognition: From the species concentration values and the corresponding phase assignments, a 
phase identification algorithm, in the form of a decision tree, is formed. The species mass 
fractions are used to create a set of predicates asking whether the mass fraction is above or below 
a given value. The machine learning method selects the optimal combination of these predicates 
to determine the phase. The resulting algorithm takes as input the selected set of species 
concentrations. The output is the corresponding phase.  

Reduction: The phase identification algorithm is used to identify which time step belongs to a 
given phase. The maximum of each species necessity value within each phase is determined.  
Within a phase, if the maximum necessity value falls below a predetermined cutoff, then that 
species can be eliminated from that mechanism in that phase. The result is a set of phase 
optimized skeletal mechanisms. 

Implementation: Each phase optimized skeletal mechanism is then converted to a FORTRAN 
module and the phase recognition algorithm (FORTRAN code generated by the analysis 
procedure) is setup to call the appropriate phase optimized skeletal mechanism module. 

One example of the use of POSM was in a two-zone zero-dimensional stochastic reactor model 
(SRM) for an SI-Engine. The SRM is an extension of the Homogenous Reactor Model where 
the strength of the SRM is that it provides a means to include effects of inhomogeneities and 
turbulence. We selected the SRM technique since it provides a platform that generates realistic 

1 Blurock, Edward S., “Characterizing Complex Reaction Mechanisms using Machine Learning Clustering Techniques”, 
Int. J. Chem. Kinet., Vol 36#2, 107-118, 2004. 
2 Blurock, Edward S. “Automatic Characterization of Ignition Processes with Machine Learning Clustering Techniques”, 
Int. J. Chem. Kinet., to be published, 2006. 
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histories for chemical processes in engines. The purpose of this preliminary study is to show the 
validity of the POSM approach compared with the reference skeletal mechanism. The basic idea 
behind the SRM is to divide the mass within the cylinder into an arbitrary number of virtual 
states, called particles, and to use a Stochastic Monte Carlo process with an operator splitting 
algorithm. This means that each of these particles has a chemical composition, temperature and 
mass. Each particle can mix with other particles and exchange heat with the cylinder walls. The 
two-zone SRM uses one zone for unburnt gases and one zone for the burnt gases with the 
classical Wiebe approach to model the flame front. 
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Figure 5.5 How many particles were used in each phase against CAD for the SRM SI-engine simulation. 
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Figure 5.6 For a SRM SI-engine simulation, a comparison of the temperature and pressure profiles show little deviation 

between the POSM mechanism and the original skeletal mechanism. 

5.4 Engine Simulations 

5.4.1 Integration of developed tools into commercial software 

M. Tunér and P. Amnéus 

The chemical kinetic models developed within the Kinetics Group have been integrated into 
commercial software like one-dimensional engine simulation programs, three-dimensional CFD 
programs etc. Many of these commercial software systems have simpler and/or deterministic 
models to solve for the chemical kinetic processes, so by integrating our models detailed and 
predictive investigations becomes possible.  
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A typical example is shown in the picture above. The picture shows an engine model within a 
one-dimensional engine simulation program, GT-Power. The user cylinder is connected with 
our model where the combustion process is calculated. By coupling these two codes, greater 
accuracy can be achieved for the total engine simulation, in particular the combustion can be 
predicted and the chemical composition within the exhaust gases can be described in detail. This 
is of great importance for companies using the commercial software for predicting engine 
performance as well as emissions during engine development.  
Integration of our models in conjunction with commercial software is used by some of the major 
truck, car and naval manufacturers. 

Figure 5.7 Image of engine model in GT/Power 

 

5.4.2 PaSPFR Modeling for SI Engines 

A. Gogan and H. Lehtiniemi 

A stochastic model based on a probability density function (PDF) approach was developed for 
the investigation of different conditions that determine knock in a spark ignition (SI) engine1,12. 

1 Gogan, A., Sundén, B., Montorsi, L., Ahmed, S.S., and Mauss, F., “Knock Modelling: An Integrated Tool for 
Detailed Chemistry and Engine Cycle Simulation”, SAE 2003-01-3122 
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The model is based on a two zone approach, where the burned and unburned gases are described 
as stochastic reactors and the movement of the turbulent flame front is expressed with a Wiebe 
function. By using a stochastic ensemble to represent the PDF of the scalar variables associated 
with the burned and the unburned gases, it is possible to investigate phenomena that are 
neglected in non-PDF models, such as gas non-uniformity, turbulence mixing, or the variable 
gas-wall interaction. Two mixing models are implemented for describing the turbulent mixing: 
Deterministic interaction by exchange with the mean (IEM) model and the stochastic 
coalescence/ dispersal (C/D) model. Detailed chemistry is used in the calculations (141 species, 
1401 reactions). 

For solving the system of the differential equations, we implement a so called operator splitting 
technique. Each event in the time step (piston movement, flame propagation, chemistry, and 
heat transfer) is solved sequentially, each as a distinct operation. In order to assure a uniform 
pressure over the entire cylinder after each time step, we perform a pressure correction. A 
stochastic jump process is used for modeling the heat transfer, hence accounting for the 
temperature fluctuations and the fluid wall interaction. The heat transfer coefficient is still based 
on the Woschni correlation, but the stochastic approach permits a more realistic distribution of 
the heat losses over only a certain portion of the cylinder gas. 

In order to show the capabilities of the tool, different parameter studies are carried out. We 
investigated the effects on the auto ignition of factors like such as, the intensity of mixing, the 
inhomogeneities related to residual gas composition and temperature, and the fluctuations in the 
gas-wall interactions. If coupled with a CFD program providing the turbulence intensity, the 
current correlation tool can be fully exploited for predictive calculations. 

The current model is not demanding in computational time even though we employ detailed 
chemistry. One calculation for the reference case (IVC-EVO) on a Pentium IV, 3.2 GHz, takes 
25 min.  

Comparisons with measurements show that our code is able to correlate the auto ignition timing 
and to substantiate the effects of inhomogeneities and of mixing. The tool proves also to be a 
very good platform for further modeling developments. 

5.4.3 New combustion model for CI engines 

H. Lehtiniemi 

Conventional diesel combustion, which is limited by the rate of fuel and oxidizer mixing, is 
characterized by high nitrogen oxides (NOx) and soot emissions. By using a high amount of 
exhaust gas recirculation (EGR), the combustion temperature is decreased and NOx formation is 
reduced. Soot emissions are reduced simultaneously due to a higher degree of premixing caused 
by a long ignition delay. Modeling this type of low-emission diesel combustion puts new 

1 Gogan, A., Lehtiniemi, H., Mauss, F., and Sunden, B., “Stochastic Reactor Model for Auto-Ignition Calculation in 
Spark Ignition Engines” Proceedings of the European Combustion Meeting “ECM 2005”, Louvain-la-Neuve, 
Belgium, April 3-6, 2005. 
2 Gogan, A., Sundén, B., Lehtiniemi, H., and Mauss, F., “Stochastic Model for the Investigation of the Influence of 
Turbulent Mixing on Engine Knock” SAE 2004-01-2999 
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requirements on the modeling techniques. Conventional diesel combustion models are not 
sufficient. In order to perform computational fluid dynamics (CFD) modeling of auto-ignition 
and combustion of engines operating in low-emission mode, a predictive combustion model, 
without tunable model parameters, is required. The combustion model needs to be able to 
consider sub-grid scale fluctuations, inhomogeneities in the flow field, wall effects, turbulence on 
a cell level, and a detailed description of the auto-ignition and combustion chemistry. 

The developed combustion model1,2 is based on unsteady flamelets. In the past, unsteady 
flamelets have been used successfully to predict ignition and combustion in diesel engines with 
the representative interactive flamelet (RIF) concept. In the RIF concept, the evolution of one or 
several, usually up to ten, flamelets are calculated on-line, interactively with the flow calculation. 
Each representative flamelet accounts for the evolution of the ignition and combustion process 
for a number of cells in the CFD grid. Since the ignition and combustion chemistry is solved by 
the flamelet code as function of mixture fraction, there is no need to perform any transport on a 
cell level in the CFD code of any chemical species. It suffices to transport Favre averages of the 
mixture fraction and its variance, in addition to the usual transported scalars. The turbulence 
effects on the ignition and combustion processes are considered in the flamelet model by the 
scalar dissipation rate. In the RIF concept, the different interacting flamelets usually account for 
different scalar dissipation rate histories. 
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Figure 5.8 Results from CFD calculations modeling a Volvo D12C truck diesel engine operated in low-emission mode 
using the progress variable model.  In the modeled configuration the level of EGR is 32 %, the engine speed is 1176 rpm, 
and the relative air/fuel ratio is 1.24. Injection starts at CA 361. Note the high degree of premixing achieved prior to the 
onset of auto-ignition. 

In order to account for turbulence on a cell level, one would have to compute flameletes in each 
cell in the CFD grid. This is impossible to do on-line today with current computers using 
detailed chemistry, because a sector mesh of a diesel engine cylinder may consist of more than 

1 Lehtiniemi, H., Amnéus, P., Mauss, F., Balthasar, M., Karlsson, A., and Magnusson, I., “Modelling Diesel Spray 
Ignition Using Detailed Chemistry with a Flamelet Progress Variable Approach” extended abstract accepted for 
presentation at 20th International Colloquium on the Dynamics of Explosions and Reactive Systems, ICDERS, 
Montreal, Canada, July 31-August 5, 2005 
2 Lehtiniemi, H., Mauss, F., Balthasar, M., and Magnusson, I., “Modeling Diesel Engine Combustion with Detailed 
Chemistry using a Progress Variable Approach”, SAE 2005-01-3855. 
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300 000 cells. Instead, the developed combustion model relies on an unsteady flamelet libary 
concept. For engine applications, the unsteady flamelet library needs to contain igniting flamelets 
for various levels of EGR, different pressures, different oxidizer temperatures, and different scalar 
dissipation rates. By using a progress variable to describe the evolution of a non-ignited flamelet 
to the quasi-steady burning state, the need of calculating the chemical evolution of flamelets on-
line with the CFD calculation is eliminated. It suffices to add a transport equation for the 
progress variable in the CFD code. 

The progress variable in our model is based on enthalpy at standard state integrated over the 
flamelet. The progress variable is thereby temperature independent. The coupling to the energy 
conservation equation follows ideas from the RIF approach. Heat loss effects are accounted for 
when selecting which flamelet in the flamelet library is used. Local turbulence is considered by 
using the local scalar dissipation rate in the cell. The computational time of the CFD simulation 
is not dependent on the size of the chemistry used when performing the flamelet calculations. 
We used a detailed chemical mechanism for n-decane/1-methylnaphthalene with 101 species and 
841 reactions, however only n-decane was used as fuel component. 

The CFD implementation and CFD calculations were performed at Volvo Technology by 
Michael Balthasar and Ingemar Magnusson. 

5.4.4 Modeling and investigation of exothermic centers in HCCI combustion 

M. Tunér and P. Amnéus 

Investigations have been made using a stochastic reactor model of 200 particles on variations in 
the cylinder wall temperature and its effects on gas temperature inhomogeneities. The impact on 
gas temperature variations on self-ignition of the gas was investigated. The work describes a 
stochastic wall interaction model where cooling occurs through stochastic interaction with other 
particles and the combustion chamber walls. By attributing different wall temperatures to 
different particles, the different temperatures of cylinder walls, piston and exhaust valve was 
described.  
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The figures show the individual particle temperatures for two different cases long before ignition 
(80 CAD before TDC) and during ignition (7 CAD before TDC). The first case (blue) has a 
uniform cylinder wall temperature. In the second case (red), part of cylinder wall area has a 
higher temperature, which in a real engine could originate from, for example, a hotter exhaust 
valve. By dividing the temperatures in this way, but still maintaining the same mean temperature, 
variations in ignition timing can be seen. Parametric studies are ongoing to determine if this 
variation in timing is physically correct. Recent experiments extend and benefit this investigation 
making it possible to validate and compare the model with measurements. 

5.4.5 Calculations of hydroxyl radicals and formaldehyde and comparisons to LIF-
measurements 

P. Amnéus and M. Tunér 

In this work homogeneous and stochastic reactor model calculations of an iso-octane / n-heptane 
fuelled HCCI engine were performed. The concentrations of hydroxyl radicals and formaldehyde 
were compared to those obtained through LIF-measurements. Each species showed a distinct 
peak in both the experiments and in the model. The calculated separation in time between the 
two peaks was in qualitative good agreement with experiments. 

Time and the initial temperature resolved concentrations of formaldehyde and hydroxyl radicals 
were particularly studied. The formaldehyde concentration grows slowly. In contrast, the 
hydroxyl concentrations develop faster. The formaldehyde is locally consumed rapidly once the 
high temperature chemistry has started. The highest concentrations of formaldehyde were found 
in the cases when the low-temperature chemistry did not go over to high-temperature ignition. 

Particle resolved distributions of the concentrations of the two species were visualized through 
probability density plots (PDP). A 15x15 mesh was set up and the respective particles were sorted 
into a suitable slot in this mesh depending on its concentration of formaldehyde (x-axis) and 
hydroxyl radicals (y-axis). The same procedure was done for the LIF-images, but here the 15x15 
mesh was divided into intervals of rising signal intensity. Before sorting, the images were cleaned 
from noise using arithmetical conditional filtering. Thus the concentration PDPs could be 
compared to LIF-signal PDPs. The agreement between the model and the experiments was as 
good. 

Once the model was validated, the combustion analysis that was performed through the LIF-
measurements could be extended to very low concentrations of both analyzed species. 
Comparisons were made only when they exceeded the 10% of maximum signal, the resolution of 
the LIF-measurements. This allows for a deeper understanding of the very early and very late 
stages of each phase of the combustion, where PDPs using local maxima could be analyzed and 
give their contribution to our understanding of the ignition process. 
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Figure 5.10 Calculated (dotted) and measured (solid) OH (red) and CH2O (blue) 

5.4.6 NO, NO2 and N2O in HCCI combustion 

P. Amnéus and M.Tunér 

NOx chemistry was investigated for a low NOx operating HCCI engine. It was found that for 
moderate NOx levels, N2O reactions play an important role in the NOx formation. Zeldovich 
reactions, as well as prompt NOx reactions, rise in importance with rising peak temperature. 
N2O is also likely to appear in the exhaust gases of HCCI engines at levels up to several ppm. It 
appears that conversion from NO to NO2 is favored by hydroperoxy radicals. Thus the high 
proportions of NO2 found in some HCCI engines seems to be an effect from the simultaneous 
occurrence of hydrocarbons and NO. The high NO2 proportions can be traced back to high 
temperature inhomogeneities, poor mixing and slow overall combustion. These are properties 
often connected to poor combustion efficiency. 

Figure 5.11 Flow analysis at =0.42 and •=0.45 

5.4.7 A stochastic model for DI and pHCCI 

K. Samuelsson and A. Gogan 
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A demonstration was given, showing the potential of a newly developed stochastic model, the 
direct injection stochastic reactor model (DI SRM)1. This models direct injection by adding fuel 
particles by increasing the cylinder mass during the injection period(s). These fuel particles are 
assumed to be vaporized, where the vaporization energy is taken from the gas particles. 
Vaporization rates, turbulence and fuel properties are given as user inputs.  

The main objective of this model is investigations of pHCCI with direct injection as well as 
diesel engine processes. The main benefits of this model are that takes inhomogeneties into 
account, includes detailed chemistry, and includes an advanced injection model, but does not 
have the computational burden of CFD. 

5.5 Oxidation Mechanism Development 

5.5.1 n-Heptane and iso-octane 

S. S. Ahmed and G. Moréac 

The aim of this work is to generate detailed and simplified kinetic models for the oxidation of n-
heptane and iso-octane so as to maintain a low number of species and reactions. These 
mechanisms are fully consistent concerning the choice of a validated base mechanism, i.e. the 
high temperature chemistry of the C0 through C4 species, and the choice of reaction rate 
coefficients of fuel specific sub-mechanisms. A further aim is to optimize the mechanisms for 
different engine operating conditions and for a full range of temperature, pressure and air-fuel 
equivalence ratios. The primary motivation for reduction is that  large hydrocarbon fuel 
oxidation mechanisms of this degree of kinetic information that have been developed previously, 
because of their complexity, still consume more CPU-time than is acceptable by commercially 
available CFD-tools. In order to make the mechanism faster and less complex, in terms of  the 
number of reactions and species, a stepwise and generic lumping strategy for different reaction 
types has been formulated. The lumping is combined with necessity analyses for further 
simplification and reduction. 

The detailed mechanism for the oxidation of n-heptane consists of 203 species and 1624 
reactions2. The mechanism for the oxidation of iso-octane consists of 203 species and 1541 
reactions3. The base mechanism for the C1-C4 chemistry is the published mechanism assembled 
in our group4. It is based on the mechanism of Warnatz et al. and Wang and Frenklach. The 

1 Samuelsson, K., Gogan, A., Netzell, K., Lehtiniemi, H., Sundén, B. and Mauss, F., “Modeling Diesel Engine 
Combustion and Pollutant Formation using a Stochastic Reactor Model Approach“, Fifth Symposium Towards Clean 
Diesel Engines, Lund, Sweden, June 2-3, 2005 
2 Ahmed, S.S., Mauss, F., Moréac, G. and Zeuch, T., “A Wide Range Kinetic Modeling Study of n-Heptane 
Oxidation Applying Chemical Lumping for Model Simplification”. Full length paper to be submitted to Phys. 
Chem. Chem. Phys. (2006) 
3 Ahmed, S.S., Moréac, G., Zeuch, T. and Mauss, F. “A Detailed Modeling Study of iso-octane Oxidation and its 
Simplification by lumping Technique” submitted to publication in Combust Sci. and Tech (2006) 
4 K. Hoyermann, F. Mauss, T. Zeuch, Phys. Chem. Chem. Phys. 2004, 6:3824-3851. 
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sub-mechanisms for the oxidation of C5 to C7 and C8 chemistry and a low-temperature 
mechanism as an extension of the base mechanism is in accordance with the heptane mechanism 
of Curran et al.1. For some reactions classes, the rate constants taken from the updated constants 
of the isooctane mechanism of Curran et al.2. The new rate constants are reported for low 
temperatures down to 300 K. The thermodynamic data for these C5-C8 species are taken from 
the Westbrook database. 

This work also introduces a lumping technique to simplify the complex detailed mechanisms of 
n-heptane and iso-octane without taking away any important information of the detailed 
mechanisms. Sets of similar isomeric species having same functional group are replaced by one 
lumped species. The set of reactions are modified appropriately. Simplification of the mechanism 
using lumping techniques has been done in several stages. The lumping process is combined with 
the process of eliminating species through necessity analysis. 

The oxidation mechanism of n-heptane is validated against shock tube experimental data from 
Fieweger et al. and Ciezki et al. for the ignition delay times and flame speed calculations against 
the experimental data of Davis and Law. The oxidation mechanism of iso-octane is validated 
against shock tube experimental data from Fieweger et al. and concentration profiles of different 
species in each step. For the initial conditions, the temperature ranges from 600 to 1300 K, the 
pressures ranges from 13 bar to 40 bar and the stoichiometry ranges from rich and lean air fuel 
mixture. The skeleton mechanism validation has been performed against the lumped mechanism 
for both 1st and 2nd ignition delay times. It is also validated against the concentration profiles of 
different species before and after lumping. The schematic representations of the detailed, lumped 
and skeleton mechanisms for the low temperature oxidation of n-heptane are shown in the 
figures. 
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Figure 5.12 Detailed mechanism for the low temperature oxidation of n-heptan.e A = C7H14OOH, B = HOO-
C7H14O2, C = O-C7H13OOH and D = Carbonyl + OH. 1-2 = 1 position of OOH and 2 is radical site 

1 H. J. Curran, P. Gaffuri, W. J. Pitz, C. K. Westbrook, Combustion and Flame, 1998, 114:149-177. 
2 H. J. Curran, P. Gaffuri, W. J. Pitz, C. K. Westbrook, Combustion and Flame, 2002, 129:253-280 
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Figure 5.13 Lumped mechanism for the low 
temperature oxidation of n-heptane. L= lumped, 5r, 
6r, 7r and 8r = five, six, seven and eight ring sizes 

lumped species. 
Figure 5.14: Skeleton mechanism for the low 

temperature oxidation of n-heptane

5.5.2 n-Decane 

G. Moréac and E. S. Blurock 

A detailed mechanism for the oxidation of n-decane/n-heptane1 has been generated by using our 
automatic mechanism generator (REACTION). This mechanism has a reasonable size, 506 
species and 3684 reactions, but nevertheless an extensive range of chemistry. The model shows a 
good prediction of the ignition delay times for the oxidation of n-decane at 13 and 50 bar and n-
heptane at 13 and 40 bar. The CPU time of a single 0-D calculation on an Intel Xeon 2.2 GHz 
CPU with 1.0 GB of memory is approximately 6 minutes. 

Our mechanism is considerably smaller than the n-decane mechanism of Buda et al. with at least 
the same C10 chemistry. However we include an extensive C7 chemistry within the same 
mechanism (Buda et al. have a separate n-decane and a separate n-heptane mechanism). We have 
more detailed chemistry than Bikas et al.. For the C7 chemistry within our n-decane mechanism 
we have almost exactly the chemistry of Curran et al.  

1 Moréac, G., Blurock, E.S., and Mauss, F. “Automatic Generation of a Detailed Mechanism for the Oxidation of n-
Decane” Combustion Science Technology, accepted with modifications, 2nd version under review, 2006. 
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The purpose of this work is not just to develop a new n-decane mechanism. A major part of this 
work was the validation of the generic set of reaction classes1. We have a similar emphasis as 
Buda et al. in creating a global set of reaction classes that can be used for wide range of 
mechanisms. A single n-decane/n-heptane oxidation mechanism has been produced using this 
generic set. We expect the same generic set of reaction classes and the same base mechanism can 
be used to generate oxidation schemes for larger hydrocarbons, such as n-dodecane and n-
tetradecane. In addition, reaction classes for branched species, cyclics and aromatics have been 
defined and can be used to produce oxidation mechanisms for further families of chemical 
species to describe the combustion of practical fuels. 

It has been shown that reaction classes are useful for systematic rate parameter optimization. In 
our mechanism we optimized the results mainly for stoichiometric mixture at 13 bar. However, 
it is possible to optimize the generated mechanism to new targets, for example, another pressure 
or equivalence ratio. We are working on the improvement of our generated mechanism to better 
predict the oxidation of n-heptane as well as n-decane for all experimental cases.  

Additional work is underway producing a ‘comprehensive’ linear alkane high and low 
temperature oxidation mechanism. This automatically generated mechanism will have all the 
high and low pathways for pentane, hexane, heptane, octane, nonane and decane. This detailed 
mechanism has around 1600 species and 9000 reactions. Automatic lumping is expected to 
reduce the number of species by more than a third. It is being validated against experimental 
ignition delay times for decane and heptane. Due to the fact that the same generic reaction 
classes have been used for all the pathways, this mechanism will give good predictions for the 
other linear alkanes where no experimental data exists. 

Figure 5.15: Ignition delay times for the oxidation of n-decane in shock tube (Pfahl et al., 1996) at 13 ± 1.5 bar (left( and 50 ± 
3.0 (right) for 	 = 0.5 (triangles and dotted line), 	 = 1.0 (circles and full line) and 	 = 2.0 (squares and dashed line). 
Experiments are symbols and calculations are lines. �

1 Blurock, Edward S., “Detailed Mechanism Generation 1. Generalized Reactive Properties as Reaction Class 
Substructures”, J. Chem. Inf. Comp. Sci., Vol. 44#4, 1336-1348, 2004. 

Blurock, Edward S, “Detailed Mechanism Generation 2. Aldehydes, Ketones, and Olefins”, J. Chem. Inf. Comp. 
Sci., Vol. 44#4, 1348-1357, 2004. 
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5.5.3 Tetradecane 

G. Moréac and E. S. Blurock 

Using the generic set of reaction pathways and reaction classes that were used to generate the 
decane mechanism, a comprehensive tetradecane mechanism is being assembled. This 
mechanism was created using both the high and low temperature pathways on the seed molecules 
of linear alkanes from pentane to tetradecane. This means that this comprehensive mechanism  

Figure 5.16 Validation for tetradecane against experimental ignition delay times for equivalence ratios of 0.5, 1.0 and 2.0 
at a pressure of 13 bar. 

represents the high and low chemistry of all linear alkanes from pentane to tetradecane. This 
mechanism has 1641 species and 9070 reactions. There are no validation experiments directly for 
tetradecane, but since the mechanism includes the decane mechanism, it can be validated with 
decane. This shows the purpose of producing a standard set of pathways and reaction classes: 
Validation can be extrapolated from validated species to species where no validation experimental 
evidence exists, which is often the case for larger hydrocarbons. More tuning of the reaction 
classes is needed, however, because the tetradecane ignition delay times are counter-intuitively 
slower than those of decan 

5.5.4 Biofuels 

G. Moréac and E. S. Blurock 

Synthetic fuels, produced from bio-fuels through the Fischer Trops method, do not contain an 
aromatic fuel component, but contain cyclo-paraffins also called naphthenes. Cyclohexanes with 
different molecule groups added are a representative fuel components and propyl-cyclohexane is 
chosen as model fuel in this project. 

The first work with propyl-cyclohexane was to combine the propyl-cyclohexane mechanism of 
Ristori et al. with the base validated base mechanism used for the generated mechanisms. 

In the second phase of this work, a preliminary study of a generated version of the propyl-
cyclohexane mechanism combined with the same base mechanism was performed.  These results 
will be compared to the results of the Ristori et al. mechanism.  The standard set of reaction 
classes and high temperature pathways as developed for the decane and tetradecane mechanisms 
were used. The seed molecules  were propylcyclohexane 2-methylbutane, 2-methylpentane, 2.-
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methylhexane,2-methylheptane, 2-methyloctane, 3-methylhexane,3-ethylhexane,4-ethylheptane, 
nonane,octane,heptane, hexane and pentane. The seed molecules were chosen because they are 
the seeds produced with the ring opening of the propyl-cyclohexane molecule. This work offers 
the additional challenge of the production of mechanisms involving simply branched species. 
This work is only in the preliminary stage of validation. The mechanism produced using this 
procedure has 680 species and 6311 reactions.  Using the reduction techniques already used for 
decane, it can be expected that the lumped skeletal mechanism will be at least have as big. The 
ultimate goal of this work is to further combine this generated mechanism with the decane 
having direct soot pathways.  If this proves too ambitious, however, the hand generated 
mechanism will be used. 

5.6 Soot Modeling 

5.6.1 Particle Size Distribution Function (PSDF) 

K. Netzell 

Understanding soot formation is of great importance in combustion. Soot emission in itself is a 
pollutant and an indicator of incomplete combustion. The formation of soot also affects the 
combustion process. For example the soot contributes significantly to heat loss by radiation. 
Understanding soot formation is also paramount for industry for the production of carbon black, 
i.e. soot. Carbon black is used as a pigment and for enhancing the properties of various products 
such as paint and plastics. 

We use a detailed kinetic soot model developed by Frenklach and Wang, and improved by 
Mauss. The aim is to calculate the soot particle size distribution function (PSDF). Interesting 
properties such as soot volume fraction, total number of particles, average particle diameter, are 
directly given once the PSDF is known .To be able to numerically calculate the given properties, 
the model describes soot formation in terms of the (statistical) moments of the soot particle size 
distribution function. This means instead of solving balance equations for each soot particle size, 
which is virtually impossible, a chosen number (typically 2-4) of soot moment balance equations 
are solved.  

Another approach to finding interesting soot properties is the sectional method. In short, this 
means dividing the PSDF in size classes and solving a balance equation for each. This method 
has the advantage of not requiring a priori assumptions about the PSDF. The sectional method 
has recently been implemented within the group1. 

Using the method of moments, calculations have been carried out on soot formation in turbulent 
ethylene and n-decane flames, as well as in laminar flames. Coupling of chemistry and CFD is 
made via the flamelet model. CFD calculations are made by partners through various 
collaborations. 

1 Mauss, F., Lehtiniemi, H. and Netzell, K., “Modeling Soot Formation in a Turbulent Jet Diffusion Flame Using an 
Interactive Flamelet Approach”, Proceedings of ECCOMAS Thematic Conference on Computational Combustion, 
Lisbon, Portugal, June 21-24, 2005 
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Chemistry and soot formation can be pre-calculated and tabulated into libraries, where rates of 
formation are given for specific conditions. These libraries are accessed during CFD calculation. 
Libraries have been put to use to produce many of the results obtained within the group (n-
decane, ethylene). The library approach is an attractive alternative in industrial applications, as it 
makes it possible computationally expensive calculations. 
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Figure 5.17 Kinetic model for soot calculations 

5.6.2 New Direct Pathways to Soot 

E. S. Blurock 

For synthetic bio-fuels, direct pathways from the linear fuel component, for example n-decane, to 
the aromatic soot precursor are of high importance. Direct pathways are in contrast to 
'traditional' pathways where the soot precursors are formed by recombination of smaller species. 
In preliminary studies, hand generated direct soot pathways from heptane were found to be 
indeed significant. For the studies of higher alkanes, an n-alkenyl pathway to aromatic species 
involving the sequential loss of hydrogen atoms from CnH2n+2 to C6H6R to A1CH2 plus R. was 
developed. The reaction classes of these pathways were derived from analogous reactions 
involving three and four carbon molecules. The total pathway has seven steps. For example, one 
set of reactions that are produced, starting with n-decane is: 

C10H22 -> C10H21 -> C10H20 -> C10H19 -> C10H18 -> C10H17 -> C10H16 ->  

C6H6C4H9 ->  A1CH2 +  C3H7  

Of course, the actual submechanism generated with this pathway involves many isomers of the 
species above. The toluene species is then consumed in the toluene base mechanism. In the total 
generated mechanism, the mechanism has 847 species and 5202 reactions. This mechanism 
represents one of the first, if not the first, automatically generated aromatic mechanisms. 

The role that the aromatic pathway plays can be seen with the examination of the pathway from 
an alkene where the alpha hydrogen has been abstracted (RCH=CHCHR).  With the aromatic 
pathway, there are two routes of consumption of this species. One results in the production of 
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the aromatic species. This represents about 35% of the products. The other pathway is the 
'normal' non-aromatic pathway: RCH=CHCH.R + HO2 -->  OH + RCH=H2 + RCO. This 
represents about 55% of the products. It can be seen from this that adding the aromatic pathway 
indeed can be a significant pathway. This basically says that the competition between the 
pathways is significant.  It should be said that the rate constants used, especially for the 
abstraction of hydrogen involving resonant species, are preliminary. The current emphasis was 
looking for a significant flow towards aromatic species. Examination of product distribution, 
especially among the aromatics, is underway. 

As soon as the addition of this pathway has been substantiated, the combination with the biofuel 
mechanism is relatively straightforward. Both mechanisms use the same compatible base 
mechanism. If it is decided that the generated biofuel mechanism is to be used, then the 'normal' 
combination tools of the automatic generator can be used. If the hand-generated biofuel 
mechanism is used, the only concern is the overlap between the species in the generated decane 
mechanism and the biofuel mechanism that are not in the base mechanism. With the 
combination of the two fairly large mechanisms, since there is minimal overlap, a large final 
mechanism would be formed.  In this case the developed reduction techniques would have an 
increased significance. 

5.6.3 Modeling of paraffinic fuels  

S. S. Ahmed 

Modeling of paraffinic fuels (n-heptane and iso-octane) is useful to study autoigniton and engine 
knocking phenomena for the development of conventional combustion engines. The chemical 
process of fuel degradation can be studied using detailed chemical oxidation mechanisms. The n-
heptane and iso-octane are primary reference fuel (PRF) for octane rating in SI-engines, and also 
used in compression ignition engines, having a cetane number of approximately 56 and 15 
respectively. Their important features are two stage ignition processes which are related to cool 
flame phenomena and negative temperature coefficient (NTC). These are also used as a pure fuel 
or a component in the reference fuel blend for experimental and modelling studies on HCCI 
(Homogeneous Charge Compression Ignition) engines. The HCCI engine is known for its low 
pollutant emissions and is an important development for reaching the target of future stricter 
pollution legislations. It potentially offers the efficiency of a diesel engine, but with almost zero 
particulate emissions, very low NOx emissions and very small cycle to cycle variations. One 
major drawback of the HCCI engine is the difficulty to control the auto-ignition of a premixed 
gaseous fuel/air mixture. A comprehensive and accurate reaction mechanism for n-heptane and 
iso-octane can be a helpful contribution for understanding the autoignition process under HCCI 
conditions. 

This work of mechanism development starts first by generating detailed reaction mechanisms for 
the oxidation of the fuels and validated against different experimental data for the ignition delay 
times, flame speed calculations, concentration profiles of different species and HCCI engine 
experiments. However detailed mechanisms with their large number of reactions and species 
cannot be used in CFD (Computational Fluid Dynamics) codes. This important issue obliges the 
reduction of the kinetic mechanisms to a reasonable size of reactions and species without losing 
information from the detailed oxidation mechanism.  
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 The second stage of mechanism development is its reduction using several techniques developed 
in our group. A chemical lumping technique has been applied to simplify the detailed 
mechanism. The lumping of species with the same functional groups helps to reduce the 
different complex pathways into one simpler lumped pathway, which reduces the mechanism in 
terms of both number of species and reactions, almost without loosing any important 
information of the detailed mechanism as we added all the different paths and set of reactions 
into one path and much simpler set of reactions. Then further reduction of the mechanism is 
done by using necessity analysis (reaction flow combine with sensitivity analyses) which 
eliminated less necessary species and their corresponding reactions. 

The sizes of the different developed mechanisms are as follows: 

 

n-heptane  Number of Species Number of reactions 

 Detailed 245 2309 

 Lumped 196 2079 

 Skeleton 94 775 

iso-octane    

 Detailed 266 2623 

 Lumped 217 2411 

 

Calculations of the ignition delay times of n-heptane and iso-octane at 40 bar for different fuel 
air equivalence ratios from 0.5 to 2.0 have been performed with the lumped mechanisms, as 
shown in the Fig. 5.18. There is a good agreement between the ignition delay time calculations 
and experiments for all the equivalence ratio cases. Flame speed calculation using detailed, 
lumped and skeleton mechanism of n-heptane is shown in Fig. 5.19. We found a good 
agreement for the whole range of equivalence ratio calculations. 
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Figure 5.18 Ignition delay time for iso-octane and n-heptane at different fuel equivalence ratios and at p = 40 bar. 
Comparison between calculations with the lumped mechanism (lines) and experimental data (symbols). 
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Figure 5.19 Numerically and experimentally determined laminar flame speeds, for n-heptane/air mixtures at p = 1 
bar and T = 298 K. Calculations performed with the detailed (solid line), lumped (dashed line) and skeleton (dotted 
line) mechanisms plotted against the experimental data (symbols). 

 

5.7 European and National Project Participation 

5.7.1 European Projects, EU-5th Framework Program 

Large Eddy Simulation Techniques for Simulating in Order to Control by Design Cyclic 
Variability in Otto Cycle Engines. LessCO2 (12.2002 – 11.2005), LessCO2 aims at the 
development of an innovative 3D engine design tool for simulating transient cycles for SI-
engines. Industrial partners: PSA Peugeot-Citroën (F), Renault (F), BMW (D), Research 
Institutes: IFP (F), IMFT (F), LITEC (E), Universities: University of Lund(S), RWTH Aachen 
(D). The task of our team is the development of a solution mapping method for usage in CFD 
programs. 

Improving Engine Performance and Efficiency by Minimisation of Knock Probability 
MinKnock (1.2003 – 12.2005), MinKnock aims at an improved understanding of the influence 
of fuel and engine design on the appearance of the engine knock phenomenon. Industrial 
partners: Daimler-Chrysler (D), AVL List (A),  Ford Werke Köln (D), Shell (GB), Research 
Institutes: Instituti Motori IM-CNR (I), Universities: University of Lisabon (P), University of 
Stuttgart (D), University of Lund (S). The task of our team is the development of a reactor tool 
for PDF methods that allows the usage of adaptive chemistry. 

5.7.2 European Projects, EU-6th Framework Program 

New Integrated Combustion Systems for Future Passenger Car Engines. NICE (1.2004 – 
12.2006), NICE aims at the development of fuel independent combustion systems with high 
efficiency. The integrated project involves 27 European partners. The task of our team is the 
kinetic description of conventional and alternative fuels, as well as the modeling of the soot 
formation process.   
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High-efficiency Engine R&D on Combustion with Ultra-Low Emissions for Ships. Hercules 
(3.2004 – 2.2007), HERCULES aims at the development of environmental friendly marine 
engines. The integrated project involves 54 European partners. The task of our team is the 
development of software submodels for engine simulation tools and for CFD programs that 
simulate the combustion process, including the formation of emissions. 

5.7.3 European Projects, European Space Agency (ESA) 

Investigation on Soot Concentration and Primary Particle Sizes under Microgravity by Advanced 
Laser-Induced Incandescence Techniques. (4.2003 – 3.2006) Within this project the 
mechanisms of particle inception, growth and oxidation for soot. The project further investigates 
the production of carbon black and the synthesis of other nanoparticles. The task of our team is 
the theoretical exploitation of experiments at normal and reduced gravity (parabola flights and 
drop tower experiments). Our partners are: Friedrich-Alexander University Erlangen-Nürnberg 
and the University of Bremen 

Combustion Properties of Partially Premixed Spray Systems. (1.2004 – 12.2006) This project 
investigates the autoignition of fuel droplets and systems of fuel droplets under normal and 
reduced gravity. Our team has the task to develop the kinetic mechanism for performing the 
simulation of the process. Our partners are: University of Bremen and the University of Munich. 

5.7.4 National Swedish Projects 

Competence Centre for Combustion Processes at LTH (7.2002 – 6.2005) 

ATAC – Homogeneous Charge Compression Ignition Engine. This project involves a number of 
international companies with interest in the development of the HCCI engine. Our team has the 
task to simulate the HCCI engine process using advanced kinetic reaction mechanisms, together 
with simplified reactor models. In a next phase we will make use of reactor models that have been 
introduced into commercial CFD software. 

CeCoST (7.2002 – 12.2005) 

Soot Formation during Combustion of Complex Fuels. Within this project we investigate new 
reaction pathways from aliphatic fuel molecules to aromatic molecules that are precursor for soot. 
We further develop reaction mechanisms for alternative fuels. The reaction mechanism are 
applied for simple reactor models to simulate the Diesel process by the help of an engine 
simulation tool and for building flamelet libraries for the production and oxidation of soot. 

Vetensskapsrådet  (1.2003 – 12.2005) 

Reduction of complex kinetic mechanisms for combustion systems. Within this project a 
automated and computational more efficient algorithm is developed that allows the handling of 
large reaction mechanism for combustion processes in more complex calculations, as engine and 
turbulence models that were not otherwise possible. 
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5.7.5 Current Networks 

European Projects, EU-6th Framework Program 

Energy Conversion in Engines. ECO-Engines (2.2004 – 1.2006) ECO engines aims at the 
development of a database for the development of engines, an international training center for 
engineers and a virtual research centre that brings together European industries, research centers 
and universities. 

European Projects, European Space Agency (ESA) 

Topical Team in Combustion Processes. The topical team in combustion processes aims at 
the development of new research projects with relevance for micro gravity. 
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